2009.05799v3 [eess.SY] 17 Feb 2021

arXiv

Distributed Kalman Estimation with Decoupled Local Filters

Damian Marelli #*, Tianju Sui ¢, Minyue Fu ¢

*School of Automation, Guangdong University of Technology, Guangzhou, China.

P French-Argentinean International Center for Information and Systems Sciences, National Scientific and Technical Research
Council, Rosario 2000, Argentina.

€School of Control Science and Engineering, Dalian University of Technology, Dalian, China.

dSchool of Electrical Engineering and Computing, University of Newcastle, Callaghan, NSW 2308, Australia.

Abstract

We study a distributed Kalman filtering problem in which a number of nodes cooperate without central coordination to
estimate a common state based on local measurements and data received from neighbors. This is typically done by running a
local filter at each node using information obtained through some procedure for fusing data across the network. A common
problem with existing methods is that the outcome of local filters at each time step depends on the data fused at the previous
step. We propose an alternative approach to eliminate this error propagation. The proposed local filters are guaranteed to be
stable under some mild conditions on certain global structural data, and their fusion yields the centralized Kalman estimate.
The main feature of the new approach is that fusion errors introduced at a given time step do not carry over to subsequent
steps. This offers advantages in many situations including when a global estimate in only needed at a rate slower than that of
measurements or when there are network interruptions. If the global structural data can be fused correctly asymptotically, the
stability of local filters is equivalent to that of the centralized Kalman filter. Otherwise, we provide conditions to guarantee
stability and bound the resulting estimation error. Numerical experiments are given to show the advantage of our method over
other existing alternatives.

Key words: Kalman filters, networked control systems, sensor networks, estimation theory, statistical analysis, stability
analysis.

1 Introduction A Kalman filter gives the optimal maximum a posteriori
estimation of the state for linear systems with Gaussian
noises. This is done by alternating two steps called pre-
diction and update. A major division among distributed
Kalman filtering methods is based on whether all nodes
estimate the full system state [9], or each node only esti-
mates a subset of the state variables [10,11,12,13,14,15].
This work concerns with methods of the first type. Gen-
erally speaking, all methods of this type assume that
nodes know the state transition equation. This permits
that the prediction step is locally executed at each node.
The challenge then consists in how to distributedly ex-
ecute the update step. Most available methods do so by
making use of the information form of the Kalman filter.
This requires computing two quantities called the infor-
mation vector and information matriz, the former in-
minyue. fulnewcastle. edu.au (Minyue Fu). volving the fusi.0n of measured s.ignals at different nodes
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A networked system consists in a collection of nodes (or
sub-systems), connected via a communication network,
executing certain processing task [1]. The processing is
called distributed if it is carried out by a cooperative
strategy among nodes without central coordination [2].
The design of distributed methods aims at minimizing
the amount of computation and communication required
by each node, as well as making these requirements scal-
able in the number of nodes. Distributed methods are
available for parameter estimation [3,4], Kalman filter-
ing [5], control [6,7], optimization [8], etc.
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In the first category the information vector and matrix
are formed by adding, using different communication
schemes, partial components from all nodes of the net-
work. An early method was proposed in [16], which re-
quires full connectivity among all nodes. This restriction
was overcome in [17] by using dynamic consensus [18] to
fuse information across the network. The same method
was refined in [19] by using different consensus stages
for fusing information vectors and matrices. In [20] ac-
curacy was improved, at the expense of extra communi-
cation, by adding consensus sub-iterations between ev-
ery two sample times. A variant of this method was pro-
posed [21] and analyzed in [22], where two parallel con-
sensus stages are run for each, information vectors and
matrices. A different variant was proposed in [23], where
a particular kind of dynamic consensus was used guar-
anteeing convergence on the time-varying information
vectors if certain assumptions are met. In [24,25], fusion
of information vectors was done by representing them
using a state-space model and estimated them using a
distributed Kalman filter of the second category. In [26]
and [27] the fusion scheme was complemented by using
the covariance intersection method [28] to fuse the out-
comes of the prediction steps from each node. Finally,
in [29] fusion was done by using a message passing algo-
rithm, rather than a form of consensus, with the advan-
tage of finite-time convergence in the case of an acyclic
communication network graph.

In the second category, the fusion of information vec-
tors and matrices used in methods of the first category is
complemented by fusion of Kalman estimates. This ap-
proach was proposed in [30]. Its optimal design was stud-
ied in [31] and its performance analyzed in [32]. A recent
improvement of this method was proposed in [33], by us-
ing dynamic consensus to fuse information vectors and
matrices. In [34] the design was approached by propos-
ing a particular structure, with free parameters, which
are optimized to minimize the estimation error. A sim-
ilar approach was later considered in [35] using a more
general structure and setup. Finally, in [36], fusion of
information vectors is eliminated and only Kalman esti-
mates are fused.

Broadly speaking, all methods from the two categories
described above require carrying out two kinds of data
fusion. The first one aims to fuse information associated
with the parameters of the measurement equation, typi-
cally to form the global information/covariance matrix.
We refer to this as structural data fusion. The second
one aims to fuse information associated to the measure-
ments locally acquired at each node, typically to form
the global information vector. We refer to this as sig-
nal fusion. In the case of time-invariant measurement
equations, structural data fusion needs to be done once,
possibly during initialization. Also, even in the time-
varying case, the rate of change of this data is typically
slow, and can be easily tracked using dynamic consen-
sus with limited communications. In these cases, struc-

tural data fusion can be done with negligible error. On
the other hand, the change of measurements across time
steps is typically much faster than that of the measure-
ment equation. This requires a signal fusion stage with
more communications.

A common property of the all the available methods de-
scribed above is that information fusion needs to be car-
ried out at every Kalman update step, because its re-
sult is needed for the subsequent Kalman prediction and
update steps. Due to the large communication demands
associated to this stage, it is often done approximately.
The resulting approximation error then propagates, in
the sense that it affects subsequent steps. This signal fu-
sion error propagation leads to deviations between the
estimates produced by the centralized Kalman filter and
those of their distributed counterparts, which accumu-
late across time steps.

To overcome signal fusion error propagation, in this work
we propose an alternative method which avoids this
drawback. In the proposed method, each node runs a lo-
cal estimator which does not require signal fusion. Ob-
viously, none of these local estimators can produce the
global Kalman estimate, since they only use local mea-
surement information. However, they have the property
that the global Kalman estimate is obtained by fusing
their local estimates. In this way, the proposed scheme
avoids the aforementioned signal fusion error propaga-
tion problem. For this reason, it is in our view a proper
generalization of a Kalman filter to a distributed set-
ting. Apart from avoiding the accuracy problems result-
ing from signal fusion error propagation, the proposed
scheme is advantageous in applications where a global
estimate is required at a rate slower than the one at
which measurements are acquired. This is because in-
formation fusion needs only be done at the slower rate.
Also, in the case of unreliable communications, where
fusion cannot be done during certain periods, the pro-
posed scheme immediately recovers without errors after
communications resume.

An additional property of the proposed method is that,
provided that structural data fusion is accurately done,
the stability of each local estimator is equivalent to that
of the centralized Kalman filter. However, stability can
be lost if the structural data fusion is done with signifi-
cant errors. We do a stability analysis in which we pro-
vide a bound on the structural data fusion error that
guarantees stability. We also bound the difference be-
tween the distributed state estimate and the centralized
Kalman estimate due to both, structural data and signal
fusion errors.

The rest of the paper is organized as follows. In Sec-
tion 2 we describe the research problem. In Section 3
we give an overview of the available approaches for dis-
tributed Kalman filtering and point out their common



drawback that motivates our work. In Section 4 we intro-
duce the proposed distributed Kalman filtering scheme
addressing the aforementioned drawback. In Section 5
we present our stability and accuracy analysis results
and in Section 6 we derive their proofs. In Section 8 we
give experimental evidence of our claims. Concluding re-
marks are given in Section 9. For ease of readability, the
proofs of some auxiliary results appear in the Appendix.

2 Problem description

Notation 1 For a wvector z, ||z| denotes its 2-norm
and for a matriz X, || X|| denotes its operator norm.
We use Sy (R) C RV*N to denote the set of real sym-
metric N x N matrices, and Py (R) € RY*N o de-
note the set of real positive definite N x N matrices.
Also, col (z1,- -+ , 1) denotes the column vector formed
by stacking the symbols (either vectors or matrices) x;,
i =1,---,I, and diag (z1,--- ,2s) denotes the diago-
nal matriz with the same symbols on its main diagonal.
We use 15 to denote the N -dimensional column vector
filled with ones, I to denote the N-dimensional iden-
tity matriz and @ to denote the Kronecker product. For a
symbol Z° we use the handy notation =~* £ (El) ' and
=i & (=)

Consider a random vector sequence described by the fol-
lowing recursions

Ty = Axp—1 + wy, (1)

where RY 3 29 ~ N (u, P) and w; ~ N (0,Q), with
P,Q € Py (R). We assume that we have I nodes ac-
quiring measurements from x;. In order to model mov-
ing nodes, we assume that their associated measurement
equations are time-varying, i.e., at time step ¢, node i
measures . ‘

yi = Ciwe + vy, (2)
with v} ~ N (0, R}), Ri € Py (R). We assume that the

set {:zro,wt,vf; teNji=1,.-- ,I} is statistically mu-
tually independent.

Nodes are communicated via a consensus network. We
assume that between every two consecutive time steps ¢
and t+4 1, there are K communication cycles. In order to
model a time-varying connection topology, at time ¢t € N
andcyclek € {1,--- , K}, node i can send messages to its
neighbors Ny, C {1,---,I}. The communication link
from node i to node j € N}, has gain wy’;.. The gains are
such that the communication graph is undlrected ie.,

wt’fc = wt 1 We also assume that the adjacency matnx

I
Wik = {wt:k} .

i,j=1

satisfies

lim )\2 (Wn}{ X e X Wt,l) =0
K—oo

where A\ (X) denotes the algebraic connectivity of ma-
trix X, i.e., the second largest eigenvalue. This guaran-

- T
tees that, for any x: ¢ = [ZC;J, e ,:C{’J € R’ the se-
quence generated by x¢ r, = Wy px4 11 satisfies

1

. 1 i
klgrgoxt)k =1;® lexo.

Writing (2) in block form we obtain
yr = Czy + vy, (3)

where vy ~ N (0, R) and

ye = col (yi, /),

vt:col(vtl, x )

Ct:col(C,---, ),
g

Ry = diag (R}, -, R}).

A research challenge consists in deriving a distributed
method for running a Kalman filter on the system (1)-
(3). As mentioned in Section 1, a number of method are
available for doing so. In Section 3 we give an overview of
these methods and point out their common drawback. In
Section 4 we propose a method which avoids this draw-
back.

3 Overview of available distributed methods

In this section we briefly summarize available approaches
for distributed Kalman filtering. Let

‘Tfﬂrl\t = A:Ci‘t, (4)

Y = AE?&HAT +Q, (5)

Ty = Dyt (E;‘tl,lxt\tfl + C;Rflyt> ) (6)
-1

Et\t = (E;t 1 + CtTRt_lct> ) (7)

denote the centralized Kalman filter equations, where
the update step is expressed in information form, and
xils and Zl‘ denote the approximations obtained at
node i. All methods assume that the number I of nodes is
known at each node. Notice that it is possible to compute
I in a distributed manner using the method proposed
in [37]. They also assume that all nodes know A and @
and the initial values xg g = p and Xgg = P. Then, at
time step t, given an update estimate/covariance pair
xil . Zi‘ ;» the Kalman prediction step can be carried out

at each node using (4)-(6). The different methods differ
in how the Kalman update step is carried out. In Sec-
tion 3.1 we describe how this is done in the two method
categories mentioned in Section 1. Carrying out this step



requires some form of data fusion across nodes. In Sec-
tion 3.2 we describe the most common options used for
doing so. Finally, in Section 3.3 we comment on a com-
mon limitation of all available approaches.

3.1 Distributed Kalman update step

Let
U, =C/R'Cv =Y C]TRCY, (®)
=1
Ui =C R 'y = > CT Ry 9)
=1

We refer to i, and U, as the (global) signal and struc-
tural data, respectively. In view of (9) and (8), the signal
1 and structural data ¥, can be made available at each
node using some kind of data fusion. The fusion stage
yields, at each node 7, estimates 1! and Wi of ¢, and W,
respectively. The different available methods depend on
how, using ¢¢ and Wi, the update step (6)-(7) is com-
puted at each node. We describe below how this is done
in the aforementioned two categories:

3.1.1 Consensus on global signal data

Using again any form of data fusion, an approximation
i of 1)y can be obtained at each node i. Using this ap-
proximation, in [20,21,22,23,26,27] :cfelt is obtained us-
ing (6), i.e.,

xi|t = Ef&\t (EJZ—lxi\tfl + 1/’35) . (10)
Alternatively, the Kalman gain
Ky =%,C/ R ",
is used in [17,19] to compute
zy, =y + K (yt - Ct~’”i|t71)
= Ii\t—l + Xy (OtTR;lyt — C;R;lctxi‘t_l)

= Ty,_1 + Do (dft - \I/txi\t—l)

= Ii\t—l + Eiu (Q/lee - \I]i‘ri\t—l) . (11)

3.1.2 Consensus on global signal data and estimates

In order to help the estimates in (11) to converge to a
common value, in [30,31,32,33], an extra term penalizing

inter-node mismatches is added. This leads to
Ty, = Ty + Sy, (7/4 - ‘I’ixi\tq)
+ Dy Z (Ii\tfl - Ii\t—l) ) (12)

JEN;
where matrix D; is a free parameter that needs to be

designed. In particular, the choice D; = I — Ei‘tkllf; is
implicitly made in [33].

3.2 Information fusion using consensus

In this section we describe the different data fusion meth-
ods used in the distributed Kalman filtering literature.
These methods apply to the fusion of both, global sig-
nal data v; and global structural data ¥,. We describe
then for fusing signal data. Its application to the fusion
of structural data is straightforward.

3.2.1  Local fusion of neighbor data

In [24,25,30,31,32,35,36], 1! is built by using only data
from neighbor nodes. More precisely, they assume that
K =1, i.e., there is a single communication cycle be-
tween consecutive time steps. Let

o

b= () (R) i (13)
Then
. I . s 0 .
vi=1) widy
j=1

3.2.2  Global fusion using consensus

In [20,21,22,34], the fusion is done using K > 1 consen-
sus iterations, i.e., they run the following recursions

I
Vi = sz:kwg,kfv (14)
j=1
initialized bng,o =1 wg The fused data is then v} =
w;K, i.e., the one yield after K cycles.

3.2.3  Local fusion using dynamic consensus

In [17,19,23,33], fusion is done using dynamic consensus.
More precisely, they assume K = 1 and the fused local
data 1! is computed by modifying its previous value 1¢
with an update term, i.e.,

I
v =D wid [l + 19— 1.

j=1



3.2.4  Global fusion using dynamic consensus

The advantage of dynamic consensus is that it leads to an
approximation error 1; — ! that decreases as so does the
rate of change of ;. Also, the advantage of using K > 1
consensus iterations is that it also permits reducing this
error, at the expense of extra communications. These two
advantages can be readily combined to increase accuracy
as follows

I
Vik =D 0l (15)
j=1
initialized by
1/}150_1/}15 1K+I‘/’t—l‘/’t 15 (16)

The fused data is then ¢} = tf . This is the fusion
method that we use in this work.

3.8  Common drawback of all available methods

The methods described above require running two fu-
sion stages for computing (8) and (9). The first one com-
putes the global structural data ;. Since W; is struc-
tural data, it is often time-invariant or its change from
one time step to the next one in typically slow. In the
former case, it can be readily computed during initial-
ization using some fusion mechanism. Otherwise, we can
track its slow evolution using dynamic consensus with a
relatively small number K of consensus iterations. On
the other hand, the second consensus stage computes 1);.
Since this quantity depends on the measurements y;, its
change across time steps is typically much faster than
that of W;. This requires using consensus with a larger
value of K to make an accurate estimate ¢! of 1, avail-
able at each node. A common feature of the available
methods described above is that the signal fusion error
incurred in the estimation )¢ is carried over to the next
time step. This requires that the estimation of ¢, is ac-
curately done at each time step, using a large number
of consensus iterations K, even if an estimate Ty)y 18 NOL
required at that step. In the next section we propose an
alternative distributed method which avoids this draw-
back.

4 Proposed distributed method

In this section we describe the proposed distributed
Kalman filtering method. The covariance prediction and
update steps are carried out using (5) and (7), as in the
methods described in Section 3. For the state estimate,
suppose that

I
_ i
Ti_1t—1 = E §t—1|t—17
i=1

i T
for some §t71|t71, i=1,
node i. We then have

, I, which are only known at

Ty = Axy_qpp—1 + Ky (ye — CrAmy 1)
= (I = KiCy) Awy_yjp—1 + Kiye

M~

(7= @) Agl_y,oy + Kini]

i=1

where
(I)t = KtCt.

Letting K,/ = [(K})T ,(K{)T}, where for each

i = 1,---,1, the number of columns of K} equals the
dimension of y;, and

52\1& = —2) Agi\t—l + KZ% (17)

we obtain

I
Ty =D & (18)
=1

The above means that if we could distributedly compute
the structural data ®; and K7, then each node could run
the local filter (17) without needing to exchange infor-
mation with its neighbors unless an estimate of y; is
needed at time step t. We address the distributed com-
putation of ®; and K} below.

From the information form of the Kalman filter, we have
Ky =%,C/ Ry
Hence, K} can be readily computed at each node using

—1

Also,
Et\t = (I - ‘I)t) Et|t717
leading to
oy =1~— Zt\tzt\t 1
=1I—% ( ;|t - ‘I’t> = Xy Uy (20)

Hence, ®; can be locally computed at each node provided
an estimate of W, is available.

The resulting method then requires a fusion stage to
compute an estimate of ¥, at each node, and another one
for computing ), using (18). As we mentioned, we do
fusion using the dynamic consensus procedure (15)-(16).
We use Ky and K, to denote the number of consensus
iterations used to compute ¥; and x|, respectively. The
resulting method is summarized in Algorithm 1.



Algorithm 1 Proposed distributed Kalman filtering al-
gorithm.

Initialization: We assume that, for each i € {1,--- , I},
node i knows I, A, @ and P. Set

o =# Tojo=P and ¥j=0.

Main iterations: At each ¢ € N, we assume that node ¢
knows C}, R} and yj.
(1) Prediction:
i|t71 = Azifl\tflAT +Q, (21)
§;|t—1 = Ag;—l\t—l' (22)

(2) Structural data fusion: For k =1,--- , Ky, run

T

i ij q)

tk = Zwt,k\pt,k—l’ (23)
=1

initialized by
q’i,o =W + 10 — IV,
where o ] o
W= IR (24)
Upon completion set Wi = W} . . In the time-

invariant case, run this step only at ¢ = 1.
(3) Update:

25

26
27
28

. . N -1
Ei\t = (Et\;_1 + ‘I’i) )
Ki =34, Ry

Py = ;|t\1117

)
)
)
§§\t = (I - q);) 52@1 + Ktly; )

(
(
(
(

(4) Signal fusion: If an estimate is required at ¢, then
fork=1,---,K,;, run

I
i _ 4,7 .0
Tyle ke = E Wy k%%t k-1 (29)

j=1
initialized by

xi|t,0 = Ii\s + Iéip —r1¢

s|s?

where s is the previous time an estimate was re-
i

quired. Upon completion set §ti|t =Ty, = xilt K.

Remark 2 In many applications, the structural data Wy
is typically either time-invariant or changes slowly with
time in comparison with xy;. We then typically use Ky
much smaller than K,. A smaller Ky reduces the com-
plexity of the algorithm while allowing us to keep track of
slow changes of the structural data.

Remark 3 Let M; denote dimension of the measure-
ment vector yi at node i and L; = max{M;, N}. The
complexity of Algorithm 1 is as follows: Each predic-
tion/update step requires O (L?N) multiplications, each
structural data fusion stage requires O (L?MZ) and each
signal fusion stage O (NQ).

Clearly, if structural data and signal fusions are done
without errors, every time ¢ signal fusion occurs, the esti-
mate xi‘ . produced at each node 7 equals the centralized
Kalman estimate ;. The question then naturally arises
as to whether the lipear maps (Yt ),en — (d%)teN, where
di = &, — Z;Zl §i‘t, are stabl.e for.each i=1,---,1I.
This is guaranteed by setting §§‘t:xé‘t at the end of ev-

ery signal fusion step. This requires running signal fu-
sion steps on a regular basis. However, if the dynamics
of local filters (22), (28) (equivalently (17)) are stable,
this requirements can be dropped. The following result
gives conditions guaranteeing this.

Theorem 4 If V! = W, for alli = 1,---,I and t €
N (i.e., structural data fusion is done without errors),
and the centralized Kalman filter (y;),cn + (:Ct‘t)

is stable, then the local filters (yz)
stable.

teN

— (& are
teN tt) en

PROOF. Since ¥} = Uy, it follows from (25), (27)
and (21) that ®} = &;. Therefore, from (26), (28)
and (22), that

e = (I = @) A1),y + ZuCy T Ry My

Hence, the dynamics of each local filter are determined
by the matrix (I — ®;) A. The result then follows since
this is also the matrix that determines the dynamics of
the centralized Kalman filter. O

On the other hand, if errors are introduced at the struc-
tural data fusion stage, they will affect local filter dy-
namics by introducing errors in the recursions (21)-
(28). This in turn raises a question about which error
tolerance can be allowed at the structural data fusion
stage so as to preserve the stability of the local filters

(yi)teN — (gg'lt)teN, as well as that of the mismatch

map (Y¢)ien (wilt — xt‘t)teN between the estimates



produced at each node and the centralized Kalman one.
We address these two questions in the next section.

5 Stability and accuracy analysis

In this section we study the accuracy requirements in the
structural data fusion stage to guarantee the stability
of local filters. We also derive a bound on the mismatch
between the estimates xilt produced at each node and
the centralized Kalman estimate zy;, caused by errors
introduced at both fusion stages.

Notation 5 We use \ifi = U! — W, to denote the er-
ror introduced at each node by the structural data fusion
stageN. We use the same notation, e.q., E;|s = E;‘S — Xys
and ®¢ = ®! — &, for the resulting errors introduced in
the values of Ei‘s and fb@, respectively. We also use {i‘s
to denote the value of §;|S that would result if no errors

were introduced at the structural data fusion stage, and
define §tl|s = 52‘5 — fz‘s.

Let

Y= sup H\I]t
teN
1<i<I

)

be a bound on the error introduced at all structural data
fusion stages. Our first result states a sufficient condition

on 1 to guarantee the stability of all local filters.

Theorem 6 Let & = sup;cy HEWH and

t
¥ = su I —®, )AX--- X%
5 teg;”( t—1)

B = soly {b +log 7 || Al? Q7' b= 0} .

(I - (I)S) AH )

If the centralized Kalman filter (y:),cn — (wt|t)t€N 18
stable, and

J< mm{al [1 ~exp (—%)] ||A||1},
(30)

then, the local filters (yg)teN — ({Z‘t) « e stable.
te

Remark 7 Theorem 6 states that, if the error tolerance

1 of structural data fusion is smaller than the threshold
given in (30), the stability of local filters is equivalent to
that of the centralized Kalman filter. Notice that, if mea-
surement equations are time-invariant, so is the struc-
tural data, i.e., ¥y = U, for allt € N. Hence, arbitrarily
accurate structural data fusion can be guaranteed, either
during an initialization phase, or asymptotically at run-
ning time. In this case, stability of local filters is simply

equivalent to that of the centralized Kalman filter. Also
notice that the required boundness of 4y is equivalent to
the stability of the centralized Kalman filter.

Let x4y = 11 ® x4); denote a vector with I copies
of the centralized Kalman estimate xy;, and X;; =
col (x%lt, e ,:c{lt) denote the vector of estimates pro-

duced by each node. Let also X;; = 11 ® &y);, where

I
o i
Ly = E ft\ta

i=1

denotes the estimate that would be obtained at all nodes
if no error were introduced a the signal fusion stage.
Our second result bounds the covariance of the error
Xyt = X4t — Xy¢|¢- This bound depends on two terms.

The first one depends on the error ¥ introduced at the
structural data fusion stage and the second one depends
on the error Hf{t“ — thtH introduced at the signal fusion
stage.

Lemma 8 Let © (1Z = \/N‘log (1 —5171)‘. If (50)
holds, then the following equation has at least one solu-
tion
_ 7 || A" =
I AIF+ Q1 e

O (1/_)) .3

Theorem 9 Let v = col (ég"tfl,&g‘) with wg given
by (13) and
_ i 1/2
5= sup [|€{vin;" }[| - (32)
teN
1<i<I

Suppose that (30) holds, and let § (1#) denote the smallest
solution of (31). Then

Je st} < () w2 {5}

where

and1/_) = SUDyeN ||‘IJtH



Remark 10 The above result is stated in terms of the
boundvy. We give in Section 7 details on how to compute
this bound.

Remark 11 Notice that the first term & (w) in (33)

depends only on the bound ) of the structural data fusion
error, and the second term is the signal fusion error at
each sample time t. These two errors are determined by
the numbers Ky and K, of consensus iterations used

on each fusion stage. Notice also that, for & (1/)) to be
bounded, so need to be ) and 1).

6 Proofs of the main results

The proofs of Theorems 6 and 9 are given in Section 6.4.
Deriving these results requires certain mathematical
background, which is introduced in three preceding sec-
tions. In Section 6.1 we introduce a Riemannian metric
on the differentiable manifold Py (R) of positive-definite
matrices and state its properties. In Section 6.2 we in-
troduce a convenient algebraic structure on random vec-
tors, namely, a Hibert C*-module. Finally, in Section 6.3
we use this structure to characterize the output covari-
ance of a perturbed linear time-varying (LTV) system.

6.1 A Riemannian metric on Py (R)

For a given N € N, the set Py (R) of positive-definite
matrices can be considered as a differentiable manifold
inside RY*N . 'We define the following map & : Py (R) x
Py (R) — [0,00):

Definition 12 /38, Chapter 6] For P,Q € Py (R) we
define
6(P.Q) = [log@2PQ 12| .

It is shown in [38, Chapter 6] that the map § is a Rieman-
nian metric on Py (R). This metric enjoys the properties
given in the following proposition, whose proof appears
in the appendix.

Proposition 13 For P,Q € Py (R) and R € Sy (R):

(1) 5(P71,Q7") =d(P.Q);
(2) foranyW € PM (R) and M x N matriz B, we have

T T o
§ (W+BPB',W+BQB'") < a+ﬁ5(P,Q),
where o = max{HBPBTH , HBQBTH} and 3 =
-1
W=
(3) |IP = QI < ("7 = 1) min {||P[, | QII}-
(4) If | P~ |R|| < 1, then

§(P,P+R) <VNlog (1-|P7IRI)|-

6.2 A Hilbert C*-module of random vectors

A Hilbert C*-module is an algebraic structure that of-
fers an elegant and compact way to work with random
vectors and their covariance matrices. In this section we
very briefly introduce the concepts needed for our anal-
ysis. A general treatment of Hilbert C*-modules can be
found in [39], and its application to covariance matrices
in [40, Section 3.3.1].

Let x and y be N-dimensional real random vectors. We
define the following RV *N_valued inner product

(w.y), =E{ay"}.

This inner product induces the following norm on N-
dimensional random vectors

2], = Iz, =), ||"?.

It is shown in [39, Chapter 1] that ||z|, is indeed a
norm. This norm enjoys the following additional prop-
erty, whose proof appears in the appendix:

Lemma 14 Let x and y be random vectors of the same
dimension. Then

[z, w), [l < el Myl -

6.3 Output covariance of perturbed LTV systems

In this section we use the Hilbert C*-module structure
described in Section 6.2 to bound the output covariance
of a perturbed LTV system. Consider the following LTV
system

Ty = Ay 11 + uy, (34)
xo =0, (35)

with u; being a possibly colored and non-stationary vec-
tor random process. Suppose we have a perturbed ver-

sion flt = A; + A; of the sequence A; and let z; de-
note the sequence generated by (34)-(35) when Ay is re-

placed A,. The following lemma gives a bound on the
norm ||&|,, in terms of the the non perturbed sequence

A; and a measure of the perturbation Ay = Ay — Ay Tts
proof appears in the appendix.

Lemma 15 Let A = (A¢),c, and A= (flt)

t
sequences of square matrices of the same dimension and
At = At — At. Let

be two

Ty = Ay 181 + wy,
To = 0.



Let also 1 = sup,cy HAt , U= maxi<s<¢ ||us]|, and

t
v = sup A x oo X Agl.
3 4 i

If py < 1, then

Y-

T l-p

6.4 Proofs of the main results

In this section we give the proofs of Theorems 6 and 9.
We arrive to them through a sequence of lemmas, whose
proofs appear in the appendix. The first lemma gives
a bound of the difference between the ideal predicted
covariance Y|, and its approximation Ein at node 7. This
difference is measured using the Riemannian metric §
introduced in Section 6.1.

Lemma 16 IfH\ifi < HEt|tH_l, forallt € Nandi €

{1,---,1}, then

6 (S Sue)
JAI [Seagea ][0 (B g1 Seren)
AR S | + QT e B Bisen)
+ VN o (1= 2] 4] )

The next lemma characterizes the approximation error
{i‘ . as the output of a perturbed LTV system.

Lemma 17 Forallt e Nandi € {1,--- 1},
&= (1— @ =) AG oy + [ @] 1, [ v, 36)
where ! is defined as in Theorem 9 and

|#

< [(eé(zi\*’zt‘t) - 1) [ W]
et ) 5] 2y,
58] = (#5074 1)

)

The following lemma gives a bound on the norm ng‘t H
5 *

of the approximation error {i‘ , at each node.

Lemma 18 If (30) holds, then

N CIIA:

it

We can now give the proofs of our main results.

PROOF. [of Theorem 6] This is an immediate conse-
quence of Lemma 18. O

PROOF. [of Lemma 8] Let

e (-
= =)
and
fla)=F@=b),  gx)=c"

Equation (31) can then be rewritten as

f(x) = g(x). (38)

Since f is affine and g convex, (38) has either zero, one
or two solutions. In order for it to have a single solution,
we must have

Replacing the above into (38) we obtain
a
log—=b
g

or equivalently, b = (. It then follows that (31) has
at least one solution if b < (. It is straightforward to
verify that the latter is implied by (30) and the result
follows. O



PROOF. [of Theorem 9] We have

1/2
e {zasi}|

= HE{ Xt — f(ﬂt) (tht _ }A(tlt)T}Hl/z

<& {Tr{(xt‘t — f(t‘t) (Xt\t - fit\t)—r}}l/z
s ) V2
(G-l
l; 1/2
2
=£ {Z ‘ Tgjp — Tyjp + Typp — jg\t }
i=1
0y 1/2 !
<VIE {|Joge —aual"} " +E {Z |
i=1

i
L[t — Ty

< i
|t = Ty

Now, using Lemma 18,
; 2
E{HIt\t—fﬂtHQ} = ;&\t_éi\t
I I
Szg{ 2}:25{ {5t\t€t|t}}
I

E:Hg{éuét}u—fvgguﬁui

N2
") @ () +7 (7). @

SNI< =
L=y

The result then follows by putting (40) into (39), and

noticing that
2
b= {hsc- ).

gt

&ie

. ~i
Lijt — LTy

7 About computing §

Our first step consists in characterizing ni as the output
of a state-space model. This is done by defining

) T ) w
;i—lu_t] and ei_[ t]
&ije v

We can then write

= Fjr; 1+ Giej,
i = Hiz; + Eiel,

10

with
i A 0
Y KiciA (T -3, A
i I 0 i 0 A . 0 0
Gt = . ) t = | o t = T i
K;C; K v 0 0 C}'R;

and Wi given by (24).

Using the model (41)-(42) we obtain the covariance of
y; as follows

. - [po]
el =10, |7 |,
+ZH Q 0 |eiti,
t
iT idT ;1 Q0 iT
8{1),4) } Htg{;t;t }H + E} . B},
t

where H; ;= Fi x -+ x Fgq1q. We can then readily com-
pute the bound § by putting the above into (32).

8 Numerical experiments

In this section we evaluate the performance of our
method. For comparison we use one method form each
of the two categories described in Section 1. For the first
category we consider the method proposed in [20]. We
refer to it as Algorithm A. For the second category we
consider the method recently proposed in [33], which we
refer to as Algorithm B.

For evaluation we use a randomly generated time-
invariant system of order N = 10. Matrices A and @
have spectral radii p(A) = 0.999 and p(Q) = 1, re-
spectively. Also, measurements are one-dimensional, i.e.,
M =1, with C% ~ N (0,Iy) and R* = 10r? + 0.1, with
r ~ N (0,1). Nodes are connected via a time-invariant
network with ring topology, whose gains are given by

N 0.5, =y,
wz:i: 0.25, | mod (i—j+1,1I)—1|=1,
0, otherwise.

This results in an algebraic connectivity of Ay = 0.9891.

As performance index we use the estimation mismatch
error defined as

T 1z
Z with e? = 7 Z ’
t=1 i=1

i
Tye — xt\tH )

’ﬂ |
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Fig. 1. Error vs number of consensus iterations for structural
data fusion.
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Fig. 2. Error vs number of consensus iterations for signal
fusion.

where z;); denotes the centralized Kalman estimate.

In the first experiment we evaluate the performance
when errors appear in the structural and signal fusion
stages. In Figure 1 we show the effect produced by an
approximation error in fusing structural data. To this
end we use K, = 100 consensus iterations for signal fu-
sion and show the mismatch error as a function of the
number Ky of consensus cycles used for structural fu-
sion. We see that Algorithm B and the proposed one
performs similarly, with a noticeable advantage over Al-
gorithm A. In Figure 2 we use Ky = 100 iterations for
structural fusion and show the mismatch error as a func-
tion of the number K, of consensus iterations used for
signal fusion. We again see that Algorithm B and the
proposed one performs similarly, with certain advantage
over Algorithm A for large values of K,. We conclude
that, when there are no network interruptions, the pro-
posed algorithm performs similarly to the best available
ones.

As mentioned, the advantage of the proposed method is
that errors in signal fusion do not carry over across time
steps. This can be seen in Figure 3, where we simulate
a network interruption from sample times ¢ = 20 to
t = 25. We use K, = Kg = 100. We see that, while the
proposed algorithm gives an accurate estimate as soon
as connectivity is restored, Algorithms A and B require
several time steps to do so. In Figure 4 we show the
performance of the algorithms when network availability
follows a symmetric Gilbert-Elliott model [41,42] with
transition probability p = 0.05. We see how, while the

11

2 Proposed algorithm
4 Algorithm A e
Algorithm B -5

Error (ey)

o P N W A~ O N
T

10 20 30 40 50 60 70 80
Time (t)

Fig. 3. Performance under a network interruption.

20
Proposed algorithm
Algorithm A e
15 |- Algorithm B -5

Error (ey)
=
o

250 300 350 400 450
Time (t)

500

Fig. 4. Performance under network interruptions following a
Gilbert-Elliott model.
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Fig. 5. Error vs transition probability p.

proposed algorithm is always able to produce an accurate
estimate as soon as network connectivity is available,
Algorithms A and B are not able to produce accurate
estimates during certain long time periods.

In Figure 5 we show the mismatch error, as a function
of the transition probability p. We see that, in this case,
the proposed algorithm has a significant advantage over
its rivals.

9 Conclusion

We proposed a novel approach for distributed Kalman
filtering. The essential difference with existing ap-
proaches is that, provided certain global structural data
is available at each node, local filters do not require data
fusion across the network. The latter is only needed when
a global estimation is required. Hence, errors produced
by inaccurate fusion do not carry over across time steps.



This is advantageous in a number of situations where fu- Then
sion is not needed or cannot be made at each time step.

If global structural data is exactly known at each node, 0(P+R,P)
the stability of local filters is equivalent to that of the
centralized Kalman filter. Otherwise, we give conditions
to guarantee stability and bound the estimation error

N
<\ 108 (1= A (Pr12RP2)))

induced by inaccurate global structural data fusion. We n=1
also present numerical experiments showing the advan- <N max ‘log (1 Y (P—1/2RP—1/2) )
tage of our method over other available alternatives. - n "

)
o (g (7 )

<VN ’10g (1 . HP*/?RP*/?H)‘

A  Proofs <V'N llog (1 — [|P7H| [IRII)] -
PROOF. [of Proposition 13] Let 0, (X) and A, (X) de- PROOF. [of Lemma 14] From [39, Proposition 1.1],
note the singular values and eigenvalues of matrix X,
respectively. We have £ {a:yT} £ {yxT} < Hg {ny}H £ {m;T} )
5(P.Q) = [los@2PQ " Hhen
2
N € {2y " = [l {wy " } € {pa T}
= | 2_ i (logQ~1/2PQ1/2) <[z HIE (v
n=1

and the result follows.
)\% (log Q—l/QPQ—l/Q)

I
M=

3
Il
A

PROOF. [of Lemma 15] We have

I
WE

log® \,, (Q~12PQ—1/?)

Ty = Ay 1Be1 + g

=A% + (Atfl - Atfl) Tpo1 +uy

t
= ZHt,s [1‘15,1@5,1 + us:| ;
s=1

3
Il
-

log® A\, (PQ1Y).

I
M=

3
Il
A

Then, § (P, Q) equals the distance defined in [43, Defi- where IT; = A; 1 x --- x A,. Then
nition 1.4]. Hence, Properties 1 and 3 follow from [43],

and Property 2 follows from [44, Proposition 6]. € {za) } = RY + R® 4 R® 4 RW

For Property 4 we have with
t
N RV = 3" My A€ (i@l } AT T
§(P+R,P)=|> log’ X, (P~1/2(P + R)P~1/?) sr=1
- R® = zt: T, Ay 1€ e u) }TI]
N t - t,s41s—1 s—1Ugp t,rs
=\| > _log*\, (I + P='/2RP~1/2) DA
n=1 R§3) — (R§2)) ,
N t
=\ > log® (1+ A, (P~1/2RP~1/2)) RY = 3" o€ {ugu] 10/
n=1 s,r=1

12



Let v4—1 = maxi<g<¢—1 ||Z¢||,. Then

%]

< 32 el A1) T

<N2 Z HHts H H”xs 1” l|lz:— 1”
s,r=1
. 2
2 (Z |Ht,s|> I/thl < M272V15271'
s=1
Also
i B
t
< 30 Wl [Auca [ BT ).
r=1
t
Z Mg (&, $)|| |lzs—all, lusll, [[TE (£, 7)||
S,M”Y uv—1,
and

RO < 3 Wl 2 o1 | < 7

s,r=1

We then obtain

el = ||€ {zeal }

< IR+ 2+ R0 = s + 45

Since xg = 0, it follows that v, < yury_1 + yu. Hence,

VtS ik )
I —yp

and the result follows. O

PROOF. [of Lemma 16] We have
0 (Ef&\t’ Et|t> = 5( t|t 1t ‘I’Z Et\tl 1t ‘I’t)
—1 % 1 %
:5( t]t— Y Et\t 1+\I/t)

+5( i TV 1+\I/t). (A1)

Since H\ili < ||Et‘t||_1, we have from Proposition 13 4
that
6( tt— 1+‘I’l E;t 1+\1Jt)
( t|t 1t W + q}tvzﬂt 1t Wt)
= (Et|t + \I] t\t)
<V/N |1og (1 = [|=a] || %] )| (A.2)
Also

0 t|t1 E;t 1+‘I’)

(=
5(Et|t i) t|t 1)
5(2 oo S 1)
=5 (4

t—1jt— VAT +Q A AT +Q)

S)\ta ( t_1\t_172t—1|t—1) ) (A3)
with
Qi
A= — b
‘ o+ B
Qy :max{‘ Azi—lh—l ! }7
=l
Now

o < AP mas {2 }
2 i
< [|4]] (Hzt—l\t—lu + ‘ Y -1 — Et_”t_lH)

< ||AH2 Hzt—l\t—lH 66(2“1“*1’2?*1“*1)

We then have

AN 12011

L T R

(A.4)
The result then follows by putting (A.4) into (A.3)
and the resulting equation, together with (A.2)
into (A.1). O

A <

PROOF. [of Lemma 17] From (28)-(22), we have

5;|t - (I - (bt) Agz_”t_l + Zt‘tCETRt_iyi,
§;|t = (I q’zze) A52—1|t—1 + Ei\tC;TRt_lyzle



Then

éz\t = (I - (I)i) Agz—l\t—l - (I - @t)Aég'_w_l
+ [Ei\t - Etlt} Ci Ry

I — (I)t — (i)i) Agz_l‘t_l - (i)tgz\t—l + iath

(
(1= @0 —&}) A&y, + [ ], 55, | ol

where

Ni = ;|t\111 — Et't\I]t = iat\yt + Et‘t\iji + i;‘t\iji

Now _
|| < () = 1) [z
Hence
)| < [|%] el + el 22| + |5 ||
< [(els(zi\t’zt‘t) - 1) INAIRS

+ eé(Ei\wzt\f)

g

J Il

PROOF. [of Lemma 18] It follows from (30) that ¢ <
', which in turn implies the condition of Lemma 16.
From the latter we then obtain

5 (zgt, Et“) <

4 (Zifﬂt*l’ Et—l\t—l)

17t (% DI
1 + Me ( t—1|t—1"t—1[t—1
allAl?

7o (¢) . (A5)

Since ¢ (%1721\1) = 0, we have from Lemma 8 that

the iterations (A.5) converge to & (1/)), and

B (zg‘t, Eﬂt) <3 (1/)) . (A.6)

Using (A.6) in Lemma 17 we obtain

Let ul = [(i)i, 3 ] . We have

e

o o - Pl
£ {upi T} = [ @), 2y [ ool |
t|t

It then follows that
e fuindH) < e goiniT 31 o]+ 122
<0* (@ (9) +7*(9)).
or s, < 5y/0% (3) +32 (7).

Equation (36) defines a perturbed linear system with

—®!A being the perturbation of the nominal state-
transition matrix (I —®;) A and u; being the input.

Since 17 || A|| < 1, we can apply Lemma 15 to this per-
turbed system to obtain (37). O
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