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Abstract—We consider distributed estimation problems over multitask
networks where the parameter vectors at distinct agents are coupled via
a set of linear equality constraints. Unlike previous existing works, the
current work assumes that each constraint involves agents that are not
necessarily one-hop neighbors. At each time instant, we assume that each
agent has access to the instantaneous estimates of its one-hop neighbors
and to the past estimates of its multi-hop neighbors through a multi-hop
relay protocol. A distributed penalty-based algorithm is then derived and
its performance analyses in the mean and in the mean-square-error sense
are provided. Simulation results show the effectiveness of the strategy and
validate the theoretical models.

I. INTRODUCTION

Distributed estimation is used in a wide range of applications
including communication [1], spectrum sensing [2], distributed lo-
calization [3], and power system monitoring [4]. Several useful
distributed solutions, such as incremental strategies [5], diffusion
strategies [6]-[11], and consensus strategies [12], [13] have been
proposed in the literature to address single-task problems where all
agents in the network collaborate to estimate a common parameter
vector from noisy measurements. Among them, diffusion strategies
are advantageous in terms of stability range, robustness, and perfor-
mance [8]-[10].

In many applications, however, it happens that the agents in the
network have to infer multiple parameter vectors simultaneously.
Networks of this type are referred to as multitask networks [14], [15].
Multitask diffusion strategies were derived by exploiting prior infor-
mation on the relationships among tasks. For example, appropriate
regularization terms can be used to promote similarities between the
tasks [14], [16], [17]. In [18], a diffusion-based algorithm is proposed
to solve node-specific estimation problems where each node consists
of a set of local parameters and a set of network global parameters.
In [19], [20], the parameter space is decomposed into two orthogonal
subspaces. The relations among tasks are modeled by assuming that
they all share one of the subspaces. In some applications, such as
the network flow problem [21], the basis pursuit problem [22], and
the interference management problem [23], the parameter vectors
may be related via a set of linear equality constraints. Distributed
projection-based [24] and penalty-based [25] estimation algorithms
were proposed to solve multitask estimation problems where each
agent is interested in estimating its own parameter vector and where
the parameter vectors at neighboring agents are related according to
a set of linear equality constraints. In the current work, we consider
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a more general multitask scenario where each equality constraint
involves agents that are not necessarily one-hop neighbors.

Let N denote the number of agents in the network and P the total
number of constraints. We are interested in devising a distributed
adaptive solution to solve the following optimization problem:

minimize

A N
Jwn) 2D i (wy),
Wi,..., WN k=1

subject to ZM Dyw;+b,=0, p=1,...,P (Ib)
P

ng"b(wl, e

(1a)

Each agent k seeks to estimate its parameter vector w) € RMk>1,
and has knowledge of its local cost Ji(+) and the set of linear equality
constraints that it is involved in. Each constraint is indexed by p,
and defined by the L, x M, matrices Dy, the L, x 1 vector by,
and the set Z,, of agent indices involved in the p-th constraint. The
previous works [24], [25] assumed that Z, C N for all k € Z,
with NV, denoting the one-hop neighborhood of agent k that consists
of all agents that are connected to k£ by an edge. In this paper, we
relax this assumption by considering scenarios where the constraints
involve agents that are not necessarily one-hop neighbors. In order
to derive a distributed solution relying solely on local interactions
between neighbors, we shall employ multi-hop relay protocols to
enable non-neighboring agents to share their estimates in order
to satisfy their constraints. A penalty-based distributed estimation
algorithm is derived and its stochastic behavior in the mean and in
the mean-square-error sense is analyzed. Simulations are conducted
to illustrate the effectiveness of the proposed algorithm and to validate
the theoretical models.

Notations: All vectors are column vectors. The all-one vector of
length N is denoted by 1 and the identity matrix of size IV is
denoted by In. The (k,£)-th block of a block matrix is denoted
by [],¢. The operator col{-} stacks its vector entries on top of each
other. The symbol ® refers to the Kronecker product. The symbol
vec(-) denotes the vectorization operator that stacks the columns of
a matrix on top of each other. The symbol N, ,ih) refers to the h-hop
neighborhood of agent k, that is, £ € N, ,im means that the smallest
number of hops from agent k£ to agent ¢ is equal to h.

II. PROBLEM FORMULATION AND PENALTY-BASED SOLUTION

Consider a strongly connected network of N agents. At each time
instant ¢, each agent k£ has access to a zero-mean scalar observation
dy (i), and to a zero-mean regression vector xy (i) € RM**! with
positive definite covariance matrix R, = E{x(i)z} (i)}. The
observations {dx (%), zx(2)} are assumed to satisfy a linear regression
model:

di (i) = @y (D) w}, + 2k (i), )



where w7, is an M}, x 1 unknown parameter vector to be estimated by
agent k, and z (1) is a zero-mean noise with variance o2 , assumed to
be spatially and temporally independent. In order to estimate wyj,, we
associate with agent k the mean-square-error cost which is strongly
convex and second-order differentiable :

Tr(wi) = Eldi(i) — oy (i)we]*, (©)

Let us collect the parameter vectors wy and wj, from across the
network into the following vectors of length M = Zgil My

w2 col{wr,...,wy}, w’=2col{w?,...,w}.

Problem (1) can be written equivalently as:

inimi ¥ Eld 4
minimize Zk:l |di (i) — @), (D)wy)?, (4a)
subject to Dw+b=0. (4b)

where D is a P x N block matrix with block entries D,, and b is a
P x 1 block column vector with block entries b,. We shall assume
that P < N and that D is full row rank, so that (4b) has at least
one solution.

The positive-definite quadratic problem (4) has a unique global
minimum given by:

w* = w’ — R;lDT(DR;IDT)71

where R, = diag{R.1,..., Rz N}

Instead of using (5), we are interested in an adaptive distributed
solution that is able to learn from streaming data and that relies on
local interactions between neighboring agents. Penalty methods offer
a simple way for tackling constrained optimization problems. These
methods consist of approximating the constrained problem (4) into
an unconstrained one by adding to the objective function a penalty
term that penalizes any violation of the constraints:

(Dw’ +b), (&)

o]0l N
minimize J5(w) £ Zkil Ji(wg) +n||Dw + b|*,  (6)

with 7 > 0 a scalar parameter that controls the relative importance
of adhering to the constraints. Increasing n improves the approxima-
tion (6) in quality [26]-[29], i.e., w°(n) gets closer to w*. The above
problem is strongly convex for any 7 and its closed form solution
parameterized by 7 is given by:

w°(n) = (Rx + 7D ' D)~

Applying a steepest-descent iteration to minimize the cost in (6)
with respect to wy, and starting from an initial condition w(0), we
obtain the following algorithm at node k:

Y R,w® —nDb). (7

wi(t+ 1) = wg(i) — M[Rrkwk(l) — Tdo,k+

UZDpk ZDéwé +b)] ®

pET) LEL),

where 74z x = E{di(i)xx(i)}, Ji denotes the set of constraint
indices involving agent k, i.e., Ji = {p|k € T, }. In order to evaluate
Zeezp D, ,w¢(i)+b, in (8), agent k needs the estimates w(z) from
all agents ¢ € 7,. These agents are not necessarily in the one-hop
neighborhood of k, and need to employ multi-hop relay protocols
to share their own estimate. We shall assume that the route from
agent ¢ € 7, to agent k with the smallest number of relays or hops,
which is often the most energy-efficient route [30], is known. Instead
of using w,(7) since it may not be available, agent k will use past
estimate we (¢ — j) of agent ¢ where the delay j depends on the
smallest number of hops from agent ¢ to agent k, denoted by hy. In

this work, we shall assume that j = h¢x — 1. With this multi-hop relay
protocol, at each time instant ¢, agent k has access to w¢(i+1—heg).

Usually, the second-order moments R, and 74, in (8) are
not available beforehand. We replace them by the instantaneous
approximations [31]:

R, ~ mk(z)mZ(l), Tz, ke ~ di (1) (1), ©)

Replacing we(4) in (8) by we(i + 1 — hex), and splitting the update
iteration into two incremental steps by introducing the intermediate
estimate ¢, (¢ + 1), we obtain the following adaptive algorithm at

agent k:
Bi (i + 1) = wi (i) + pax (i )(dk( ) — & (i )wk(z)), (102)
wi(i+1) =@ (i +1)
—Hn Z DZ’%(Z Dp€¢z(i+2*hek)+bp), (10b)
SV LET,

where in the second step (10b), we replaced w¢(i + 1 — h¢r) by the
intermediate estimate ¢, (i + 2 — h¢)) which is a better estimate for
the solution at agent £. We set ¢p,(i1 +2 — hex) = 0if i +2 — hy <
0, and hir = 1. In the first step (10a), which is the adaptation
step, node k uses its own data to update its estimate wy(¢) to an
intermediate estimate ¢, (¢ + 1). In the second step (10b), which
corresponds to the penalization step, node k collects the intermediate
estimates ¢, (i + 2 — hy) from nodes £ € Z,, for all p € Jj.

III. STOCHASTIC BEHAVIOR ANALYSIS

In this section, we study the mean and the mean-square-error
behavior of algorithm (10) with respect to w?(#) (7) and w™ (5). Let
@i(1) £ wi () — we() and G, (i) 2 w(n) — by (i) denote the
error vectors at agent k. Taking into account the delayed information
emerging from the multi-hop protocol, we introduce the extended
network error vectors:

We(i) 2 col {1 (i),. ORI () N
& (i — H+2) N~ H+2)}, (11)
b (i) £ col{ @, (i), ...,y (i), by (i = 1),..., bn(i — 1),
e (i~ H A1), pn(i— H+1)}, (12)
where H = maxk,g{hek} We define w’ 2 w°(n) — w°, wd £

15w’ and w?’ —w’, wd £ 1y ®w®. Before proceeding,

we introduce the following assumption on the regressors.

A
= w*

Assumption 1. The regressors xy (i) arise from a zero-mean random
process that is temporally white and spatially independent.

This assumption is commonly used in the adaptive filtering liter-
ature [31]. It helps to simplify the derivations without constraining
the conclusions.

A. Mean error behavior analysis

Using recursion (10) and data model (2), the H x 1 block vector
W, (i) can be written as:

We (i + 1) = B(i)we (i) — pg(i) + pr() + pnf,  (13)

where
B(i) = H[Ivm — pRae(i)], (14)
g(i) = Hp., (i), (15)
(i) 2 HRay o ()wd, (16)
fécol{’DT(’Dw (n) +b),0nx1, -,OMxl}, a7



with H an H x H block matrix, R4, (i) an H x H block diagonal
matrix, and p_, .(7) an H x 1 block vector:

HE[T—unCp,l, (18)
Raue(i) 2 diag {R4(3),0nrxnr, ..., Onrscar} s (19)
Poye(i) = col {p_, (1), Onrx1, .-, Onrxa ), (20)

where
T_ [ Iy Onrxm(m—1) } @1
Iyir—1) On(a—1)xm
Cpe== [,,,Ci?gl,,,,,QQ:%,,,,,,,,,Q,D,J?,,] 7 (22)
OpmH-1)xMH
N

N N
R (i) = dlag{wk(z)mk (z)}kzl, (23)
p..(0) = col{ai (=)} 24)

zx b1

and Cp p is an N x N block matrix with (k,[)-th block given by:

o i (h)
[CDvh]kl = {Zpejk DkapZ if £e _’Zp me ,

0 otherwise.
Note that 25:1 Cpr=D'D.
Taking the expectation of both sides of (13) and using the fact that
E{g(i)} = 0, we obtain:

(25)

Ew.(i + 1) = BEw.(i) + ur + punf, (26)
where
B2 M [Iyy — iR, 27)
r2HR, w’, (28)
Raue 2 diag {R,0nrxar, -, 0nrxar} - (29)

The mean error vector E{w, (%)} converges as ¢ — oo if the matrix
B is stable, i.e., the spectral radius of B is less than 1. In this case,

the asymptotic mean bias is given by:
Ew.(00) = lim Ew.(i) = u(Ine — B) ' (r+nf).  (30)
12— 00

Using similar definition with (11), we find that the extended mean
error recursion Eawr, (i) with respect to w*evolves according to:

Ew, (i 4+ 1) = BEw., (i) + prs. 31
where 1, £ HR., .wS'. When B is stable, we obtain:
Ew,(c0) = lim Ew. (i) = p(Inrer — B) 'rs. (32)
11— 00

We observe that, when w? satisfies the constraints, we have w° =
w’(n) =w*,r =0, f =0,and r, = 0. In this case, the asymptotic
mean biases Ew. (o) and Ew,(co) reduce to zero.

B. Mean-square-error behavior analysis

We shall evaluate the weighted variance E{||w. (i + 1)||%} where
3 is a positive semi-definite matrix that we are free to choose.
Let o £ vec(X). In the following, we use the alternative notation
lw]||Z to refer to the same weighted squared norm ||w||%. Following
the same line of reasoning as in [7], [10] for single-task diffusion
strategies, and extending the arguments to our multitask scenario, we

find:

E{llwe(i + 1)ll7} = E{|lwe ()| 50} + vec(Y()] o, (33)
where F is the (M H)? x (M H)? matrix given by:
FEE{B (i))@B (i)} (34)

It is sufficient in this work to consider the case of sufficiently small
step-sizes where the influence of terms involving higher-order powers
of u can be ignored [10], [31]. In this case, F can be approximated
by F ~ B' ® B'. Under this approximation, the stability of F is
ensured if the matrix B is stable.

The matrix Y(¢) in (33) is given by:

V(i) 2u°G T + 12 QT +2uP T (i) + P T+

2unfEw. ()B' +2u’nfr’, (35)
where G and Q are H x H block matrices given by:
G £ E{g(i)g' (i)} 36)
= Hdiag {T,0nrxnr, -, Orrscr }H
L2 E{r(i)r' (i
Q£ B(r(i)r ()} o
= Hdiag {T 1,00 xn,--.,0mxm}H

with 7 £ diag{o? s Rox}re1, T1 = E{R.(i))K1R(i)}, and
K1 2 w’(w®)". The evaluation of 77, depends on higher order
moments of the regressors. In the following, we shall evaluate 7T ;
when the regressors are zero-mean real Gaussian. For any square
matrix A and zero-mean Gaussian regressors, we have [32]:

E{zy(i)x), (i) Aze(i)z] (i)} = Re ARy o+

(38)
6k,Z(Rz,kATRz,k + Re wtr(Rz k. A)).

Using (38), it can be verified that 71 can be expressed as:

N
T1=R:K1 Rz + Z (Sk(IN ® Rz,k)KI(IN ® Ry k)Sk+
k=1

Se(Iy @ Rui) Z4St)), (39)
where S, £ diag(e; ) ® I, is an N x N block diagonal matrix
and ey, is the column vector with a unit entry at position k and zeros
elsewhere. Zj, is an N X N block matrix with the (m,n)-th block
given by:

[Z]mn = [Vec(Ra,k)] " vee([I1]m,n) Ity - (40)
The H x H block matrix P() is given by:
P(i) £ E{B(i)w.(i)r (i)}
= Hdiag {T 2,00, ..., Onrsns} H ' 0
with
T2(i) £ E{R.(1)KC2(i)(Inr — pRa(3))}, (42)
K2(i) £ E{w(i)} (w’) " 43)

Note that, following similar arguments as the one for Q, P (i) can
be evaluated for zero-mean real Gaussian regressors.

Starting from the initial condition w.(0) in (33) and comparing
the expressions of E{||w. (i + 1)||2} and E{||w.()||2}, we obtain:

E{[[we (i + )15} = E{l|we (3)ll5 1+

[vec(BE{@.(0)@. ()})] (F — Ipnmy2) Flo+  (44)
[vec(Y(i))] o + T(i)o,
where T'(4) is an (M H)? x 1 vector that evolves according to:
T(i+1) = [vec(V(i)] (F — Laamy2) + (i),  (45)

with F(O) = O(IWH)2><1'



Fig. 1: Multitask MSE network with constraints.
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Fig. 2: Regressors and noise variances.

Recursion (33) converges to a steady-state value if the matrix F is
stable and the mean error vector E{w.(¢)} converges. In this case,
we obtain from (33):

Fo} = [vee(P(0))] o, (46)

where Y(oco) can be obtained from (30) and (35). Define the network
mean-square-deviation (MSD) as: (* = im0 ~E{||@(3)|/*}. In
this case, the steady-state network MSD can be written as:

. ~ (12
Jim E{@e (), -

¢ = lim CE(@)]3,.) @7)

with o5 = vec (diag{Iar,O0nrrxn,-..,0nmxar}), then the network
MSD can be obtained from (46) by selecting o that satisfies:

(I(J\IH)Q — .F)O' = %ass (48)
Replacing o in (46) by + (I(arpy2 — F) 'oss we have:
o 1 _
= N[vec(y(oo))]T(I(MH)z - F) o, 49)

Finally, the transient and steady-state behavior of E{|w.(i)||2}
can be derived from the following relation:

E{||w.(i)llo} = E{l@e ()15} + 2E{te (i)} Bwa.e + |wael:
with wge = 1g @ (wW* — w°(n)).

IV. SIMULATIONS

In this section, we provide experimental results to illustrate the
convergence of algorithm (10) and to validate our theoretical models.
We considered a network of 15 nodes with the topology and the con-
straints shown in Fig. 1. We randomly sampled 10 linear constraints
of the form Zlel,, dpewy = by - 12, where the coefficients dp
and b, were randomly chosen from {—2,—1,1,2}. The regression
vectors @y (i) were zero-mean Gaussian with covariance matrix
R, = o2 ,I2. The noises z;(i) were zero-mean ii.d. Gaussian

Simulated transient MSD
Theoretical transient MSD
----Theoretical steady-state MSD

Algorithm in [25] (local constraints)

MSD in dB

Proposed algorithm (non-local constraints)

Centralized CLMS

o 00 70 a0 0 50 0 0 a0 ECT)
Iteration i

Fig. 3: MSD comparison (perfect model scenario).

Simulated transient MSD
Theoretical transient MSD
=-=-Theoretical steady-state MSD

Algorithmin [25] (local constraints)

MSD in dB

Proposed algorithm (non-local constraints)

Centralized CLMS

y

T a— T T —T an - ]
3 0 w0 w00 50 0 70 a0 EC )
Iteration i

Fig. 4: MSD comparison (imperfect model scenario).

random variables independent of any other signal with variances Jik.
The variances Ji,k and ag’ , used in the simulations are shown in
Fig. 2. The results were averaged over 200 Monte-Carlo runs.

We considered two scenarios: i) the parameter vector w°’ = w,
where w, satisfies the constraints, i.e. w° = w*(Fig.3); ii)) w°
does not satisfy the constraints, specifically, we perturbed it as
w® = w, + u where u ~ N(0,I) (Fig.4). The step-size p was
set to 0.02. We compared our algorithm (10) with the centralized
CLMS algorithm [24], [33]. Furthermore, for comparison purposes,
we assumed additional links connecting nodes 1 to 6, 5 to 12, 10
to 14, and 14 to 15. In this case, the constraints are local and
the algorithm derived in [25] can be applied. We set . = 0.018
for the centralized CLMS algorithm and for algorithm [25] (with
additional links) so that their steady-state MSD match. Observe that
the simulation results match well the theoretical models. Furthermore,
our algorithm performs well in the mean-square-error compared
to the centralized solution. Finally, observe that, as expected, the
delays emerging from the multi-hop protocols required in non-local
constraints scenarios will lead to a slower convergence rate.

V. CONCLUSION

We proposed a distributed multitask algorithm for estimating
multiple parameter vectors that are coupled through non-local linear
equality constraints. Based on the penalty method, we solved the orig-
inal constrained problem by approximating it into an unconstrained
one. A multi-hop relay protocol was employed in order to deal with
the non-local constraints and to devise a distributed algorithm. The
stochastic behavior of the algorithm in the mean and in the mean-
square-error sense was studied. Simulation results were conducted to
show the effectiveness of the proposed method and to validate our
theoretical performance analysis.
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