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ABSTRACT

We study a distributed node-specific parameter estimation prob-
lem where each node in a wireless sensor network is interested in
the simultaneous estimation of different vectors of parameters that
can be of local interest, of common interest to a subset of nodes, or
of global interest to the whole network. We assume a setting where
the nodes do not know which other nodes share the same estimation
interests. First, we conduct a theoretical analysis on the asymptotic
bias that results in case the nodes blindly process all the local esti-
mates of all their neighbors to solve their own node-specific parame-
ter estimation problem. Next, we propose an unsupervised diffusion-
based LMS algorithm that allows each node to obtain unbiased esti-
mates of its node-specific vector of parameters by continuously iden-
tifying which of the neighboring local estimates correspond to each
of its own estimation tasks. Finally, simulation experiments illustrate
the efficiency of the proposed strategy.

Index Terms— Distributed node-specific parameter estimation,
wireless sensor networks, diffusion algorithm, adaptive clustering.

1. INTRODUCTION

In most distributed estimation problems, it is generally assumed
that the nodes in a wireless sensor network (WSN) are interested in
the same network-wide signal or parameter (e.g. [1]-[5]). However,
some applications such as speech enhancement in acoustic sensor
networks [6]-[8], beamforming [9], or cooperative spectrum sensing
in cognitive radio networks [10]-[11] are multi-task oriented. In
these cases, special attention is required to more general distributed
estimation techniques where the nodes cooperate although they have
different but still partially-overlapping estimation interests and their
observations may arise from different models.

In the growing literature on node-specific parameter estimation
(NSPE) problems over adaptive WSNs, two major groups of works
can be identified. The first group assumes that all nodes know a
priori the relationship between their estimation tasks and the esti-
mation tasks of their neighbors. Within this category, the aforemen-
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Fig. 1. A wireless network of K nodes with NSPE interests.

tioned prior information is leveraged to derive strategies that pro-
vide asymptotically unbiased solutions in an NSPE setting where the
nodes have both overlapping and arbitrarily different estimation in-
terests [12]-[16]. Additionally, this prior information is leveraged by
different diffusion-based algorithms that apply different spatial reg-
ularizers to let each node solve its estimation task by using the local
estimates of neighboring nodes with numerically similar estimation
interests [17]-[18]. To avoid the bias that results from the combi-
nation of local estimates associated with different tasks [19]-[20],
the second group of algorithms implement an inference algorithm
together with an adaptive clustering technique that allows the nodes
to infer which of their neighbors have the same interest [20]-[24].
However, since the proposed strategies run over diffusion networks
where each node is only interested in one vector of parameters, the
cooperation is finally limited to nodes that have exactly the same
objectives once the clustering technique has converged.

To the best of our knowledge, there are no unsupervised strate-
gies that solve an NSPE problem where the nodes simultaneously
estimate parameter vectors of local, common and/or global interest
and where there is no prior information about the relationship be-
tween the NSPE tasks. Motivated by this fact, we propose an un-
supervised diffusion-based LMS for NSPE with combination coef-
ficients determined through a multi-task clustering technique in an
adaptive fashion. In this clustering technique, each node solves a
hypothesis testing problem to determine which of the local estimates
of its neighbors correspond to each of its estimation tasks. Unlike
the existing algorithms [20]-[24], the proposed scheme can yield
asymptotically unbiased solutions and allows a beneficial coopera-
tion among the nodes although they have different interests. Indeed,
due to the exponential rate of decay for the probabilities of erroneous
clustering, as the computer simulations show, the proposed scheme
achieves the same steady-state mean square deviation (MSD) as the
diffusion-based NSPE LMS (D-NSPE) algorithm that knows a priori
the relationship between the node-specific tasks.



2. PROBLEM FORMULATION

We consider a network consisting of K nodes randomly deployed
over some region. Nodes that are able to exchange information in
one hop are said to be neighbors. The neighborhood of any particular
node k, including node k itself, is denoted as Nx. To ensure that the
network is connected (see Fig. 1), the neighborhoods are set so that
there is a path between any pair of nodes in the network.

In the considered network, each node k, at discrete time ¢, has
access to data {dk,;, Ug,; }, which are realizations related to events
that coexist in the monitored area and which follow the relation

dis = Upwp + Vi (1)

where

- wj, equals the vector of dimension M}, that gathers all param-
eters of interest for node k,

- Vi, denotes measurement and/or model noise with zero
mean and covariance matrix R, ,; of dimensions Ly X Ly,

- dg,; and Uy ; are zero-mean random variables with dimen-
sions Ly X 1 and Ly X M, respectively.

By processing the data set {dx ;, Ux.; } 5. the objective of the
network consists in finding the node-specific estimators {wk}szl
that minimize the following cost function

K
Jaon({wi} 1) = > E{||dx,i — U wi*} . @
k=1

Unlike in papers addressing a single-task estimation problem,
e.g., [3]-[4], here the parameter estimation interests may vary from
node to node in (1), i.e., wy # wy if k& # {. Indeed, following
the novel node-specific observation model considered in [14], [16],
it is assumed that each node-specific vector wy, may consist of a
sub-vector of parameters of global interest to the whole network,
sub-vectors of parameters of common interest to subsets of nodes
including node k, and a sub-vector of local parameters for node k.
In particular, it is considered that

wi; = col{q; }eem, 3

where col{-} denotes a column operator stacking arguments on top
of each other and where qf denotes an (M; x 1) vector of parameters
associated with the global, common or local estimation task ¢ and
where T}, equals an ordered set of indices t associated with the ny =
| Ti| vectors qf that are of interest for node k. It is noted that M}, =
> eTh M, and that 7, € T where T is the set of all parameter
estimation tasks in the entire network. As a result, the observation
model in (1) can now be rewritten as

di; = Z Uk, ,idt + Vk,i (4)
teETy

where Uy, ;, equals a matrix of dimensions L X M; that consists
of the columns of Uy, ; associated with q7. From (4), also note that
the considered NSPE problem can be cast as minimizing

K
D Elldei = Y Ukaacll? 5)
k=1

teTy

with respect to variables {q: }teT-
The algorithms derived in [14] and [16] yield unbiased estimates
of the node-specific vector of parameters by seeking the minimizer

of the cost function in (5) under an incremental or diffusion mode of
cooperation, respectively. However, to do so, each node should know
a priori which of its neighbors share the same parameter estimation
interests, i.e., are interested in estimating {qy }+c7; . Unfortunately,
this prior information might not be available in many scenarios. In
this paper, we consider the more challenging problem of deriving a
diffusion-based LMS algorithm that is able to solve the NSPE prob-
lem stated in (5) when the nodes do not know a priori which of their
neighbors share the same NSPE interests.

3. PERFORMANCE OF THE D-NSPE LMS IN A SETTING
WITH UNKNOWN RELATIONSHIPS BETWEEN TASKS

In this section, in order to motivate the derivation of the proposed
algorithm, we briefly analyze the performance of the diffusion-based
solution derived in [16] when a node does not know which of the
local estimates of its neighbors correspond to each of its tasks. For
the sake of an easy exposition and without loss of generality, we
assume that My, = M forallt € T.

In brief, the D-NSPE LMS algorithm [16] is able to minimize (5)
by implementing the following recursion at each node k:

Adaptation step. For each task ¢ € T, execute
. o -
O =0V + e UEL [des = e, Unadll, )|
Combination step. For each task ¢ € Ty, execute
Bir = Lien, Lper, uean(Wf).
(6)

where qb,(?t is the local estimate of qf at node k& and time instant
¢ and {cke,tp(7)} are time-varying convex combination coefficients
that satisfy

{ Ckg,tp(’i) >0

Ckgﬂgp(l‘) = O

if{ e Ny NCyrandp = ¢,
otherwise.

@)

and
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with C; denoting the set of nodes interested in estimating qf. Note
that there are several policies to select the combination coefficients.
On the one hand, the combination rule can be static, e.g., as in the
uniform, Metropolis or relative-degree rule [25]. On the other hand,
the coefficients can be adapted over time (e.g, see [21]).

Independently of the selected combination policy, from (6)
and (7), it can be noticed that the combination step associated with
the estimation of qf at node k can only process local estimates of the
same vector of parameters, i.e., p = ¢, transmitted by neighboring
nodes, i.e., ¢ € Nj. This particular constraint on the set of possible
combination policies ensures asymptotical unbiasedness [16], i.e.,
limioo B{G,;} = 0 with &) = af — col{¢p{"} }se7; and w}
defined in (3). However, it requires each node to know a priori
which of the local estimates exchanged by its neighbors correspond
to each of its parameter estimation tasks.

When the nodes do not know a priori the relationship between
the tasks, each node could implement a stand-alone LMS to solve
its NSPE problem, which is equivalent to the implementation of (6)-
(8) with cir,+:(i) = 1. Although this approach would again allow to
find unbiased estimates of the node-specific vector of parameters that
minimize (5), the nodes cannot take advantage of the well-known
benefits provided by the cooperation. Alternatively, each node could



blindly fuse all the local estimates exchanged by all its neighbors,
which yields an implementation of (6) where the convex combina-
tion coefficients satisfy (8) and

Cre,tp(1) = akep >0 if £ € Ni,
¢ ) — ; )
ke,p() =0 otherwise.
with aks,¢p equal to a positive constant for all k € {1,2,..., K},

£ € Ni,t € Tr, and p € To. However, under this approach the
estimates at the nodes will be biased. In particular, assuming that

Al) vy ; is temporally and spatially white noise that is indepen-
dent of U, ;s forall £ and i', with k, £ € {1,2,..., K }.

A2) Uy,; is temporally stationary, white and spatially independent
with Ry, = E{U,;U{",};

A3) Uy, and Uy, ; are independent for all k € {1,2,..., K}
and t # p,

the asymptotic bias of the estimates resulting from this cooperative
approach is given by the following theorem (the proof is omitted due
to space constraints).

Theorem 1. For any initial conditions and under assumptions Al-
A3, if the positive step-size of each node satisfies

pre < Q/Arrlax({RUkt }tGTk)v (10)

then the estimates generated by the D-NSPE LMS algorithm sum-
marized in (6) converge in the mean when the convex combination
coefficients satisfy (8) and (9). Furthermore, the estimation bias in
the steady-state tends to

E{§@™}y = [1-C[1 - MD]] [T - C)q° (11

with § = col{col{d;; hemi How, a° = colfcol{a? e Has
D = diag{Ru, Y1—1, M = diag{pIr, }rey and C = C ® Inr
where

T
C=lei ) G Titn) C2T3(1) ** CK Tie (ng)) (12)

and cy, 73, (1) = col{ {col{cre, 73, (t)p }peTs Hom1 }-

From Theorem 1, we can deduce that the steady-state MSD in
the estimation of q¢ at node k, i.e., limi_,ooH(ﬁ,tHQ, can be very
large when node k estimates g7 by using a blind convex combina-
tion of all the local estimates of all its neighbors. As a result, the
attained performance might be worse than the one achieved by the
non-cooperative scheme. Note that (11) reduces to zero if cxr 1+ = 1
for all k and t € Ty, i.e., the non-cooperative case is indeed unbi-
ased. Next, we will propose a scheme that combines the D-NSPE
LMS algorithm and an adaptive multi-task clustering technique to
avoid such a performance degradation and still leverage the cooper-
ation among nodes interested in estimating different but overlapping
vectors of parameters simultaneously.

4. UNSUPERVISED DIFFUSION-BASED LMS FOR NSPE

Since the nodes do not know a priori the relationship between the
NSPE tasks, they can initially focus on solving the NSPE problem
of Section 2 by implementing the non-cooperative strategy. In par-
ticular, each agent can implement (6)-(8) with crx, (i) = 1 for all
ke {l1,2,...,K}and t € Ty, which corresponds to the following
stand-alone LMS-type adaptation step

S =l Ul = 3 ULV )
PETy

(b)

Fig. 2. Topology with all the initial cooperation links (a) and the
resulting cooperation links after multi-task clustering (b).

where cgj)t denotes the estimate of qf resulting from the non-
cooperati\}e LMS performed by node k at time instant ¢ with ¢ € Tg.

Following similar arguments to [22], for sufficiently small step
sizes, i.e., pur << 1, and after sufficient iterations, i.e., i — 00, it

can be shown that the difference between g‘;;)t and ggf; follows a
Gaussian distribution:
cl(j)t — cﬁ, ~ N(gf — dp, fmaxDke,tp) (14)

where fimax = max p and Agg ¢p is an M x M symmetric, positive
k

semi-definite matrix with k,¢ € {1,2,...,K},t € Tr and p € To.
If both estimates are associated with the same task, which is denoted
as q¢ = qp from now on, from (14) note that with high probability
||§,(;)t - cgf;|\2 = O(max). On the contrary, if the local estimates
are associated with different tasks, which will be denoted as q7 #

a5, then [, — {||> = O(1) will hold with high probability.

Thus, if node ¢ transmits cl(f; to node k with £ € N \ {k} and

p € T¢, node k can perform a hypothesis test to determine whether
the local estimate gy) at node £ corresponds to the estimation of the
vector of parameters qy with t € Tp:

i i Ho
Isics = S ll® 2 mheen (15)
1

where Hy equals the hypothesis qf = qj, Hi denotes the hypothesis
a¢ # dp and Tye,¢p is a predefined threshold.

A similar reasoning to [22] shows that the probabilities of false
alarm and misdetection decay at exponential rates, i.e.,

P(llss”, — ¢S 12 > Thep | af = ag] < O(e™/"me)  (16)

P(lls{), — <5

1P < ey | 6 # 5] < O(e™*/Fmax)y — (17)



where c1,c2 > 0 denotes some positive constants and Tre¢p €
(0, dre,ep) With die,ep = |lgf — g2l|*. Thus, if The,ep and fimax
are sufficiently small, as ¢ approaches infinity, node k can know with
high probability if a local estimate g‘éfl), at node / is associated with
the estimation of qf. This information can be used by node & to si-
multaneously cluster the local estimates of the nodes according to

the task that they aim to solve. In particular, from the following set

Niali) ={(€.p) : £ € Nie, p € Ta, s}, = U017 < s |
(18)

node k can dynamically infer the set of indices £ € Ay and p € Ty
for which cge,¢p(4) > 0 should be verified. At the same time, these
task-specific neighborhoods can be used by each node & to perform
the following diffusion-based N'SPE strategy for each task ¢ € T

. - -
V= &)4#%Unghr_ZMﬁjhm@£pq

(1) _ : (7)
kit — Z(LP)GNk,tU*l) creep(i —1) t,p*

19

where Z(Z,p)e/\/k7t(i—l) Crep(i—1) = 1.
This leads to the following algorithm:

Unsupervised Diffusion-based LMS for NSPE (UD-NSPE)

e Start with any initial guesses c,i,ot), Loz and Ny :(—1) =
{(k,t)} forallk € {1,2,...,K}andt € Ty.

e Ateach time i and eachnode k € {1,2,..., K}:
1. Update cgj)t by executing (13) for each ¢t € Ty.

2. Update qb,(j)t by executing recursion (19) over the set
Nii(i— 1) foreach t € Ty.

3. Update the set N';,. (i) for each t € Ty by using (18)
with {céf;;f € Nk,p € T} from Step 1.

Based on the multi-task clustering information resulting from (13)
and (18), at each time instant ¢ the proposed UD-NSPE LMS is able
to leverage the cooperation among nodes with different but over-
lapping estimation interests. Despite this fact, from (17), note that
UD-NSPE LMS still yields asymptotically unbiased estimates if the
lim; oo ux =0 forallk € {1,2,..., K}.

5. SIMULATIONS

To illustrate the effectiveness of the proposed algorithm, we con-
sider a network formed by K = 10 nodes whose initial topology
with all possible cooperation links is shown in Fig. 2(a). The red
circles denote the nodes and the colored balls inside represent dif-
ferent tasks within each node. In the considered network, each node
k is interested in estimating a vector of global parameters q5; € R3
and a vector of local parameters qf € R® with k € {1,..., K},
denoted with green and magenta balls, respectively. Additionally,
two different vectors of common parameters coexist, i.e., qfs € R3
and qf5 € R?, represented by blue and orange balls, respectively.
Each entry of the global, common or local vector of parameters is
randomly drawn from an uniform distribution defined in the interval
(0,1). Moreover, the data observed by node & follows the observation
model given in (1) with L = 1. Both the the background noise vy, ;
and the regressors uy; are independently drawn from a Gaussian

o o
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Fig. 3. Temporal evolution of the network MSD for the estimation
of the different vectors of parameters.

distribution that is spatially and temporally independent. In particu-
lar, vy, ; follows a Gaussian distribution with zero mean and variance
aﬁk = 1073 for all k. Similarly, the regressors uy, ; are zero mean
(1 x 3ng) random vectors governed by a Gaussian distribution with
zero mean and covariance matrix Ry, ; = Uﬁk I3, . The variance
ol . is randomly chosen in (0, 1) so that the Signal-to-Noise-Ratio
(SNR) at each node ranges from 10 dB to 20 dB. Furthermore, each
step-size juy, is set equal to 4- 102 and a uniform combination policy
has been selected to generate the combination coefficients.

Fig. 2(b) shows the estimated cooperation links in the steady-
state for one of the experiments. Note that cooperation links between
local estimates of the same vector of parameters at different neigh-
boring nodes remain active. On the contrary, cooperation links be-
tween local estimates of different vectors of parameters are dropped.
For the UD-NSPE algorithm, the D-NSPE algorithm derived in [16]
and the non-cooperative LMS, Fig. 3 plots the learning behaviour
in terms of the network MSD associated with the estimation of the
vectors of global, common and local parameters. To generate each
plot, we have averaged the results over 100 randomly initialized in-
dependent experiments. Since the multi-task clustering technique
correctly determines the links between local estimates of the same
vector of parameters at different neighboring nodes, the UD-NSPE
algorithm outperforms the non-cooperative LMS and achieves the
same steady-state network MSD as the D-NSPE algorithm.

6. CONCLUSION

We have considered an NSPE problem where the nodes simulta-
neously estimate vectors of local, common and global interest in
a setting where the nodes do not know a priori which of the local
estimates of their neighbors correspond to which estimation task.
To solve this problem, we have presented an algorithm based on a
diffusion-based NSPE LMS and a multi-task clustering technique
that lets each node infer which of the local estimates of its neighbors
correspond to each of its own estimation tasks. Unlike the exist-
ing schemes, the proposed algorithm can yield unbiased estimates
for the NSPE problem while still leveraging the cooperation among
nodes with different interests. Finally, the effectiveness of the pro-
posed algorithm has been illustrated through computer simulations.
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