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Abstract—This paper presents a fully distributed approach for
tracking state vector sequences over sensor networks in presence
of unknown actuations. The problem arises in large-scale systems
where modeling the full dynamics becomes impractical. In this
work, the network only considers a subsection of the overall sys-
tem which it can detect while accounting other inputs as unknown
actuations. First a centralized technique that can consolidate
all the available observation information is introduced. Then,
operations of this optimal centralized solution are decomposed in
a manner to allow their implementation in a distributed fashion
while allowing each agent to retain an estimate of both the state
vector and unknown actuations. The filter is derived in both
diffusion and consensus formulations. The diffusion formulation
is intended as a cost-effective solution, while the consensus
formulation trades implementation complexity for accuracy.

Index Terms—Sensor networks, distributed Kalman filtering,
consensus and diffusion filtering, unknown input estimation.

I. INTRODUCTION

Intelligent multi-agent networks form an essential part of
most modern surveillance and control systems [1]-[16]. This
has made development of distributed filtering and optimization
techniques an attractive topic among the signal processing,
control, and machine learning communities [8,12]. The fun-
damental problem in this setting becomes that of tracking the
state of a given dynamic system through observations made
over a network of sensors [17]-[23]. Although initial works
on distributed Kalman filtering date back to the late 1970s
with the seminal works in [24]-[26], truly distributed Kalman
filtering solutions started to appear with the introduction of
consensus [27]-[29] and diffusion [30] frameworks for prac-
tical information fusion over networks. In essence, consensus
(cf. diffusion) based distributed Kalman filtering approaches
use local Kalman filters to obtain an intermediate estimate
of the state vector based on local observations, which are
subsequently fed to consensus (cf. diffusion) filters to arrive
at a final state vector estimate [20,21,31]-[34].

The proliferation of affordable sensor equipment that can
facilitate communication and networking solutions has resulted
in sensor networks becoming a viable solution for monitoring
systems with an ever increasing degree of complexity. In some
cases, the complexity of these systems is such that accurate
derivation of the system model based on locally available in-
formation would be impractical. Moreover, the local observer
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might be only interested in tracking a subset of the state vector.
One such example is the modern power grid that in some cases
spans more than one country and/or regulatory jurisdiction.
Modeling such a complex system would be impractical if not
impossible. However, the power grid is often divided into
more manageable sections, e.g., micro-grids. In this setting,
the sensor network is mainly concerned with monitoring the
micro-grid. Although the wide-area grid affects the micro-grid
in question, partial information regarding the wide-area power
grid will only be available to boundary agents.

Although a number of distributed Kalman filtering ap-
proaches for high-dimensional system have been presented [7,
35,36], these works either assume a fully connected network
or assume a sparse structure for the state transition matrix and
rely on elaborate distributed processing techniques, resulting in
computationally demanding algorithms. On the other hand, the
problem of filtering in presence of unknown inputs has been
studied extensively [37]-[41]. However, these techniques are
derived from a single agent perspective and are not suitable
for decentralized implementation. Therefore, a truly distributed
algorithm remains elusive.

This work considers the problem of tracking a state vector
sequence in presence of unknown actuations through observa-
tions made over a sensor network. To this end, a centralized
optimal filter that can incorporate the observations from all
sensors in the network is formulated. Then, operations of the
formulated centralized filter are decomposed and distributed
among agents of the network in a fashion that will facilitate
their distributed implementation. The proposed filter is formu-
lated in both diffusion and consensus formats. Although both
formulations allow each agent to retain an estimate of the state
vector and the unknown actuations, the diffusion formulation
is cost-effective as it does not impose computational demands
much higher than that of the single agent filter, while the
consensus formulation exchanges complexity for accuracy.
Mathematical Notations: Scalars, column vectors, and ma-
trices are denoted by lowercase, bold lowercase, and bold
uppercase letters. The state vector at time instant n is denoted
by x,, while I represents the identity matrix with the same
number of rows as the state vector. The Kronecker product is
denoted by ®. The transpose operator is denoted by (-)T with
E {-} denoting the statistical expectation operator.

II. PROBLEM FORMULATION
A. The Network & System Models

Akin to previous approaches [6,19]-[21,23,33], the multi-
agent network is modeled as an undirected connected graph



G = {N, €&}, where the node set N denotes the agents
of the network and the edge set £ represents bidirectional
communication links between the agents. The neighborhood
of node [ is defined as the set of nodes that can communicate
with it, which includes self-communication. The neighborhood
of node [ is represented by the set A; whose cardinality is
denoted as |A;| with |[N| representing the total number of
nodes in the network.

The aim is to track a state vector sequence through observa-
tions made via a network of agents (sensors). The state vector
and observations are related through the state-space model'

(1)
(1b)

Xnt+1 =Ax, + Bz, + v,
Yin :Hlxn + Win

where, at time instant n, the vectors z, and v,, denote the
unknown inputs to the dynamic system and state evolution
noise, while A and B denote the state transition matrix and
a matrix of appropriate dimensions representing the effect of
the unknown inputs on the system, whereas H; denotes the
observation matrix at node [, with y; , and w; ,, denoting the
observation and observation noise at node [ at time instant n.
The observation and state evolution noises are white Gaussian
random sequences with the joint covariance matrix

.
v Vm |2y 0
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where §; 5, is the Kronecker delta function.

B. Centralized Solution

In order to formulate a solution, observations across the
network are organized into a column vector as

T
Yecol,n = yI,’I’L? cee ’y‘-l;\”v”} . 3)

Now, considering the expression in (1b) the network-wide
observations can be modeled as

Yeol,n = Heoxp + weol

- T T 17
with Weol,n = |:w17n7 s aw|_/\[|’n:| and

H., = {HI,‘..,HlTM]T, (4)

The problem at hand can now be solved in a classical setting
using a robust two-stage Kalman filter [40]. The operations of
such a two-stage Kalman filter are summarized in Algorithm 1,
where z, and X, denote the estimates of z, and x,, with
Yoo = E {wcol’nw;lm}. This assumes that the network-
wide system, that is, the state transition equation in (la) and
observation equation in (3), meets the required convergence
and stability criteria of conventional Kalman filtering in pres-
ence of unknown inputs, e.g., [40,41].2

IThe state-space model is considered to be linear and time invariant
with stationary noise sequences for simplicity in presentation. However, the
obtained results can be readily generalized.

2Derivation of the centralized solution given in Algortihm 1 and discussions
on its optimality closely follow that of the framework presented in [37,40]
and have, therefore, been omitted.

Algorithm 1. Centralized Solution
Initialize with:

)A(o = E{XQ}

N L \T &)
Py = E{(Xo — Xojo) (%0 — Xo|0) }
Model update:
¢n\n—1 =AXp1 (6a)
(bn\nfl :APnflAT + 3, (6b)
Tn :Hcolq)n\nleIol + Ewcol (60)
Measurement update:
(bn\n :¢n|n71 (72)
T -1
+ (I)n\nlecolTn (YCol,n - Hcold)n\nfl)
q)n\n = (I - énm—lH;rolT;chol) (I)n|n—1 (7b)
S, =B™H! T, H.,,B (7c)
N Ty T !
Zy :Sn B HcolTn <YCol,n - Hcol¢n|n71) (7d)
Combined update:
Gn = (I - q’n|n71HIolT;1HCOZ> B (83)
P, =®,, + G,S.Gy (8¢)

C. Motivation for Distributed Solution

The centralized solution in Algorithm 1 requires all observa-
tions, observation matrices, and observation noise statistics, to
be communicated to its central processing unit. This generates
a great deal of communication traffic and leaves this approach
vulnerable to link failures. Moreover, the centralized approach
is also vulnerable to the failure of its processing unit and
requires the inversion of large matrices, a computationally
heavy operation which is best avoided. Hence, a distributed
solution is desired.

III. THE PROPOSED DISTRIBUTE SOLUTION

From the expression in (6¢) and using the Woodbury matrix
inversion lemma, we have

T, =%, - T Ha¥, HLE, O
where
W, =@, ,+Q and Q=HL3, He. (10)
In turn, using expression in (9), we have
I, —HL,T, B —Q-Q (%, ,+Q) Q. (D
Now, replacing (9) and (11) into (7c) gives
S, =B'II,B=B'QB-B"Q¥, QB. (12
Upon substituting (9) into (7d), we have
2, =S, B¢, S, B'QW, ¢, (13)



where

—1
& =HLE,, (Yeoun —Headps) - (19

In addition, from (2) it follows that X, , is a block-diagonal

matrix so that
3., = block-diag{X,,, : VI € N'}. (15)

After some mathematical manipulation and replacing (15) into
(14), the expression in (13) can be expressed as the summation

2,-S, BT (1-Q¥,") > ¢, 16)
VieN
with
-1
€1 =HI S, (yin — ity ) a7
-1 -1
:H;rzwl Yin — H?—Elelqbnm—l'
Alternatively, from (17) and (16) it follows that
2, =S, BT (1 - Q\Ifl) Y HIS, yia
ViEN (18)

-8,'BT(1-Q%,) Qa,, .

In a similar fashion, replacing (9) and (11) into (7a) gives

d)n‘n :¢n|n71 + Z q)n|n—1H;rEwl (YZ,n - Hld)n‘n—l)

VieEN
- Z q)n|n71Q\Il7: H?—E;l (}’l,n - Hld)n,\n—l)
VieN
-1
~bunr + B (1-Q€, ) D& (19)
VieN
From (17) and (19), ¢n|n can alternatively be formulated as
-1 -1
¢n|n :¢7L|n—1 + q”ﬂ|n*1 (I - Q‘I’n ) Z Hz—zwl Yin
VieN
-1
~ @ (1- Q¥ ) Qe (20)
A. Diffusion Formulation
From replacing (15) and (4) into (10) we have
-1
Q=) H/T, H. Q1)

VieN

Thus, similar to approaches in [6,19,33], assuming node [ € N’
receives {H] X, Hy, H/ S, yr, : Vb € N} from its
neighbors, the expressions in (9)-(20) allow node [ to run
a local filtering operation.> This leaves each agent with a
local estimate of the state vector, which can be combined in a
diffusion setting to improve their accuracy. Operations of such
a filter are summarized in Algorithm 2, where X; ,, and 2, ,,
denote the estimate of x,, and z, at node [, while oy, > 0
are real-valued diffusion coefficients selected so that

Vie N : Z alﬁk:]..

VkeN;

(22)

3That is, node | implements the operations in Algorithm 1 for the network
consisted of itself and its neighbors. In this case, node [ is at the center of a
star network with its neighboring nodes forming the spikes. Also these local
filtering operations are only reliant on single-hop communication links.

Algorithm 2. Diffusion-Based Distributed Solution
For node | € N
Initialize with:

)A(l’o = E {X()}

. . T (23)
Po=E { (%0 — %1,010) (%0 — X1,0/0) }
Model update:
¢l,n\n71 :A)A(l,nfl (2421)
Py 1 =AP, AT + 5, (24b)
T !
Q= )Y H{X, H (24c)
VkeEN;
-1
Wi =P 1+ Qu (244d)
Measurement update:
¢l,n|7z, :¢l,n|n—1 (259)
-1 -1
@ (T- Q) > HIZ, v
VkeN;
-1
@t (T- Q¥4 ) Qi
-1
-1
My =Qu = Q (@1 + Q) Q (25b)
(pl,n|n = (I - (I)n|n71Hl,n) él,n|n71 (25¢)
Sin =B'IL,B (25d)
R — —1 —1
Zn :Sl,:LBT (I - Ql\I’l,n) Z H—krzkak,n
VkeN;
—1 -1
- Sl,nBT (I - Ql‘Ill,n) Ql¢l,n|n—1 (25e)
Combined update:
G’l,n = (I - q’l,n|n—11—[l,n) B (26a)
)A(l,n = Z (67N (¢k,n|n + Gk,nik,n> (26b)
VkeN;
Piy =@ + GinSinGl, (260)

B. Consensus Formulation

Considering decomposition of the operations of Algorithm 1
in (9)-(20) and recognizing that Q and ZVZeN HIE;lyl}n
are network summations of local quantities, the centralized
solution (Algorithm 1) can be replicated at each agent using
approximations of these summation. To this end, (21) yields

-1 1 -1
VieN YieN
In a similar manner we have
-1 ]. —1
Z H/'S yi,= 7 Z NHE, yin. (28)
VieEN VIieEN

Thus, Q and ZVleN HlTZZAyl_yn can be estimated in a
distributed fashion via the average consensus filter* (ACF)

Fioy=Fimn+ >, wij(Fjm-) —Fig-y) 29
VieN;

4For more information on consensus filters see [27]—[29].



where F; ) denotes the output of the iterative consensus
filter at node ¢ after 7 iterations, while w; ; denotes a positive
real-valued weight. For analysis purposes, the ACF in (29) is
formulated from a network-wide perspective as

Fiy=WRIL)Fy-1=W'R@L)Fo  (30)

where Z is an identity matrix of appropriate size, whereas
Fy = [FI(n)’ F;(n)’ . ’F\T./\/'I,(n)]T and the element on the
i row and j™ column of W are

1 + Wi, — Z Wi, 1 if 1 = j,
VIEN;
0 otherwise.

Remark 1. If the weights w; ; are selected to meet conditions
in [27] and make WV doubly stochastic; then, from [27], it
follows that F; (,y — ﬁ > vjen Fij0) as n — oo.

From the expression in (27) and Remark 1, it follows that
each agent can reach an estimate of Q using {|N\HITZZ_1HZ :
Vvl € N} as inputs of the ACF in (29). In addition, from
(28), the summation ., HITZ;lyl,n can be approximated
using {\N|HIT2;1yl,n : VI € N'} as inputs of the ACF in
(29). Therefore, each agent can replicate the operations of
Algorithm 1 in a distributed manner. In practice, however,
the ACF can only undergo a finite number of iterations at
each time instant. This leaves each agent with an estimate
of the state vector (cf. covariance information) that differs
from that of its neighbors. Motivated by the desire to force an
agreement among the agents, additional ACFs are employed to
force a consensus among the agents regarding the state vector
estimates (cf. covariance information). The operations of such
a consensus-based distributed solution are summarized in
Algorithm 3, where for the sake of simplicity in presentation,
the operation of the ACF at node ¢ after 7 iterations is
represented via the schematic

Fi,(n) <—(— {F],(O) : Vj S N}

where {F; ) : Vj € N} is the network-wide inputs to the
ACF and F; ) is the output at node 4 after 7 iterations.

C. Convergence and Stability

Without loss of generality, we focus on the introduced
diffusion-based filter. After some tedious mathematical ma-
nipulations, from Algorithm 2, we have

¢l,n|n + Gl,nil,n = (I - LnQZ) A)A(l,n—l

-1
+Ll,n Z H-]L-Ewkyk,n (35)

VkEN;
where Ly = (®pnpn 1+ GinS; BT (I—Ql\p;;).

Given (24c), upon substituting (1) into the left hand side of
(35), we have

LHS(35) =(I—L;n Qi) AXy -1 + L1 QiAX, 4 36)
+ L1, QiBzy—1 + Ly, Quvp—1 + Ly

where LHS(35) denotes the left ha}nd side of the expression
in 35) and r;,, = ZVkeNl szwkwk,n-

Algorithm 3. Consensus-Based Distributed Solution
For node | € N
Initialize with:

)A(l’o = E {X()}

Po=E { (x0 — %X1,000) (%0 — il,O\o)T} Gl
Model update:
Dlnjn—1 =AXi -1 (32a)
@, n1 =AP;, AT+, (32b)
Y, {ACFl— {NH]E_ Hy:Vk e N}  (32)
Uy =B 01 + Yin (32d)
Measurement update:
1 ACF}— {NH]S,, yin : VEEN}  (330)
Brnin =Prnin—1 + i1 (1 - rlm\p;;) G, (33b)
— P -1 (I - Tl,n‘I’l_,:L) Yin®pnjn-1
o
I, =Yin— Tin (@Z;\n_l + Tlm) Y, (330
& n = (1= @ 1T01,) B npn s (33d)
S, =B'II,,,B (33e)
210 =S1,B" (1= T0a¥,,) 1 (330)
= S1,BT (1= Y0 ®,,) Tonbrnn
Combined update:
Gin=(1—-®,, 100,,)B (34a)
Xin <] ACF [ {Drnjn + GrnZrn - Yk € N} (34b)
Py, «{ACFl— {® 1 + Gi,nS1,nG[,, : Vk € N} (34c)

Now, consider the state vector estimation error given by

T

5 T T
€ln=Xn —Xin and 871 = 61,n7""6|/\f‘,n (37)

From (26b), (36) and (37) the network-wide evolution of state
vector estimation error terms can be expressed as

E, = (M & I) (I - L, Q) Agn—l - (M ® I) Lnrcol,n

+MRI)(ZT-L,Q)Bz, (38)
+ ML) (T - L) Veoin
T T
where reo, = [rln, ... vr\TN|,n] s Veoln = [Vl, e u;';] s

BT]", A = block-diag{A, ..., A}, and

L,, =block-diag{L; ,, : VIl € N'}
Q =block-diag{Q; : Vl € N'}

while M is the combination matrix consisted of diffusion
weights. In a steady-state situation, where z,, becomes con-
stant, z,, — z, from (38), it follows that £, will have stable
first and second-order moments if (M QZ)(Z — L,Q) A
has a spectral radius of strictly less than one. However, due
to (22), M is left stochastic and hence all its eigenvalues lie

B=[B,.. .



on or within the unit circle. Thus, it suffices that all block-
diagonal elements of (Z — L£,Q) A, ie., {I-L;, Q) A :
VIl € N} remain stable. This condition is determined by the
recursions governing P ,, in Algorithm 2. Such recursion have
been considered in [41] and sufficient conditions for their
stability, under the assumption that rank(H;) > rank(H;B) =
rank(B), has been provided.

Remark 2. For the case of the consensus-based filter in
Algorithm 3, all discussions in this subsection follow similarly,
where M should be replaced with W.

Remark 3. In essence, if the local filtering operations meet
requirements for convergence; then, each agent will obtain
local state vector estimates and the diffusion (cf. consensus)
step will have the effect of reducing the uncertainty on
these local state vector estimates. Therefore, the network-wide
system will remain convergent.

IV. NUMERICAL EXAMPLE

The performance of Algorithm 2 and Algorithm 3 is demon-
strated and compared to that of the optimal centralized solution
(Algorithm 1) in a simulation example. To this end, consider
the general discrete-time system with

10 01 0 05 0
01 0 01 0 05
A=lg 0 1 o ™M B=11
00 0 1 0 0.1
. 100 0
while VI e N : H; = 01 0 ol

The observation noise at node I € A/ was considered to be
a white Gaussian random process with the covariance matrix

0.052  0.01 i o {1 iflodd
0.01 0.052] WM TN 4 if [ even

while the state evolution noise covariance was
_(10.025 0.5 1 0 _3
E”‘([0.5 10}@’{0 1DX1O

and the network of 200 nodes with the topology shown in
Fig. 1 was used in the simulation example.

Ewl = qj |:

NG
A

Fig. 1. Network of 200 nodes and 732 edges used for simulations.

The state vector consisted of four elements
{xlst]),xgndD,xgrdD,xth}. In Fig. 2, the state vector
estimates obtained through the diffusion and consensus
frameworks proposed in Algorithm 2 and Algorithm 3 are

compared to that of the centralized solution in Algorithm 1.
Observe that the introduced distributed framework both in its
diffusion and consensus formulation tracked the state vector
sequence and obtained a performance level close to that of
the centralized solution in Algorithm 1.

The unknown actuations forced upon the dynamic system
was a vector of two elements {ziyp, z2nap}- In Fig. 3, the
estimates of the unknown actuations obtained through the pro-
posed framework of Algorithm 2 and Algorithm 3 are shown.
Although both the diffusion and consensus formulations esti-
mated the unknown actuations correctly, estimates obtained via
the consensus formulation appeared to be consistently more
accurate. It should be noted that the accuracy of the consensus
formulation comes at a higher communication traffic cost as
the ACFs where iterated 10 times at each time instant in order
to achieve consensus.

T T T T T
4 |-Algorithm 2mAlgorithm 3—Algorithm 1- -True Value| B
2
2 1
0 i
. . . . .
5 10 15 20 25 30
Sample Number
T T T T
0 i
[a]
2-2 b
N
>
4 i
. . . . .
5 10 15 20 25 30

Sample Number
T

15 I I I I I
5 10 15 20 25 30

Sample Number
Fig. 2. The state vector estimate obtained through the proposed distributed
solutions in Algorithm 2 and Algorithm 3 are shown along side estimates
obtained via the centralized framework of Algorithm 1. Estimates obtained
through the diffusion (cf. consensus) framework across all nodes lie in the
region in green (cf. red).

15 EAlgorithm 2mmAlgorithm 3—Algorithm 1- -True Value
T LTAh

5 10 15 20 25 30
Sample Number

Fig. 3. Estimates of the unknown outer network actuations obtained through
the proposed distributed solution in Algorithm 2 and Algorithm 3. Estimates
obtained through the diffusion (cf. consensus) framework across all nodes lie
in the region in green (cf. red).



V. CONCLUSION

The problem of tracking/estimating state vector sequences
in presence of unknown actuations through observations made
over sensor networks has been considered. A centralized
solution to this problem has been proposed based upon two-
stage Kalman filtering techniques. Most importantly, it has
been shown that the operations of such a centralized solution
can be decomposed into a format suitable for distributed
implementation via networked agents. This derived format
has been transformed into two formulations for a distributed
filtering technique, one based on diffusion and one based
on consensus. The diffusion formulation is a cost-effective
solution to the posed problem, while in the context of the
consensus formulation complexity is traded for accuracy. Fi-
nally, performance of the derived filtering algorithms has been
demonstrated and compared to their centralized counterpart in
a simulation example.
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