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Abstract— We propose a distributed method for weighted
least squares estimation. Our method is suitable for large-scale
systems, in which each node only estimates a subset of the
unknown parameters. As opposed to other works, our goal is
to maximize the convergence speed of the distributed algorithm.
To this end, we propose a distributed method for estimating the
optimal value of certain scaling parameter on which this speed
depends. To further speed the convergence, we use a simple
preconditioning method, and we bound the difference between
the resulting speed, and the fastest theoretically achievable
using preconditioning. We include numerical experiments to
illustrate the performance of the proposed method.

I. INTRODUCTION

A sensor network is a web of a large number of intelligent
sensing and computing devices connected via a communica-
tion network [1]. The emergence of sensor networks calls
for the development of distributed algorithms for a number
of tasks for which only centralized methods are available.
These algorithms carry out the desired task by executing
a cooperative strategy over all the nodes of the network.
In particular, the development of distributed algorithms for
parameter estimation have recently attracted a great deal of
attention [2]-[9]. They find applications in environmental
and weather monitoring, industrial process monitoring and
control, surveillance, smart grid state estimation, etc.

A division of distributed estimation algorithms is between
static and dynamic ones. In static estimation, a set of
parameters is estimated using the measurements of all nodes,
which collectively form a snapshot at a given time [2],
[4]. On the other hand, in dynamic estimation the nodes
track the evolution of a set of parameters for which a
dynamic model is available [6]-[9]. Some “hybrid” methods
exist, which permit tracking a time-varying sequence of
parameters, without a dynamic model, by somehow updating
a static estimation strategy at each time [3], [5]. Another
division of distributed estimation methods is between small-
scale and large-scale methods. In small-scale methods, all
nodes estimate a common set of parameters. In large-scale
methods, each node can only reconstruct some part of the
whole parameter vector, i.e., knowledge of these parameters
is itself distributed [7], [10]. Large-scale estimation is in
general more challenging than its small-scale counterpart.

In this paper we study static estimation of large-scale sys-
tems. We derive a method which asymptotically achieves the
global weighted least squares (WLS) estimate, as the number
of time-steps tends to infinity. As opposed to previous works,
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we address the problem of maximizing the convergence
rate. Since our method is based on Richardson’s method for
solving systems of linear equations [11], its convergence rate
depends on certain scaling parameter and a preconditioning
matrix. Choosing the optimum scaling parameter requires
knowledge of the largest and the smallest eigenvalues of cer-
tain positive definite matrix (the estimation error covariance).
A distributed algorithm for estimating these values can be
obtained using the power method [11]. However, to prevent
numerical instability, this approach requires periodically exe-
cuting a normalization step, which needs to be carried out in
a distributed manner. In [12] this is done using average con-
sensus. A drawback of this approach is that consensus itself
converges asymptotically. This significantly slows down the
convergence of the eigenvalue estimation. To avoid this, we
propose a different method in which normalization is done
locally, at each node, without inter-node communication. In
this way, the optimum scaling parameter can be distributively
obtained. Our last problem is to design the preconditioning
matrix. Our distributed scenario constrains us to use a block
diagonal matrix. Choosing the optimal matrix under this
constraint, and using only distributed processing, is a very
challenging problem for which we are not able to provide a
solution. Nevertheless, we are able to bound the difference
between convergence rate achieved using this optimal matrix,
and the one resulting using a simple matrix design. This
bound turns out to have a simple expression which depends
on the network connectivity.

The rest of paper is organized as follows. In Section II
we describe distributed WLS estimation the problem. In
Section III we derive a distributed method which converges
asymptotically. In Section IV we describe a distributed
method for finding the value of the scaling parameter which
yields the fastest convergence rate. In Section V we describe
a sub-optimal choice for preconditioning matrix, and we
bound its sub-optimality. Numerical experiments are pre-
sented in Section VI.

II. PROBLEM DESCRIPTION

Consider a network formed by I nodes. For each i =
1,---,I, Node ¢ has an associated parameter vector x; €
R%, and measures the vector y; € RPi, which is given by

1
Yi :ZAi,j$j+Ui7 (1
=1
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where v; ~ N (0, R;) denotes the measurement noise. The
noises v; and v; are independent, whenever ¢ # j. Let Z; =
{j : Aj; # 0} denote the set of nodes whose measurements
involve the parameters of Node ¢, and O; = {j : 4, ; # 0}
denote the set of nodes whose parameters are involved in the
measurements of Node i. We call N; = Z; U O; the set of
neighbors of Node i. We do the following assumption:

Assumption 1: For each i = 1,---,1, the nodes in N
can send/receive information to/from Node i. Also, A; ;, for
all j € O;, and R; are available at Node 1.

Let = [:ElT,,xﬂ y =
v o= [v?,-~- vf], A = [A”LJ 1..p and R =
diag {R1,--- ,Rr}. Then, we can write the measurement
model of the whole network as

[y,lrv ay?]v

y=Azr +wv, 2)
with v ~ N (0, R). The WLS estimation & of x is given by
i = Ula 3)
with
a=ATR™ Yy U =ATR 1A,

For the WLS problem to be well defined, we do the following
further assumption:

Assumption 2: The matrix A has full column rank and R
is non-singular.

Computing (3) requires global network information. Our
goal is to derive distributed methods in which Node 3
computes the block components Z; of the estimate &, cor-
responding to z;, using only information received from its
neighbors. In Section III, we derive an iterative method in
which this is asymptotically achieved on the limit when the
number of iterations tends to infinity.

and

II1. DISTRIBUTED ALGORITHM

Let II be a positive definite matrix. Let also T =
IT'/2911'/2 and

2
0<y < —— “4)
Il
Let a = (’yH)l/2 oand & = (4II)~ /2 & From (3) we have
P = (n7'a

From (4), 0 < YT < 2I. Hence, —I < 7Y -1 < I
and therefore |/ —~Y| < 1. Then, using Richardson’s
method [11], we have that £ can be recursively computed
by

(t+1) = (I —~yY)&(t) + a. (5)
Then, it is straightforward to obtain
Tt+1) = (I—~19)2(t) +a. (6)

As it will be explained in Section V, the preconditioning
matrix II is used to increase the convergence speed of the
recursions 6. Let [WZ(t)], denote the i-th block entry of the
vector W (t). We have,

[MWa(t)], = ) iy a0, ©)

where II; ; are the block entries of II, ie., II =
(i 5]; j=1.... ;- Suppose that [#&(t)]; is available at Node i.
Equation (7) means that, unless II is block diagonal, the
nodes have to exchange information for the purpose of pre-
conditioning. This goes against the goal for preconditioning.

Thus, we constrain our analysis to

H:diag{Hl,---,HI}. (8)

We use d; to denote dimension of each square matrix II;,
i=1,---,1.

Let
S al, ©)
keZ;
with o< AT Ry, for k= 1,--- 1. Also, for i,j =
1, I let
vy o=y, wl (10)
k:i,j€O
where \I!( = A;{LRflAM, for all k& = 1,---,I. Hence,
o= [alT,~~ 041] and W = [U;;],,_, ;. Wehave
Wi(t)], = Z\If”xj
- Z PR IVEL an
kEZ; jEO,
Then, from (6), (11) and (9), we obtain
Zi(t+1)= — I, Z\I/L]xj + 1L
= &i(t) — SN e - o)L a2

KET; jEO, ke,

Notice that the matrices \Ilgkj) are only available at Node k.
Hence, the natural role of Node k is that of an intermediary
between Node j, sending &;(¢), and Node i, receiving
> ico, \Il(k)x i (t). Considering this, we obtain the following
algorithm:

Algorithm 1 - distributed WLS estimation:
Initialization:

1) For each k=1,---,I and i € O, Node k computes
agk) and sends it to Node 1.
2) On reception, Node ¢ computes «; = Zkezi agk).
3) Foreachi=1,---,I, Node i sets &;(1) = 0.
Main loop: At time ¢t € N:

1) Foreach j =1,---,I and k € N}, Node j sends its
current estimate #;(¢) to Node k.!

"Notice that, according to (12), Node 5 should transmit Z;(t) to all nodes
k such that j € Oy, or equivalently, to all nodes in Z;. However, Node j
does not know which nodes are in Z;. Hence it transmits to all nodes in
N, and it is up to the receiving Node k to detect Node j is in Oy.
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2) On reception, for each k =
Node k sends to Node ¢
- Y o

JEOk

,I and i € O,
Ty (t

3) On reception, for each¢ =1, --

Zi(t + 1) = &;(t) — 1, (Z T (t) — ai) .

kEZ;

, I, Node ¢ computes

To implement Algorithm 1, we need to design the rescaling
factor v and the preconditioning matrices II;, for all ¢+ =
1,---,I. This is done in Sections IV and V, respectively.

IV. DESIGN OF THE RESCALING FACTOR 7y

In view of (5), the value of ~ that maximizes the conver-

gence rate is
2

I+ ==

since this is the value that minimizes ||I —~Y|. In this
section we derive a distributed method to find the value of ~y
given in (13). To this end, we need distributed methods for
finding ||Y|| and ||'I"1||71 We give these methods below.
These methods yield, at Node ¢ and tlme step t, estimates
Ti(t) and X,(t), of || Y[ and || Y~ 1” , respectively. Then,
at the same node and time step, the estimate ~;(t) of v is
obtained by

Y= (13)

2
Vilt) = =
Ti(t) +2Li(t)
A. Distributed method for finding ||Y||

Choose any vector b(0) # 0 and let b(t) =
Using (11), at Node 7, we have

I
1/22\111‘]1—‘[1/21)()
/2 Z ST w2, (14

k€EZ; jEO

Ttb(0).

bi(t+1) =

where b;(t) denotes the i-th block component of b(¢). Then,
using the power method [11], Node ¢ can asymptotically
compute || Y| as follows

@Il
A outt = DI

An inconvenience with the approach above is that b(t) either
increases or decreases indefinitely. To avoid this, the vector
b(t) can be periodically normalized. In [12], this was done
using average consensus (in the continuous-time case). As
we mentioned in Section I, we avoid the drawbacks of that
method by providing an alternative approach in which b(¢) is
normalized at each node, without inter-node communication.
Fix ¢t € N. Let k;(¢) € R and

Il = (15)

bi(t) = ki(t)bi(t). (16)
From (14), we have
. k; t —|— 1) t
bi(t+1) H1/2 3 Z k oM 2D, (t).

k€Z; jeO

Let k;(0) = 1 and

o k@)
Cz(t) - k/’l(t— 1)5
so that k;(t) = Hizl ;(7). Then,
bi(t+1) = qt+1)b(t+1), (17)
with
it +1) = 23N 0w e 2),
k€T jEO,
Toalr)
Vi, j (t) = 7];[1 S (T) .

We need to design k;(t + 1), or equivalently ¢;(¢ + 1), to
avoid the indefinite increase or decrease of b(t). In principle,
this could be achieved by choosing

—1
ki(t) = [[b: (D[,
so that ||b;(t)|| = 1, for all ¢ € N. From (17), this would

lead to

Gt+1) = ||bit+ 1)H71 .

However, the question then arises as to whether some of the
scalars v; ;(t) would grow to infinity. Notice that

ki(t)
vialt) kji(t)
Hence, this could only happen if some vector in the
eigenspace associated to the largest eigenvalue of Y has
zero components in the entries corresponding to b;(t). We
call a matrix satisfying this property, ill-posed. Although
the set of ill-posed matrices is nowhere dense, (i.e., it is
unlikely to have an ill-posed matrix Y), we can avoid the
indefinite growth of v; ;(¢) by choosing ¢;(t + 1) so that
|bi(t +1)|| <1 and, for all j € B; = {j : ¥; ; # 0},

§z’(t + 1)U¢7j(t) < 1.

This leads to
-1

Gt+1) = ~i(t+1)

} Ui (t),J € Bi}
From (15) and (16), the estimate Y;(t) of || Y| at ¢ is

max {

N O
T = gl

I5:0)]
“)ub -]

H will tend to zero. In such
case, T; ( ) can be computed by

OV 10|
Ti(t) = (ﬂma

for some neighbor node j for which ||Ej (t) H does not tend to
zero. Notice that such a neighbor always exists, for otherwise
Node ¢ would be isolated from all other nodes.
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We summarize below the resulting algorithm.
Algorithm 2 - distributed norm estimation: For each k =
1,--- I, Node k, chooses by (1), with ||b;(1)|| = 1 and sets
(1) =1 and ’UZ(IZ)(:[) =1, for all 4,5 € Nj,. Then, at time
teN:
1) For each j = 1,---,1 and k € N, Node j sends
(H}/Qéj(t),gj(t)) to Node .
2) On reception, for each k = 1,--- ;I and i € Oy,
Node k sends (i)gk) (1), g‘i(k)(t)) to Node ¢, where

B = Y ol w0,
JEOk
SRIORE max v (),
and t)
vM(t) = ; 6 oM (- 1).
3) On reception, for each ¢ = 1,--- , I, Node ¢ computes
bi(t+1) = G(t+1)b(t+1),
at+1) = max{ [+ ] <P ke z,-,}_l ,
with
it +1) = /230N (18)
kET;
Also, the estimate Y;(¢) of ||T]| is
Ti(t) =qt+1)"" (19)

B. Distributed method for finding ||T_1||_1
Let ¢ > ||T|| and ® = ¢ — Y. It follows that

[T = ()
— - aig(®)
= .

Hence, we can find HTﬁl |71 by applying Algorithm 2 on
®, to find ||®|. To this end, at Node ¢ and time ¢, we choose
¢ = Y;(t). The resulting algorithm is similar to Algorithm 2,
with (18) replaced by

bi(t+1) = Ta(O)bi(t) — ;2 biw(t),
k€EZ;
and (19) replaced by
X, (t) =
i(t) =

Ti(t) — (1),
G(t+1)~L
V. DESIGN OF THE PRECONDITIONING MATRIX II

As mentioned above, for a given choice of T, the fastest
convergence rate of Algorithm 1 is achieved when ~ is
chosen as in (13). It is straightforward to verify that, under
this choice of 7,

R

where £(Y) = ||T|||[T~"|| denotes the condition number of
Y. Then, from (5), there exists K > 0, such that
Iz - 2@l < K[I-~7]"

(r)-1
— Ketlos SO .

Then, we define the time constant 7(Y) of the distributed
WLS algorithm by

1
(1) = Jog “C0FL 20)
w(T)—1
Hence, a natural question is whether the preconditioning
matrices II;, ¢ = 1,--- ,I, can be chosen so that 7(Y) is

minimized. While we are not able to answer this question, we
have the following result, which follows using an argument
similar to the one in [13, Th. 2]. Its proof is omitted, and
will appear in a journal version.

Theorem 1: If II; = W} forall i =1,---,1, then

i

k(1) < Briy,
where
g = ma'X|Bi|7
Ky = mink (f[l/z‘lfﬁl/2> ,
IIepP

with B; = {j : ¥, ; # 0} and P denoting the set of positive
definite block diagonal matrices of the form (8).

Theorem 1 states that if the preconditioning matrices II;,
i=1,---,1, are chosen as

1
II; = (Z WE?) ,

keZ;

21

then x(Y) is at most 8 times bigger than the smallest
possible value k, achievable using block diagonal precon-
ditioning matrices. Notice that B; = {j : Z; NZ; # 0} C
{j : NiNNj # 0}. Hence, §8 is bounded by the maximum
number of two-hop neighbors over the whole network.
Hence, it does not necessarily grow with the network size.
Now, we have
lim xlog (m> = 2.

K—00 k—1

Hence, from Theorem 1, for large « (1) we have

k(1)
T) ~ —~2
(1) -
< émin,‘i (1:11/2\111:[1/2)

2 1

~ Py, (22)
where R R
7, = minT (H1/2\11H1/2) :
IIeP

Hence, if 1I;, « = 1,---,1, are chosen as in (21), and

k(Y) is large, then the time constant 7 () is at most (3
away from the optimal one 7.

Remark 1: In view of (21), computing II; = ¥ Z-l requires
the matrices ngfj), k € Z;, to be transmitted from Node k to

Node ¢ during an initialization stage.
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Network topology induced by the nodes in Figure 1.

Fig. 2.
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Fig. 3. Convergence of the distributed WLS method, without precondi-
tioning.

VI. SIMULATIONS

A. State estimation in power systems

In the first simulation we use the proposed distributed
method for state estimation in smart electricity networks
involving multi-area interconnected power systems [14]. We
use the IEEE 118-bus test system, shown in Figure 1, where
buses are represented by circles and lines by edges. Some
buses have a phasor measurement unit (PMU) installed.
These buses are shown in gray. Each PMU measures the
voltage of the bus where it is installed, as well as the currents
of the lines attached to that bus. The goal is to estimate the
voltage (a complex phasor) at each bus. We place the PMUs
using the method in [15]. This guarantees that the matrix A
in (2) has full column rank. We also assume that R = 021,
with ¢ = 0.05. This leads to a squared estimation error of
—17.45 dB.

We cluster the buses into eight nodes, as shown in Fig-
ure 1. From the definition of A, it follows that j € N if
there is a bus with a PMU installed, having a neighbor bus
(including possibly itself) in each node. Figure 2 shows the
topology of the network induced by the clustering shown in
Figure 1.

Figure 3 shows the convergence of the asymptotic method
without preconditioning. To this end, we show the modulus
of the estimated voltage of each bus at each step. We see
that the convergence is very slow. The reason for this is that
the condition number of ¥ is 478972. The preconditioning
matrix in (21) gives a condition number of 700, which leads
to a much faster convergence. This is shown in Figure 4.
Figure 5 shows the fast convergence of the estimation of
||| and HT_lH_l at each node.

Modulus

0 1 1 1 1 1 1 1 1 1 J
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Iteration

Fig. 4. Convergence of the distributed WLS method, with preconditioning.
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Fig. 5. Convergence of the distributed eigenvalue estimation algorithm.

B. Sensor localization

Sensor localization refers to the problem of obtaining the
locations of each node in a network, based on the knowledge
of the locations of a few (anchor) nodes a well as the mutual
distances between neighbor nodes. A distributed method for
carrying out this task is proposed in [16]. In this method, the
vector x of unknown node coordinates is obtained by solving
the equation y = Ax, where y is the vector of coordinates of
the anchor nodes and the matrix A is build using inter-node
distances. Due to inaccuracy in distance measurements, the
formula above can be approximately expressed as in (2). In
that case, we can use our proposed distributed method to
obtain, at each node, a WLS estimation of its coordinates.
The experiment setup is shown in Figure 6. It includes three
anchor nodes, as well and I = 20 nodes, randomly placed
in their convex hull. We use a noise covariance matrix R =
021, where I denotes the identity matrix, and o = 1074,
This results in a localization error of

I
e = 10logyo Y (xi —#:)” + (yi — :)> = —33dB.
i=1
The convergence of the coordinate estimates at each node,
using the proposed method with the preconditioning matrix
in (21), is shown in Figure 7.
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