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ABSTRACT

An important research area in sensor networks is the design
and analysis of distributed estimation algorithms for dynamic in-
formation fusion in the presence of heterogeneity resulting from
(i) nonidentical information roles of nodes and (i) nonidentical
modalities of nodes. In particular, (i) implies that both active
(i.e., subject to observations of a process of interest) and pas-
sive (i.e., subject to no observations) nodes can be present in
the sensor network. Furthermore, (ii) implies that active nodes
can observe different measurements from a process (e.g., a subset
of active nodes can observe position measurements and the rest
can observe velocity measurements for a target tracking prob-
lem). In this paper, we focus on heterogeneous sensor networks,
sensor networks with (i) and (ii), and present a new distributed
input and state estimation approach. In addition to the presented
theoretical contribution including the stability and performance
of the proposed estimation approach, an illustrative numerical
example is also given to demonstrate its efficacy.

1 INTRODUCTION
Advances in integrated microsystems open up a broad spec-
trum of sensor network applications. To this end, an important
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Systems Program of the Air Force Office of Scientific Research.

research area in sensor networks is the design and analysis of dis-
tributed estimation algorithms for dynamic information fusion in
the presence of heterogeneity resulting from (i) nonidentical in-
formation roles of nodes (e.g., see [1-4]) and (ii) nonidentical
modalities of nodes (e.g., see [5,6]). In particular, (i) implies
that both active (i.e., subject to observations of a process of in-
terest) and passive (i.e., subject to no observations) nodes can
be present in the sensor network. Furthermore, (if) implies that
active nodes can observe different measurements from a process
(e.g., a subset of active nodes can observe position measurements
and the rest of active nodes can observe velocity measurements
for a target tracking problem).

To address distributed input and state estimation in hetero-
geneous sensor networks, sensor networks with (i) and (ii), the
authors recently proposed an algorithm in [7] (also in [8] that ex-
pands the results of [7]). The key feature of their algorithm was
that it utilizes local information not only during the execution of
the distributed input and state estimation law but also in its de-
sign (i.e., global stability is guaranteed once each node satisfies
given local stability conditions). Yet, it was observed that due
to a theoretical conservatism resulting from their approach, the
selection of the design parameters of their algorithm may not be
always trivial to achieve an acceptable estimation performance
(e.g., see Figure 3 in [7]). To address this drawback in this paper,
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we present a new distributed input and state estimation approach.
Specifically, by theoretically restructuring the distributed state
and input estimation law presented in [7] using a Lyapunov for-
malism and adding cross coupling terms, it is shown that the new
approach of this paper achieves a desired state and input estima-
tion performance with design parameters being easy to tune. Fur-
thermore, the proposed approach still has all the benefits of our
former work in [7] (e.g., utilizing local information both during
the execution of this approach and in its design). In addition to
the presented theoretical contribution including the stability and
performance of the proposed estimation approach, an illustrative
numerical example is also given to demonstrate its efficacy.

The organization of this paper is as follows. Section 2 intro-
duces mathematical preliminaries for the main results of this pa-
per. In Section 3, we present design and analysis of the new dis-
tributed input and state estimation architecture, where the afore-
mentioned illustrative numerical example is included in Section
4. Finally, concluding remarks are summarized in Section 5.

2 MATHEMATICAL PRELIMINARIES

We use a standard notation. Specifically, R denotes the set
of real numbers, R" denotes the set of n x 1 real column vectors,
R™™ denotes the set of n x m real matrices, 1,, denotes the n x 1
vector of all ones, and I,, denotes the n x n identity matrix. In
addition, we write (-)T for transpose, Amin(A) and Amax (A) for
the minimum and maximum eigenvalue of the Hermitian matrix
A, respectively, A;(A) for the i-th eigenvalue of A, where A is
symmetric and the eigenvalues are ordered from least to greatest
value, diag(a) for the diagonal matrix with the vector a on its
diagonal, [x]; for the entry of the vector x on the i-th row, and A;;
for the entry of the matrix A on the i-th row and j-th column.

Next, we recall some basic notions from graph theory and
refer to textbooks [9] and [10] for details. Specifically, an undi-
rected graph G is defined by a set Vg = {1,...,N} of nodes
and a set &g C Vg x Vg of edges. If (i,j) € &g, then the
nodes i and j are neighbors and the neighboring relation is in-
dicated with i ~ j. The degree of a node is given by the num-
ber of its neighbors. Letting d; be the degree of node i, then
the degree matrix of a graph G, D(G) € RV*N, is given by
D(Q) £ diag(d), d = [dl,...,dN]T. A path ipiy...ip is a fi-
nite sequence of nodes such that iy_; ~ iy, k=1,...,L, and a
graph G is connected if there is a path between any pair of dis-
tinct nodes. The adjacency matrix of a graph G, A(G) € RVN,
is given by [A(G)];j = 1 if (i,)) € & and [A(G)]ij = O other-
wise. The Laplacian matrix of a graph, £(G) € ngN, playing
a central role in many graph-theoretic treatments of sensor net-
works, is given by £(G) £ D(G) — A(G). The spectrum of the
Laplacian of an undirected and connected graph can be ordered
as 0 =41 (L(G)) < 2(L(G)) < -+ < An(L(G)) with 1y as the

eigenvector corresponding to the zero eigenvalue A;(£(G)) and

L(G)1y =0y and e“(9)1y = 1. Here, we assume that the graph
G of a given sensor network is undirected and connected.

3 PROPOSED APPROACH

While we propose a new distributed input and state estima-
tion approach for heterogeneous sensor networks in this paper,
we follow the same problem setup outlined in [7]. Specifically,
we consider a process with the dynamics given by

x(t) = Ax(t) + Bw(t), x(0) = xo, (1)

where x(¢) € R” denotes the process internal state vector, w(t) €
R? denotes an unknown bounded input of the process with a
bounded time rate of change, A € R"*" denotes the Hurwitz sys-
tem matrix, and B € R"*? is the system input matrix.

We next consider a sensor network with N nodes exchanging
information among each other using their local measurements
according to an undirected and connected graph G. Using the
terminology of [1-4],anodei,i=1,...,N, is said to be an active
node if it is subject to the observation of the process (1) given by

yi = Cix(t), @)

where y; € R” and C; € R”*" denote the measurable process out-
put and the system output matrix for node i, i =1,...,N, respec-
tively. Furthermore, anode i, i =1,...,N, is said to be a passive
node when it has no observation of the process (1).

Here, we are interested in the problem of distributively esti-
mating the unmeasurable state x(¢) and the unknown input w(t)
of the process given by (1) using a sensor network, where active
nodes are subject to the observation given by (2). Note that the
assumption of A being Hurwitz results from the fact that there are
passive nodes in the sensor network; thus, it does not result from
the distributed estimation approach proposed in the next section.

We now propose a new input and state estimation law given
by

xi(r) = ARi(1) + Bwi() + giLi (vi(r) — Cifi(t))
“Migaij(fi(l) —%(1)) +0‘5ig“ij (Wi(r) —w;(1)),
£i(0) =%o, 3
Wwi(t) = giKi (yi(t) — Cii(t)) — o:Kii(t)
+aT; i aij(%i(r) — %(r)) — an; i a;; (Wi(t) — (1)),

j=1 j=1
Wwi(0) = Wi, (4)
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for node i, i =1,...,N. In (3) and (4), £(t) € R" denotes the
local estimate of x(¢) for node i and w(¢) € R? denotes the local
input estimate of w(¢) for node i. Furthermore, L; € R"*? and
K; € RP*P are design gain matrices and @ and o; € R are positive
design coefficients. Finally, M; € R"*" §; € R"*P T; € RP*",
and N; € RP*P are design coefficient matrices. Note that g; = 1
if node i is active and g; = 0 if node i is passive.

Note that we now compare the new distributed input and
state estimation law given by (3) and (4) with its counterpart in
[7]. For this purpose, the distributed input and state estimation
law of [7] has the form

£i(t) = (A—yPR:(t) +Bi(t) + giLi (i(t)
—Ci%i(1)) — P! Z(fi(t) —%£(t)), %:(0) =%, (5)
Wit) = giKi(yi(t) — Cifi(t)) — (0K + Y1, ) Wi (1)
—a ) (Wit) —w;(r)), Wi(0) =1bio, (6)

i~
where P, > 0 is a gain satisfying the linear matrix inequality

r— | ALP+PA; —PB+gClK]
1

= <0
—B'P + giKiC;

—20;K; - (7)

with A; £ A — g;L;C;. As noted in [7], the terms “—yP ' %;(¢)”
and “—(0;K; + y1,)W;(t)” appearing respectively in (5) and (6)
are often referred as leakage terms. To this end, if the gains
“fol” and “0;K; + v1,” multiplying these terms are not small,
then they can result in poor performance as well-known. Yet,
since “0;K;” also appears in the linear matrix inequality given by
(7), this term may not always be selected as small while satisfy-
ing (7) either due to the magnitude of the term “—P,B + giCl-TKi”
being not small or a computational conservatism. Thus, (5) and
(6) of [7] may not always yield to an acceptable performance.

In contrast to (5) and (6) of [7] discussed in above, the new
input and state estimation law given by (3) and (4) only has one
leakage term “—o;K;W;(¢)” that appears on the latter equation.
Furthermore, as discussed at the end of this section (also see
Section 4), the gain “0;K;” of this term can be made sufficiently
small here, and hence, the proposed approach of this paper has
the capability to achieve better estimation performance as com-
pared with our recent results documented in [7].

Next, let

%i(t) £ x(t) - %i(t) €R", ®)
2 0i(t) —w(t) €RP. )

Taking the time derivative of (8), one can write

= (1) = %(1)
= Ax(t) + Bw(r) — A%i(t) — BWwi(t) — gili (vi(t) — C:&i(t))

+oM; Zlaij (Ri(1) —%(1)) — aS; ;aij (Wi(r) —w;(1))

J=
= AX;(t) — BWw;(t) — giLiC;%i(t)

N N
—aM; Y aij(%() = %(1)) — i Y ay (Wi(e) —w;(t))

(1)

j=1 j=1
N

= (A —gLiC;)%;(t) — Bw;(t) — aM; Zlaij(fi(t) —X;(1))
=

N
—as; Zla,-, (Wilt) =, (1))
=
= (A—giLiC;)%;(r) — Bw;(r)

N N
—aM; Y Lii%(t) —aS; Y. Lijwi(t). (10)
=1 =

where £;; is the entry of the Laplacian matrix on the i-th row

and j-th column. Furthermore, the time derivative of (9) can be
written as

Wi(r) = giKiCi (x(t) —%i(1)) — 0;K; (Wi (r)

N
+w(t)) +oT; Ziaij (x(t) = xi(t) —x(t) + %(2))
j=
N
—aN; Y aij(Wi(t) +w(t) —w;(t) = w(t)) —w(r)
j=1
= g,'K,'Ci.fi(l) —o;K; (W,’(Z) +W(l)) — W([)
N N
—oT; _Zlaij(fi(f) — (1)) — an; Zlaij(wi(t) —w;(1))
j= Jj=

= giKiCiii(t) - Gil(iwi(t)
N N
—aT; ) Lijf%i(t) — anN; ), Lijw;(r) — 6iKow(r) —i(r).
Jj=1 Jj=1
(11)

Furthermore, let z; = [} (1), (1)]T € R**P. Now, (10) and

1 1
(11) can be written in a compact form as

. o A—giL,'Ci —B ) B N B Ml' S,’ )
4l = { 8iKiC; _GiKi:| - Zﬁ,, {Ti Ni] %0
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or equivalently,

N
&i(1) = Aizi(t) — o0 Y LijHiz(t) + ¢i(0), (13)
j=1

i A—glLC; —B (n+p)x(n+p) L M; S
whereA,_[ 2,KiCi _O-iKi:| eR , Hi= T. N; €

0
R+p)x(n+p) and 0i(t) = {—G;K,-w(t) —_
practical importance to note here that one can always choose the
design terms L;, K;, and o; such that A; is Hurwitz, and hence, A;
being Hurwitz is assumed for the following results. Here, note

also that there exists a unique positive-definite matrix P; such that

} € R"P. Tt is of

ATP+PA;+0Q;i =0, (14)

holds for a given positive-definite matrix Q;.

Now, let the aggregated vector be given by z(t) £
(27 ()25 (), ...,z ()T € RPN To this end, (13) can be writ-
ten in a compact form as

Ay 0
=] |
0 Ay
Ly Hy LpHy ... LivH) 1 (1)
-a : oo )+ |
LniHy LyoHy ... LyvHy o (t)
Ay 0 H, 0]
= - (1) —«a .
0 Ay 0  Hy|
LiiLiip Liolprp oo Linlisp |
: : o 2(t) +9(1)
Lythirp Ln2latp -+ LanTnap |
= Az(t) — aH (L(G) @ Ly p)z(t) + (1) (15)

where £(G) is the Laplacian matrix. Considering the process
given by (1) and the distributed input and state estimation archi-
tecture given by (3) and (4); it can be shown that if the matrix H;
is selected as H; = Pi_1 and nodes exchange information using
local measurement subject to an undirected and connected graph
G, then the error dynamics given by (15) is uniformly bounded.
The proof of this result will be reported elsewhere, but for in-
terested readers, it follows by utilizing the Lyapunov function
candidate given by V(z(¢)) = z"(t)Pz(t). Note that one can also

sho |2 < /PR for ¢ > T where p 2 21209 iy
W ||Z( )”2 - Anin(P)) - W K Amin(Q) Wi

18]l < 6 and 0 = Q+2a(L(G) @ 1,).

Since the ultimate bound given in the last part of the above
paragraph depends on the design parameters of the proposed dis-
tributed input and state estimation architecture, it can be used as
design metric such that the design parameters can be judiciously
selected to make the above ultimate bound small. For example,
we may choose a small value for o; and K; such that the bound ¢
becomes small, which appears on the above ultimate bound ex-
pression through the term pt. Note that in [7] we did not always
have a great flexibility in choosing ©; and K; small, since this
may make the linear matrix inequality (7) infeasible.

4 ILLUSTRATIVE EXAMPLE

In this section, we illustrate the results presented in the pre-
vious section. For this purpose, we consider the benchmark pro-
cess in [7] that is composed of two decoupled systems with the
dynamics given by (1), where

0 1 0 0

—op —20né 0 0
0 0 0 1 ’
0 0 76032 72%2&2

(16)

a7

with @,; = 1.2,& = 0.9,0,, = 1.3, and & = 0.5. This pro-
cess can represent a linearized simple vehicle model with the
first and third states corresponding to the positions in the x and y
directions, respectively, while the second and fourth states corre-

FIGURE 4.1. Communication graph of the sensor network with four
active nodes 1, 2, 4, 5 and eight passive nodes 3, 6, 7, 8, 9, 10, 11,
12 (lines denote communication links, squares denote active nodes, and
circles denote passive nodes).
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sponding to the velocities in the x and y directions, respectively.
The initial conditions are set to x} = [-3, 0.5, 2.5, 0.25]T. In

addition, we consider the input given by

(18)

For the numerical results presented in this section, we con-
sider a sensor network with 12 nodes exchanging information
over an undirected and connected graph topology, where there
are 4 active nodes and 8 passive nodes as shown in Figure 4.1.
Each node’s sensing capability is represented by (2) with the out-

put matrices

1000
C"‘{oom}’

for the odd index nodes and

0100
C"{oom}

19)

(20)

for the even index nodes. Moreover, all nodes are subject to zero
initial conditions and we set K; = diag([10; 10]) and o; = 0.00001

fori=1,...,N. For the observer gain L;, the odd index nodes are
subject to
8.137 0
8.102 0
Li=1"0 ss38] @h
0 11.446

while the even index nodes are subject to

—13.389 1.384
L — 19.178 —1.960
T 1.510 —13.402
—2.153 20.143

For active and passive nodes we set @ = 25.

(22)

In addition, we

10 20 2 40 50

t [sec]
FIGURE 4.2. State estimates of the sensor network with four active
nodes and eight passive nodes under the proposed architecture (3) and

(4) (the dash lines denote the states of the actual process and the solid
lines denote the state estimates of nodes).

obtain from (14)

[12.42 —1.40 —2.99 —0.71 7.26 —3.13]
~140 653 —0.16 —0.80 428 —0.70
P — ~2.99 —0.16 5.17 —3.18 —2.49 —0.99
—0.71 —0.80 —3.18 3.55 —0.70 2.54 |’
726 428 —249 —0.70 1055 -—3.15
|—3.13 —0.70 —0.99 2.54 —3.15 3.06 |
(23)
[7.84 545 —0.54 —026 197 0.13]
545 7.06 —0.28 —0.07 545 —0.28
P — —0.54 —0.28 5.82 421 004 1.92
—026 —0.07 421 552 —026 420 |’
1.97 545 0.04 —026 1049 —1.51
| 013 028 1.92 420 —151 7.62 |
(24)
021 005 0 0 021 0
005 011 0 0 005 0
0 0 024 005 0 024
=19 0 005 015 0 0.05]" (25)
021 005 0 0 041 0
| 0 0 024 005 0 042

Notethat P =P5, P, =P,and s =Py =P, =P =Py =P =
Py = Pj;. Based on the matrix P, i = 1,2,...,12, we obtain

M; S; .

H; = {T-l }S\}] = Pl.’l and matrices M;,S;, T;, and N; are selected
1 I

accordingly.

Under the proposed distributed estimation architecture (3)
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FIGURE 4.3. Input estimates of the sensor network with four active
nodes and eight passive nodes under the proposed architecture (3) and
(4) (the dash lines denote the inputs of the actual process and the solid
lines denote the input estimates of nodes).

and (4), nodes are able to closely estimate the process states and
inputs as shown in Figures 4.2 and 4.3, respectively. Recall that
in [7], although the state estimation is good (see Figure 2 in [7]),
the input estimation performance depends on the number of ac-
tive nodes in the sensor networks. When passive nodes dominate
the sensor networks, the input estimation cannot give a desired
estimation performance (see Figure 3 in [7]). The proposed algo-
rithm in this paper; however, can closely estimate process input
with only a small subset of active nodes as shown in Figure 4.3.

5 CONCLUSION

In order to contribute to the previous studies in heteroge-
neous sensor networks, we proposed a new distributed input and
state estimation approach. In addition, the stability of the overall
sensor network subject to the proposed approach as well as its
performance were analyzed in detail. The illustrative example
had shown that nodes can closely estimate both states and in-
puts of the process, and hence, validated the proposed theoretical
contribution of this paper. Our future research will include gen-
eralizing the current results to the case where the active-passive
role of each agent varies over time and considering the noise in
the sensors as stochastic processes.
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