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Abstract—In many fields, and especially in the medical and social
sciences and in various recommender systems, data are often gathered
through clinical studies or targeted surveys. Participants are generally
reluctant to respond to all questions in a survey or they may lack
information to respond adequately to the questions. The data collected
from these studies tend to lead to linear regression models where the
regression vectors are only known partially: some of their entries are
either missing completely or replaced randomly by noisy values. There
are also situations where it is not known beforehand which entries are
missing or censored. There have been many useful studies in the literature
on techniques to perform estimation and inference with missing data. In
this work, we examine how a connected network of agents, with each
one of them subjected to a stream of data with incomplete regression
information, can cooperate with each other through local interactions
to estimate the underlying model parameters in the presence of missing
data. We explain how to modify traditional distributed strategies through
regularization in order to eliminate the bias introduced by the incomplete
model. We also examine the stability and performance of the resulting
diffusion strategy and provide simulations in support of the findings. We
consider two applications: one dealing with a mental health survey and
the other dealing with a household consumption survey.

I. INTRODUCTION

In data gathering procedures, it is common that some components
of the data are missing or left unobserved. For example, in a clinical
study, a participant may be reluctant to answer some questions.
Likewise, in a recommender system using content based filtering [1],
a participant may prefer to leave some questions unanswered. The
phenomenon of missing data is ubiquitous in many fields including
the social sciences, medical sciences, econometrics, and machine
learning [2]-[5]. There are generally two methods to deal with the
estimation problem in the presence of missing data: imputation and
deletion [6]. If the positions of the missing data are known, then they
can either be replaced by some values (deterministic or random) or
the corresponding data can be removed from the dataset altogether.
Removing data generally leads to performance degradation while data
imputation results in bias estimates [2], [6], [7].

In this work, we examine how a connected network of agents,
with each one of them subjected to a stream of data with incomplete
regression information, can cooperate with each other to estimate
the underlying model parameters in the presence of missing data.
We explain how to adjust the traditional diffusion strategies through
(de)regularization in order to eliminate the bias introduced by im-
putation. We consider two applications: one dealing with a mental
health survey and the other dealing with a household consumption
survey.

Notation. We use lowercase letters to denote vectors, uppercase
letters for matrices, plain letters for deterministic variables, boldface
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letters for random variables. We use ® and ® for the Hadamard
and Kronecker products, respectively. Moreover, diag{z1,...,zn}
denotes a diagonal matrix with diagonal elements x1,...,zn. We
use col{a,b} to represent a column vector with entries a and b,
while Ips denotes the M x M identity matrix.

II. PROBLEM STATEMENT

Consider a connected network with N agents. Each agent senses
a stream of wide-sense stationary data {d(7), uy,;} that satisfy the
linear regression model:

dk(l) :uk,iwo—b-’vk(i), k=1,...,N (1)

where k is the node index and ¢ is the time index. Moreover, the row
vector uy,; denotes a zero mean random process with covariance
matrix Ry = Ewj ;uk; > 0, while vy (¢) is a zero mean white
noise process with variance cr,lz,ﬁk. The vector w® € RM is the
unknown parameter that the network is interested in estimating.

Assumption 1: We assume that the regression and noise processes
are each spatially independent and temporally white. In addition, we
assume that w,; and vy (j) are independent of each other for all
l,i,k,and j. |

In this study, we examine the situation in which some entries in
the regression vectors may be missing at random due to a variety of
reasons, including incomplete information or censoring. We denote
the incomplete regressor by y,; and express it in the form:

Uy, = Uk,i(Inr — Fri) + & i Fri (2)

where Fp; = diag{ f,lc,z-, c ]sz} consists of random indicator
variables, _ff” € {0,1}. Each variable _ff” is equal to one with
some probability p and equal to zero with probability 1—p. The value
of p represents the likelihood that the j—th entry of the regression
vector wy,; is missing at time ¢. In that case, the missing entry is
assumed to be replaced by an entry from the zero mean perturbation
variable &, ;.

Assumption 2: We assume that the random variables wg, i, f{“,
and &, ; are independent of each other. We also assume that the ran-
dom process &, ; is temporally white and spatially independent with
covariance matrix E &}, &, ; = JEIM. |

From model (1), the minimum mean-square-error (MSE) estimate
of the unknown vector w® based on the data collected at node k is
given by [8]:

-1
U}Z = Ru,k Tdu,k 3)

where 7rgux £ Edi(i)uj,. It is easy to verify from (1) that
wp = w° so that the MSE solution allows node k to recover the
unknown w? if the actual moments {R. i, 7du x} happen to be
known. The resulting mean-square-error is

s 2 , 1 2
Jk,min = Ogk — Tdu,k By kTduk = Oy k- 4



Now, we investigate the MSE estimate that would result based
on the censored regressor, uy ;. We first introduce the following
matrices, which will be used in the analysis:

P2 (2p—p))luly — (p— 1)) (5)
Py & pPLuli+ (p—p))Iu 6)
P £ ply ©)

where 1,/ is the M-column vector with all its entries equal to one.
The censored estimate is given by

wy, = RE}Q Tdi,k (8
with the covariance matrix g 5 given by
Rux 2 Rux+ Ry )

where we are introducing

Rij 2 —Pi® Ry + poiln. (10)
Moreover, the cross correlation vector 744, is given by
raak = Edtg; = (1= p)rauk. (11)

We assume the matrix (I + R;iRr,k) is invertible. We can then
relate wj, from (8) to wjy from (3) as follows:

wy = (Inr — Qx)(1 — p)w° (12)

where
Qk 2 R, Rri(In + Ry Rei) ™"

It is observed from (12) that the new estimate is biased relative to

w°.

III. ADAPTIVE DISTRIBUTED STRATEGY

To mitigate the bias, we associate the following individual cost

with each agent k:
Ti(w) £ Eldi (i) — @ iw|” — [z, (13)

where 7}, is a symmetric matrix to be chosen. The minimizer of (13)
is seen to be

@} = (Raj — Ti) " (1 = P)Tau.k (14)
Therefore, if we select
T = pRuk — Pr © Rui + poilu (15)

then wy = wy, (i.e., the (de)regularised estimate from (14) would
coincide with the unbiased estimate from (3)). The corresponding
mean-square-error for this choice of 7T} is given by

jk,min £ Us,k - (1 - p)2T;u,k(Rﬁ,k - Tk)ilrdu,k

= Ji,min +pT;u,kR;,}gTdu,k > Jk min- (16)

For the remainder of the paper, we introduce a simplifying assump-
tion.

Assumption 3: The covariance matrix R, is diagonal, which is
satisfied if the entries of the regression vector uy ; are uncorrelated

with each other. |
Under Assumption 3, it can be verified that

Ry = —pRuy+poilu (17)

Rap = (1—p)Ruk+poilu (18)

T = poilu. (19)

We first assume that p and ag are known. Later, we estimate ag from
the data, assuming an estimate for p is available.

To develop a distributed algorithm, we let N} denote the set of
neighbors of agent k. The network then seeks to solve:

> Ji(w).

Following arguments similar to [9], [10], we can motivate the
following Adapt-then-Combine (ATC) diffusion strategy:

minimize
weRM

(20)

¢, = (1+ Mkpo'g)wk,i—l + petg [die(7) — e iwe,i—1]

> andy;

LENY,

@y

Wek,i =

where 1y, is a small step size and the convex combination coefficients
{ae} satisfy

> am=1, am=0"forl¢N;. (22)
LENY,
IV. PERFORMANCE ANALYSIS
A. Error Dynamics
We associate with each agent the error vector
Wi & w’ — wi (23)

and collect the errors from across the network into the block vector:

w; & col{wr,, -+ ,WnN,i} (24)

Then, it can be verified that w; evolves according to the following
dynamics:

1111' :.AT[INM — M(ﬁz —pO’?INM/)]’JJifl — .AT./\/lSi

— A" M(Re,i + pog Inar)w? (25)
where
w2 In@w’, A2 ARy (26)
R; £ diag{u] ;81,5 U2,i, ..., N UN,i } (27)
Re: = diag {{ur (ki — &) Fritr=1,..n} (28)
M £ diag{p1 In, palnry- - unInND} (29)
s; = col{a ;v1(i),. .., anvn(i)} (30)

where the matrix A is left-stochastic, i.e., AT1y = L1, with its
(¢, k) entry equal to a¢r. From the above definitions, we get

Es;i = 0 (31)
S 2 Es;s; =diag{oy Ra1,...,00nRan} (32)
R £ ER,;=diag{Ra1,...,Ran}

= (1—p)diag{Ru,1,..., Run}+poilnm (33)

ER.: = -poilnm. (34

B. Mean Stability Analysis

Since the variables uy,; and §,, ; are temporally white and spatially
independent, then the error vectors wy,; are independent of ug,; and
&, forall jif k # £ and for k = £ if j <1 — 1. Therefore, taking
the expectation of both sides of (25), we get

Ew; = A" [Inar — M(R — pogInn )| Edi—1. (35)

The recursion in (35) is stable if the step sizes are chosen to satisfy
2

(1 = p)Amax(Ruk)

where Amax(+) denotes the maximum eigenvalue of its matrix argu-

ment. It is seen that the estimator is asymptotically unbiased, i.e.,
lim; o0 Ew; = 0.

0<pur <

(36)



C. Mean Variance Analysis

We rewrite (25) more compactly as

w; = Biwi;—1 — Gs; — Dywg 37)
where
Bi 2 A" [Inv — M(Ri — poiinm)] (38)
D; 2 A" M(Re;i +poiinm) (39)
G2 AT M. (40)

The mean-square error analysis relies on evaluating a weighted vari-
ance of the error vector. Let X denote an arbitrary nonnegative definite
matrix that we are free to choose. Considering lim; o Ew; = 0,
Es; = 0, and the independence between w; and s;, from (37) we
get

Jlim Eflwi3 = lim [E(@]_,B;SBiwi—1) +E(s;G" Gs:)
+ E(wg D SDiwy)] (41)
from which we can write
Jim Efjdi |2 = lim Bl 1[5, + vee(27 + V7)o @2)
in terms of the following quantities:
FLAQA-A® (R —poilnm) MA"
— (R —potInm) MA@ A+ O(M?) (43)
zZ2 —pzagATMwaZ*M.A + ATMIE(’R_e,inwZ*’R.;)MA
(44)
y£Gsg. 45)

The shorthand notation ¢ in (42) represents the weighting matrix
3 and is given by o = vec(X), where the vec operator vectorizes
a matrix by placing its columns on top of each other. Following
arguments similar to [9], the diffusion algorithm in (25) can be
verified to be stable in the mean-square-error if the matrix F is stable,
which can be satisfied for sufficiently small step-sizes.
We can then evaluate the network and individual MSDs as
&
MSDreterk & lim — > Ellig i
k=1

? = lim Bl %
71— 00 N

oo N

1 _
= N[vec(ZT + V(I = F) 'vec(Inm)  (46)
MSDy, £ lim E|ws,|* = lim E|j@7,
11— 00 11— 00
= [vec(Z" + Y (I — F) 'vec(Ti) (47)
where 7, £ diag{0,...,0,Ia,0,...,0}, with the identity matrix
appearing in the k—th block location.

D. Estimation of Regularization Parameter

In the sequel, we suggest one way to estimate the (de)regularization
coefficient ag from the data. For a small probability of missing p,
we have P> ~ plys. Moreover, note that

Jemin = 0 = Eldg (i) — up,iw’|®
= E|dy (i) — i w’|* = pllw’|[k, , —pof|w’|?.  48)

After a sufficient number of iterations, the estimate wy, ; in (21) will
get close to w’. We replace the optimal w’ by wy, ; and get

Jimin = 0y ~ Elex(i)* = pllwe il &, , — potlwkl®  (49)

where ey, (i) £ dy.(i) — @ ;wy ;. It is still not possible to estimate
pag directly from (49). We need to assume that either the variance of

the original regressor or the probability of missing is known. Suppose
that an estimate for p is available, say, p. From (18), we can write

1 p 2
wk X —— g k — = I,
R =R =y oelu (50)
Substituting R, in (49) by the right-hand side of (50), we can

estimate the variance ag at node k as follows:

52 @ (1 —p)Eles()* —pllwr.ill, ,
oh P(1 = 2p)lwy,|?

where in (a) we assumed that the noise variance 037 & 1s sufficiently
small compared to other terms. Since E|ej(7)|* and the diagonal
matrix Ry are unknown, we estimate them by means of the
following smoothing filters from data realizations:

(51

Ryi(i) = (1 —a)Ray(i— 1) + i (@f sar:) © I (52)

Fr(0) = (1= a2) f(i = 1) + azler (i) (53)
A =DF) = Bllwralh,

9= 0 e oY

6ex(i) = (1—as)6f,(i— 1)+ asg(i) (55)

where 0 < o; < 1, for 2 = 1,2,3. To prevent large fluctuations in
estimating 6'2 (i), we used a smoothing filter for updating &g,k(i)
in (52).
in (52) V. SIMULATION RESULTS

In this section, two applications are considered. In the simulations,
we consider the connected network of 7 agents shown in Fig. 1 and
employ the uniform combination rule a;x = 1/|N]|.

A. Household Consumption

Household consumption depends on a number of parameters such
as income, wealth, family size, and retirement status [2]. We consider
the following log-form model for household consumption [2]:

Ince(i) = a+ (Inlei)Br + (Inmf ;) B2 + (Inmy ;) Bs + teifa
+e€u(i)

where ¢ (i) is the consumption of household ¢ at time 4, ¢ ; is total
wealth, which is assumed to be censored, mfv ; 1s the permanent part
of income, my ; is the current income, t,; refers to the retirement
status and family size. The modeling error €, (%) is assumed to be zero
mean. Similar to [2], we only consider the first 4 components of the
regressor, i.e., 54 = 0. If we subtract the mean of the measurement
from both sides, we arrive at the model

di (1) = up we + €(7) (56)

where

we = [B1 B2 Bs]",  di(i) £ Ineo(i) — E(Inee(i))

ug; 2 [Inly; Inmf,; Inmg,] —E[lnly; Inmy,; Inmg,].

For the complete data, the unknown parameters can be estimated
via a least-squares procedure to yield . = [0.054 0.182 0.24]7.
We generate data according to w. and assume that the regressor
ug; has Gaussian distribution. We model €,(i) by a zero mean
Gaussian random variable. We further assume that the log of wealth is
randomly missed and we consider a uniform distribution over [—1, 1]
for the missing variable, thus O'g = 2/3. In the survey, it has been
observed that approximately 30% of total wealth, including housing
and stock market, are censored [2]. We use av; = a2 = a3 = 0.01.
In the simulation, we use pur = 0.01. Fig.2 shows the bias and
the MSD of the estimator (52) for p = 0.3 at node 1. The results



Fig. 1. The topology of the network.
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Fig. 2. Estimating the variance of missing noise, o2, from the data at node
1. (a) The bias of the estimate and (b) the MSD (in dB) of the estimate.

show that the algorithm is able to estimate the variance O'g after a
number of iterations. Next, we compare the performance of different
algorithms. The results are shown in Fig. 3 for the modified diffusion
(21) (MATC), the regular diffusion (ATC) [9], and for noncooperative
(ncoop) behavior.

B. Mental Health Survey

We consider the following model, motivated by a mental health
survey study run by various companies [11], [12]:

dk(i):wk,iﬁ—&—vk(i)? i=1,2,..., N, (57)

where di(7) is the square root of total depression score for every
individual 7, xx,; € RS denotes the regressor (covariate) for ev-
ery individual ¢, and vy(é) is the modeling error. Index k refers
to the company index and ¢ is used for participant’s index. The
elements of xj; are defined in [11] and include variables such
as income, age, and martial status. We apply the least squares
technique to a subset of the data in [11] to find the estimate of
0= [0.6352 — 0.0230 0.0163 0.1993 1.4157 — 0.2367 0.2419]7.
Then, we generate simulated depression scores according to 6 and
randomly realized regressors. Note that we generate (uniformly) zero
mean random regressors ;. We further assume that the income

ncoop
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Fig. 3. The MSD of different algorithms.
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Fig. 4. MSD for modified ATC and noncooperative approach for different
missing probabilities.

is missed with probability p in the simulation study. We consider
a zero mean Gaussian distribution with standard deviation 0.05 for
missing parts. The variance of measurement noise v (7), i.e., aﬁ’k,
is set to 0.05. In the simulation, we use px = 0.008. The MSDs are
obtained by averaging over 40 experiments. In Fig.4, we compare
the performance of MATC diffusion and non-cooperative (ncoop) for
different missing probabilities.

VI. CONCLUSIONS

In this paper, we have examined the estimation of an unknown
vector over a connected network of agents, with each agent subjected
to a stream of data with incomplete regressors. We have shown
that the estimator in general is biased; hence, we have modified
the cost function by a (de)regularisation term to mitigate the bias
and obtained a distributed approach based on diffusion adaptation
techniques. We have studied the mean-stability and performance
of the proposed algorithm. We have also suggested a technique to
estimate the (de)regularisation term from the data. We have evaluated
the proposed algorithm for two applications in mental health and
household consumption surveys.
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