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ABSTRACT This paper addressed the problem of the simultaneous estimation of unknown inputs and states
in a multi-agent system with time-invariant and time-varying topology. A group of distributed cooperative
recursive filters, in the sense of minimum-variance unbiased, was developed, where the estimations of
unknown input and state were combined. A necessary and sufficient existing condition is presented and
proven for the proposed distributed cooperative filters. Theoretical and numerical analyses demonstrate that
the existing condition of the proposed filters is significantly relaxed, in comparison to that of conventional

decentralized filters.

INDEX TERMS Distributed cooperative filter, estimation, multi-agent system.

I. INTRODUCTION

Unknown inputs can affect system performance significantly.
In many situations, the direct measurement of unknown
inputs is very difficult or even impossible. Hence, the esti-
mation of the unknown inputs in a system is a significant
problem.

In this study, a group of distributed cooperative filters
is proposed for an uncertain multi-agent system in order
to estimate its unknown inputs and states. Its advantages
over conventional decentralized methods are analyzed and
presented. The main motivation for this study arose from
the development of consensus theory [1]-[15]. To provide
the background for this study, consensus theory, unbiased
estimation of minimum-variance, and distributed coopera-
tive filters are respectively introduced in the following three
subsections.

A. CONSENSUS THEORY AND COOPERATIVE STRATEGY

For a multi-agent system, a cooperative strategy involves
achieving a common objective through cooperation among
individual agents in the system. This issue has attracted
considerable attention in the field of computation and

optimization [1] since the 1990s. The consensus theory is
a fundamental cooperative strategy for multi-agent systems.
It requires that the state of every agent in the system reach
a common value through communicating with each other.
Consensus theory has received much attention over the last
decade. Jadbabaie et al. [2] analyzed the consensus of the
Vicsek model [3] theoretically. Since then, many studies on
consensus theory with regard to multi-agent systems have
emerged. Thus far, there have been many interesting results
such as, for example, a survey paper [4] and a book [5]. More-
over, the study on consensus theory has not been confined at
the stage of theoretical research, but has rather advanced to
actual applications on wireless sensor networks [6], flocking
problems [7], and so on. Chen et al. [16] proposed distributed
cooperative adaptive laws in order to estimate the unknown
parameters of multi-agent systems. Inspired by these studies,
we explore a new application of consensus theory in order to
estimate unknown inputs and states in a multi-agent system.
Specifically, we propose new distributed cooperative filters in
order to estimate the unknown inputs and states of a hetero-
geneous multi-agent system. In comparison to conventional
filters, the proposed distributed cooperative filters have a
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much relaxed existing condition. The details will be provided
in Section 3.

B. MINIMUM-VARIANCE UNBIASED ESTIMATION

In [17]-[19] the necessary and sufficient conditions for
the existence of an optimal state estimator in continuous-
time systems was established. Moreover, considerable atten-
tion [20], [21] was given to the design methods for the
reconstruction of unknown input. The earliest approaches
toward reconstructing the unknown input for discrete systems
were based on augmenting the state vector along with the
unknown input vector by using a model of the unknown input.
To reduce the amount of calculation for the state filter, a two-
stage Kalman filter is proposed [22]. It should be noted that
the estimations of state and the unknown input are decoupled
in [22]. Although [22] has many successful applications,
the result is limited because it ignores the dynamical evolu-
tion of unknown input.

In [23] an optimal recursive state filter was proposed with-
out using prior information for the unknown input. Then,
[23] was extended in [24], which proposed the stability and
convergence conditions and found a new design method for
the filter. In [25], it was found that the two-stage Kalman
filter is closely related to the Kitanidis filter [23], in the sense
of being able to derive the Kitanidis filter by making the
two-stage filter independent of the underlying input model.
Furthermore, paper [25] obtained an estimate of the unknown
input, whereas, paper [25] did not prove the optimality of the
unknown input estimation.

Paper [26] proposed a recursive filter which can simul-
taneously obtain the minimum-variance unbiased (MVU)
estimations of the unknown input and the state. Inspired
by [16] and [26], the current study proposes a new distributed
cooperative filter in order to obtain the MVU estimations of
the unknown input and the state of a heterogeneous multi-
agent system, and to find a more relaxed existing condition
compared to that of the conventional filter proposed in [26].

C. DISTRIBUTED COOPERATIVE FILTER

The main advantage of the distributed multi-agent system is
that it has adaptive and learning abilities. The information
shared between agents can be utilized in order to collab-
oratively solve inference and optimization problems [27].
In comparison to traditional centralized solutions, distributed
solutions do not require a powerful fusion center in order to
process the data from every agent. As a result, distributed
solutions can effectively reduce both computation and com-
munications. On the other hand, in a centralized solution,
if the fusion center breaks down, this will lead to a failure
of the entire network. By comparison, distributed solutions
can avoid this problem and are more robust to agent and
link failure [28]. As a result, many studies have proposed
with a distributed cooperative filter [29]-[33]. Paper [29]
proposed a distributed Kalman filter scheme in order to esti-
mate actuator faults for deep space formation flying satellites
in the form of an overlapping block-diagonal state space
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representation. Based on the linear matrix inequality method,
paper [30] considered a robust distributed state estimation
and fault detection, as well as isolation problems based on
an unknown input observer for a network of heterogeneous
multi-agent LPV systems. Additionally, based on the LMI
method, [31] focuses on the design of fault detection and
isolation filters for multi-agent systems, where limited com-
munication exists among the agents and extend the formu-
lation to a class of linear parameter-varying systems. Using
the FIR model, the problem of distributed bias-compensated
recursive least-squares estimation over multi-agent networks
was investigated in [32]. In [33], a robust unknown input
observer-based fault estimation was proposed. It used the
relative output information in order to utilize the communica-
tion topology for multi-agent systems with undirected graphs.
Inspired by previous work, we propose a new distributed
cooperative filter in order to estimate the unknown input for
heterogeneous multi-agent systems.

To the authors’ best knowledge, this study makes the fol-
lowing contributions. First, we propose a new distributed
cooperative filter for a heterogeneous multi-agent system
in order to obtain the MVU estimation of unknown input
and the states in the system, which has not been previously
studied. The previous work on the distributed method mostly
depends on the LMI method. Whereas, our work get the
distributed MV U filters of the multi-agent systems. Secondly,
a necessary and sufficient condition for the existence of the
proposed filter has been presented and proven. Furthermore,
in comparison to the traditional decentralized filter [26],
the existing condition of our filter was significantly relaxed,
and this conclusion was proven by theoretical analysis.

The rest of this paper is organized as follows.
Section 2 includes a preliminary discussion, which will be
used in the following sections. In Section 3, the problem is
formulated and the structure of the distributed cooperative
filter is presented. In Section 4 the optimal reconstruction
of the unknown input is investigated. Subsequently, the state
estimation problem is solved in Section 5. The main results
of this paper are provided in Section 6. In Section 7, some
simulation results are provided in order to verify the theory.
Section 8 offers the conclusion of this study.

Il. PRELIMINARIES

A. ALGEBRAIC GRAPH THEORY

In this study, the network topology among N agents was used
in order to describe their interconnections and was modeled
asaweighted graph G = (V, ¢, A) with a set of nodes V, set of
edges ¢, and adjacency matrix A with non-negative adjacent
elements. The i-th agent is denoted by node v;. The edge in
graph G is denoted by an unordered pair e;; = (i, j). ¢;j € €
if and only if there is information exchange between agent i
and agent j, and e¢;; € ¢ ¢ ¢j; € ¢. The adjacency element a;;
represents agent-agent communication. Note that e¢;; € ¢ &
a;j = 1. Otherwise, a;; = 0. Itis assumed that a;; = aj;;, which
means that A is symmetric [34]. If there a path exists between
any two nodes v;, v; € V, then G is connected. Every agent j
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that has a connection with an agent i is considered a neighbor
of agent i. N; denotes the set of all neighbors for agent i.

B. MINIMUM-VARIANCE UNBIASED ESTIMATOR
Consider the following linear discrete-time system

Xk41 = Brxy + Grdy + wx (D
vk = Crxx + vk (2)

where x; € RY is the state vector, dy € R™ is an unknown

input vector, and y; € R” is the measurement. Process noise

oy € RY and measurement noise v, € RP are assumed to be

mutually uncorrelated, zero-mean, white random signals.
Below is a recursive filter:

Xife—1 = Br—1Xk—1jk—1 ©)
di—1 = MOk — CiXjie—1) “4)
Xk = Xkk—1 + Gr—1dk—1 (%)
X = Xy + KOk — Criyyy) (6)

where My € R"™P and K; € RY* are the design gain
matrices. Then, the following existing conditions of the filter
are provided.

Lemma 1[26]: Given that X;_1x— is unbiased, there exist
M} and K} such that the recursive filter (3)-(6) can achieve
the MVU estimations of dy_1 and x in systems (1)-(2), if and
only if:

rank (CyGr—1) = m 7)

lll. PROBLEM FORMULATION
Consider the following linear discrete-time heterogeneous
multi-agent system:

x| =Bx; + Gidi + ®)

yi = Clxi 4+ i ©)

where x,’; € R7 is the state vector of agent 7, di € R™ denotes
the unknown input, and y;{ € RP is the measurement of
system i. Process noise w; € R? and measurement noise
Vv, € RP are assumed to be mutually uncorrelated, zero-
mean, white random signals with known covariance matrices
Q;'( =E [a);( w,iT] and R;'( =E [V;< v}'{T], respectively, where
E denotes the mathematical expectation.

Remark 1: The main property of system (8) and (9) is
that although various systems have different time-varying
system structures, the unknown input vector is the same for
all agents. There exist many real-world systems that can be
represented by (8) and (9). For example, a group of agents
working together in the same environment may have the same
unknown input, which is related to the temperature or gravity;
thus, these agents can be described in the form of (8) and (9).
A practical example is that of a group of aircrafts flying in
formation in the same sky. They may have different kinetics,
but they all have the same unknown input, such as wind
power. If one wants to estimate the power of the wind in
real time, distributed cooperative filters can be used instead
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of the traditional decentralized one. These practical examples
provided the main motivation for addressing the systems (8)
and (9).

The result of this study was obtained under the assumption
that (C,’( BZ) is observable and xé is independent of a),’c and v;'(
for all k and i. Moreover, we assume that p > m and g > m.

This study aimed to estimate the MVU of system state x,i
and unknown input dy_; by using ¥; = {yi. ¥}, -, ¥}
under the condition that di_; is unavailable. Therefore,
the unknown input di—1 had no restricted conditions.

We considered a distributed cooperative filter in the fol-
lowing form

Xt = Bia S i (10)
di_y =My} — CeXpp—)t Z ai M = Ci¥ ) (1)
JEN;
B =Hpu +Gradiy (12)
X = )Acli\k* +K{ (5 — Cliffllqk*)‘*‘z ai K (v — Ci)%l/c\k*)
JEN;
(13)

where M, M}’ € R™? and K/, K; € R™ are design gain
matrices, and g; ; is the element of the adjacency matrix of
the multi-agent system graph G. Under the assumption that
)Acli—uk—l is an unbiased estimate of xli—l’f‘lak—l is biased
due to the existence of unknown system input. Therefore,
we need to estimate the unknown input in the sense of the
MVU in (11), and then use it to obtain the unbiased state
estimation fc,’;‘ k* in (12). Finally, (13) minimizes the variance
of fc,il « " with regard to the /; matrix norm.

Matrices M, ,ii and M,? , which are used in order to obtain
the unbiased and MVU estimates of the unknown input are
presented in Section 4. Gain matrices K ,ii and K, ,ij that obtain
the unbiased and MVU estimation of the state are computed
in Section 5.

IV. UNKNOWN INPUT ESTIMATION

In this section, the estimation of unknown input is investi-
gated. In Subsection A, matrices M ,ii and M ,i/ are determined
such that (11) is an unbiased estimator of di_;. In Subsec-
tion B, we extend this computation to the multi-agent system
with time-varying topology. In Subsection C, we consider
the condition of the multi-agent system having time-invariant
topology; however, we select M,ii and M,i/ such that (11)
is an MVU estimator of d;_;. In Subsection D, we extend
this computation to the multi-agent system with time-varying
topology.

A. UNBIASED UNKNOWN INPUT ESTIMATION

UNDER TIME-INVARIANT TOPOLOGY

First, we define the compact formulation for the multi-agent
system as one consisting of n agents:

X1 = BiXy + Grdy + Wi, (14)
Y, = aka + Vi (15)
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where
1T 2T nTT T T TT
Xk:[xk 7xka"'sxk]v Yk:[}’k ,);k,"',y'/’c:l s
T T
Wk:[a)}cTaa)ZTa".ia};{T:I ’ vk:l:va’ kT"..’\f;CTjI ?
By =diag(B}, B}, -- , B},
Cr =diag(CL, .- . CD), Ekz[GiT G,

Define 0, = diag(Q}, 03, -
L RY.

Then, by writing (10) to (13) in the form of augmented
multi-agent system, we can obtain a distributed cooperative
filter in the following form.

0D, R = diag(R}, Rz,

Xepior = Biaa X it i (16)
Dj g =I+A) @ 1nsp). ¥ M (Y — Cr Xgji1) (17
N n .
lelk = Xy k1 + Gy Di—1 (18)
Xk = X{ i+ Un+A4) ® Ligup). * Ke(Ye—CiXji)  (19)
where
T
v ~1 T 22 T A T
Xilk—1 = [xklkfl K=t 5 e ] ;
T
5 a1 T 2 T A T
Xi—1k—1 = [xk—1|k—1 M= Bk ] ;
R - . R T
D1 = dkl—lT ’dlg—lTv"’ ) dlzlflT] >
G, = diag(G}, G}, -+, G}),
_M]gl M]gz . Mkln mn*pn
. M21 M22 . M2n
Me=| & % ! :
_M]zll MI?Z M]l(m
- T
o ol «T 22 T an +T
X;Zﬁk = _xklk* ’xk\k* ’xl’cllk* ] )
- T
5 Al T 22T Al T
Xk = _xk|k s Xkl > Xklk ] )
_Kll K12 Kln gqnxpn
Ky = . ) . )

A is the adjacency matrix of system graph G, and 1(4g)
denotes the g-order square matrix, whose elements are all
one. The operation. * means that the corresponding ele-
ments of the two matrices with the same dimension multiply
together directly. The operation. * means that the correspond-
ing elements of the two matrices with the same dimension
multiply together directly. The operation ® means the Kro-
necter product.

Remark 2: Note that matrices Gy and E;( have different
demission. The reason is that, in our filter, every agent can
only use its own estimator of cAl,i_l in order to estimate )%,il P
However, every agent in the multi-agent system has the
same unknown input d; in (14). Although there is only
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one unknown input, different agents estimate it differently.
Hence, system matrix Ek can be written as this form.

Subsequently, we consider the estimation of the unknown
input. ¥}, as follows:

Vi = Yk — CiXi1 (20)
From (14) and (15), one obtains:
Vi = CiG—1dk—1 + Ex 1)

where E}, is given by:
Ex = CxBr—1Xe—1 + Wi—1) + Vi (22)

with )N(k =X — Xk\k-

Now we assume that X k—1Jk—1 1s unbiased, which means
that E(E¥) = 0. Then it follows from (22) and conse-
quently (21) that:

E [f/k] = CGr—1dk—1 (23)

From Equation (23), one can achieve an unbiased estimation
of the unknown input dy_1.

By substituting (21) into (17), one can obtain the following
formula.

Di—1 = (I +A) ® limup). ¥ My (CxGr1di—1 + E) - (24)
Then one obtains:

EDi1l=U,+A)® Limsp)- * M CxGr—1Eldi—11  (25)
Since Dy_; € R+l g\ e R™! (I, + A) @ 1. *

M CrGi_1 € RM™m*m therefore, if one wants to obtain the
unbiased estimation of dj_1, one obtains:

(In +A) ® 1gnsp)- * Mkakékfl =1"Q1I, (26)

where 1" denotes the n-dimensional column vector, of which
all elements are one.

Then, from Equation (26), one can obtain the following
equation:

M,.C,G,_, = In @7

holds for all agents, where i denotes the i-th agent and the
definitions of the matrix that we need to use bellow are as
follows.

X,i = :x,iT ,x,%T,“- ,X;iT]T,
= i o o]
W= ol i o]
vi= [l oA ]

B, = diag(B}. B2, - . B}).
C, = diag(C},C2, ... .CP,
G =[GlT .G, Gf,;T]T,
M;( = [M,il Mliz M]ij ]m*p‘i,
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K=kl k2 o KT
f(iiuc—l = [Alllkfl »)A‘/%ucflT’ ,)?f;fk_l] )
Xe—1k—1 = [Al:—uk—lT vfflg—uk_lT,'“ ,)AC;/;T_”,(_I]T,
Xli\k* = I:Akllk*T ’flf\k*T’ T )%1];|k*T:|T s
R = [ab a2 ]

Q;( = dlag(Q]i5 Q]%v Tty Q;C)y
R, = diag(R},R?,--- | R}),j € N'.

Theorem 1_ Given that X k—1Jk—1 is unbiased, there exists a
gain matrix M such that (16)-(17) is an unbiased estimator
of dix_1, if and only if

rank (6;62_1) =m (28)

holds for all agents i.
Proof: Equation (27) indicates that lA)k,l is unbiased if
and only if M; satisfies M;E;ﬁ;_l =Iy.

Sufficiency:First, it is obvious that matrix Gy, Cl, CyGy_,
is reversible. Then, one can see that when A_/I;C =

—iT =iT—=i—=i _1 =T —=iT —i —i
Gr crciG_ "G T and rank (Cka_1> = m,
M C\Gy_y = I, then E[ 3} ] = ds.

This concludes the proof.

Necessity: Because E [E;] = 0, when E [3,2] = dy, one
can see that MZFZEZ_I = Iy.

If M;C,G;_, = Iy, because M, € R™"9 C, e
R(p*j)*(q*j)az_l € R@D*m_ then p *j > m; therefore,
rank (5;{@;{_0 =m.

This concludes the proof.

For convenience, (28) is termed as a cooperative exist-
ing condition. One can find that the cooperative existing
condition is much more relaxed than the conventional filter
rank (C ,’( ch—l) = m that holds for all i, which means that it is
not required that every agent satisfies condition (7). Only the
augmented multi-agent system needs to satisfy (28). This is a
significantly relaxed condition, which means that every agent
in the system does not need to satisfy the rank condition, but
rather only the augmented multi-agent system needs to satisfy
the rank condition.

Remark 3: From the perspective of physical significance,
one can easily understand the importance of this study.
rank (C ,’( G};_l) = m means that every dimension of unknown
input dx—1 can be shown in y; Under this assumption,
one can easily estimate the unknown input d;_;. However,
for systems (8) to (9), this condition does not need to be
satisfied since the agent can use the information from its
neighbors in order to estimate the unknown input dj—;.
rank (EZGZ_J = m means that as long as all the dimen-

sions of unknown input di 1 can be shown in f’k once, we can
obtain the unbiased estimation of dj_ 1. This is the fundamen-
tal reason for why we can obtain this relaxed condition.
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Although we have obtained the unbiased estimation of
unknown input d_1, Ex does not have a unit variance. There-
fore, (21) does not satisfy the assumptions of the Gauss-
Markov theorem, and thus, we still do not obtain the MVU
estimator of dy_1. However, the variance of Ej can be calcu-
lated from the covariance matrices of state estimation.

In Subsection C, we propose the MVU estimator of di_1
by using the matrix (E[E EJ ])_1 through weighted least-
squares (WLS) estimation.

B. UNBIASED UNKNOWN INPUT ESTIMATION

UNDER TIME-VARYING TOPOLOGY

In this subsection, we extend the former result to the multi-
agent system with time-varying topology.

For the multi-agent system with time-varying topology,
system equations (14) to (15) are the same, with regard to the
distributed cooperative filter (10) to (13). The only difference
is that when we substitute (10) to (13) into (14) and (15),
we obtain a different augmented form of the distributed coop-
eratives (29) to (32).

Xik—1 = Bio1Xp—1jk-1 (29)
Di—1 = Iy 4+ A) ® Limspy- * My (Y — CiXgk—1)  (30)
Xii = Xep—1 + G Diy (31

X = X[j|k+(1n+Ak)®1(q*p)- * Kp(Yx —Ekff/f\k) (32)

where Ay is the adjacency matrix of system graph G at time k.
Then, one can obtain the new form of Dj_1.

Di—1 = Iy + Ap) ® Lonsp). * My (CyGr—1dy—1 + Ey)
Then one obtains:
E[Di—1]1 = Ly + Ar) ® Lonsp). % My CrGy—1Eldi—1]

and if one wants to obtain the unbiased estimation of dj_1,
one can obtain:

(Un +AK) ® Limip). * My CkGr—1 = 1"® 1, (33)

Then from equation (33), one can obtain the same result (28)
as a time-invariant one. The only difference is that the neigh-
bors of agent i are time-varying.

Remark 4: Note that, unlike many studies on time-varying
multi-agent systems, the presented result does not need the
union of system graph G over the connection period. The
reason is that, although the proposed filters are distributed,
for agent i at time k, the necessary and sufficient condition
for the unbiased estimation of the filter is that X 27” «_1 18
unbiased, and that the system matrix satisfies the condition
rank (5;{6;{70 = m. For agent i, at time k + 1, the necessary
and sufficient condition for the unbiased estimation of the
filter is that )A(lilk is unbiased and that the system matrix

satisfies the condition rank (62 +1E;<) = m. Therefore, one
can see that there is no neighbor connection for agent i

between time k — 1 and time k. In other words, as long as
agent i satisfies the necessary and sufficient condition for the
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unbiased estimation of the filter, the neighbors of agent i at
time k and time k£ 4 1 can be completely different. However,
at every time point, agent i only uses the information of itself
and its neighbors. It has been pointed out in [31] that the
distributed filter means that the computations for the estima-
tion of the filters are shared among the agents. According
to this definition, the proposed new filter is distributed. This
is the reason for the proposed distributed cooperative filter
not needing the union of system graph G over the connection
period.

C. MINIMUM-VARIANCE UNBIASED UNKNOWN INPUT
ESTIMATION UNDER TIME-INVARIANT TOPOLOGY
Similarly with the definition of 1\_4;( in (27), we now define
Y ,ﬁ, E ,‘( and R};.

f/li = Y/ﬁ —acj(li\k—l
Ej = CeB Xi_ + Wip + G4

where )?,é = X,é - Xl£|k'
By denoting the variance of E,i as R};,
calculation yields:

a straightforward
R, =E [Ek ] Ck(Bk 1P lBk 1+Qk)ck +Rk
(35)
where P};lk =E [)Z',é X,éT]
For convenience, we also define f/k, E;, and i?k.
Ve =Y —acffk\k—l
Ex = Cr(Br—1Xg—1 + Wir—1) + Vi

where Xk =X — )A(k|k\. 3
By denoting the variance of Ej as Ry, a straightforward
calculation yields:

~ — j— — J— _T p—
Ry =E[E} E;(T] =C(Br—1Pr—1k=1Bk—17+ Q1 )C +Ry
(36)

where Py = ELXk 5(13 .

Furthermore, by defining

; —i i —iT —i
Prk—1 = B 1Pr_1k—1Bi—1 + Ok
It can be rewritten as
Ry = 6@2%—1&? ‘H_?;c

The MVU estimation of unknown input is then obtained as
follows.
Theorem 2: Given that X;_1x—; is unbiased and R} is

positive definite. We define ]\_/I;( as follows:
F R (37)

where F} = C.G,_,. Then, given the innovation ¥/, (17)
is the MVU estimator of dk,] . "l:he Variance of the unknown
input estimate is given by (F ,iT (R}()_IF ,2)_1.

My = (F Ry Fi)”
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Proof: One can always find an invertible matrix satis-
fying S kS}(T = R‘ under the assumption that Rk is positive
definite. Cholesky factorization is one example of how we
can achieve this. Then, one can transform (34) to:

SH¥ = @) 'CLG,_ydir + SHTEL (38)

Under the assumption that (S})~'C;G,_, has full column
rank, the least-squares (LS) solution of (38) is:

di_,=FTRYFHFTR)™Y] 39)
This completes the proof. '

Once one have the optimal gain matrix 1\_/1;C for agent 7, one
can obtain the extended optimal gain matrix M for the multi-
agent system.

It should be noted that solving (38) by using LS esti-
mation is equivalent to solving (34) by using WLS estima-
tion with the weighting matrix (R’ )~ L. Furthermore, because
the weighting matrix is chosen such that (S k) 1E . has unit
variance, Equation (39) satisfies the assumptions of the
Gauss-Markov theorem. Therefore, (39) is the MVU estimate
of dr_1. The variance of the WLS solution (39) is given
by (FIT(R)™'FH~1.

D. MINIMUM-VARIANCE UNBIASED UNKNOWN INPUT
ESTIMATION UNDER TIME-VARYING TOPOLOGY

Based on subsection B, we can obtain the MVU estimation
of di. Since we can obtain the unbiased estimation of dj,
according to Theorem 2, we can obtain the MVU estimation
of di as long as Xk 1lk—1 is unbiased and Rk is positive
definite.

The proof is shown in Subsection B. The only difference
is that the graph of the multi-agent system is time-varying.
Similarly, we also do not need the union of system graph G
over the connection period. The reason is that as long as
we can guarantee the unbiasedness of the X k—1Jk—1 and the
positivity of R};, we can always obtain the MVU estimation
of di. In other words, if at time k — 1 agent i has a connection
with agent j, and from time k to infinity agent i does not have
a connection with agent j, agent i can also obtain an MVU
estimation of di. The reason is that at time k — 1 agent i has
obtained the unbiased estimation of )A‘lifu 1> therefore, the
subsequent estimation is also unbiased.

According to Theorem 2, one can also obtain the MVU
estimation of d; under a multi-agent system with time-
varying topology.

V. STATE ESTIMATION

Consider a state estimator of system (14) and (15) that takes
the recursive form (16) to (19) (in the cases of time-varying
topology (29) to (32)). In Subsection A, one calculate the gain
matrix Ky in order to obtain the unbiased estimator of Xj
in (19). In Subsection B, we extend this result to a multi-
agent system with time-varying topology. In Subsection C,
we obtain the MVU estimation of X;. In Subsection D,
we extend this result to a multi-agent system with time-
varying topology.
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A. UNBIASED STATE ESTIMATION UNDER
TIME-INVARIANT TOPOLOGY

By defining f(,j‘ = X — }A(,jlk, it follows from (14) to (16)
and (18) that:

X} = Br—1Xp—1 + Gr—1Dp—1 + Wi_; (40)

where Dy = Dy —Di, Dg—1 = [di—11 . dk—17. -+, di—17]" -
The following theorem is a direct consequence of (39).
Theorem 3: Given that )A(k_”k_1 and Dk_l are unbiased
estimations, (18) to (19) are unbiased estimators of X; for
any value of K.
Proof: Substituting (17) and (18) in (19), yields:

Xie = Xepe1 + Uy +A) ® Ligap). * Ki i
+Ugn = (I +A) @ Lgapy. * Kk Cx1Gy_ D1 (41)
= Xipkmt + Uy +A) ® Ligup). * K Vi
+ Ugn = Un +A) @ 1(gap). * K Cr]
%Gy (I 4 A) ® i), * My Yi (42)
By defining
L = (In+A) ® Ligp). * K
+ Ugn—Un+A) ® Lgap). * Kk Ci1G,_ (I + A)
® Linsp)- * M
Eq. (41) is rewritten as follows:
Xik = Xie—1 + Le(Ye — CrXpe—1) (43)

which is the kind of update considered in [23].
This completes the proof.

B. UNBIASED STATE ESTIMATION UNDER
TIME-VARYING TOPOLOGY
In this subsection, we extend the former result to a case where
the multi-agent system has time-varying topology. As was
done in subsection A, we defined X,:‘ and now we simply
introduce the theorem. . .
Theorem 4: Given that X;_1x—1 and Dy_; are unbias_ed,
(31) to (32) are unbiased estimators of X for any value of K.
Proof: Substituting (30) and (31) in (32) yields:
X’k\k = ?A(kucq + I +Ar) & 1gup)- * Ki Vi
+[1qn _(In +Ak) (24 l(q*p)- * kak]é;(—lbk—l (44)
:)A(k|k—1 +Un+Ar) ® Ligsp)- * K Yy
+[an_(ln+Ak) & l(q*p)- * EkEk]
% Gy (In+A1) ® Limsp). * M Yi (45)
By defining

Li = (Iy+Ak) ® Ligp). * Kk
+ Ugn— I +AD)® 1 gap)- * Kk Ci ]Gy Iy + Ag)
® l(m*p)- * My,
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Eq. (45) is rewritten as follows:
ffk|k = )A(k|k—1 + L (Y — fkf(k\k—l)

which is the kind of update considered in [23].
This completes the proof.

C. MINIMUM-VARIANCE UNBIASED STATE ESTIMATION
UNDER TIME-INVARIANT TOPOLOGY

In this subsection, we compute the optimal gain matrix K
based on the previously obtained matrix M. Specifically, any
matrix M satisfying (26) and used in (17) can be used in
order to obtain the optimal gain matrix K, and furthermore
in order to obtain the MV U estimate )A(k|k of X;. First, we cal-
culate matrix Dk_l. From (17) and (21) to (22), we obtain:

Di—1 = Di—1 — ((In + A) ® Limup). * M Cx Gr—1)di—
- +A® l(m*p)- * MkEk
=(1"® Ly — Uy +A) ® Linap). * M CxGr—1)dj—1
— Iy 4+ A) ® 1(sp). * MiEy
= —(Iy +A) ® Lpnap). * MiEx (46)

which also proves that the unknown input estimator is unbi-
ased. Substituting (46) in (40) yields:

X =B Xio1 + W, (47)
where
By i = Upn — Gy Uy +A) ® LiuspyMi COBr—1  (48)
W = Ugn — Gy Iy 4 A) @ Liapy. ¥ M Cr)Wi_
— Gy U+ A) ® Ly % My Vi (49)

Then, one can obtain the error covariance matrix P,tlk =
E [X,j )?k*T] from (47) to (49),

Piw =By Pioip—1Bit* + 0y
= Ugn — G U +A) ® Lmsp)- * M C) * Pij—1
s (In — Gy (I + A) @ Ly ¥ My Cp)T
+ Gy 1y +A) ® Lmap). % MiRy
£y +A) ® L. * M1 Gy (50)

where Q; = E (W Wi T].
Subsequently, we calculate the error covariance matrix Py
It follows from (19) that:
Xi = Ugn — Uy + A) ® Ligup). * Kk C)X
- +A® 1(q>|<p)- * K Vi (1)
Substituting (47) in (51) yields:
X = Ugn — Uy +A) ® 1gup)- * KiCr)
X(By_1 Xk—1 +Wi_) = Un+A) ® 1(gup). % K Vie (52)

where

E [leil VkT] = G +A)® Lmsp)- * MRy
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It should be noted that (52) is closely related to the Kalman
filter. This result denotes the dynamic evolution of the state
estimation error for a Kalman filter with a gain matrix K
for system (Ez, Ek), where process noise W,;[l is correlated
with measurement noise Vj. Therefore, the computation of
matrix K can be transformed into a standard Kalman filter
problem.

From (51) and (50), we can obtain the error covariance
matrix Prk

Pie = Iy +A) ® Ligup)- * KiRE[(y + A) ® 1(gupy. ¥ Ki]™
- V]j[(ln +A) ® Ligsp)- * Kk]T

— [y +A) @ Lgap). * K1V + Py (53)

where

D% = px A1 ) Q% «T~1

Vi =PiiCri+ 57

St =E [f(,j vl ]:-?;;71(1,1 + A)Y® Lep). * MR (54)

Note that Ri is equal to the variance of the zero-mean signal
Ve Ry =E |7 707
where
Y{ = Yi — CiXjy
= (Upn — ChGi_ Iy + A) @ Linupy. ¥ Mi)E; (55)
By using (55) and (36), (54) can be rewritten as follows:

R = (Ipn — Ekal/(,l(ln +A) ® Linsp)- *Mk) *
Rk(lpn - 6](6;(_1(1,1 +A4)® l(m*p)- * Mk)T-

We define:
Uy +A)® ligup) * Kx = K}, (56)

and also define the optimal gain matrix as EZ

From Kalman filtering theory, we know that the uniqueness
of the optimal gain matrix K, X requlres that Rk is invertible.
However, we find that rank(I,, — Ci Gk_l I +A) ® Linsp)- *
Mk) < pn; therefore, rank(i?Z) < pn. For example, when
there is only one agent in the system and at this time the multi-
agent system changes to one single system, [26] proves that:

rank(Ipy — Cy Gy Iy + A) ® 1map). * M)
=p-—-mxn=p—m
Therefore, the optimal gain matrix fz is not unique. Let r be

the rank of RZ; then, we propose a gain matrix EZ in the
following form:

—y =
€ RPY* and a € R™P" is a matrix that makes

=~
matrix o RY ko‘k have a full rank. The optimal gain matrix K X

is presented below.

e/
where K
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Theorem 5: If M, satisfies (I,+A)® l(m*p) *MiCrGr_1 =
1" ® I,;,, then the following gain matrix K, ¢ can minimize the
variance of Xk|k

Ky = (PLyCy + Spaf Rl o (58)

where r = rank(RY) and i, € R™P*" is an arbitrary matrix
that makes matrix akR;:otkT have a full rank.
Proof: Substituting (57) in (53) and minimizing the trace
/4
of Py i over K yields (58). By substituting (58) in (53), one
obtains the error covariance matrix,

Pei = Pl — K (P Ci +5p)" (59)
which is the same result as that in [24].

This completes the proof.

It should be noted that expression (58) depends only on
matrix M. According to equation (26) and Theorem 1,
the matrix M, satisfies the condition (I, + A) ® Linspy- *
M;CiGr—1 = 1" ® I,, means that the estimation of the
unknown input Dy_1 is unbiased. We obtain gain matrix EZ
in the form of (58) by minimizing the variance of )A(k| r based
on matrix M used in (17).

Since we obtained the optimal gain matrix F;( in the form
of (56), we know that once the matrix M} is determined,
we can obtain fZ by (58). However, the form of the gain
matrix is defined as (56). From graph theory we know that
if and only if all nodes in graph G are connected to all other
nodes in graph G, all the elements of matrix F;( can be
nonzero. Otherwise, there will always be some elements in
matrix E;( that must be zero. This can be easily understood in
the physical sense. Some elements can be zero in matrix f;{
and this means that agent i could only receive information
from its neighbors instead of all the other agents in the system.
However, the result obtained from (58) needs all the elements
of matrix E;(/ in order to be nonzero; therefore, we cannot
realize the condition obtained from (58), and thus, we can
only use the sub-optimal gain matrix f;c in order to obtain
the MVU estimate )A(k|k of Xi.. Then, we can use the /{ matrix
norm in order to obtain the sub-optimal gain matrix f;{.

First, we define matrix T = FZ - E;{, then we obtain the
/1 matrix norm of T in the following form:

m n
171 =" |l
i=1 j=1
where #;; is the elements of matrix T'.

Since we know that the only differences between EZ and
E;C is that some elements of 1?;( must be zero and that the
corresponding elements in I?Z must be nonzero, therefore,
we can obtain the following form of f;c in order to minimize
the /; matrix norm of T, as follows:

E]/( = +A)® 1(m>|<p)~ * El (60)

Theorem 6: If M, satisfies (I, +A)®l(m*p) *MkaGk 1=
1" ® I,, then the following gain matrix K, ¢ can minimize
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the variance of )A(k“c with regard to the /; matrix norm,
as follows:

—_ —T
Ki = Uy +A) ® L. * (P Cp +S7)

saf (RiaD) o (61)
where r = rank(i?,’;) and a € R™®* is an arbitrary matrix,

which makes the matrix o Rfee! have a full rank.
This proof is similar to the proof of Theorem 5.

D. MINIMUM-VARIANCE UNBIASED STATE ESTIMATION
UNDER TIME-VARYING TOPOLOGY

In subsection D, we compute the optimal gain matrix Kj
based on matrix M, that we obtained previously. Specifically,
any matrix M satisfying (33) and used in (30) can be used
to obtain the optimal gain matrix Ky, and furthermore to
obtain the MVU estimate )A(k\k of Xj. First, we search for an
expression of Dk,l follows from (30) and (21) to (22) that:

Di—1 = (Iysn — Iy + Ar) ® Limap)- * Mkaka;cfl)Dkfl
— Iy + Ar) ® (msp). * M Ey
= (1" ® Iy — Iy + A) L mapy- * Mk C)di—1
— Iy + Ak) ® Lmap). x MyEy
=~y + Ak) ® Lpnap). * My Ey (62)

which also proves that the unknown input estimator is
unbiased. Substituting (62) in (40) yields:

XY =B, K1 +W,_, (63)
where
By = Uy — Gy Un+ A1) ® limapyMiCi)Bi_1  (64)
W, = Ug — Gy Iy + AL) ® Limsp) My Cr)Wi_y
— G 1 Un + A ® L) M Vi (65)

Then, we can obtain the error covariance matrix Pz‘k
from (63) to (65), as follows:

PZ/lk = E;c—lpk—llk—lg;f—l +§;c—l
= Ugn — Gy Iy + AL) ® Limsp) MiC)
* Prig—1 % (gn — G;g_l(ln + Ak) ® 1(mip) M Cr)"
+5;€,1(1n + Ak) ® 1(msp) M Ri [(Iy + Ak)
® Linsp) M1 G
where 0, = E[W; W[T].

Next, we calculate the error covariance matrix Py ;. From
Equation (32) we obtain:

X}é = (Ign — Un + Ar) ® Ligsp)- *fkfk)f(,j'
—(n +Ap) @ Ligup). * Ki Vi (66)

Substituting (63) in (66) yields:

X = Ugn—Un+AD® 1 (gup). * K Cr)
% Bl 1 X1 + W)= Un+A)® L gup)- * K Vic (67)

where E [Wlé—l VkT] = —6;(_1(1,1 + Ar) ® Lonsp). *A_/Ik]_?k.
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It should be noted that (67) is closely related to the
Kalman filter, which was discussed in Subsection C. There-
fore, the computation of matrix K can be transformed into a
standard Kalman filtering problem.

From (67) and (66), we can obtain the error covariance
matrix Py, as follows:

Piy = Uy + A @ KR [y + Ap) @ 1K)
— Vil + A) @ LK 1" — [Un + A ® LKV
+ P (68)
where
R, = CuPiyCp + R + CiSp + S{TCy,
Vi = PiuCr + S;
St = E[% VI ] = =Gi_ytu + 40 @ L MRy (69)

Note that f(’;{ equals to the variance of the zero-mean signal
f/k*/, INQZ/ =E [f/k*/ f/k*/T], where
= (pn — ChGy_ Uy + AQ) ® LuMYOE:  (70)
By using (70) and (36), (69) can be rewritten as follows:
R;( = (Ipn - 6ka;(_](ln +Ak) ® Ika)
*Rk(lpn_gka;c_l(ln +Ak)®1ka)T~
We define

— =/
Un +Ap) ® Lgxg)- * Kk = K, (71)
=/
and define the optimal gain matrix as K.
From Kalman filtering theory, we know that the uniqueness
=/

of the optimal gain matrix K requires that f(’;{ is invertible.
However, in subsection C we showed that R;C is singular.

=/
Therefore, the optimal gain matrix K, is not unique. Let
—

r’ be the rank of R}. Then, we propose a gain matrix K in
the form of:

— &//
&//
where K; € RPY*" and o € R™P" are arbitrary matrices

that make matrix a,’{f(’fa,’f have a full rank. The optimal gain
=~

matrix K is then provided by the following theorem.

Theorem 7: If My satisfies (I, + Ar) ® lguwmy. *
—_— e — =/
M CrGr—1 = 1" ® I, then the following gain matrix K
can minimize the variance of Xy, as follows:

=/

1 =T ~ _
K = P5Cr + Sooy! (o Ryl ) ety (73)

where r’ = rank(i?;() and oy € R *P*1) is an arbitrary matrix
that makes matrix a,’CR;(a,/(T have a full rank.
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Proof: Substituting (72) in (68) and minimizing the trace
=/

of Py over Fk yields (73). By substituting (73) in (68),
we obtain the error covariance matrix, as follows:

’ —// —
Pri = Piy — K (P Cr + 507 (74)

which is the same result as the result in [8].

This completes the proof.

It should be noted that expression (73) depends only on the
choice of M. According to equation (33) and Theorem 1,
the matrix My satisfies (I, + A) ® 1nimy- * MxCrGr—1 =
1" ® I,,, means that the estimation of the unknown input bk_l
is unbiased. We can obtain the gain matrix f;{/ in the form
expressed in (73), which minimizes the variance of Xk| r based
on the matrix M, used in (30). _,

As we have shown in subsection C, we cannot use fk;
therefore, we pro_\iide the following theorem in order to show

the gain matrix EL that we are able to use.
Theorem 8: If My, satisfifﬁ o
In + Ap) @ lgnsp). * MyCiGr—y = 1" ® I, then,
—

the following gain matrix K; can minimize the variance of
Xk with regard to the /; matrix norm,

=/ —
Ky = o+ Ar) ® Limap)- * (PECr + Sp)
sapl (o Rl ) ey (75)

where 1’ = rank(i?}c) ando; € R *P*1) are arbitrary matrices
that make matrix o, R} e/ have full rank.
The proof is similar to the proof of Theorem 5.

VI. MAIN RESULT

In Sections 4 and 5, we presented the results of the unknown
MVU input and state estimations, respectively, under a time-
invariant and time-varying multi-agent system. Now, we can
just come to a conclusion with regard the former results
and summarize them to one theorem in order to make the
conclusion clear.

Subsection A provides the results for the multi-agent sys-
tem under time-invariant topology. Subsection B provides
the results of the multi-agent system under time-varying
topology.

A. MINIMUM-VARIANCE UNBIASED UNKNOWN

INPUT AND STATE ESTIMATIONS UNDER

TIME-INVARIANT TOPOLOGY

Theorem 9: If and only if multi-agent system (14) to (15)
satisfies condition (28), the distributed cooperative filters (16)
to (19) can achieve the MVU estimation of the unknown input
and state, where the gain matrices M and K are given as
Equations (37) and (61), respectively.

Proof: Theorem 1 means that if and only if the system
matrix satisfies condition (28), we can obtain the unbiased
estimation of the unknown input for multi-agent system dy.
Theorem 2 indicates that when M, has a specific form, we can
obtain the MVU estimation of d;. Theorem 3 shows that
if and only if )A(k,”k,l and ﬁk,l are unbiased. Then (18)

VOLUME 6, 2018

to (19) are the unbiased estimators of X; for any value of K.
Theorem 5 and Theorem 6 show that when K has a specific
form we can obtain the MVU estimation of X}.

This completes the proof.

B. MINIMUM-VARIANCE UNBIASED UNKNOWN INPUT
AND STATE ESTIMATION UNDER TIME-VARYING
TOPOLOGY

Theorem 10: If and only if the multi-agent systems (14) to
(15) satisfy condition (28), the distributed cooperative filters
(29) to (32) can achieve the MV U estimation of the unknown
input and state, where the gain matrices M} and K are given
as Equations (37) and(61), respectively.

Proof: Theorem 1 means that if and only if the sys-
tem matrix satisfies condition (28), then we can obtain an
unbiased estimation for the unknown input of the multi-
agent system di. Theorem 2 indicates that when M has
a specific form, we can obtain the MVU estimation of dy.
Theorem 4 shows that if and only if )A(k_”k_l and bk_l are
unbiased, then, (31) to (32) are unbiased estimators of X for
any value of K ;. Theorems 7 and 8 show that when K has a
specific form, we can obtain the MVU estimation of Xj.

This completes the proof.

VII. SIMULATION

In this section, a numerical example is provided in order to
demonstrate that our filter is considerably better than the
conventional decentralized filter. Subsection A provides a
numerical example in order to verify the proposed method.
Subsection B provides a practical example.

FIGURE 1. Topology of Graph G.

A. NUMERICAL EXAMPLE

In this subsection, we consider a multi-agent system with
four agents and time-invariant topology. Graph G is shown
in Fig. 1. The system matrix is presented below. We find that
none of the agents satisfy the conventional existing condi-
tion(7); however, the augmented multi-agent system satisfies
the relaxed existing condition (28). Fig. 2 shows the state
estimation error using the proposed distributed cooperative
filters. Fig. 3 shows the estimation error of the unknown
inputs using the proposed distributed cooperative filters.
Fig. 4 shows the state estimation error using the conventional
decentralized filters. Fig. 5 shows the estimation error of the
unknown inputs using the conventional decentralized filters.
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FIGURE 2. State estimation error X using distributed cooperative filters.
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FIGURE 4. State estimation error X using conventional decentralized
filters.

In the simulation,

LT 0 , 1 0
Be=1o sin(k)—i—l]’ B —[o cos(k)+li|’
B
0

- 0 . 1 0

B, = —sin(k)—1:|’ Bk_[o —COS(k)—l}'
1 [ 2 sin(k) 2 3 cos(k)
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FIGURE 5. Estimation error of unknown input d using conventional
decentralized filters.

o3 [ 4 sin(k) | ch = [ 5 cos(k)
k= | sin(k) 4 |0 K7 | cosk) 5 |
v 1 1+ sinGo - 0 0
G = K 0 > Ok= 1 +sink) 1]
3 [1+cos(k) O] 4__0 1
%=1 0] “%=|o 1+costh ]

d; = k and dr = sin(k).
Model noise and measurement noise are:

Wil wi2 w21 22 3132 W4 W82 N0, 0.1),
I 12 (2122 31032 4l 42 vig 0.01),

In Figures 2 to 5, xe;; = X;; — x;j, where X;; and x;; denote
the estimation and the true value for the j-th dimension state
of the i-th agent, respectively. The definition of de;; is similar
to that of xe;;.

From the system matrices, we can see that rank(C; G}, _ ) =
1 # 2; however, rank(CyGy_1) = 2. In other words, even
though an agent does not satisfy the existing condition(7),
the augmented multi-agent system will satisfy the cooperative
existing condition(28). From Figures 2 and 3, one can see that
the distributed cooperative filter can estimate the unknown
input and the state correctly. Whereas, form Figures 4 and 35,
one can see that the conventional decentralized filter can-
not estimate the unknown input and the state correctly,
which proves that our result is a significantly looser existing
condition, in comparison to the conventional decentralized
condition.

B. PRACTICAL EXAMPLE

In this subsection, we consider a linearized dynamic model
of a vertical takeoff and landing aircraft in the vertical
plane [35]. In [35], the states are defined as follows:

horizontal velocity[in knots]
vertical velocity[in knots]
pitch rate[in degrees per second]
pitch angle[in degrees]
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FIGURE 7. Estimation error of unknown input d.

For convenience, we chose the first two state dimensions
and simplified this problem as planar rather than spatial.
The states of the system are defined as follows:

. horizontal velocity[in knots]
| vertical velocity[in knots]

The unknown input d was chosen as the wind power that
influences the velocity of the aircraft.
The state matrix was as follows:

~0.0366  0.0271 1 0
B:[ —mmm} C:[o J

0.0482
Hence, we set the system matrix of the four agents as
follows:

I _ p2 3 _ pt_ | —0.0366 0.0271
&_&_&_&_[mmz ~1.0100 |’
ct=ci=c=ct=[} %]

It is clear that C ,iB}( was observable.
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FIGURE 8. State estimation error X using conventional decentralized
filters.
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FIGURE 9. Estimation error of unknown input d using conventional
decentralized filters.

The other parameters such as G;'( and d were the same as the
numerical example. Fig. 6 shows the state estimation error.
Fig. 7 shows the estimation error of unknown input.

From Figures 6 and 7, one can see that the distributed
cooperative filter can estimate the unknown input and the
state correctly. Form Figures 8 and 9, one can see that the con-
ventional decentralized filter cannot estimate the unknown
input and the state correctly. From the results, one can
see that compared to the conventional decentralized filters,
the distributed cooperative filter can estimate the states and
unknown input correctly, which proves that our filter can also
work in practice.

VIil. CONCLUSION

A distributed cooperative filter was developed, with regard
to the MVU, which simultaneously estimates the unknown
inputs and states of a linear discrete-time heterogeneous
multi-agent system. The estimate of the unknown inputs was
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obtained by innovating on LS estimation. The problem of
state estimation was transformed into a standard Kalman
filtering problem for a system with a correlated process and
measurement noise. Most significantly, the proposed filter
had a looser existing condition, in comparison to the conven-
tional filter. The presented numerical example demonstrates
the effectiveness of the proposed filter. In the future, multi-
agent system could be studied in two-dimensional system
framework [36], [37].
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