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Distributed Kalman Filtering
under Model Uncertainty

Mattia Zorzi

Abstract

We study the problem of distributed Kalman filtering for sensor networks in the presence of model uncertainty.
More precisely, we assume that the actual state-space model belongs to a ball, in the Kullback-Leibler topology, about
the nominal state-space model and whose radius reflects the mismatch modeling budget allowed for each time step.
We propose a distributed Kalman filter with diffusion step which is robust with respect to the aforementioned model
uncertainty. Moreover, we derive the corresponding least favorable performance. Finally, we check the effectiveness

of the proposed algorithm in the presence of uncertainty through a numerical example.

Index Terms

Distributed robust Kalman filtering, sensor networks (SNs), least favorable analysis.

I. INTRODUCTION

Significant advances in science and technology have led to a large number of problems that involve numerous
sensors, i.e. a sensor network (SN), taking measurements and a state process which needs to be estimated from such
measurements. Just to mention a few of these problems: area surveillance, region monitoring, target tracking and
electrical power grid analysis. These problems can be (in principle) solved by using Kalman filtering equipped with
all the observations coming from the SN. On the other hand, such centralized strategy is impractical or impossible
to implement. Indeed, it requires a large amount of energy for communications among the central node, i.e. the one
which computes an estimate of the state process, and the sensors. In order to overcome this difficulty, distributed
strategies have gained rapidly increasing interest in the last few years, see for instance [1l], [2], [3], [4]. The latter
represent an attractive alternative because they require fewer communications and allow parallel processing. The
simpleminded distributed version of the Kalman filter assumes that each node can compute an estimate of the
state by using only the observations coming from its neighbors. On the other hand, such an approach provides
poor performances compared to the ones of the centralized approach. A remarkable improvement has been gained
by the so called consensus-based distributed Kalman filters [5], [6], [[7], [8]. Such approaches require multiple
communication iterations during each sampling time interval: for instance, in the first iteration the nodes exchange

their observation and compute their local estimate; in the second iteration the nodes exchange their local estimates
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DRAFT 2

and construct the final estimate based on consensus schemes. A further improvement has been given by diffusion-
based strategies, [9]], [10], wherein the consensus law is replaced by a convex combination of the local estimates.
It is worth noting that there also exist high performing distributed Kalman filters based on different principles. For
instance it is possible to compute the estimate through a fusion center which merges the local estimates of the
nodes, [11], [12], [L13]], [114].

Kalman filtering is based on nominal state-space models. On the other hand, the latter are just an approximation of
the underlying system, thus the resulting estimate could lead to poor performances in practice. To address this model
uncertainty issue many robust Kalman filtering strategies have been proposed. The most popular one is risk-sensitive
filtering, [15], [16], wherein large errors are severely penalized according to the so called risk sensitivity parameter:
the larger the latter is the more large errors are penalized. Here, we consider the robust Kalman filter introduced
by Levy and Nikoukhah [17]], [18]. In such approach, the actual state space model belongs to a ball, according
to the Kullback-Leibler divergence, about the nominal model and with radius, say tolerance, which represents the
mismatch modeling budget allowed for each time step. Then, the optimal estimator is designed according to the
least favorable model in this ball. It is turns out that the latter obey to a Kalman-like recursion. Furthermore, it
can be understood as a generalization of risk-sensitive filtering: such a filter can be rewritten as a risk-sensitive
filter with a time varying risk-sensitivity parameter. Finally, it worth noting that the aforementioned approach can
be extended to a family of balls formed by using the 7-divergence, [19]], [20].

It is then natural to wonder how to perform distributed Kalman filtering for SNs in the presence of model
uncertainty. Many papers consider model uncertainty in terms of missing observations. Such a situation well
describes communication problems among sensors: for instance, an H,-consensus problem for SNs with multiple
missing measurements has been considered in [21]]. On the other hand, only few papers addressed the problem
of model uncertainty in a broader sense to the best of the author’s knowledge. For instance, a distributed Kalman
filtering fusion strategy with random state transition and measurements matrices has been considered in [22].

The contribution of the present is about distributed Kalman filtering for SNs wherein the model uncertainty is
characterized by a ball, in the Kullback-Leibler divergence topology, about the nominal model. More precisely,
we propose a distributed version of the robust Kalman filter introduced by Levy and Nikoukhah. The proposed
algorithm is a robust version of the distributed Kalman filter with diffusion step in [9]. Then, we derive the least
favorable performance of these filters. Similarly to the centralized case, the latter can be characterized over a finite
simulation horizon as follows: first, a forward recursion is required to compute the optimal gains of centralized
Kalman filter; then, a backward recursion is required to compute the least favorable model; finally, a forward
recursion is required to compute the performance of the distributed robust Kalman algorithm. We show that the
average least favorable mean square deviation across the network converges to a finite constant value provided
that: the tolerance is sufficiently small; reachability and local observability hold. Moreover, we show that it is very
likely that the proposed robust distributed filters perform better than the standard ones provided that the tolerance is
sufficiently large. Finally, we compare the proposed algorithms with the standard ones through a numerical example.

The outline of the paper is as follows. In Section [lI] we introduce the background about robust Kalman filtering.

In Section we present the distributed robust Kalman filtering algorithm. In Section we analyze the least
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favorable performance of the proposed algorithms. In Section [V] we present a numerical example which compares

the proposed algorithm with the standard ones. Finally, in Section [VI| we draw the conclusions.

II. BACKGROUND

Consider the nominal state-space model

Ter1 = Az +Tpuy
ye = Cxy + I'puy (D

where x; € R™ is the state process, y; € RPN is the observation process, u; is normalized white Gaussian noise
(WGN), i.e. E[utusT] = Ié;_s where §; denotes the Kronecker delta function. We assume that u; is independent
of the initial state zy. The latter is Gaussian distributed with mean Zy and covariance matrix V5. Model is
characterized by the nominal transition probability density of z; := [« y{ |7 given x;, which is denoted by
o¢(2¢|T). We assume that FBI% = 0, i.e. the noise entering in the state process is independent of the noise
entering in the observation process. We assume that u; affects all the components of the dynamics and observations
in (I). Such assumption is necessary whenever entropy-like indexes are used to measure the proximity of statistical
models, as in our case, otherwise these indexes take infinite value. Accordingly, the matrix [I'5 T'F |7 is full row
rank, and without loss of generality we can assume that [Fg I‘E]T is a square (and thus invertible) matrix of
dimension pN + n. Indeed, we can always compress the column space of such a matrix and remove the noise
components which do not affect model in (I)). Accordingly, the state-space model in (I) is reachable; moreover we
also assume it is observable.

Let gZ;t(zt|zt) be the (unknown) actual transition probability density of z; given z;. In order to account the fact

that the nominal model does not coincide with the actual model, we assume that ét belongs to the closed ball about

%%
B, := {qgt s.t. INE[log((i;t/¢t)|K—1] <c} 2)

where
Ellog(ét/¢1)[Ye-1]
~ - be(ze|x
= //¢t(zt|$t)ft($t‘yt—1) log (ZZEzij) dzdry (3)
and Y;_1 :={ys, s=1...t—1}. The latter represents the relative entropy between the actual and the nominal
transition densities ¢y (z¢|z;) and ¢ (z|z;) at time ¢, respectively, and fy(z¢|Yi_1) ~ N(d,V;) is the actual
conditional probability density of z; given the past observations Y;_;. Finally, parameter ¢ > 0 is called tolerance
and represents the mismatch modeling budget allowed for each time step.
Given the nominal model in (), a robust estimator of x4, given Y; is obtained by solving the following mini-max
problem

141 = argmin maxE||lze1 — g0 [Vio1] “)
9t€Gy PLEBy
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where
Elllze1 - gill* Y1)
I://”l't+1_gtH2(Z~5t(zt|5Ct)ft($t|yvt71)dxtdzt )

represents the mean square error of the estimator g; which is a function of y; and Y;_;. G; denotes the set of all
estimators g; such that IE[H g¢||?] is finite for any ¢, € B,. Roughly speaking, such estimator is designed according to
the least favorable model whose mismodeling budget allowed is expressed at each time step. This way to characterize
model uncertainty is better than expressing the uncertainty over the entire simulation interval. Indeed, in the latter
case the maximizer has the possibility to identify the moment where the dynamic of model (IJ) is most susceptible
to distortion and to allocate most of the distortion budget specified by the tolerance to this single element of the
model, that is a situation which is pretty unrealistic.

In [18] it has been proved that the estimator solving the mini-max problem (@) obeys the Kalman-like recursion:
Gy = Av;,CcT(cv,cT +TpTE) !
Tir1 = ATy + G(yr — Cy)
P =AWV 0T (TpTh)~10) AT 4 TRTE
Find 6; s.t. 7(Piy1,6;) = ¢
Vipr = (P3h —6:0) 7" (6)
where
v(P,0) :=logdet(I — OP) 4+ tr((I —OP)~* —1I). (7)

The so called risk sensitivity parameter, [23], #; > 0 does always exist and it is unique given P;;; and ¢, moreover
it can be computed efficiently by using a bisection algorithm. In the limit case ¢ = 0, i.e. there is no uncertainty,
then 0; = 0 and (6) becomes the usual Kalman filter.

Remark 1: The robust filtering paradigm in () can be extended to nominal state-space models with time-varying
parameters and tolerance. On the other hand, to ease the introduction of the corresponding distributed algorithms

we stick to the constant parameters and tolerance case.

III. DISTRIBUTED ROBUST KALMAN FILTER

Consider a network of N nodes and in each node there is one sensor. We say that two nodes are connected
if the corresponding sensors can communicate directly with each other. A node is always connected with itself.
The neighborhood of node %, i.e. the set of nodes connected with %, is denoted by N, in particular k € Ny. The

corresponding N x N adjacency matrix J = [j]ix is defined as
1, ifle N,

Jik = (8)
0, otherwise.
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The number of neighbors of node £ is denoted by nj. Every node at time ¢ collects a measurement yy ; € RP

whose underlying model is unknown. The nominal model takes the form:
Ttr1 = Axy + Buy
Ykt = Crre + Doy k=1...N 9)
where w; and vy, k = 1... N are independent WGNs such that E[w,w/] = I, E[wv] ] = 0 and Efv 0] ] =

I0y—10;—s. It is worth noting that @) can be rewritten as with 3 = [y], ... y%yt]T, up = [wf vl |7, vy =
[’U,{t... ’U%}_yt]T, FB = [B 0], FD = [0 D],

&
C= : , D=diag( Dy, ...,Dn) (10)
Cn
where diag is the linear operator which constructs a block diagonal matrix whose blocks are the ones specified in

the argument. We also define R := DDT, R; := D;D}' with I =1... N, and

N
St :=CTR™'C =Y CI'R'C. (11)
=1

Accordingly, the filtering gain for model (9) can be written as
Gy = AV;CT(Cv,CT + R)™! = AV,CT x
x (R =R'C(V/'+C"R'C)'CTRTY)
= AV, '+ CTRTIC)TIOTRTY
— AV, 4 Sit) CTR
and thus

N
Giyr = A (Vfl + Stot>_1 Z CzTRflyl,t
=1

GtC = (‘/;71 + ‘Sttot)_1 Stot‘

In distributed Kalman filtering under model uncertainty, the aim is to compute for every node k a prediction of
the state x; while sharing the data only with its neighbors [ € A}, and taking into account that (9) does not coincide
with the actual model. In what follows, the one step-ahead prediction of x; at node k is denoted by &y ;. It is not

difficult to see that the robust Kalman filter for model @]), i.e. the node k has access to all measurements across
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all the nodes in the network, can be written as

Ehar1r = Ay + AV} 4 Stor) 7%
N
X ZClTRl_l(yl,t — Ciig 1)
=1

-1
Possi=A (v,;,t1 + St0t> AT 4+ BBT
Find 0% ¢ s.t. ¥(Prt41,0k4) = ¢
Viarr = (Ppfyy — Oked) ™! (12)

where &, =2 and Vi, =V, with k=1... N.
Therefore in the case that the node £ has not access to all measurements across all nodes in the network, we

would obtain a state prediction &y ; of x; which is as close as to the global state prediction.

A. Robust Kalman filter with diffusion step

We assume that a node k has access to the measurements of its neighbors N}. The corresponding nominal

state-space model is

Ti41 = Al’t + Bwt
yi,e = Cizy + Dy, 1€ N. (13)

T

The latter can be rewritten as a state-space model (A,T'5, Cj°°, T pioc) with input noise u’f = [wi (vjF)"]"

and output ZJ;@OE where vfj’f and yff;f are obtained by stacking v;+ and y; ., respectively, with [ € Ny.. Moreover,
Iz =[B0], Cj° is obtained by stacking C; with I € Ny, Tproc = [0 Dj?°] and D} is a block diagonal matrix
whose main blocks are D; with [ € Nj. We also define Rl := Dio¢(Dloe)T | S = (Clee)T (Rlo¢)~1Cloc and
thus

Se= Y C/'R'C. (14)
lENk

Accordingly, the one-step ahead predictor £, ; of =, at node k is given by where the terms for which | ¢ N,
are discarded. Then, the local prediction £, ;41 can be understood as an intermediate local prediction of x; at node
k. In what follows we denote such intermediate prediction as 1, 1. Then, the idea is to update the prediction at
node k not only in terms of vy, ;11, but also in terms of 9; ;1 with [ € N%. More precisely, we consider a matrix

W = [wlkhk € RVXN guch that

wlkEOandwlk:Oiflg:‘Nk

Z wye = 1. (15)

leEN
Then, the final prediction at node k is obtained by the so called diffusion step, [9]:

55k,t+1 = Z wzsz,m. (16)
1ENK
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Therefore, in the diffusion algorithm a node % exploits the information of the neighbors in terms of y; ; and 107 ¢4 1.

The resulting procedure is outlined in Algorithm [T} As explained in [9], the diffusion step (I6) is motivated by

Algorithm 1: Distributed Robust Kalman filter with diffusion step at time ¢
Input H -%k,t, Vk,t, Ykt withk=1...N

Output: Ty 11, Vi1 withk=1... N
Incremental step. Compute at every node k:
Yit+1 =
Az + AV 4 8K) 7 Xiens, CF Ry (e — Ciee)
Pyiy1 = AV + 8k AT + BBT
Find 0+ s.t. Y(Pgt+1,0k,:) = ¢
Vierr = (P fpy = OeD) ™
Diffusion step. Compute at every node k:

Thy+1 = Zle/\/k Wikl 141

the fact that the centralized prediction £;,; can be approximated by a local convex combination of ) +41. It is
worth noting that in the case that ¢ = 0, i.e. there is no mismatch between the actual and the nominal model, then

0r,+ = 0 for any ¢ and k so that, we obtain the diffusion algorithm proposed in [9]. In the case that

€, ifl#£k 1 eNg
wy =19 1—¢e(ng—1), ifl=k, €N 17)
0, otherwise

we obtain a consensus-based update where € > 0 is the consensus parameter. Indeed, in the case that ¢ = 0 and
W is designed as in we obtain the distributed consensus-based algorithm proposed in [7]]. Finally, in the case
that W = I we obtain the robust version of the local Kalman filter [24} p. 329].

It is worth noting that the mismatch modeling budget c in Algorithm (1| coincides with the one of the centralized
filter. Such a choice does not guarantee that the least favorable model computed at node k coincides with the one
of the centralized filter. On the other hand, we will see that, under large deviations of the least favorable model of
the centralized problem, it is very likely that the predictor at node k using Algorithm |I| performs better than the
one in [9], see Section for more details.

Remark 2: In some cases we may have a state-space model of the form
$t+1 = A(Et + FBUt + Tt
yr = Czy + Tpuy

where r; is a deterministic process. In [25] it was shown that the corresponding centralized robust Kalman filter

still obeys the Kalman-like recursion (6) where the prediction update is replaced by

.f?t+1 :A.f?t—f—Gt(yt—CJA?t)—i-’/‘t. (18)
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Then, it is not difficult to see that the distributed algorithms presented in this section still hold in this case. The

unique difference is that we need to add in the prediction update of each node the term r;.

IV. LEAST FAVORABLE PERFORMANCE

In this section we analyze the performance of the distributed algorithm with diffusion step introduced in Section
[ under the least favorable model which is solution of the mini-max problem (@), i.e. the centralized problem.
The performance assessment is given by the mean and variance of the least favorable state prediction error for each
node k (including the diffusion step), say Zp: with k = 1...N. In [18], [20] it has been shown that the least

favorable model can be characterized over a finte interval [0, 7] and it takes the following form:

&1 = A&y + Biey
Yt = étft + Dyey (19)

where & = [z el']T, z, is the least favorable state process, e; is the least favorable prediction error of x; using

the robust filter (@) and ¢; is WGN with covariance matrix equal to the identity. Moreover,

y A I'ply,
At =
0 A-GiC+ (Tp—GIp)Ty,
. I'gl’
B - Bl'L,
| s = GiI'p)l'y,
Ct = C FDFHt 5 Dt = FDFLM (20)

where ', is such that Ky =T, I'] ,
Ki:=I—(Tp—GIp) (), +61)Tp — GI'p))~!
Ty, == Ki(Tp — G:ITp)"(QY + 60:.1)(A - G,C).
Matrix €2, +11 is computed from the backward recursion
Q7 = (A-GO)T(Q Y +0.1)(A - G,C)
+Th K, 'Ty, 21
where the final point is initialized with Q;-lu = 0 and T' is the simulation horizon. Therefore, to construct the least
favorable model we need to compute the gain G, performing a forward sweep of the robust Kalman filter in (6)) over
the interval [0, T, then we generate the matrices §2; through a backward sweep over the interval [0, T']. We partition

Ty, € RPNFTXn and Ty, € RON+XEN+0) 45 Ty = [MI HF' )T and T, = [N LT]T with M, € R™*,
H, e RPN*n N, ¢ Rm*(PN+1) and [, € RPN*®PN+7) Moreover, we partition H; and L; as follows:
Hy, Ly
Hy = : » Le= : (22)
Hy Ly,
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where Hj; € RP*™ and Ly, € RPXPN+1),
Next we express the least favorable state prediction error Zj; at node k in terms of the WGN ¢;: in this way

we will be able to characterize the mean and the variance of Zj ;. We define
jk,t =Tt — ﬁt,k
1/’k,t =Tt — 1/1k,t (23)

which represent the prediction error and the intermediate prediction error, respectively, at node k at time ¢. Notice

that
yie = [C1 DiHy & + DiLy ey 24)

forl=1...N.
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Therefore, we have

Viir1 = Tir1 — Yrirr = [ 0]€s1 — Vior1
=[I 0](At§t + Btfft) — Ay

— AV, +5k) Z CUR (g1 — Cidine)
leN

= Az, +I'pl'y,ec + I'pl'p, 60 — Ay

— AV, +5K)” Z CIR; NGy DiHy )4
lENR

+ DL ey — Cidig )
= Afi'kyt + BMtet + BNt€t

- A(th +S;)” Z CI'R; N (Ciay + DiHy e
lEN}

+ DiLer — Ciig )
= Aﬂék’t + BMtBt + BNtEt

— A(kat1 + Sk)” Z CE RN (Cidgr + DiHy ey
LENK

+ DlLl,tfft)
= A(I = (Vi + Sk) " 'Sk)ins + B(Myey + Nigy)

- A(th + Sk)” Z CITR Dl(Hltet + L er)
lE./\[k

= A(ijtl + Sk)ilvkjtl.i‘k,t + B(Mt(it + Ntst)

- A(Vk}1 + Skt Z CI'R;'Dy(Hyser + Liger)

LEN,
= AV + Sk) Vi Ers + B(Myey + Niey)
N
- A(Vk_,tl + k) ZjlkCzTRl_lDl(Hl,tet + L se¢) (25)
=1

where we recall that j;;, = 1 if [ € N}, otherwise j;,, = 0. Notice that,

jlc,tJrl =Tt — E wlk¢l,t+1

lENk

N
= E WiTt — E wllﬂ/’l t+1

N
= Z wig (T — Yrig1) = Z W41 (26)
=1
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where we have exploited (I3)). Taking into account (23)), we have

N
Tt = Zwm[A(V[tl + 51)_1‘6;1531,t — A(Vl;l + 85~
=1

N
X Y GmiCh Ry Dy (Ho p€4 + L 14)]

m=1

+ B(Mer + Niey). 27
By defining
Ne=[a1, ... iy, )"
C := diag(Ch,...,Cn)
Ve i=diag(Vig, ..., V)
S := diag(S1,...,SNn) (28)
we can rewrite (27) in the following compact way:
Fpir1 = ((wig .. wyp] @ D{T @ AWV +8)™
Vil — (@AW +8)7H (I @)
x C'R™'D(Hyes + Liet)} + B(Miey + Nigy)
and thus
Xev1 = (W@ D{T e AV +8) "V
—(IAWV ! +8) Y JTeDCTR™'D
x (Hier + Lier)} + (1 @ B)(Mier + Niey) (29)
where 1 denotes the vector of ones. We rewrite the latter as
Xt+1 = AeXe + Biey + Crey (30)
where
A= WrehIe AWV, +8) V!
Bii=-Wre IV, +8) 1 (J' @ )CR DL,
+1® BN,
Coi=—-Wre I AW, +8) ' (J' ® I)CR™'DH,
+1® BM;. 31

Combining (30) with the model for e, in (I9), we obtain:

Ne+1 = Fine + Gee (32)
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where n; =[x} el |7,
[ 4 c
./_"t = ! K
i 0 (A — GtC) + (FB — GtFD)FHt
- 5
G, = . (33)
I (I'p = GI'p)l'g,

From (32), we can analyze the performance of the distributed Algorithm [T] Taking the expectation of (32), we
obtain

E[ni11] = FE[ne]. (34)

Since & is the mean of x¢ and &0 = Zo for k = 1... N, we have that E[no] = 0. Accordingly, 7, is a random
vector with zero mean for any ¢. This means that the distributed Kalman predictions with diffusion step are unbiased.
We proceed to analyze the variance of the prediction errors. We define Q; = E[nn7]. Since ¢, is WGN with

covariance matrix equal to the identity, by we have that Q; is given by solving the following Lyapunov equation

Qi1 =R QF, +GG/. (35)
We partition Q; as follows:
P Hy
Q= (36)
HI R,

where P, € RNPXNp 3, ¢ RNPX" and R, € R™ ". The n x n matrices in the main block diagonal of P,
represent the covariance matrices of the estimation error at each node. Let MSDy ; := E[||z; — &.¢||?] denote
the least favorable mean square deviation at node k£ and at time ¢. Then, the average least favorable mean square
deviation across the network at time ¢ is

1 1

MSD; = > MSDy,; = ~ (P (37)

k=1
The computation of the sequence P; depends on the simulation horizon 7. In particular, it is required to perform

three steps:
« compute the filtering gain G; performing a forward sweep of the centralized robust Kalman filter in (6) over
the interval [0, 7]
o compute §2; performing the backward recursion (21 over the interval [0, T

« compute P, performing a forward sweep of the Lyapunov equation in (35) over the interval [0, 7.

A. Convergence analysis

In the previous section we showed how to compute Q, over the simulation horizon [0,7]. Let 0 < o < 8 < 1.
We show that under reachability and local observability, and choosing the tolerance ¢ > 0 sufficiently small, then Q;
converges over the interval [oT, 8T as T approaches infinity, and thus the prediction errors at each node have zero
mean and finite constant variance in steady state. It is worth noting that local observability is a strong assumption

which may pose some limits on the practical applicability of the distributed robust Kalman filter.
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In [26] it has been shown that the least favorable prediction error using an estimator of type ;11 = Ay +
ét(yt —C'iy), where C coincides with the one in the least favorable model, has zero mean and convergent covariance
matrix provided that c is sufficiently small. However, these results cannot be directly applied to our case because
the predictor at node & is given by a convex combination of local estimators whose matrix C' does not coincide
with the one of the least favorable model.

The update of the intermediate local prediction can be rewritten as

Y41 = ATy + Gk,t(yﬁf — C% ) (38)
where
G = AW+ 577 OF) () )

is the filtering gain at node k. The first step is to show that G ; converges as t approaches infinity.

Proposition 4.1: Assume that the pair (A, B) is reachable and that the pair (A4, C'°¢) is observable for every
k. Then, there exists ¢ > 0 sufficiently small such that for any V}, o > 0 the sequence Py, t > 0 generated by
Algorithm [1| at node k converges to a unique solution Py, > 0. Furthermore, 64 ; — 0k, Viy — Vi > 0 and the
limit G}, of the filtering gain G, is such that A4 — G‘kC,lc"c is Schur stable. Moreover, P, is the unique solution of

the algebraic Riccati-like equation
P, = AP = 0pI + (C)T (RY) ' C) A" + BB™. (40)

Proof: The convergence of the local robust Kalman filter follows from the convergence result of the robust
Kalman filter in [27, Proposition 3.5], see also [28], under the assumption that the local state space model

(A, B, C}°¢, Dio¢) is reachable and observable. O

Regarding the least favorable model in (I9), it is possible to prove that it does converge to a state space model
with constant parameters, as the simulation horizon 7' tends to infinity.
Proposition 4.2 (Zorzi, Levy [26]): Assume that the pair (A, B) is reachable and that the pair (A4, C) is observable.

Then, there exists ¢ > 0 sufficiently small such that:

o the forward sequences G, and 6y, t > 0, of the centralized robust Kalman filter @ converges to G and 9,
respectively, as ¢ tends to infinity;
o when the simulation horizon T’ tends to infinity, the backward sequence €2; generated by (2I)), with the steady

state parameters G and @ of the centralized robust Kalman filter, converges to (). Furthermore,
Ly — L, K, — K, Ty, =+ Tg (41)

and (A — GC) + (B — GT'p)l'g is Schur stable.
Finally, we need of the following result.

Proposition 4.3 (Cattivelli, Sayed [9)]): Consider the time-varying Lyapunov equation

X1 = A XAy + Q (42)
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where A; and Q); converges to A and @, respectively, as ¢ — oo, with A Schur stable. Then, X; converges to the

unique solution X of the Lyapunov equation:
X =AXAT + Q. (43)

We are ready to prove the main convergence result.

Proposition 4.4: Assume that the pair (A, B) is reachable and that the pair (A4, C1°°) is observable for every k.
Then, there exists ¢ > 0 sufficiently small such that for any V4 > 0 and V}, ¢ > O the sequence Q;, t > 0, generated
by converges to Q>0, F — F and G, — G over [aT, BT as T — co. Moreover, Q is the unique solution
of

Q= FOFT +GG" (44)
and F is Schur stable. Therefore, the average least favorable mean square deviation across the network MSD; does
converge over [aT, BT] as T — oo.

Proof: Notice that the assumptions of Proposition hold. Therefore, we have that V; — V and A; — A

where

V:=diag(Vi, ..., Vn)

A=WTeNIe AWV +8) v (45)
Moreover, Gy = AV, ' + S, 1) 1) T (R2¢) ! and thus

A-G,Cp*

= AL~ (V! + 571 (Cl) T (Rl )

=A(I - (V;7h + Sp) 1 Sk)

=AWV, + Syt (46)
which is Schur stable. Accordingly, we have that the block-diagonal matrix

M= AWV 1+8) v (47)

is Schur stable. Then, by using [9, Lemma 2] we have that A = (W7 ® I) M is Schur stable, because W satisfies
the conditions in (T3).
Since the assumptions of Proposition hold, then F; — F and G; — G over the interval [aT, 8T] as T — oo.

Moreover,

N
I

A «
0 (A-GO)+ (Tp—-GIp)Ty

[ B
('p — GI'p)T;

QI
I
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where B:= —-(WT @ )(I@ A)(V 1+ 8) Y JT®I)CR'DL +1® BN with T, = Tz = [NT LT]7. Since
F is block upper-triangular, its eigenvalues coincides with the eigenvalues of A and (A —GC) + (I'pz —GI'p)l'g.
Since the latter are Schur stable, we conclude that F is Schur stable.

The Lyapunov equation in (33)) satisfies the assumptions of Proposition 3] for ¢ sufficiently small. Accordingly,
P; converges to P over [aT, 3T] as T — oo which is the unique solution to . |

B. Optimality property under large deviations

We shall show that, under the least favorable model solution to with c sufficiently large, it is very likely that
the predictor at node k of Algorithm [I] performs better than the predictor at node % based on the scheme in [9).
The latter scheme, indeed, does not consider the possibility that the actual model and the nominal model do not
coincide exactly.

Without loss of generality we assume that y, is obtained by stacking first y;, with [ € N, and then y;; with
I ¢ Ny. Then, it is not difficult to see that that the standard local Kalman predictor at node k coincides with the

Kalman predictor based on the model

Tey1 = Axy + Bwy

C}ﬁoc Di:oc
Yt = e+ | vt (43)
0 Floe

where F,éof is an arbitrary invertible matrix because the observations y; ; with [ ¢ N play no role at node k. Let
%’g = F‘,iof(lf’,i"f)T Therefore the robust intermediate prediction at node % in Algorithm (1} hereafter denoted by
RKF diff, is the solution of the mini-max problem

Uper1 = argmin_max Ep[llzer1 — gel|*|Yi-1] (49)
9t€Gy ¢ Pk, tEBr,¢

where

Byt := { ¢ne st Ellog(ne/dre)[Vic1] < ¢} (50)

o+ 1s the transition probability density of z; given x; corresponding to and ng,t is the least favorable one
in By, 43 Iﬁlk[log(ngk,t/¢k’t)|5/},1] and I~Ek[||:z:t+1 — g¢||?|Y;—1] are defined as in and || respectively, with ¢y, b,
and ft replaced by ¢y, (5;” and fk,t, respectively; fk,t(xt|Yt_1) ~ N (&, Vi) is the least favorable conditional
probability density of z, given Y;_; at node k; G+ denotes the set of all estimators such that Ek[H g¢||?] is finite
for any (;NSM € By .

In [18] it has been shown that the mini-max problem can be reformulated in terms of
P alYion) = [ onatalen) sl Yioa)da (51)

50 (2| Yio) = / ot (zele) Foa (e Vi1 )dlas 52)
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representing the local pseudo-nominal and the local least favorable conditional probability density of z; given Y;_;.

Moreover, Dy, (5/°¢, plo¢) = ¢ and

~ _ ~loc P Y_
Dg (5%, pi°) = / P (2 |Vio1) log (W) dz (53)
P2 (2¢|Ye—1)

is the Kullback-Leibler divergence between $'°¢ and pLoc.

Remark 3: 1t is worth noting that D, (p1, p2) represent the negative log-likelihood (up to constant factors) of py
under the the model described by p1, [29]. Assume that Dy, (p1,p2) < Dir(p1, ps) where the symbol < means
“much less than”. This means that ps explains the data generated by p; better than ps.

Notice that the best intermediate prediction at node & is the one constructed using the least favorable model

Be(zlYio) = / Ge(zelee) Fos (e Vi ) da (54)

since we are are evaluating the performance under the least favorable model solution to the “centralized” mini-max
problem in @) which is not available because it requires to compute the centralized filtering gains of the centralized
robust Kalman filter. On the other hand, the intermediate prediction at node %k of the algorithm proposed in [9],

hereafter denoted by KF diff, is constructed using the nominal model

P (Vi) = / Gu1(21]20) for (2| Yiot)dis (55)

where fi(z|Y;—1) is the nominal conditional probability density of x; given Y;_; at node k. In view of Remark

the next proposition shows that if c is sufficiently large, then pi°® explains the measurements generated by the

actual model p, better than p!°¢. As a consequence, it is very likely that the performance of vy, ;11 using RKF diff
(i.e. using $/°¢) is better than the one using KF diff (i.e. using pl°®).
Proposition 4.5: Assume that for some ¢ the distribution of z, ; given Y;_; at node £ is fixed and it is the same

for RKF diff, KF diff, that is f ;(z.|Y;—1) and fk,t(It\Yt—l) coincide. Then, for ¢ sufficiently large we have that

Drer, (i, pi°) < Direr, (pr, po°). (56)

Proof: Let fk’t ~ N (Zt, Vie.r) with Vi, > 0 which is fixed and thus it does not depend on c. First, notice

that py(2¢|Y;—1) = pl°°(2¢|Y;—1) because the distribution of zj ; given Y;_; is the same for RKF diff and KF diff.

Accordingly,
Pzl Yin) ~ N (uloe, K1)
B (2e]Yi1) ~ N (e, K1)
ﬁt(zt|ytfl) ~ N(Mn f(t) ©7)
where
A A
pe = | Cloe | &he, = | Clo° | Exu, 8)
0 Clee

April 20, 2020 DRAFT
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A BBT 0 0
Ko = |ofe| Vi [AT ()T o] + | 0 R 0|,
0 0 0 QK
I
Kle =Kl 4+ |o (Vie,t41 — Prt41) [I 0 O] )
0
A BBT 0 0
Kt — Cllcoc Vk:,t |:AT (Cllcoc)T (Cuvléoc)T] + 0 R%:C 0 ,
Cllee 0 0 Rpe
I
K= Ki+ |0f (Ve = Pesa) [1.0 0]
0

Cv’,lc"C and Rﬁfc are the matrices obtained by using C; and Ry, respectively, with [ ¢ N. It is worth noting that
the relation between f(é"c and K[°¢ is given by [18 Theorem 1]. The same observation holds between K, and K,

where the latter represents the covariance matrix of z; given Y;_; in the nominal model. Moreover,
—1
Pris1 = AVi AT — AV, (CF9)T (c,iocvk,t(ai“)T + RL"C) Vi, AT + BB”

Vk,t+1 = (Pk_,t1+1 - Qk,tl)_l

—1
y loc . Rloc 0 Cloc
Pt = AVio A” = AVi [0y (@leey™] (| o | Vi [ty @yt | | ViuAT + BBT
Bloe 0 Rlec Giloe

Vi1 = (P — 0.0) 7"
and 6y ¢, 0, are the solution to y(Py 1+1,0k,:) = ¢ Y(Pit1,0;) = ¢, respectively. Recall that
v(P,0) :=logdet(I — OP) + tr((I —OP)"' —1I). (59)
In view of (37), it is not difficult to see that
D1, (Br, 51°) = D1 (P, pi°°) + %dA (60)
where
da = 6T((R1)™" = (K1) ™1)5 + log det (1)
— (K (K;) ™) + tr(K (K7°) 1) — log det (&%)
< log det(K[°¢) + tr [f(t ((f(ioc)_l - (Ké"c)_lﬂ — log det(K!o°) (61)

where § = y; — pl° and we have exploited the fact that (f(tl"c)’l — (Kl°¢)=1 < 0 because P41 < Vigq1 and
thus K éoc > Ktl"c. Moreover, after some algebraic manipulations we obtain

da < nlog | Viir1ll = Brel| Vigr |l + vie (62)
where

Br,t = )\mm(P,;tIH[P,;tlH + (Vg1 — Pk,t+1)71}71P;;t1+1)71 tr(Vegr — [[Vegr |7 Pegr)

Vit = —logdet K1°¢ 4+ (Np + n) 1og Amaz (K1°) + log det (| Vi,er1 | ™ I + Amaz (KE°) ™ Wi 141)
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Amaz (K1°¢) denotes the maximum eigenvalue of K[°¢, Vi ;11 := |[Vi i1l Vi1 and Vipq i= |[Viga |~ V.

if

we take a sequence ¢(™), m € N, such that ¢(™ > 0 and ¢™ — oo as m — oo, then ||Vk(7t'21|| — o0. The
same reasoning holds for the mapping ¢ +— ||Vi41| and thus HVtﬁ)H — oo. Consider the sequences V,f?ll =

HVk( |=1v{™)  and Vt(f{) = HVtJrl ||_1thl) which belong to the compact set U := {V s.t. |[V| = 1}.

t+1| kyt+1
)

Therefore, there exist the subsequences V,C(T_ﬁ)l, l € Nand ‘7,5(_:?), l € N, converging to Vk(ii)l and Vt(ff , respectively.
It is worth noting that Vk R V;(H > 0 and different from the null matrix because Vk i1 V; +1 € U. Accordingly,
if we consider the corresponding subsequences for 3y, and vy ;, we have: (m’) — Amin (P, t1+1) tr(Vig1) >0
and V,g tl) is bounded above.

Next we show that ||Vt(+mll) Il/ ||V(m_f_)1 | = ¢ > 0. First, we recall that V,C(Ti)l and Vt(ﬂ’) are given by 0("“) nd

Ht(ml), respectively. In particular, we have 7( A +1 G(ml)) = ¢(™) Notice that we can rewrite the latter as

S log(1 — diby™) + (1 d™) L~ 1 = o) (63)

where d; > d;y; denotes the eigenvalues of Py and 0 < et("”) < di'. In what follows we assume that the
eigenvalue d; has multiplicity equal to one, and thus d; > d; with ¢ > 2. This assumption is not restrictive, indeed

it generically holds. Then we can rewrite (63) as
F(dr0f™)) 4 &) = o
where
f(z)=log(l—2)+(1—2)"' -1
) = ilog(l —df™) + (1 - d™) " — 1,
&m) — & and ¢ is a bounded value. Therefore
F(dr6™) = em) — g,

Since (™) — oo, we have &™) = o(c™)), ie. &™) /(™) — 0 as [ tends to infinity. Accordingly,

Fdr 60y = cmi) — o(clm), (64)
The same reasoning applies for 9,(:;1):

Fldia0)1)) = et — o(clmo) (65)
where dj, ; > dj ;41 are the eigenvalues of Py ¢11 and dj ; has multiplicity equal to one. Notice that d; ngl) and

dkvlﬂgy'zl) belong to the interval [0,1). It is not difficult to see that f : [0,1) — [0, 00) is monotone increasing in

the interval [0, 1). Accordingly, it admits the continuous inverse function g : [0,00) — [0,1) and
o) — g1 ( (ma) _ O(C(mz))>

0 = dyt (e o).
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Fig. 1. Network of 20 sensors for collecting noisy position measurements of the projectile.

Notice that

i g (<)~ ofe™)) =g Jim e~ ofcl™))
l—o0

l—o0
(my)
. . o(c . .
=g lim ™) lim (1 - g =g | lim ™)) = lim g (c(ml)) (66)
l—o0 l—o0 C(ml) l—o0 l—o0
Finally, we have
n 1 1 n 1
Hv(ml)H die1 FEyIC — ey T Dico PRI
: t+1 1 d; t S d; 0, d; t
lim ——— = lim |————"*—*— = lim
Undes HV(m’) | Poo Al 2iet T e e\l e+ i e
kit+1 di i =0kt de1=0, di i =0
dy n 1 dy n 1
. 17g(c(7nl)70(c(ml))) + Zi:Q d._l—e(nll) . 17g(C(m’l)) +Z'L=2 d._lfehnl)
= lim . — 1" = lim o — 1t
=00 21 + ' -1 l—o0 Gkl + ' -1
1—g(cmD —o(c(m)) 2i2 dpt—oim) 1—g(ctm) Yz i t-em
dy
. 1—g(ctmD)
—00 Ykl
l—g(c(ml))

where we exploited the fact that lim,_, g(z) = 1 in the last equality. Then, we have

dy
ym) T=g(ctmD d
i Weyi 1 = Jim (24 [ (68)
o ||Vk,t+1|| o 1—g(c’(7"l)) k,1

Accordingly the corresponding subsequence d(Am’) approaches —oo because the term —ﬁ,(cf:”) HV;(E’) || dominates

the logarithmic term n log ||Vk(7:+’)1 |l. We conclude that for ¢ sufficiently large holds. O

V. NUMERICAL EXAMPLE

In order to evaluate the performance of the distributed robust Kalman filters, we consider the problem in [9]]
of tracking the position of a projectile by using noisy position measurements obtained by a network of N = 20

sensors depicted in Figure 1| The model for the projectile motion is

i = daf + uf (69)
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where

0 0
I3 0

b =

uf =[00 —g000]", with g = —10, and z§ = [Vy 1 Uyt Vst Dot Pyt P2t )© with v denoting the velocity, p the
position and the subscripts x, ¢, z denoting the three spatial dimensions. We discretize by using a sampling time
equal to 0.1. In this way we obtain the discrete time model ;1 = Az +us where x is the sampled version of x,
A=1I5+0.1® and u; = (0.1 + 0.12®/2)us. We assume that every sensor measures the position of the projectile
in either two horizontal dimensions, or a combination of one horizontal dimension and the vertical dimension (i.e.
one sensor does not have measurements in all the three dimensions). Therefore, we obtain the nominal discrete
state-space model (9) where C, = [0 0 0 diag(1,1,0)], in the case that the sensor measures only the horizontal
positions, or C, = [0 0 0 diag(1,0,1)], Cr = [0 0 0 diag(0,1,1)], in the case that the sensor measures one
horizontal position and the vertical position. Moreover, we choose B = 1/0.0011, R;, = DkaT = VkPRyPT
where Ry = 0.5 - diag(1,4,7) and P is a permutation matrix randomly chosen for every node. Finally, the initial
state zo is a Gaussian random vector with covariance matrix Py = 1.

In what follows, we consider the following predictors:

« RKEF diff - the distributed robust Kalman filter with diffusion step in Algorithm [I} the diffusion matrix W is

chosen as

apny, ifleN,
o 0, otherwise, 70

where n; denotes the number of neighbors of node [ and oy, > 0 is a normalization parameter chosen in such
a way that (T5) holds.

o KF diff — the distributed Kalman filter with diffusion step proposed in [9]]; the diffusion matrix W is chosen
as in (70).

« RKF cons - the distributed robust Kalman filter in Algorithm [I] with the consensus-based update in (I7); the
consensus parameter is set equal to € = 0.1.

o KF cons - the distributed Kalman filter with consensus-based update proposed in [7]]; the consensus parameter
is set equal to € = 0.1.

« RKF local — the local robust Kalman filter in Algorithm 1| with W = I.

o KF local — the local Kalman filter proposed in [24] p. 329].

« RKF central - the centralized robust Kalman filter proposed [18].

o KF central — the centralized Kalman filter.

In the first experiment we assume that the actual state-space model belongs to the ball defined in (2)) about the
aforementioned nominal model and with tolerance ¢ = 0.02. The average least favorable mean square deviation
across the network is depicted in Figure 2| As we can see, MSD; converges in steady state for any algorithm.
The local algorithms RKF local and KF local provide the worst performance and the robust version behaves

slightly better than the standard version in steady state. The consensus-based algorithms RKF cons and KF cons
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— RKF diff
— KF diff
- = =RKFcons |+
—~ = —KFcons

= = = RKF local
= = = KFlocal
— RKF central
— KF central

MSD, (dB)

I I
0 50 100 150 200 250
Time instant ¢

Fig. 2. Least favorable mean square deviation across the network with tolerance ¢ = 0.02.

T
—4— RKF diff
—&— KF diff
—<— RKF central
—o&— KF central

Steady-state MSD, (dB)

4t

Fig. 3. Least favorable mean square deviation for each node in steady state with tolerance ¢ = 0.02.

perform better than the latter and the robust version behaves slightly better than the standard one in steady state.
The diffusion-based algorithms RKF diff and KF diff provides the best distributed performance, in particular RKF
diff performs better than KF diff. Finally, the centralized algorithm provides the best performance and RKF is the
best predictor. The least favorable mean square deviation for each node in steady state for the diffusion-based and
centralized algorithms is depicted in Figure [3| As we can see, RKF diff provides a better performance than KF diff
in the majority of the nodes. Finally, Figure |4 shows the risk sensitivity parameters ¢ ; of RKF diff and the risk
sensitivity parameter §; of RKF. We notice that the former are less than the latter. Therefore, RKF diff reduces the
risk sensitivity parameters over the network in respect to RKF. Such a reduction can be justified as follows. First,
the larger the risk sensitivity parameter is, the more large errors are penalized, as noticed in [18]. Then, it is worth

observing that RKF cons and RKF local have the same risk sensitivity parameters of RKF diff, indeed the value
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node 1
~ — —node 2
~ = —node 3
— — —node 4

node 5

node 6
node 7
~ ~ —node 8
~ = —node 9
- — —node 10
node 11

~ — —node 12

nodes 13, 16, 17
node 14

node 15

nodes 18,19
node 20

central

L L L L
0 50 100 150 200 250
Time instant ¢

Fig. 4. Risk sensitivity parameters 6, ¢, k = 1...20, of RKF diff and the risk sensitivity parameter of the centralized filter RKF (black line)
with ¢ = 0.02.

of 6+ does not depend on the matrix . So, without loss of generality, we can consider RKF local. RKF local at
node k£ and RKF are the same algorithm, but applied on a different state space model. The state space model used
for RKF local at node k is characterized by a subset of observations of the state space model used for RKF. Since
the mismatch modeling budget c is the same for both the models, then it means that the observations of the least
favorable model of RKF are affected by more uncertainty than the ones of RKF local. Accordingly, it is required
to penalize large errors in RKF more severely than in RKF local, hence 6; must be greater than 6y ;.

In the second experiment we have considered the case that in the actual model there are large deviations in
respect to the nominal one. More precisely, we have chosen ¢ = 0.06. The least favorable mean square deviation
across the network is depicted in Figure 5] As we can see, all the robust distributed algorithms outperform the
corresponding standard distributed algorithms in steady state. Among the robust algorithms, RKF diff gives the best
performance, then we have RKF cons and finally RKF local. The least favorable mean square deviation for each
node in steady state for the diffusion-based and centralized algorithms is depicted in Figure [ As we can see,
RKF diff provides a better performance than KF diff in almost all nodes: the unique exception regards two nodes
wherein RKF diff performs slightly worse than KF diff. The risk sensitivity parameters 6y, ; of RKF diff and the risk
sensitivity parameter §; of RKF are depicted in Figure [/| Also in this case, RKF diff reduces the risk sensitivity
parameters over the network in respect to RKF. On the hand, the values of all these risk sensitivity parameters has
been increased in respect to the case ¢ = 0.02. Indeed, in the current case the mismatch modeling budget has been

increased and thus it is required to penalize large error more severely.

VI. CONCLUSIONS

In this paper, we have considered a filtering problem over a sensor network and under model uncertainty. We
have proposed a robust distributed algorithm with diffusion step. We have derived the least favorable performance
for this algorithm and showed that the least favorable mean square deviation across the network does converge to a

finite constant value provided that the mismatch modeling budget allowed for each time step is sufficiently small.
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Fig. 5. Least favorable mean square deviation across the network with tolerance ¢ = 0.06.
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Fig. 6. Least favorable mean square deviation for each node in steady state with tolerance ¢ = 0.06.

25
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Fig. 7. Risk sensitivity parameters 6 ;, k = 1...20, of RKF diff and the risk sensitivity parameter of the centralized filter RKF (black line)
with ¢ = 0.06.
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Finally, a numerical example showed that this robust algorithm is preferable than the standard one in the presence

of model deviations.
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