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Adaptive networks are well-suited to perform decentralized information processing and optimization tasks
and to model various types of self-organized and complex behavior encountered in nature. Adaptive networks
consist of a collection of agents with processing and learning abilities. The agents are linked together through
a connection topology, and they cooperate with each other through local interactions to solve distributed
optimization, estimation, and inference problems in real-time. The continuous diffusion of information across
the network enables agents to adapt their performance in relation to streaming data and network conditions;
it also results in improved adaptation and learning performance relative to non-cooperative agents. This
article provides an overview of diffusion strategies for adaptation and learning over networks. The article is
divided into several sections:
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1 Motivation

Consider a collection of N agents interested in estimating the same parameter vector, w®, of size M x 1. The
vector is the minimizer of some global cost function, denoted by J&'°P(w), which the agents seek to optimize,
say,

w® = argmin J81°P (w) (1)

We are interested in situations where the individual agents have access to partial information about the
global cost function. In this case, cooperation among the agents becomes beneficial. For example, by
cooperating with their neighbors, and by having these neighbors cooperate with their neighbors, procedures
can be devised that would enable all agents in the network to converge towards the global optimum w?
through local interactions. The objective of decentralized processing is to allow spatially distributed agents
to achieve a global objective by relying solely on local information and on in-network processing. Through a
continuous process of cooperation and information sharing with neighbors, agents in a network can be made
to approach the global performance level despite the localized nature of their interactions.

1.1 Networks and Neighborhoods

In this article we focus mainly on connected networks, although many of the results hold even if the network
graph is separated into disjoint subgraphs. In a connected network, if we pick any two arbitrary nodes,
then there will exist at least one path connecting them: the nodes may be connected directly by an edge
if they are neighbors, or they may be connected by a path that passes through other intermediate nodes.
Figure 1 provides a graphical representation of a connected network with N = 10 nodes. Nodes that are
able to share information with each other are connected by edges. The sharing of information over these
edges can be unidirectional or bi-directional. The neighborhood of any particular node is defined as the set
of nodes that are connected to it by edges; we include in this set the node itself. The figure illustrates the
neighborhood of node 3, which consists of the following subset of nodes: N3 = {1,2,3,5}. For each node,
the size of its neighborhood defines its degree. For example, node 3 in the figure has degree |N3| = 4, while
node 8 has degree |Ng| = 5. Nodes that are well connected have higher degrees. Note that we are denoting
the neighborhood of an arbitrary node k by N} and its size by |[A|. We shall also use the notation ny to
refer to [NV|.

The neighborhood of any node k therefore consists of all nodes with which node k can exchange informa-
tion. We assume a symmetric situation in relation to neighbors so that if node k is a neighbor of node ¢, then
node £ is also a neighbor of node k. This does not necessarily mean that the flow of information between
these two nodes is symmetrical. For instance, in future sections, we shall assign pairs of nonnegative weights
to each edge connecting two neighboring nodes — see Fig. 2. In particular, we will assign the coefficient agy,
to denote the weight used by node k to scale the data it receives from node ¢; this scaling can be interpreted
as a measure of trustworthiness or reliability that node k assigns to its interaction with node £. Note that we
are using two subscripts, £k, with the first subscript denoting the source node (where information originates
from) and the second subscript denoting the sink node (where information moves to) so that:

ag, = ay— (information flowing from node ¢ to node k) (2)

In this way, the alternative coefficient axy will denote the weight used to scale the data sent from node k to

£

are = ag ¢ (information flowing from node k to node ¢) (3)

The weights {age,apr} can be different, and one or both of them can be zero, so that the exchange of
information over the edge connecting the neighboring nodes (k, ) need not be symmetric. When one of the
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Figure 1: A network consists of a collection of cooperating nodes. Nodes that are linked by edges can share
information. The neighborhood of any particular node consists of all nodes that are connected to it by edges
(including the node itself). The figure illustrates the neighborhood of node 3, which consists of nodes {1,2,3,5}.
Accordingly, node 3 has degree 4, which is the size of its neighborhood.

weights is zero, say, age = 0, then this situation means that even though nodes (k,¢) are neighbors, node
{ is either not receiving data from node k or the data emanating from node k is being annihilated before
reaching node ¢. Likewise, when ag, > 0, then node k scales its own data, whereas ayr = 0 corresponds
to the situation when node k does not use its own data. Usually, in graphical representations like those in
Fig. 1, edges are drawn between neighboring nodes that can share information. And, it is understood that
the actual sharing of information is controlled by the values of the scaling weights that are assigned to the
edge; these values can turn off communication in one or both directions and they can also scale one direction
more heavily than the reverse direction, and so forth.

1.2 Cooperation Among Agents

Now, depending on the application under consideration, the solution vector w® from (1) may admit different
interpretations. For example, the entries of w® may represent the location coordinates of a nutrition source
that the agents are trying to find, or the location of an accident involving a dangerous chemical leak.
The nodes may also be interested in locating a predator and tracking its movements over time. In these
localization applications, the vector w? is usually two or three-dimensional. In other applications, the entries
of w® may represent the parameters of some model that the network wishes to learn, such as identifying
the model parameters of a biological process or the occupied frequency bands in a shared communications
medium. There are also situations where different agents in the network may be interested in estimating
different entries of w®, or even different parameter vectors w® altogether, say, {w}} for node k, albeit with
some relation among the different vectors so that cooperation among the nodes can still be rewarding. In
this article, however, we focus exclusively on the special (yet frequent and important) case where all agents
are interested in estimating the same parameter vector w®.

Since the agents have a common objective, it is natural to expect cooperation among them to be beneficial
in general. One important question is therefore how to develop cooperation strategies that can lead to
better performance than when each agent attempts to solve the optimization problem individually. Another
important question is how to develop strategies that endow networks with the ability to adapt and learn in
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Figure 2: In the top part, and for emphasis purposes, we are representing the edge between nodes k and ¢ by two
separate directed links: one moving from k to £ and the other moving from £ to k. Two nonnegative weights are used
to scale the sharing of information over these directed links. The scalar ax¢ denotes the weight used to scale data
sent from node k to ¢, while agi denotes the weight used to scale data sent from node £ to k. The weights {ax. ¢, acr }
can be different, and one or both of them can be zero, so that the exchange of information over the edge connecting
any two neighboring nodes need not be symmetric. The bottom part of the figure illustrates directed links arriving
to node k from its neighbors {1, ¢2,¢3,...} (left) and leaving from node k towards these same neighbors (right).

real-time in response to changes in the statistical properties of the data. This article provides an overview
of results in the area of diffusion adaptation with illustrative examples. Diffusion strategies are powerful
methods that enable adaptive learning and cooperation over networks. There have been other useful works
in the literature on the use of alternative consensus strategies to develop distributed optimization solutions
over networks. Nevertheless, we explain in App. E why diffusion strategies outperform consensus strategies
in terms of their mean-square-error stability and performance. For this reason, we focus in the body of the
chapter on presenting the theoretical foundations for diffusion strategies and their performance.

1.3 Notation

In our treatment, we need to distinguish between random variables and deterministic quantities. For this
reason, we use boldface letters to represent random variables and normal font to represent deterministic
(non-random) quantities. For example, the boldface letter d denotes a random quantity, while the normal
font letter d denotes an observation or realization for it. We also need to distinguish between matrices and
vectors. For this purpose, we use CAPITAL letters to refer to matrices and small letters to refer to both
vectors and scalars; Greek letters always refer to scalars. For example, we write R to denote a covariance
matrix and w to denote a vector of parameters. We also write o2 to refer to the variance of a random variable.
To distinguish between a vector d (small letter) and a scalar d (also a small letter), we use parentheses to
index scalar quantities and subscripts to index vector quantities. Thus, we write d(i) to refer to the value of
a scalar quantity d at time 7, and d; to refer to the value of a vector quantity d at time ¢. Thus, d(i) denotes
a scalar while d; denotes a vector. All vectors in our presentation are column vectors, with the exception
of the regression vector (denoted by the letter u), which will be taken to be a row vector for convenience
of presentation. The symbol T denotes transposition, and the symbol * denotes complex conjugation for
scalars and complex-conjugate transposition for matrices. The notation col{a, b} denotes a column vector



with entries a and b stacked on top of each other, and the notation diag{a,b} denotes a diagonal matrix
with entries @ and b. Likewise, the notation vec(A) vectorizes its matrix argument and stacks the columns
of A on top of each other. The notation ||z|| denotes the Euclidean norm of its vector argument, while
lz]|p,00 denotes the block maximum norm of a block vector (defined in App. D). Similarly, the notation
|z||% denotes the weighted square value, x*¥x. Moreover, ||A/s.« denotes the block maximum norm of a
matrix (also defined in App. D), and p(A) denotes the spectral radius of the matrix (i.e., the largest absolute
magnitude among its eigenvalues). Finally, I5; denotes the identity matrix of size M x M; sometimes, for
simplicity of notation, we drop the subscript M from I5; when the size of the identity matrix is obvious from
the context. Table 1 provides a summary of the symbols used in the article for ease of reference.

Table 1: Summary of notation conventions used in the article.

d Boldface notation denotes random variables.

d Normal font denotes realizations of random variables.
A Capital letters denote matrices.

a Small letters denote vectors or scalars.

« Greek letters denote scalars.
d(z) Small letters with parenthesis denote scalars.

d; Small letters with subscripts denote vectors.

T Matrix transposition.

* Complex conjugation for scalars and complex-conjugate transposition for matrices.
col{a,b}  Column vector with entries a and b.
diag{a,b} Diagonal matrix with entries a and b.

vec(A) Vectorizes matrix A and stacks its columns on top of each other.
[lz]| Euclidean norm of its vector argument.
(£l Weighted square value z*Xx.
|z |lb,00 Block maximum norm of a block vector — see App. D.
I A]l5,00 Block maximum norm of a matrix — see App. D.
1A 2—induced norm of matrix A (its largest singular value).
p(A) Spectral radius of its matrix argument.
Inm Identity matrix of size M X M; sometimes, we drop the subscript M.

2 Mean-Square-Error Estimation

Readers interested in the development of the distributed optimization strategies and their adaptive versions
can move directly to Sec. 3. The purpose of the current section is to motivate the virtues of distributed
in-network processing, and to provide illustrative examples in the context of mean-square-error estimation.
Advanced readers can skip this section on a first reading.

We start our development by associating with each agent k an individual cost (or utility) function,
Ji(w). Although the algorithms presented in this article apply to more general situations, we nevertheless
assume in our presentation that the cost functions Ji(w) are strictly convex so that each one of them has
a unique minimizer. We further assume that, for all costs Ji(w), the minimum occurs at the same value
w®. Obviously, the choice of Ji(w) is limitless and is largely dependent on the application. It is sufficient
for our purposes to illustrate the main concepts underlying diffusion adaptation by focusing on the case of
mean-square-error (MSE) or quadratic cost functions. In the sequel, we provide several examples to illustrate
how such quadratic cost functions arise in applications and how cooperative processing over networks can be
beneficial. At the same time, we note that most of the arguments in this article can be extended beyond MSE
optimization to more general cost functions and to situations where the minimizers of the individual costs
Jr(w) need not agree with each other — as already shown in [1-3]; see also Sec. 10.4 for a brief summary.

In non-cooperative solutions, each agent would operate individually on its own cost function J(w) and



optimize it to determines w®, without any interaction with the other nodes. However, the analysis and
derivations in future sections will reveal that nodes can benefit from cooperation between them in terms of
better performance (such as converging faster to w® or tracking a changing w® more effectively) — see, e.g.,
Theorems 6.3-6.5 and Sec. 7.3.

2.1 Application: Autoregressive Modeling

Our first example relates to identifying the parameters of an auto-regressive (AR) model from noisy data.
Thus, consider a situation where agents are spread over some geographical region and each agent k is
observing realizations {dj(i)} of an AR zero-mean random process {dy (i)}, which satisfies a model of the
form:

M
di(i) = > Bmdi(i —m) + vk (i) (4)

The scalars {8,,} represent the model parameters that the agents wish to identify, and vy (%) represents an
additive zero-mean white noise process with power:

o2y 2 E (i) (5)

It is customary to assume that the noise process is temporally white and spatially independent so that noise
terms across different nodes are independent of each other and, at the same node, successive noise samples
are also independent of each other with a time-independent variance 012)’ K

(6)

The noise process v (i) is further assumed to be independent of past signals {d¢(i — m), m > 1} across all
nodes ¢. Observe that we are allowing the noise power profile, ‘712),1@7 to vary with k. In this way, the quality
of the measurements is allowed to vary across the network with some nodes collecting noisier data than other
nodes. Figure 3 illustrates an example of a network consisting of N = 10 nodes spread over a region in space.
The figure shows the neighborhood of node 2, which consists of nodes {1, 2, 3}.

Evg(i)vi(j) = 0, for all i # j (temporal whiteness)
Evy(i)v},(j) = 0, for all 4,j whenever k # m (spatial whiteness)

Linear Model

To illustrate the difference between cooperative and non-cooperative estimation strategies, let us first explain
that the data can be represented in terms of a linear model. To do so, we collect the model parameters {8, }
into an M X 1 column vector w®:

w’ é COI{ﬁl?BQw"aﬁM} (7)

and the past data into a 1 X M row regression vector uy ;:

wp; 2 [di(i—1) dp(i—2) ... di(i—M) ] (8)

)

Then, we can rewrite the measurement equation (4) at each node k in the equivalent linear model form:

dk(l) = uk’iwo + ’l)k(l) (9)

Linear relations of the form (9) are common in applications and arise in many other contexts (as further
illustrated by the next three examples in this section).

We assume the stochastic processes {d (i), ug,;} in (9) have zero means and are jointly wide-sense sta-
tionary. We denote their second-order moments by:

oﬁﬁk 2 F |d () |2 (scalar) (10)
Rur 2 Eufu;  (MxM) (11)
rawk = Edy(up; (M x1) (12)



Figure 3: A collection of nodes, spread over a geographic region, observes realizations of an AR random process
and cooperates to estimate the underlying model parameters {8} in the presence of measurement noise. The noise
power profile can vary over space.

As was the case with the noise power profile, we are allowing the moments {UdQ,k,Ru)k,rd%k} to depend
on the node index k so that these moments can vary with the spatial dimension as well. The covariance
matrix R, x is, by definition, always non-negative definite. However, for convenience of presentation, we
shall assume that R, , is actually positive-definite (and, hence, invertible):

Ru,k >0 (13)

Non-Cooperative Mean-Square-Error Solution

One immediate result that follows from the linear model (9) is that the unknown parameter vector w® can
be recovered ezactly by each individual node from knowledge of the local moments {rqy i, Ry x} alone. To
see this, note that if we multiply both sides of (9) by uy, ; and take expectations we obtain

Euj di(i) = (Bujur:)w® + Euy k(i) (14)
—_——
Tdu,k Ry k =0
so that
Tduk = Ru,k: w’ = w’= R;}C Tdu,k (15)

It is seen from (15) that w® is the solution to a linear system of equations and that this solution can be
computed by every node directly from its moments {Ry k,7du.k}- It is useful to re-interpret construction



(15) as the solution to a minimum mean-square-error (MMSE) estimation problem [4,5]. Indeed, it can
be verified that the quantity R;}ﬁ Tqu,k that appears in (15) is the unique solution to the following MMSE
problem:

min E |dy (i) — ug jw|? (16)
w

To verify this claim, we denote the cost function that appears in (16) by
Je(w) 2 Eldi(i) - wpwl? (17)
and expand it to find that
Ji(w) = crik — W T quk — Ty W + W Ry pw (18)

The cost function Ji(w) is quadratic in w and it has a unique minimizer since R, > 0. Differentiating
Ji(w) with respect to w we find its gradient vector:

VwJ(w) = (Ru,kw - rdu,k:)* (19)

It is seen that this gradient vector is annihilated at the same value w = w® given by (15). Therefore, we can
equivalently state that if each node k solves the MMSE problem (16), then the solution vector coincides with
the desired parameter vector w®. This observation explains why it is often justified to consider mean-square-
error cost functions when dealing with estimation problems that involve data that satisfy linear models
similar to (9).

Besides w?, the solution of the MMSE problem (16) also conveys information about the noise level in
the data. Note that by substituting w® from (15) into expression (16) for Jg(w), the resulting minimum
mean-square-error value that is attained by node k is found to be:

MSEk = Jk(w")
= E ‘dk(l) — ukﬂ-wo 2
(

= Elvg(i)?
= Ug,k (20)

Jk,min

We shall use the notation J(w®) and Ji min interchangeably to denote the minimum cost value of Ji(w).
The above result states that, when each agent k recovers w® from knowledge of its moments {Ry k, "qu,k}
using expression (15), then the agent attains an MSE performance level that is equal to the noise power at
its location, 012)7 .- An alternative useful expression for the minimum cost can be obtained by substituting
expression (15) for w® into (18) and simplifying the expression to find that

MSEx = 044 — i iRy pTduk (21)

This second expression is in terms of the data moments {‘7?1,1@’ Tduks Rk }-

Non-Cooperative Adaptive Solution

The optimal MMSE implementation (15) for determining w® requires knowledge of the statistical information
{"du.k, Ru,k}- This information is usually not available beforehand. Instead, the agents are more likely to have
access to successive time-indexed observations {dy (), ug,;} of the random processes {dy (i), us;} for i > 0.
In this case, it becomes necessary to devise a scheme that would allow each node to use its measurements
to approximate w®. It turns out that an adaptive solution is possible. In this alternative implementation,



each node k feeds its observations {dj (i), ux,;} into an adaptive filter and evaluates successive estimates for
w®. As time passes by, the estimates would get closer to w®.

The adaptive solution operates as follows. Let wy ; denote an estimate for w® that is computed by node
k at time i based on all the observations {dy(j),ur, j, j < i} it has collected up to that time instant. There
are many adaptive algorithms that can be used to compute wy, ;; some filters are more accurate than others
(usually, at the cost of additional complexity) [4-7]. It is sufficient for our purposes to consider one simple
(vet effective) filter structure, while noting that most of the discussion in this article can be extended to
other structures. One of the simplest choices for an adaptive structure is the least-mean-squares (LMS)
filter, where the data are processed by each node k as follows:

er(i) = di(i) — upiwr,i— (22)
Wi = Wgi-1+ pruyex(i), >0 (23)

Starting from some initial condition, say, wy,—1 = 0, the filter iterates over ¢ > 0. At each time instant, 1,
the filter uses the local data {dj (%), ux.} at node k to compute a local estimation error, ey(7), via (22). The
error is then used to update the existing estimate from wy, ;1 to wg ; via (23). The factor py that appears in
(23) is a constant positive step-size parameter; usually chosen to be sufficiently small to ensure mean-square
stability and convergence, as discussed further ahead in the article. The step-size parameter can be selected
to vary with time as well; one popular choice is to replace ux in (23) with the following construction:

1>

Kk (24)

k(% —_—
() = P

where € > 0 is a small positive parameter and p; > 0. The resulting filter implementation is known as
normalized LMS [5] since the step-size is normalized by the squared norm of the regression vector. Other
choices include step-size sequences {u(i) > 0} that satisfy both conditions:

doui) =00, > p*(i) <o (25)
3 1=0

=0

Such sequences converge slowly towards zero. One example is the choice g (i) = Z‘% However, by virtue of

the fact that such step-sizes die out as i — oo, then these choices end up turning off adaptation. As such,
step-size sequences satisfying (25) are not generally suitable for applications that require continuous learning,
especially under non-stationary environments. For this reason, in this article, we shall focus exclusively on
the constant step-size case (23) in order to ensure continuous adaptation and learning.

Equations (22)—(23) are written in terms of the observed quantities {dj (%), ux,;}; these are deterministic
values since they correspond to observations of the random processes {dj (i), ux;}. Often, when we are
interested in highlighting the random nature of the quantities involved in the adaptation step, especially
when we study the mean-square performance of adaptive filters, it becomes more useful to rewrite the
recursions using the boldface notation to highlight the fact that the quantities that appear in (22)—(23) are
actually realizations of random variables. Thus, we also write:

er(i) = dp(i) — Uk, Wi (26)
Wy = W1+ Uy er(i), >0 (27)

where {ey(7), w,;} will be random variables as well.

The performance of adaptive implementations of this kind are well-understood for both cases of stationary
w? and changing w® [4-7]. For example, in the stationary case, if the adaptive implementation (26)—(27)
were to succeed in having its estimator wy; tend to w® with probability one as ¢ — oo, then we would
expect the error signal e (i) in (26) to tend towards the noise signal vy (i) (by virtue of the linear model (9)).
This means that, under this ideal scenario, the variance of the error signal e (i) would be expected to tend
towards the noise variance, 012)) & as @ — 00. Recall from (20) that the noise variance is the least cost that
the MSE solution can attain. Therefore, such limiting behavior by the adaptive filter would be desirable.



However, it is well-known that there is always some loss in mean-square-error performance when adaptation
is employed due to the effect of gradient noise, which is caused by the algorithm’s reliance on observations
(or realizations) {dj (i), ur;} rather than on the actual moments {rqy x, Ry r}. In particular, it is known
that for LMS filters, the variance of e (i) in steady-state will be larger than oik by a small amount, and
the size of the offset is proportional to the step-size parameter u; (so that smaller step-sizes lead to better
mean-square-error (MSE) performance albeit at the expense of slower convergence). It is easy to see why
the variance of ey (i) will be larger than o7, from the definition of the error signal in (26). Introduce the
weight-error vector

'iz’ki é w"—wki (28)

s s

and the so-called a-priori error signal

LA _
€ k(1) = Uk Wh i1 (29)

This second error measures the difference between the uncorrupted term wy ;w® and its estimator prior to
adaptation, ug ;wy;—1. It then follows from the data model (9) and from the defining expression (26) for
e (’L) that

ex(i) = di(i) —upiwy i1
U W + Vg (1) — Uk Wy i—1
€aq k(1) + vk(i) (30)

Since the noise component, v(i), is assumed to be zero-mean and independent of all other random variables,
we conclude that

Elex(i)]* = Elear(@)* + oy (31)

This relation holds for any time instant 4; it shows that the variance of the output error, ej(7), is larger
than aﬁ’k by an amount that is equal to the variance of the a-priori error, e, (7). We define the filter
mean-square-error (MSE) and excess-mean-square-error (EMSE) as the following steady-state measures:

MSE, £ lim E|eg(d)[? (32)
71— 00

EMSE, 2 lim Ele,;(i)]? (33)
1— 00

so that, for the adaptive implementation (compare with (20)):

MSE;, = EMSE;, + o, (34)

Therefore, the EMSE term quantifies the size of the offset in the MSE performance of the adaptive filter.
We also define the filter mean-square-deviation (MSD) as the steady-state measure:

AL _
MSD, = Z,ll}})loEHwk,z‘HQ (35)

which measures how far wy,; is from w? in the mean-square-error sense in steady-state. It is known that the

MSD and EMSE of LMS filters of the form (26)—(27) can be approximated for sufficiently small-step sizes
by the following expressions [4-7]:

EMSE},

MSDy,

Q

proy  Tr(Ro i) /2 (36)
proy M /2 (37)

Q
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It is seen that the smaller the step-size parameter, the better the performance of the adaptive solution.

Cooperative Adaptation through Diffusion
Observe from (36)—(37) that even if all nodes employ the same step-size, ur = p, and even if the regression
data are spatially uniform so that R, ; = R, for all £, the mean-square-error performance across the nodes
still varies in accordance with the variation of the noise power profile, 03’ &> across the network. Nodes with
larger noise power will perform worse than nodes with smaller noise power. However, since all nodes are
observing data arising from the same underlying model w®, it is natural to expect cooperation among the
nodes to be beneficial. By cooperation we mean that neighboring nodes can share information (such as
measurements or estimates) with each other as permitted by the network topology. Starting in the next
section, we will motivate and describe algorithms that enable nodes to carry out adaptation and learning in
a cooperative manner to enhance performance.

Specifically, we are going to see that one way to achieve cooperation is by developing adaptive algorithms
that enable the nodes to optimize the following global cost function in a distributed manner:

N
min » " E [dy (i) — ugw|? (38)
k=1

where the global cost is the aggregate objective:

N N
TP (w) £ Y Eldi(i) — uriwl = Y Ji(w) (39)
k=1 k=1

Comparing (38) with (16), we see that we are now adding the individual costs, Ji(w), from across all nodes.
Note that since the desired w® satisfies (15) at every node k, then it also satisfies

M N
<Z Ru,k> w’ = Zrdu,k (40)
k=1 k=1

But it can be verified that the optimal solution to (38) is given by the same w® that satisfies (40). Therefore,
solving the global optimization problem (38) also leads to the desired w®. In future sections, we will show
how cooperative and distributed adaptive schemes for solving (38), such as (153) or (154) further ahead, lead
to improved performance in estimating w® (in terms of smaller mean-square-deviation and faster convergence
rate) than the non-cooperative mode (26)—(27), where each agent runs its own individual adaptive filter —
see, e.g., Theorems 6.3—6.5 and Sec. 7.3.

2.2 Application: Tapped-Delay-Line Models

Our second example to motivate MSE cost functions, Ji(w), and linear models relates to identifying the
parameters of a moving-average (MA) model from noisy data. MA models are also known as finite-impulse-
response (FIR) or tapped-delay-line models. Thus, consider a situation where agents are interested in
estimating the parameters of an FIR model, such as the taps of a communications channel or the parameters
of some (approximate) model of interest in finance or biology. Assume the agents are able to independently
probe the unknown model and observe its response to excitations in the presence of additive noise; this
situation is illustrated in Fig. 4, with the probing operation highlighted for one of the nodes (node 4).

The schematics inside the enlarged diagram in Fig. 4 is meant to convey that each node k probes the
model with an input sequence {u(¢)} and measures the resulting response sequence, {d(7)}, in the presence
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Figure 4: The network is interested in estimating the parameter vector w® that describes an underlying tapped-
delay-line model. The agents are assumed to be able to independently probe the unknown system, and observe its
response to excitations, under noise, as indicated in the highlighted diagram for node 4.

of additive noise. The system dynamics for each agent k is assumed to be described by a MA model of the
form:

M—-1
di(i) = Y Bmtr(i — m) + vp(i) (41)
m=0

In this model, the term vy (i) again represents an additive zero-mean noise process that is assumed to be
temporally white and spatially independent; it is also assumed to be independent of the input process,
{ue(y)}, for all i, j and £. The scalars {8,,} represent the model parameters that the agents seek to identify.
If we again collect the model parameters into an M x 1 column vector w®:

A
w’ =

COl{ﬁOaﬁlv"'aﬁMfl} (42)

and the input data into a 1 x M row regression vector:

1>

Uk i [ uk(z) uk(z — 1) .. uk(z - M+ ].) ] (43)

then, we can again express the measurement equation (41) at each node k in the same linear model as (9),
namely,

dk(Z) = ukyiwo + vk(z) (44)

As was the case with model (9), we can likewise verify that, in view of (44), the desired parameter vector
w® satisfies the same normal equations (15), i.e.,

—1
Tdu,k = Ru,k w’ = w’= Ru,k Tdu,k (45)

where the moments {rg, i, Ry} continue to be defined by expressions (11)—(12) with uy ; now defined by
(43). Therefore, each node k can determine w® on its own by solving the same MMSE estimation problem
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(16). This solution method requires knowledge of the moments {rqy i, Ry} and, according to (20), each
agent k£ would then attain an MSE level that is equal to the noise power level at its location.

Alternatively, when the statistical information {rg, r, Ry x} is not available, each agent k can estimate
we iteratively by feeding data {d (%), us,;} into the adaptive implementation (26)—(27). In this way, each
agent k will achieve the same performance level shown earlier in (36)—(37), with the limiting performance
being again dependent on the local noise power level, o2 ,. Therefore, nodes with larger noise power will
perform worse than nodes with smaller noise power. Howe{/er, since all nodes are observing data arising from
the same underlying model w®, it is natural to expect cooperation among the nodes to be beneficial. As we
are going to see, starting from the next section, one way to achieve cooperation and improve performance
is by developing algorithms that optimize the same global cost function (38) in an adaptive and distributed
manner, such as algorithms (153) and (154) further ahead.

2.3 Application: Target Localization

Our third example relates to the problem of locating a destination of interest (such as the location of a
nutrition source or a chemical leak) or locating and tracking an object of interest (such as a predator or a
projectile). In several such localization applications, the agents in the network are allowed to move towards
the target or away from it, in which case we would end up with a mobile adaptive network [8]. Biological
networks behave in this manner such as networks representing fish schools, bird formations, bee swarms,
bacteria motility, and diffusing particles [8-12]. The agents may move towards the target (e.g., when it is a
nutrition source) or away from the target (e.g., when it is a predator). In other applications, the agents may
remain static and are simply interested in locating a target or tracking it (such as tracking a projectile).

To motivate mean-square-error estimation in the context of localization problems, we start with the
situation corresponding to a static target and static nodes. Thus, assume that the unknown location of the
target in the cartesian plane is represented by the 2 x 1 vector w® = col{z?,y°}. The agents are spread over
the same region of space and are interested in locating the target. The location of every agent & is denoted
by the 2 x 1 vector py = col{xg,yx} in terms of its z and y coordinates — see Fig. 5. We assume the agents
are aware of their location vectors. The distance between agent k and the target is denoted by r{ and is
equal to:

o

ri = lw” —pill (46)

The 1 x 2 unit-norm direction vector pointing from agent k towards the target is denoted by uj, and is given
by:

w® — 1. T

[lwe — pel

Observe from (46) and (47) that 7 can be expressed in the following useful inner-product form:
i = ug(w’ — pr) (48)

In practice, agents have noisy observations of both their distance and direction vector towards the target.
We denote the noisy distance measurement collected by node k at time ¢ by:

re(t) = r§ + vk(1) (49)

where vy (i) denotes noise and is assumed to be zero-mean, and temporally white and spatially independent
with variance

o2, 2 Elvi(i) (50)

We also denote the noisy direction vector that is measured by node k at time 7 by wuy ;. This vector is a
perturbed version of uf. We assume that wy; continues to start from the location of the node at py, but
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Figure 5: The distance from node k to the target is denoted by rj, and the unit-norm direction vector from the same
node to the target is denoted by uj,. Node k is assumed to have access to noisy measurements of {ry,uj,}.

that its tip is perturbed slightly either to the left or to the right relative to the tip of uj, — see Fig. 6. The
perturbation to the tip of uj, is modeled as being the result of two effects: a small deviation that occurs
along the direction that is perpendicular to u?, and a smaller deviation that occurs along the direction of
ug. Since we are assuming that the tip of uy; is only slightly perturbed relative to the tip of ug, then it is
reasonable to expect the amount of perturbation along the parallel direction to be small compared to the
amount of perturbation along the perpendicular direction.

Thus, we write

wp, = uj 4+ agp(i)ult + BL(E) up  (1x2) (51)
where uzj- denotes a unit-norm row vector that lies in the same plane and whose direction is perpendicular to
ug. The variables a (i) and 3 (i) denote zero-mean independent random noises that are temporally white
and spatially independent with variances:

A . A .
Ji,k = ]E|ak(z)|2v U%,k = E\ﬁk(z)F (52)

We assume the contribution of 3, (%) is small compared to the contributions of the other noise sources, a(4)
and vg(4), so that
2 2
Thr < O ks 05k KOy k (53)

The random noises {vg (%), ax(4), B, (i)} are further assumed to be independent of each other.
Using (48) we find that the noisy measurements {rj(i), uy;} are related to the unknown w? via:

(i) = wpi(w” — pr) + 2k(7) (54)
where the modified noise term zj(7) is defined in terms of the noises in 74(¢) and uy; as follows:

A

zi() = k(i) — on(i) upt - (w” —pr) — By(i) - uf - (w” —pi)
vR(i) — By(1) -7y
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Figure 6: The tip of the noisy direction vector is modeled as being approximately perturbed away from the actual
direction by two effects: a larger effect caused by a deviation along the direction that is perpendicular to uy, and a
smaller deviation along the direction that is parallel to ug.

since, by construction,
udt - (w® —pr) = 0 (56)

and the contribution by B, (¢) is assumed to be sufficiently small. If we now introduce the adjusted signal:
N A .
d(i) = ri(i) + wpipr (57)

then we arrive again from (54) and (55) at the following linear model for the available measurement variables
{di (i), ux,;} in terms of the target location w®:

di (1) = g ;w° + vi(i) (58)

There is one important difference in relation to the earlier linear models (9) and (44), namely, the variables
{di(i),uk;} in (58) do not have zero means any longer. It is nevertheless straightforward to determine the
first and second-order moments of the variables {dj(7), us ;}. First, note from (49), (51), and (57) that

Euy,; = uj, Edi(i) = ri + uips (59)

Even in this case of non-zero means, and in view of (58), the desired parameter vector w® can still be shown
to satisfy the same normal equations (15), i.e.,

Tduk = kawo — w’= R;}i Tdu,k (60)
where the moments {rqy, x, Ry, } continue to be defined as
A A .
Ru,k = Eu,";,iukvi, rdu,k = Eu,’z,idk(z) (61)

To verify that (60) holds, we simply multiply both sides of (58) by wj, ; from the left, compute the expectations
of both sides, and use the fact that vy (i) has zero mean and is assumed to be independent of {uy ;} for
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all times j and nodes ¢. However, the difference in relation to the earlier normal equations (15) is that the
matrix R, j is not the actual covariance matrix of uy ; any longer. When uy, ; is not zero mean, its covariance
matrix is instead defined as:

covur = E(ug; —up) (uk,; —up)
= Eujup; — up uj, (62)
so that
Ry = Covyp + ujuj (63)

We conclude from this relation that R, j is positive-definite (and, hence, invertible) so that expression (60)
is justified. This is because the covariance matrix, cov, j, is itself positive-definite. Indeed, some algebra
applied to the difference uy; — uf from (51) shows that

covar = [ (W) @] { Tk - } {”EL ] (64)

where the matrix
g 65
o (65)
is full rank since the rows {ug, uzl-} are linearly independent vectors.

Therefore, each node k can determine w® on its own by solving the same minimum mean-square-error
estimation problem (16). This solution method requires knowledge of the moments {rqy i, Ry} and, ac-
cording to (20), each agent k would then attain an MSE level that is equal to the noise power level, U?},k’ at
its location.

Alternatively, when the statistical information {rqy. i, Ry} is not available beforehand, each agent k can
estimate w® iteratively by feeding data {d(7), ur ;} into the adaptive implementation (26)—(27). In this case,
each agent k will achieve the performance level shown earlier in (36)—(37), with the limiting performance
being again dependent on the local noise power level, Uik. Therefore, nodes with larger noise power will
perform worse than nodes with smaller noise power. However, since all nodes are observing distances and
direction vectors towards the same target location w?, it is natural to expect cooperation among the nodes
to be beneficial. As we are going to see, starting from the next section, one way to achieve cooperation and
improve performance is by developing algorithms that solve the same global cost function (38) in an adaptive
and distributed manner, by using algorithms such as (153) and (154) further ahead.

Role of Adaptation

The localization application helps highlight one of the main advantages of adaptation, namely, the ability
of adaptive implementations to learn and track changing statistical conditions. For example, in the context
of mobile networks, where nodes can move closer or further away from a target, the location vector for each
agent k becomes time-dependent, say, pi; = col{zk(7), yx(7)}. In this case, the actual distance and direction
vector between agent k and the target also vary with time and become:

_ (w® — pr.i)T
r2(1) = ||lw° — . wl . = ~—— - 66
k( ) ” pk,z”a ki Hwo pk,i' ( )

The noisy distance measurement to the target is then:
re(t) = (@) + vk(i) (67)

where the variance of vy (i) now depends on time as well:

o2,(i) 2 Eloi(i)? (68)
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In the context of mobile networks, it is reasonable to assume that the variance of v (i) varies both with time
and with the distance to the target: the closer the node is to the target, the less noisy the measurement of
the distance is expected to be. Similar remarks hold for the variances of the noises o (i) and B (7) that
perturb the measurement of the direction vector, say,

N A . N A .
oo k(i) = Elo(i)f, o5 (i) = E[B,(1)? (69)
where now

up; = up; + (i) UZLZ + By (i) ug (70)

s

The same arguments that led to (58) can be repeated to lead to the same model, except that now the means
of the variables {d} (), ux,;} become time-dependent as well:

Bup;=up;,  Bdy(i) = rg(@) + ui; pr (71)

Nevertheless, adaptive solutions (whether cooperative or non-cooperative), are able to track such time-
variations because these solutions work directly with the observations {dy(¢), us,} and the successive ob-
servations will reflect the changing statistical profile of the data. In general, adaptive solutions are able to
track changes in the underlying signal statistics rather well [4,5], as long as the rate of non-stationarity is
slow enough for the filter to be able to follow the changes.

2.4 Application: Collaborative Spectral Sensing

Our fourth and last example to illustrate the role of mean-square-error estimation and cooperation relates
to spectrum sensing for cognitive radio applications. Cognitive radio systems involve two types of users:
primary users and secondary users. To avoid causing harmful interference to incumbent primary users,
unlicensed cognitive radio devices need to detect unused frequency bands even at low signal-to-noise (SNR)
conditions [13-16]. One way to carry out spectral sensing is for each secondary user to estimate the aggregated
power spectrum that is transmitted by all active primary users, and to locate unused frequency bands within
the estimated spectrum. This step can be performed by the secondary users with or without cooperation.

Thus, consider a communications environment consisting of @) primary users and N secondary users. Let
S,(e’*) denote the power spectrum of the signal transmitted by primary user ¢. To facilitate estimation
of the spectral profile by the secondary users, we assume that each S,(e’*) can be represented as a linear
combination of basis functions, {f,,(e’“)}, say, B of them [17]:

B
Sq(ej“’) = Z ﬁqnzf?n(ejw)a q= 1a27""Q (72)
m=1

In this representation, the scalars {8, } denote the coefficients of the basis expansion for user g. The variable
w € [—m,m| denotes the normalized angular frequency measured in radians/sample. The power spectrum is
often symmetric about the vertical axis, w = 0, and therefore it is sufficient to focus on the interval w € [0, 7].
There are many ways by which the basis functions, {f,,(e/*)}, can be selected. The following is one possible
construction for illustration purposes. We divide the interval [0,n] into B identical intervals and denote
their center frequencies by {w,,}. We then place a Gaussian pulse at each location w,, and control its width
through the selection of its standard deviation, o,,, i.e.,

_ 2
A - (w U;'rn)

fm(€??) = e (73)

Figure 7 illustrates this construction. The parameters {w.,, 0., } are selected by the designer and are assumed
to be known. For a sufficiently large number, B, of basis functions, the representation (72) can approximate
well a large class of power spectra.
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Sq(eju)

Figure 7: The interval [0, 7] is divided into B sub-intervals of equal width; the center frequencies of the sub-intervals
are denoted by {w:m}. A power spectrum S, (e’“) is approximated as a linear combination of Gaussian basis functions
centered on the {wm}.

We collect the combination coefficients {8, } for primary user ¢ into a column vector wq:

wy 2 col{Bq1, Byzs Bass - -+ Ban} (B x 1) (74)
and collect the basis functions into a row vector:
fo 2 [ fi(e) fale™) ... fe(e™)] (1xB) (75)
Then, the power spectrum (72) can be expressed in the alternative inner-product form:
S,(e7%) = fow, (76)

Let pgr denote the path loss coefficient from primary user g to secondary user k. When the transmitted
spectrum S, (e’*) travels from primary user ¢ to secondary user k, the spectrum that is sensed by node k
is pgkSq(e?“). We assume in this example that the path loss factors {pgr} are known and that they have
been determined during a prior training stage involving each of the primary users with each of the secondary
users. The training is usually repeated at regular intervals of time to accommodate the fact that the path
loss coefficients can vary (albeit slowly) over time. Figure 8 depicts a cognitive radio system with 2 primary
users and 10 secondary users. One of the secondary users (user 5) is highlighted and the path loss coefficients
from the primary users to its location are indicated; similar path loss coefficients can be assigned to all other
combinations involving primary and secondary users.

Each user k senses the aggregate effect of the power spectra that are transmitted by all active primary
users. Therefore, adding the effect of all primary users, we find that the power spectrum that arrives at
secondary user k is given by:

Q
Sk(‘fjw) = quksq(ejw> + UI%
q=1

Q
= qukfwwq + U}%
qg=1

>

Ug ow° + o} (77)
where o7 denotes the receiver noise power at node k, and where we introduced the following vector quantities:
w2 col{wy,wa, ..., wo} (BQ x 1) (78)

uhw 2 [ punfe pokfe - porfo ] (1xBQ) (79)
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Figure 8: A network of secondary users in the presence of two primary users. One of the secondary users is highlighted
and the path loss coefficients from the primary users to its location are indicated as pi5 and pas.

The vector w’ is the collection of all combination coefficients for all ¢ primary users. The vector uy,,
contains the path loss coefficients from all primary users to user k. Now, at every time instant ¢, user k
observers its received power spectrum, Sy (e?*), over a discrete grid of frequencies, {w, }, in the interval [0, 7]
in the presence of additive measurement noise. We denote these measurements by:

d (i) = Upw,w’ + of + vg(i)
r=1,2,....,R (80)

The term vy, (i) denotes sampling noise and is assumed to have zero mean and variance o2 s it is also
assumed to be temporally white and spatially independent; and is also independent of all other random
variables. Since the row vectors ug,, in (79) are defined in terms of the path loss coefficients {pqx }, and since
these coefficients are estimated and subject to noisy distortions, we model the uy, as zero-mean random
variables in (80) and use the boldface notation for them.

Observe that in this application, each node k collects R measurements at every time instant i and not
only a single measurement, as was the case with the three examples discussed in the previous sections
(AR modeling, MA modeling, and localization). The implication of this fact is that we now deal with an
estimation problem that involves vector measurements instead of scalar measurements at each node. The
solution structure continues to be the same. We collect the R measurements at node k at time i into vectors
and introduce the R x 1 quantities:

d}g’l(i) — Ug ’vk}l(i)
dk,g(i) — 0 ’vk,g(i)

dy,i = SR Vi = (81)
dk)R(Z’) — O'z ’Uk)R(’L')
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and the regression matrix:
Uk, w,
Uk, w,

1>

Uk,

)

(R x QB) (82)

Uk, wr

The time subscript in Uy ; is used to model the fact that the path loss coefficients can change over time
due to the possibility of node mobility. With the above notation, expression (80) is equivalent to the linear
model:

dk,i = U;w-wo + Vk,i (83)

Compared to the earlier examples (9), (44), and (58), the main difference now is that each agent k collects
a vector of measurements, dy, ;, as opposed to the scalar d(¢), and its regression data are represented by
the matrix quantity, Uy ;, as opposed to the row vector uy ;. Nevertheless, the estimation approach will
continue to be the same. In cognitive network applications, the secondary users are interested in estimating
the aggregate power spectrum of the primary users in order for the secondary users to identify vacant
frequency bands that can be used by them. In the context of model (83), this amounts to determining the
parameter vector w® since knowledge of its entries allows each secondary user to reconstruct the aggregate
power spectrum defined by:

Sa(e’) £ 3" 5,(e) = (15 @ fu)u? (84)
q=1
where the notation ® denotes the Kronecker product operation, and 14 denotes a ) x 1 vector whose entries
are all equal to one.
As before, we can again verify that, in view of (83), the desired parameter vector w® satisfies the same
normal equations:
Riur = Rypw® = w’= RE}/@ Rau i (85)

where the moments {Rqu x, Ru,x} are now defined by

EU} idy.q (@B x 1) (86)
EUL Uri (@B xQB) (87)

Rauk

Ry g

1>

Therefore, each secondary user k can determine w® on its own by solving the following minimum mean-
square-error estimation problem:

min E |dy; — Ugw|® (88)

This solution method requires knowledge of the moments { R4y i, Ry} and, in an argument similar to the
one that led to (20), it can be verified that each agent k would attain an MSE performance level that is
equal to the noise power level, ag’ 1> at its location.

Alternatively, when the statistical information {R4u x, Ry i} is not available, each secondary user k can
estimate w® iteratively by feeding data {dj;, U} ;} into an adaptive implementation similar to (26)—(27),
such as the following vector LMS recursion:

ep; = dp;—Upwg;1 (89)
wy; = wii1+ Uy e (90)
In this case, each secondary user k will achieve the same performance levels shown earlier in (36)—(37) with
R, ; replaced by Ry . The performance will again be dependent on the local noise level, 0'12)7]6. As a result,
secondary users with larger noise power will perform worse than secondary users with smaller noise power.

However, since all secondary users are observing data arising from the same underlying model w?, it is
natural to expect cooperation among the users to be beneficial. As we are going to see, starting from the
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next section, one way to achieve cooperation and improve performance is by developing algorithms that solve
the following global cost function in an adaptive and distributed manner:

N
. 2
min ;E ki = Ui (91)

3 Distributed Optimization via Diffusion Strategies

The examples in the previous section were meant to illustrate how MSE cost functions and linear models are
useful design tools and how they arise frequently in applications. We now return to problem (1) and study
the distributed optimization of global cost functions such as (39), where J8°P(w) is assumed to consist of
the sum of individual components. Specifically, we are now interested in solving optimization problems of
the type:

N
min > Ji(w) (92)
k=1

where each Ji(w) is assumed to be differentiable and convex over w. Although the algorithms presented in
this article apply to more general situations, we shall nevertheless focus on mean-square-error cost functions
of the form:

Jp(w) £ E|di(i) — up w2 (93)

where w is an M x 1 column vector, and the random processes {dj(i),u;} are assumed to be jointly
wide-sense stationary with zero-mean and second-order moments:

oir = Eldi(d)]? (94)
Rur 2 Eujup, >0 (M x M) (95)
rawr = Edy(i)uf, (M x 1) (96)

It is clear that each Ji(w) is quadratic in w since, after expansion, we get

Jr(w) = Uik — W Tduk — Ty W+ W Ry o w (97)

A completion-of-squares argument shows that Ji(w) can be expressed as the sum of two squared terms, i.e.,

Jew) = (0% 5 = riusRkrans) + (= w") Ry(w = w’) (98)

or, more compactly,

Jk(U)) = Jk,min + Hw_wO”%u,k (99)

where w® denotes the minimizer of J(w) and is given by

w’ £ R rau (100)

and J min denotes the minimum value of Ji(w) when evaluated at w = w®:

1>

Jhmin = 04 = Tiu p By kTaus = Jr(w®) (101)
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Observe that this value is necessarily non-negative since it can be viewed as the Schur complement of the
following covariance matrix:

d;. (i) . ] _ Uﬁ,k ?"éu,k }
N ({ Ui ] [ (@) ]> N [ Tauk Rk (102)
and covariance matrices are nonnegative-definite.

The choice of the quadratic form (93) or (97) for Ji(w) is useful for many applications, as was already
illustrated in the previous section for examples involving AR modeling, MA modeling, localization, and
spectral sensing. Other choices for Ji(w) are of course possible and these choices can even be different for
different nodes. It is sufficient in this article to illustrate the main concepts underlying diffusion adaptation
by focusing on the useful case of MSE cost functions of the form (97); still, most of the derivations and
arguments in the coming sections can be extended beyond MSE optimization to more general cost functions
— as already shown in [1-3]; see also Sec. 10.4.

The positive-definiteness of the covariance matrices {R, ;} ensures that each Ji(w) in (97) is strictly
convex, as well as J&°P(w) from (39). Moreover, all these cost functions have a unique minimum at the
same w°, which satisfies the normal equations:

Ry i w° = rauk, for every k =1,2,...,N (103)

Therefore, given knowledge of {rgy i, Ruk}, each node can determine w® on its own by solving (103). One
then wonders about the need to seek distributed cooperative and adaptive solutions. There are a couple of
reasons:

(a) First, even for MSE cost functions, it is often the case that the required moments {rqy x, Ry k} are not
known beforehand. In this case, the optimal w® cannot be determined from the solution of the normal
equations (103). The alternative methods that we shall describe will lead to adaptive techniques that
enable each node k to estimate w? directly from data realizations.

(b) Second, since adaptive strategies rely on instantaneous data, these strategies possess powerful tracking
abilities. Even when the moments vary with time due to non-stationary behavior (such as w° changing
with time), these changes will be reflected in the observed data and will in turn influence the behavior
of the adaptive construction. This is one of the key advantages of adaptive strategies: they enable
learning and tracking in real-time.

(¢) Third, cooperation among nodes is generally beneficial. When nodes act individually, their performance
is limited by the noise power level at their location. In this way, some nodes can perform significantly
better than other nodes. On the other hand, when nodes cooperate with their neighbors and share
information during the adaptation process, we will see that performance can be improved across the
network.

3.1 Relating the Global Cost to Neighborhood Costs

Let us therefore consider the optimization of the following global cost function:

JEOP () = Ji(w) (104)

71

where Jj,(w) is given by (93) or (97). Our strategy to optimize J&°P(w) in a distributed manner is based
on two steps, following the developments in [1,2,18]. First, using a completion-of-squares argument (or,
equivalently, a second-order Taylor series expansion), we approximate the global cost function (104) by
an alternative local cost that is amenable to distributed optimization. Then, each node will optimize the
alternative cost via a steepest-descent method.
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To motivate the distributed diffusion-based approach, we start by introducing a set of nonnegative coef-
ficients {cg¢} that satisfy two conditions:

fork=1,2,...,N:
N
CngO, chgil, and Ckz:Oif£¢Nk (105)
(=1

where N}, denotes the neighborhood of node k. Condition (105) means that for every node k, the sum of the
coefficients {cx¢} that relate it to its neighbors is one. The coefficients {cy¢} are free parameters that are
chosen by the designer; obviously, as shown later in Theorem 6.8, their selection will have a bearing on the
performance of the resulting algorithms. If we collect the entries {cx¢} into an N x N matrix C, so that the
k—th row of C is formed of {cge, £ = 1,2,..., N}, then condition (105) translates into saying that each of
row of C' adds up to one, i.e.,

cl1=1 (106)

where the notation 1 denotes an N X 1 column vector with all its entries equal to one:
A
1 = col{1,1,...,1} (107)

We say that C' is a right stochastic matrix. Using the coefficients {ci¢} so defined, we associate with each
node ¢, a local cost function of the following form:

Jecw) 203 ene Ji(w) (108)
k?E./\fz

This cost consists of a weighted combination of the individual costs of the neighbors of node ¢ (including ¢
itself) — see Fig. 9. Since the {cy,} are all nonnegative and each Ji(w) is strictly convex, then J°¢(w) is
also strictly convex and its minimizer occurs at the same w = w®. Using the alternative representation (99)
for the individual Ji(w), we can re-express the local cost J}°°(w) as

Tw) = ) ere Jomin + Y cre lw— 1wl (109)
keN, keEN,
or, equivalently,
TPw) = T+ llw —wllf, (110)
where Jz}?r%in corresponds to the minimum value of J}°¢(w) at the minimizer w = w®:
loc A
Jf,min = Z Cke Jk,min (111)

keEN,

and Ry is a positive-definite weighting matrix defined by:

A
Ry 2 ) cprRug (112)
keN,

That is, Ry is a weighted combination of the covariance matrices in the neighborhood of node ¢. Equality
(110) amounts to a (second-order) Taylor series expansion of J}°(w) around w = w°. Note that the right-

hand side consists of two terms: the minimum cost and a weighted quadratic term in the difference (w —w?).
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€13 + Co3 +c33 +c53 =1

Jé“c(w) = ci13J1 (w) =+ ngJQ(’LU) -+ ngJg(w) + C53J5(’w)

Figure 9: A network with N = 10 nodes. The nodes in the neighborhood of node 3 are highlighted with their
individual cost functions, and with the combination weights {ci3, c23, cs3} along the connecting edges; there is also a
combination weight associated with node 3 and is denoted by css. The expression for the local cost function, Ji°¢ (w),
is also shown in the figure.

Now note that we can express J8°P(w) from (104) as follows:

glOb (105) N N

JEP(w) =T N e | Te(w)
k=1 \{=1
N

£=1

T (w)

@
] =

o~
Il
—_

N
= Jw) + DT (w) (113)
1+£k

Substituting (110) into the second term on the right-hand side of the above expression gives:

JEP(w) = JP(w) + Y lw—wln, + Y T (114)
0#k 0k

The last term in the above expression does not depend on w. Therefore, minimizing J&°P(w) over w is
equivalent to minimizing the following alternative global cost:

JEY (w) = S (w) + D flw— w3, (115)
1#£k
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Expression (115) relates the optimization of the original global cost function, J8°P(w) or its equivalent
J#°P (), to the newly-introduced local cost function Ji°¢(w). The relation is through the second term on
the right-hand side of (115), which corresponds to a sum of quadratic factors involving the minimizer w?;
this term tells us how the local cost JI°°(w) can be corrected to the global cost ng"b/(w). Obviously, the
minimizer w® that appears in the correction term is not known since the nodes wish to determine its value.
Likewise, not all the weighting matrices R, are available to node k; only those matrices that originate from
its neighbors can be assumed to be available. Still, expression (115) suggests a useful way to replace J;°¢
by another local cost that is closer to J&lo' (w). This alternative cost will be shown to lead to a powerful
distributed solution to optimize J&°P(w) through localized interactions.

Our first step is to limit the summation on the right-hand side of (115) to the neighbors of node & (since
every node k can only have access to information from its neighbors). We thus introduce the modified cost
function at node k: )

JE (w) £ T w)+ Y w— |, (116)
LeN\{k}

The cost functions J}°¢(w) and J,flOb, (w) are both associated with node k; the difference between them is

that the expression for the latter is closer to the global cost function (115) that we want to optimize.

The weighting matrices {R,} that appear in (116) may or may not be available because the second-
order moments {R, ¢} may or may not be known beforehand. If these moments are known, then we can
proceed with the analysis by assuming knowledge of the {R,}. However, the more interesting case is when
these moments are not known. This is generally the case in practice, especially in the context of adaptive
solutions and problems involving non-stationary data. Often, nodes can only observe realizations {us;} of
the regression data {ug;} arising from distributions whose covariance matrices are the unknown {R, ¢}.
One way to address the difficulty is to replace each of the weighted norms |jw — w®[|%, in (116) by a scaled
multiple of the un-weighted norm, say,

lw —w’l%, ~ b - lw —w|® (117)

where by is some nonnegative coefficient; we are even allowing its value to change with the node index k.
The above substitution amounts to having each node k approximate the {R;} from its neighbors by multiples
of the identity matrix

R( ~ bgk I]V[ (118)

Approximation (117) is reasonable in view of the fact that all vector norms are equivalent [19-21]; this norm
property ensures that we can bound the weighted norm [jw — w°||%, by some constants multiplying the
un-weighted norm ||w — w?°||?, say, as:

riflw —wl* < flw—w’|k, < roflw —w?|? (119)

for some positive constants (r1,r2). Using the fact that the {R;} are Hermitian positive-definite matrices,
and calling upon the Rayleigh-Ritz characterization of eigenvalues [19, 20], we can be more specific and
replace the above inequalities by

Amin(Re) - lw = wl* < Jw —w°lf, < Amax(Re) - w — w?||? (120)

We note that approximations similar to (118) are common in stochastic approximation theory and they
mark the difference between using a Newton’s iterative method or a stochastic gradient method [5,22]; the
former uses Hessian matrices as approximations for R, and the latter uses multiples of the identity matrix.
Furthermore, as the derivation will reveal, we do not need to worry at this stage about how to select the
scalars {bgy}; they will end up being embedded into another set of coefficients {as} that will be set by the
designer or adjusted by the algorithm — see (132) further ahead.

Thus, we replace (116) by

T (W) = T (w) + Y ba w —w? (121)
LeN\{k}
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The argument so far has suggested how to modify J1°¢(w) from (108) and replace it by the cost (121) that is

closer in form to the global cost function (115). If we replace Ji°°(w) by its definition (108), we can rewrite

(121) as

TP (w) = Zcek Jo(w) + Z by, [Jw — w°|? (122)
(EN;, CEN\{k}

With the exception of the variable w?, this approximate cost at node k relies solely on information that is
available to node k from its neighborhood. We will soon explain how to handle the fact that w® is not known
beforehand to node k.

3.2 Steepest-Descent Iterations

Node k can apply a steepest-descent iteration to minimize J,fbb”(w). Let wy; denote the estimate for the
minimizer w° that is evaluated by node k at time 7. Starting from an initial condition wy, 1, node k can
compute successive estimates iteratively as follows:

Wi = Wki—1 — MLk VwJ;flOb”(wk,iq)} , 120 (123)

where py is a small positive step-size parameter, and the notation V,,J(a) denotes the gradient vector of the
function J(w) relative to w and evaluated at w = a. The step-size parameter u can be selected to vary with
time as well. One choice that is common in the optimization literature [5,22,52] is to replace uy in (123) by
step-size sequences {u(i) > 0} that satisfy the two conditions (25). However, such step-size sequences are
not suitable for applications that require continuous learning because they turn off adaptation as i — oo;
the steepest-descent iteration (123) would stop updating since p(¢) would be tending towards zero. For this
reason, we shall focus mainly on the constant step-size case described by (123) since we are interested in
developing distributed algorithms that will endow networks with continuous adaptation abilities.
Returning to (123) and computing the gradient vector of (122) we get:

Wk, = Whi—1 — Mk Z cor [Vwde(wri—1)]" — ur Z ber (Wi,i—1 — w°) (124)
LEN}, LeN\{k}

Using the expression for Jy(w) from (97) we arrive at

Wi = Wki—1 + [k Z core (Tagu,e — Rup Wiio1) + Z be (W — Wk 1) (125)
CEN LeN\{k}

This iteration indicates that the update from wy, ;1 to wy ; involves adding two correction terms to wy ;1.
Among many other forms, we can implement the update in two successive steps by adding one correction
term at a time, say, as follows:

Vii = Wgi—1 + [k Z o (Tdu,e — Rue Wii—1) (126)
LeENY

Wi = ki + e Y b (W — wiio1) (127)
LeN\{k}

Step (126) updates wy ;—1 to an intermediate value 1 ; by using local gradient vectors from the neighborhood
of node k. Step (127) further updates ¢y ; to wy,;. However, this second step is not realizable since w® is
not known and the nodes are actually trying to estimate it. Two issues stand out from examining (127):

(a) First, iteration (127) requires knowledge of the minimizer w®. Neither node k nor its neighbors know
the value of the minimizer; each of these nodes is actually performing steps similar to (126) and (127)
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to estimate the minimizer. However, each node ¢ has a readily available approximation for w®, which
is its local intermediate estimate v, ;. Therefore, we replace w® in (127) by ¢,,;. This step helps diffuse
information throughout the network. This is because each neighbor of node k£ determines its estimate
e,; by processing information from its own neighbors, which process information from their neighbors,
and so forth.

(b) Second, the intermediate value v, ; at node k is generally a better estimate for w® than wy ;1 since it
is obtained by incorporating information from the neighbors through the first step (126). Therefore,
we further replace wy ;—1 in (127) by ;. This step is reminiscent of incremental-type approaches to
optimization, which have been widely studied in the literature [23-26].

With the substitutions described in items (a) and (b) above, we replace the second step (127) by
Wki = Yri + Mk Z ber (Ve — Vi)

LeNK\{k}
= | 1- s Z ber | Yo + Hi Z ber Yo (128)
LeNK\{k} LeN\{k}

Introduce the weighting coefficients:

ape = l—pe Y bu (129)
LeNK\{k}

ag, 2 b, €€ Ni\[k} (130)

ag, = 0, ¢ Ny (131)

and observe that, for sufficiently small step-sizes i, these coefficients are nonnegative and, moreover, they
satisfy the conditions:

fork=1,2,...,N:
N
agr > 0, Zagk =1, and agp ZOifEQf./\/'k (132)
=1

Condition (132) means that for every node k, the sum of the coefficients {as} that relate it to its neighbors
is one. Just like the {cx}, from now on, we will treat the coefficients {as} as free weighting parameters that
are chosen by the designer according to (132); their selection will also have a bearing on the performance of
the resulting algorithms — see Theorem 6.8. If we collect the entries {ag} into an N x N matrix A, such
that the k—th column of A consists of {ae, £ = 1,2,..., N}, then condition (132) translates into saying
that each column of A adds up to one:

AT1=1 (133)

We say that A is a left stochastic matrix.

3.3 Adapt-then-Combine (ATC) Diffusion Strategy
Using the coefficients {ag} so defined, we replace (126) and (128) by the following recursions for ¢ > 0:

Wi = Whi—1 + [l Z cor (Tdue — Rue Wiyi—1)

(ATC strategy) LNk (134)
W ; = Z Ak Yo,i

ZGN)C

27



for some nonnegative coefficients {cg, ag, } that satisfy conditions (106) and (133), namely,

Cl1=1, A"1=1 (135)

or, equivalently,
fork=1,2,...,N:

N
Cgkzo, ZC@k:]., CZk:Oif€¢Nk
=1 (136)

N
agr > 0, ZGMZL ag, =0 if £ & Ny
=1

To run algorithm (134), we only need to select the coeflicients {as, cer} that satisfy (135) or (136); there is
no need to worry about the intermediate coefficients {by;} any longer since they have been blended into the
{agr}. The scalars {cgp, agr} that appear in (134) correspond to weighting coefficients over the edge linking
node k to its neighbors £ € N}. Note that two sets of coefficients are used to scale the data that are being
received by node k: one set of coefficients, {cg}, is used in the first step of (134) to scale the moment data
{Tdue, Rue}, and a second set of coefficients, {as}, is used in the second step of (134) to scale the estimates
{t¢,;}. Figure 10 explains what the entries on the columns and rows of the combination matrices {A,C'}
stand for using an example with NV = 6 and the matrix C for illustration. When the combination matrix is
right-stochastic (as is the case with C'), each of its rows would add up to one. On the other hand, when the
matrix is left-stochastic (as is the case with A), each of its columns would add up to one.

coefficients used to scale
data sent from node 3
to its neighbors.

X X C13 X X X
X X C23 X X X

O =] %1 €32 |C33] C34 €35 C36
X X C43 X X X
X X C53 X X X
X X C63 X X X

coefficients used to scale
data received by node 3
from its neighbors.

Figure 10: Interpretation of the columns and rows of combination matrices. The pair of entries {ce, cor } correspond
to weighting coefficients used over the edge connecting nodes k and ¢. When nodes (k, ¢) are not neighbors, then

these weights are zero.

At every time instant i, the ATC strategy (134) performs two steps. The first step is an information
exchange step where node k receives from its neighbors their moments {R,, ¢, 7gu.¢}. Node k combines this
information and uses it to update its existing estimate wy ;—1 to an intermediate value v ;. All other nodes
in the network are performing a similar step and updating their existing estimates {wy ;_1} into intermediate
estimates {1¢;} by using information from their neighbors. The second step in (134) is an aggregation or
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consultation step where node k combines the intermediate estimates of its neighbors to obtain its update
estimate wg ;. Again, all other nodes in the network are simultaneously performing a similar step. The
reason for the name Adapt-then-Combine (ATC) strategy is that the first step in (134) will be shown to lead
to an adaptive step, while the second step in (134) corresponds to a combination step. Hence, strategy (134)
involves adaptation followed by combination or ATC for short. The reason for the qualification “diffusion”
is that the combination step in (134) allows information to diffuse through the network in real time. This is
because each of the estimates 1, ; is influenced by data beyond the immediate neighborhood of node k.

In the special case when C' = I, so that no information exchange is performed but only the aggregation
step, the ATC strategy (134) reduces to:

Vhi = Whi—1 + i (Taue — Ruk Whi—1)
(ATC strategy without
information exchange) Wei = Z aek Vo
LENT,

(137)

where the first step relies solely on the information {R,, ,7qu r} that is available locally at node k.
Observe in passing that the term that appears in the information exchange step of (134) is related to the
gradient vectors of the local costs {Jy(w)} evaluated at wy ;_1, i.e., it holds that

Taue — Rugwric1 = — [Vado(wgi—1)]” (138)

so that the ATC strategy (134) can also be written in the following equivalent form:

Vi = Whi—1 — [k Z cok [Vwde(wyi—1)]"

(ATC strategy) N (139)
Wy = Z ae, Vei

ZE./\/';C

The significance of this general form is that it is applicable to optimization problems involving more general
local costs Jy(w) that are not necessarily quadratic in w, as detailed in [1-3] — see also Sec. 10.4. The
top part of Fig. 11 illustrates the two steps involved in the ATC procedure for a situation where node k
has three other neighbors labeled {1,2,¢}. In the first step, node k evaluates the gradient vectors of its
neighbors at wy ;—1, and subsequently aggregates the estimates {91 ;,%2,,%¢;} from its neighbors. The
dotted arrows represent flow of information towards node k from its neighbors. The solid arrows represent
flow of information from node k to its neighbors. The CTA diffusion strategy is discussed next.

3.4 Combine-then-Adapt (CTA) Diffusion Strategy
Similarly, if we return to (125) and add the second correction term first, then (126)—(127) are replaced by:

Urict = wkicn + gk Y o (W0 —wpi1) (140)
ZENk\{k)}
Wei = Ykic1 ik Y Cor (Ndug — Rug weio1) (141)
56/\/‘]@

Following similar reasoning to what we did before in the ATC case, we replace w® in step (140) by wg ;—1 and
replace wg ;—1 in (141) by 9y,;—1. We then introduce the same coefficients {as;} and arrive at the following
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Figure 11: Nlustration of the ATC and CTA strategies for a node k with three other neighbors {1, 2, £}. The updates
involve two steps: information exchange followed by aggregation in ATC and aggregation followed by information
exchange in CTA. The dotted blue arrows represent the data received from the neighbors of node k, and the solid
red arrows represent the data sent from node k to its neighbors.

combine-then-adapt (CTA) strategy:

Vi—1 = E Qg Wei—1

(CTA strategy) €ENG (142)
Wi = Yii—1 + MUk Z cor (Tague — Rue Yriz1)

LEN,

where the nonnegative coefficients {cg, agr} satisfy the same conditions (106) and (133), namely,

cl1=1, A'1=1 (143)

or, equivalently,
fork=1,2,...,N:
N
Cgkzo, ZC[k:]., Cgk:()iff¢./\/.k
| (144)

N
agr > 0, Zaekil’ agy =0 if £ ¢ N,
=1

At every time instant i, the CTA strategy (142) also consists of two steps. The first step is an aggregation
step where node k combines the existing estimates of its neighbors to obtain the intermediate estimate v, ;1.
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All other nodes in the network are simultaneously performing a similar step and aggregating the estimates
of their neighbors. The second step in (142) is an information exchange step where node k receives from
its neighbors their moments { Ry ¢, Tdu,c; and uses this information to update its intermediate estimate to
wy, ;. Again, all other nodes in the network are simultaneously performing a similar information exchange
step. The reason for the name Combine-then-Adapt (CTA) strategy is that the first step in (142) involves
a combination step, while the second step will be shown to lead to an adaptive step. Hence, strategy (142)
involves combination followed by adaptation or CTA for short. The reason for the qualification “diffusion”
is that the combination step of (142) allows information to diffuse through the network in real time.

In the special case when C' = I, so that no information exchange is performed but only the aggregation
step, the CTA strategy (142) reduces to:

(CTA strategy without Uri-1 = Z ek Weyi-1

information exchange) s — wk@gﬁk:+ i oo — Bt Bras) (145)

where the second step relies solely on the information { R, k, 4.k} that is available locally at node k. Again,
the CTA strategy (142) can be rewritten in terms of the gradient vectors of the local costs {Jy(w)} as follows:

Yhio1 = E gk Wei—1

(CTA strategy) eN . (146)
Wi = Vki—1 — Mk Z cok [Vodi(Vr,i—1)]
LENG,

The bottom part of Fig. 11 illustrates the two steps involved in the CTA procedure for a situation where
node k has three other neighbors labeled {1,2,¢}. In the first step, node k aggregates the estimates
{w1 i—1,wa,i—1,we;—1} from its neighbors, and subsequently performs information exchange by evaluating
the gradient vectors of its neighbors at 9y ;—1.

3.5 Useful Properties of Diffusion Strategies

Note that the structure of the ATC and CTA diffusion strategies (134) and (142) are fundamentally the
same: the difference between the implementations lies in which variable we choose to correspond to the
updated weight estimate wy ;. In the ATC case, we choose the result of the combination step to be wy ;,
whereas in the CTA case we choose the result of the adaptation step to be wy, ;.

For ease of reference, Table 2 lists the steepest-descent diffusion algorithms derived in the previous
sections. The derivation of the ATC and CTA strategies (134) and (142) followed the approach proposed in
[18,27]. CTA estimation schemes were first proposed in the works [35-39], and later extended in [18,27,32,33].
The earlier versions of CTA in [35-37] used the choice C' = I. This form of the algorithm with C' = I, and
with the additional constraint that the step-sizes uj should be time-dependent and decay towards zero as
time progresses, was later applied by [40,41] to solve distributed optimization problems that require all nodes
to reach consensus or agreement. Likewise, special cases of the ATC estimation scheme (134), involving an
information exchange step followed by an aggregation step, first appeared in the work [28] on diffusion least-
squares schemes and subsequently in the works [18,29-33] on distributed mean-square-error and state-space
estimation methods. A special case of the ATC strategy (134) corresponding to the choice C' = I with
decaying step-sizes was adopted in [34] to ensure convergence towards a consensus state. Diffusion strategies
of the form (134) and (142) (or, equivalently, (139) and (146)) are general in several respects:

(1) These strategies do not only diffuse the local weight estimates, but they can also diffuse the local
gradient vectors. In other words, two sets of combination coefficients {as, coi} are used.
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Table 2: Summary of steepest-descent diffusion strategies for the distributed optimization of general problems of the

form (92), and their specialization to the case of mean-square-error (MSE) individual cost functions given by (93).

(2)

[ ALGORITHM | RECURSIONS | REFERENCE |
Vki = Wk i—1 — Mk Z ek [Vwde(we,i-1)]"
ATC strategy LEN} (139)
(general case) Wy = Z aek Pe,i
LENY
Vi = Whyi—1 + Pk Z cer (rdu,e = Rue wi,io1)
ATC strategy LENK (134)
(MSE costs) Wk = Z aek Yoi
LENY,
Yh,i—1 = Z Qok We i—1
CTA strategy LEN, (146)
(general case) Wk,i = Pkyi—1 — Mk Z cor [Vde(Yr,i-1)]"
LENY,
Yki-1 = Z Qpk We,i—1
CTA strategy LEN, (142)
(MSE costs) Wi = Yki—1 + Uk Z ok (Taue — Rue Yri-1)
LeN,

In the derivation that led to the diffusion strategies, the combination matrices C' and A are only
required to be right-stochastic (for C') and left-stochastic (for A). In comparison, it is common in
consensus-type strategies to require the corresponding combination matrix A to be doubly stochastic
(i.e., its rows and columns should add up to one) — see, e.g., App. E and [40,42-44].

As the analysis in Sec. 6 will reveal, ATC and CTA strategies do not force nodes to converge to an
agreement about the desired parameter vector w®, as is common in consensus-type strategies (see
App. E and [40,45-51]). Forcing nodes to reach agreement on w® ends up limiting the adaptation
and learning abilities of these nodes, as well as their ability to react to information in real-time.
Nodes in diffusion networks enjoy more flexibility in the learning process, which allows their individual
estimates, {wy;}, to tend to values that lie within a reasonable mean-square-deviation (MSD) level
from the optimal solution, w®. Multi-agent systems in nature behave in this manner; they do not
require exact agreement among their agents (see, e.g., [8-10]).

The step-size parameters {uy} are not required to depend on the time index 7 and are not required
to vanish as ¢ — oo (as is common in many works on distributed optimization, e.g., [22,40, 52, 53]).
Instead, the step-sizes can assume constant values, which is a critical property to endow networks
with continuous adaptation and learning abilities. An important contribution in the study of diffusion
strategies is to show that distributed optimization is still possible even for constant step-sizes, in
addition to the ability to perform adaptation, learning, and tracking. Sections 5 and 6 highlight the
convergence properties of the diffusion strategies — see also [1-3] for results pertaining to more general
cost functions.
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(5) Even the combination weights {ag, cer} can be adapted, as we shall discuss later in Sec. 8.3. In this
way, diffusion strategies allow multiple layers of adaptation: the nodes perform adaptive processing,
the combination weights can be adapted, and even the topology can be adapted especially for mobile
networks [8].

4 Adaptive Diffusion Strategies

The distributed ATC and CTA steepest-descent strategies (134) and (142) for determining the w® that solves
(92)—(93) require knowledge of the statistical information { Ry i, Tqu,k}. These moments are needed in order
to be able to evaluate the gradient vectors that appear in (134) and (142), namely, the terms:

— [Vuwde(wr,i—1)]" = (Taue — Rue wii—1) (147)
—[Vade(Wri-1)]" = (raue — Ruy ¥i,i-1) (148)

for all £ € Nj,. However, the moments {R,, s, 74y ¢} are often not available beforehand, which means that the
true gradient vectors are generally not available. Instead, the agents have access to observations {dj (), ug.; }
of the random processes {dj(i),ur;}. There are many ways by which the true gradient vectors can be
approximated by using these observations. Recall that, by definition,

Ruy 2 Bujuei,  raue = Bdi(i)uf, (149)

One common stochastic approximation method is to drop the expectation operator from the definitions of
{Ru,¢,Tdu,e} and to use the following instantaneous approximations instead [4-7]:

Rue = up i, Taue = de(i)ug,; (150)
In this case, the approximate gradient vectors become:

(Taue — Rue wri1) = ug, [de(i) — e Wi 1] (151)
(Taue — Rue Yri-1) = up,;[de(i) — wei Yri-1] (152)

Substituting into the ATC and CTA steepest-descent strategies (134) and (142), we arrive at the following
adaptive implementations of the diffusion strategies for ¢ > 0:

Vi = Whi—1 + [k Z ok up; [de(i) — wp jwp i—1]

(adaptive ATC strategy) CENs, (153)
Wi = Z Aok Yo

EGN)C

and

wk,ifl = E Aol We,i—1

(adaptive CTA strategy) N . ) (154)
Wi = Yii—1 + Mk Z cor up; [de(i) — wp i Vi1
ZE./\/’]C

where the coefficients {ag, cor } are chosen to satisfy:

fork=1,2,...,N:

N
cor > 0, ZCM:L cop =0if £ ¢ N,
k=1 (155)

N
agr > 0, Za%:l, angOiff¢Nk
(=1
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The adaptive implementations usually start from the initial conditions w1 = 0 for all £, or from some
other convenient initial values. Clearly, in view of the approximations (151)—(152), the successive iterates
{Wk,i, Vi, ¥Yr,i—1} that are generated by the above adaptive implementations are different from the iterates
that result from the steepest-descent implementations (134) and (142). Nevertheless, we shall continue
to use the same notation for these variables for ease of reference. One key advantage of the adaptive
implementations (153)—(154) is that they enable the agents to react to changes in the underlying statistical
information {rg, ¢, Ry.¢} and to changes in w®. This is because these changes end up being reflected in the
data realizations {dj(¢), us,;}. Therefore, adaptive implementations have an innate tracking and learning
ability that is of paramount significance in practice.

We say that the stochastic gradient approximations (151)—(152) introduce gradient noise into each step
of the recursive updates (153)—(154). This is because the updates (153)—(154) can be interpreted as corre-
sponding to the following forms:

*

Vi = W i—1 — [k Z cok [V dJe(wg,i—1)]

(adaptive ATC strategy) LEN (156)
Wei = Y agk Pr

LeENE

and

1/%,1'71 = E Aol Wei—1

ZENk

Whi = Vki—1 — Mk Z cok [Vudo(Pr,i-1)]
LeEN},

(adaptive CTA strategy) (157)

—

where the true gradient vectors, {V,,J;(:)}, have been replaced by approximations, {V.,J;(-)} — compare
with (139) and (146). The significance of the alternative forms (156)—(157) is that they are applicable to
optimization problems involving more general local costs Jy(w) that are not necessarily quadratic, as detailed
in [2,3]; see also Sec. 10.4. In the next section, we examine how gradient noise affects the performance of
the diffusion strategies and how close the successive estimates {wy ;} get to the desired optimal solution w®.
Table 3 lists several of the adaptive diffusion algorithms derived in this section.

The operation of the adaptive diffusion strategies is similar to the operation of the steepest-descent
diffusion strategies of the previous section. Thus, note that at every time instant ¢, the ATC strategy (153)
performs two steps; as illustrated in Fig. 12. The first step is an information exchange step where node
k receives from its neighbors their information {dg(i),ue;}. Node k combines this information and uses it
to update its existing estimate wy ;—1 to an intermediate value v ;. All other nodes in the network are
performing a similar step and updating their existing estimates {wg ;_1} into intermediate estimates {1}
by using information from their neighbors. The second step in (153) is an aggregation or consultation step
where node k combines the intermediate estimates {1, ;} of its neighbors to obtain its update estimate wy ;.
Again, all other nodes in the network are simultaneously performing a similar step. In the special case when
C = I, so that no information exchange is performed but only the aggregation step, the ATC strategy (153)
reduces to:

Vi = Wryim1 + pr Wy, ; [dr (1) — up iwg,i—1]
(adaptive ATC strategy
without information exchange) Wy = Z aok Vo

LENT,

(158)
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Table 3: Summary of adaptive diffusion strategies for the distributed optimization of general problems of the form
(92), and their specialization to the case of mean-square-error (MSE) individual cost functions given by (93). These
adaptive solutions rely on stochastic approximations.

| ALGORITHM | RECURSIONS | REFERENCE |
Vi = Whi—1 — [k Z cor [Vwde(wi,i—1)]
Adaptive ATC strategy CEN, (156)
(general case) W, = Z Aok Ye,i
LENY
Py = Whyi—1 + [k Z Cer Ug,; [de(8) — we,iW,i—1]
Adaptive ATC strategy LENT, (153)
(MSE costs) I Z aek Ve
LENY,
Adaptive ATC strategy Uhi = Whim1 + [k Ui [dk(z) - uk’iwk’ifl]
(MSE costs) (158)
(no information exchange) Wi = Z ak Pe.i
LENY
¢k,i—1 = Z ek Wei—1
Adaptive CTA strategy LENG, (157)
(general case) Whyi = Yhi—1 — MUk Z cek [Vwde(Yr,i-1)]
LENY,
Vkio1 = Z Qe We,i—1
Adaptive CTA strategy LEN, (154)
(MSE costs) Wi = Yri—1 + [k Z ok ug,; [de(d) — wes Vi io1]
LeENY,
Adaptive CTA strategy Vi1 = Z Aok W1
(MSE costs) LEN, (159)
(no information exchange) Wi = Yhyio1 + e Uk [de (1) — Ukyi Yii—1)
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Figure 12: Tlustration of the adaptive ATC strategy, which involves two steps: information exchange followed by
aggregation.

Likewise, at every time instant ¢, the CTA strategy (154) also consists of two steps — see Fig. 13. The
first step is an aggregation step where node k combines the existing estimates of its neighbors to obtain the
intermediate estimate 95, ;1. All other nodes in the network are simultaneously performing a similar step
and aggregating the estimates of their neighbors. The second step in (154) is an information exchange step
where node k receives from its neighbors their information {d(7), us;} and uses this information to update
its intermediate estimate to wy ;. Again, all other nodes in the network are simultaneously performing a
similar information exchange step. In the special case when C' = I, so that no information exchange is

R

Alapt-then-Combine (ATC) Strate%

(node k, time i)
(a) Information exchange step:
ee(i) = dg(i) — Up,iWk,i—1
Pri = Wi+ kY ok uj gee(i)

LeENG
(b) Aggregation/consultation step:

Whi = Y ek Yo

N

performed but only the aggregation step, the CTA strategy (154) reduces to:

Figure 13: Tllustration of the adaptive CTA strategy, which involves two steps: aggregation followed by information

exchange.

N

_—————

—_——

A)mbine-then-Adapt (CTA) Strate&

(node k, time i)

(a) Aggregation/consultation step:

Vi1 = E Qi We i—1

LEN,

(b) Information exchange step:

(1) = dy(4) — we,itr,i—1

Wi = Yryi-1 + M Z cer; ug zee()
k LEN}, /
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(adaptive CTA strategy Vhji-1 = Z ek We,i—1

without information exchange) W — wf?\i’“_'_ e 0 [ (3) — s Y ir] (159)
5 51— N3 5 1=

We further note that the adaptive ATC and CTA strategies (153)—(154) reduce to the non-cooperative
adaptive solution (22)—(23), where each node k runs its own individual LMS filter, when the coefficients
{agk, cor.} are selected as

agk = d¢r, = cor,  (non-cooperative case) (160)

where &y, denotes the Kronecker delta function:

A 1, =k
0ok = { 0, otherwise (161)
In terms of the combination matrices A and C, this situation corresponds to setting
A=Iy=C (non-cooperative case) (162)

5 Performance of Steepest-Descent Diffusion Strategies

Before studying in some detail the mean-square performance of the adaptive diffusion implementations (153)—
(154), and the influence of gradient noise, we examine first the convergence behavior of the steepest-descent
diffusion strategies (134) and (142), which employ the true gradient vectors. Doing so, will help introduce
the necessary notation and highlight some features of the analysis in preparation for the more challenging
treatment of the adaptive strategies in Sec. 6.

5.1 General Diffusion Model

Rather than study the performance of the ATC and CTA steepest-descent strategies (134) and (142) sep-
arately, it is useful to introduce a more general description that includes the ATC and CTA recursions as
special cases. Thus, consider a distributed steepest-descent diffusion implementation of the following general
form for i > 0:

Prji-1 = Z ai, ek Wei—1 (163)
LEN},
Vi = Pri-1+ pk Z Cer [Tdue — Ruye Prji—1] (164)
LEN,
Wi = Z a0k Ve (165)
feNk

where the scalars {a1 ¢k, cox, a2 o1} denote three sets of non-negative real coefficients corresponding to the
(¢, k) entries of N x N combination matrices {A;, C, As}, respectively. These matrices are assumed to satisfy
the conditions:

AT1 =1, c1=1, Al1=1 (166)
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so that {A1, A2} are left stochastic and C' is right-stochastic, i.e.,
fork=1,2,...,N:
N
CngO, ZCHC:]" Cgk:()if€¢./\/k
k=1

N

. 167

ay,er > 0, E arer =1, arm=0if L &N, (167)
—1

N
az ek > 0, Zauk =1, ag=0if L& N
=1

Different choices for {4y, C, A3} correspond to different cooperation modes. For example, the choice A; =
Iy and Ay = A corresponds to the ATC implementation (134), while the choice A1 = A and Ay = Iy
corresponds to the CTA implementation (142). Likewise, the choice C' = Iy corresponds to the case in
which the nodes only share weight estimates and the distributed diffusion recursions (163)—(165) become

k-1 = Z ai, ek We,i—1 (168)
ZEN)C

Vri = Oki-1+ e (Tauk — Buk Pri-1) (169)

Wi, = Z az,ok Ye,i (170)
ZGNk

Furthermore, the choice A; = Ay = C = I corresponds to the non-cooperative mode of operation, in which
case the recursions reduce to the classical (stand-alone) steepest-descent recursion [4-7], where each node
minimizes individually its own quadratic cost Jy(w), defined earlier in (97):

Wgi = Wki—1+ Wk [Tduk — Ruk Wki-1], ©>0 (171)

Table 4: Different choices for the combination matrices { A1, A2, C} in (163)—(165) correspond to different cooperation
strategies.

| A | A, [ C [ COoOPERATION MODE |
In | A | C | ATC strategy (134).

In | A | In | ATC strategy (137) without information exchange.
A | In | C | CTA strategy (142).

A | In | I~ | CTA strategy (145) without information exchange.
In | In | IN | non-cooperative steepest-descent (171).

5.2 Error Recursions

Our objective is to examine whether, and how fast, the weight estimates {wy;} from the distributed imple-
mentation (163)—(165) converge towards the solution w® of (92)-(93). To do so, we introduce the M x 1
error vectors:

bri 2w’ —ors (172)
Gri 2w — s (173)
Ty 2w’ —wpy (174)
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Each of these error vectors measures the residual relative to the desired minimizer w°. Now recall from (100)

that
Tauk = Rk w° (175)
Then, subtracting w® from both sides of the relations in (163)—(165) we get
Prict = Y vk B (176)
LENE
Vi = (IM — Mk Z Cek Ru,z> Pryi—1 (177)
KGN)C
Dhi = Y sk Yo (178)

LEN,

We can describe these relations more compactly by collecting the information from across the network into
block vectors and matrices. We collect the error vectors from across all nodes into the following N x 1 block

vectors, whose individual entries are of size M x 1 each:
&1,1' 651,1 (%

Al gal | ga| ™ (179)
The block quantities {zZZ, q~5i, w; } represent the state of the errors across the network at time i. Likewise, we
introduce the following N x N block diagonal matrices, whose individual entries are of size M x M each:

M 2 diag{ wiln, polng, .., pnIar } (180)
R 2 diag{ S e Rues D e Ruy oo Y con R } (181)
LeN: LeN> LeNN

Each block diagonal entry of R, say, the k-th entry, contains the combination of the covariance matrices in
the neighborhood of node k. We can simplify the notation by denoting these neighborhood combinations as

follows:
Ry, 2 Z cor Ry (182)
LeEN,
so that R becomes
R 2 diag{ Ry, Ra, ..., Ry } (when C # 1) (183)
In the special case when C = I, the matrix R reduces to
(when C =1) (184)

~7Ru,N}

Ru = diag{Ru’l, RU’Q, ..

with the individual covariance matrices appearing on its diagonal; we denote R by R, in this special case.

We further introduce the Kronecker products
A A
Al = A @1y, Ay = A2 @1y (185)
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The matrix A; is an N X N block matrix whose (¢, k) block is equal to ai exIpr. Likewise, for Ay. In
other words, the Kronecker transformation defined above simply replaces the matrices {A;, As} by block
matrices {A1, Az} where each entry {a1 ¢k, a2 ¢} in the original matrices is replaced by the diagonal matrices
{a1,ekIn, a2.eIn}. For ease of reference, Table 5 lists the various symbols that have been defined so far,
and others that will be defined in the sequel.

Table 5: Definitions of network variables used throughout the analysis.

VARIABLE EqQuAaTIiON
A1 = A1 Q Iy (185)
Ao = As @ Iy (185)
C=CQRIm (245)
Ri= > cok Ruy (182)
ZE/\/';C
R = diag {Rl, Ro, ...,RN } (183)
Ru = diag{RuJ, Ru’g, ey Ru,N} (241)
R, = diag{ag,lv 012),2a R U?},N} (319)
M :diag{ /.L1]M, Mg[}yj, ey /J,iju } (180)
S = diag{o? 1 Ru1, 02 oRu2, ...,00 NRun} (241)
G=A;MC" (263)
B=A7 (Iny — MR) AT (264)
Y =68g" (280)
F~BT @B (277)
Jk:diag{ OA4,~~-70]M7]]\/I,0]\4,---,OM} (294)
ﬁ:diag{ 01\/[,...701\[7Ru7k70M7...,0M} (298)

Returning to (176)—(178), we conclude that the following relations hold for the block quantities:

bi1 = Alw (186)
bi = (Inn—MR) i (187)
@ = AJ U (188)

so that the network weight error vector, w;, ends up evolving according to the following dynamics:

w; = AL (Inpyr — MR) AT w; 1, i>0 (diffusion strategy) (189)

For comparison purposes, if each node in the network minimizes its own cost function, Ji(w), separately
from the other nodes and uses the non-cooperative steepest-descent strategy (171), then the weight error
vector across all N nodes would evolve according to the following alternative dynamics:

w; = (Inpy — MRY) Wi—q, >0 (non-cooperative strategy) (190)

where the matrices 4; and Ay do not appear, and R is replaced by R, from (184). This recursion is a
special case of (189) when A1 = As = C = Iy.
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5.3 Convergence Behavior

Note from (189) that the evolution of the weight error vector involves block vectors and block matrices; this
will be characteristic of the distributed implementations that we consider in this article. To examine the
stability and convergence properties of recursions that involve such block quantities, it becomes useful to
rely on a certain block vector norm. In App. D, we describe a so-called block maximum block and establish
some of its useful properties. The results of the appendix will be used extensively in our exposition. It is
therefore advisable for the reader to review the properties stated in the appendix at this stage.

Using the result of Lemma D.6, we can establish the following useful statement about the convergence of
the steepest-descent diffusion strategy (163)—(165). The result establishes that all nodes end up converging
to the optimal solution w° if the nodes employ positive step-sizes uj that are small enough; the lemma
provides a sufficient bound on the {u}.

Theorem 5.1. (Convergence to Optimal Solution) Consider the problem of optimizing the global cost
(92) with the individual cost functions given by (93). Pick a right stochastic matriz C and left stochastic ma-
trices Ay and As satisfying (166) or (167); these matrices define the network topology and how information is
shared over neighborhoods. Assume each node in the network runs the (distributed) steepest-descent diffusion
algorithm (168)-(165). Then, all estimates {wy ;} across the network converge to the optimal solution w® if
the positive step-size parameters {p} satisfy

2

s < )\max (Rk)

(191)

where the neighborhood covariance matriz Ry, is defined by (182).

Proof. The weight error vector @; converges to zero if, and only if, the coefficient matrix A2 (Iny — MR) AT in
(189) is a stable matrix (meaning that all its eigenvalues lie strictly inside the unit disc). From property (605)
established in App. D, we know that AZ (Inm — MR) AT is stable if the block diagonal matrix (Inm — MR) is
stable. It is now straightforward to verify that condition (191) ensures the stability of (Ina — MR). It follows that

w; — 0 as i —» 00 (192)
O

Observe that the stability condition (191) does not depend on the specific combination matrices A; and As.
Thus, as long as these matrices are chosen to be left-stochastic, the weight-error vectors will converge to
zero under condition (191) no matter what {A;, A>} are. Only the combination matrix C' influences the
condition on the step-size through the neighborhood covariance matrices {Ry}. Observe further that the
statement of the lemma does not require the network to be connected. Moreover, when C' = I, in which
case the nodes only share weight estimates and do not share the neighborhood moments {rg, ¢, Ry ¢}, as in
(168)—(170), condition (191) becomes

2

P —
Hi )\max (Ru,k)

(cooperation with C = I) (193)

in terms of the actual covariance matrices {R, }. Results (191) and (193) are reminiscent of a classical
result for stand-alone steepest-descent algorithms, as in the non-cooperative case (171), where it is known
that the estimate by each individual node in this case will converge to w? if, and only if, its positive step-size
satisfies

2

—_— (non-cooperative case (171) with A1 = Ay = C = Iy) (194)
)\max(Ru,k)

pr <
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This is the same condition as (193) for the case C' = I.
The following statement provides a bi-directional statement that ensures convergence of the (distributed)

steepest-descent diffusion strategy (163)—(165) for any choice of left-stochastic combination matrices A; and
A,.

Theorem 5.2. (Convergence for Arbitrary Combination Matrices) Consider the problem of opti-
mizing the global cost (92) with the individual cost functions given by (93). Pick a right stochastic matriz
C satisfying (166). Then, the estimates {wy;} generated by (163)-(165) converge to w°, for all choices of
left-stochastic matrices Ay and Ay satisfying (166) if, and only if,

<2 (195)
B < 5y
Amax(Rk)
Proof. The result follows from property (b) of Corollary D.1, which is established in App. D.
O

More importantly, we can verify that under fairly general conditions, employing the steepest-descent
diffusion strategy (163)—(165) enhances the convergence rate of the error vector towards zero relative to the
non-cooperative strategy (171). The next three results establish this fact when C is a doubly stochastic
matrix, i.e., it has non-negative entries and satisfies

C1 =1, ™1 =1 (196)

with both its rows and columns adding up to one. Compared to the earlier right-stochastic condition on C'

in (105), we are now requiring
Z cre = 1, Z e =1 (197)
LeEN LeEN

For example, these conditions are satisfied when C' is right stochastic and symmetric. They are also satisfied
for C' = I, when only weight estimates are shared as in (168)—(170); this latter case covers the ATC and
CTA diffusion strategies (137) and (145), which do not involve information exchange.

Theorem 5.3. (Convergence Rate is Enhanced: Uniform Step-Sizes) Consider the problem of opti-
mizing the global cost (92) with the individual cost functions given by (93). Pick a doubly stochastic matriz C
satisfying (196) and left stochastic matrices A1 and As satisfying (166). Consider two modes of operation. In
one mode, each node in the network runs the (distributed) steepest-descent diffusion algorithm (163)-(165).
In the second mode, each node operates individually and runs the non-cooperative steepest-descent algorithm
(171). In both cases, the positive step-sizes used by all nodes are assumed to be the same, say, pi = p for
all k, and the value of p is chosen to satisfy the required stability conditions (191) and (194), which are met
by selecting

) 2
SN 2N {AH(RM)} "

It then holds that the magnitude of the error vector, ||w;||, in the diffusion case decays to zero more rapidly
than in the non-cooperative case. In other words, diffusion cooperation enhances convergence rate.

Proof. Let us first establish that any positive step-size u satisfying (198) will satisfy both stability conditions (191)
and (194). It is obvious that (194) is satisfied. We verify that (191) is also satisfied when C' is doubly stochastic. In
this case, each neighborhood covariance matrix, Rk, becomes a convex combination of individual covariance matrices
{Ru,g}, ie.,
Ry = Z Cok R e
LeNy,

where now

Z cor = 1 (when C' is doubly stochastic)

LENY
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To proceed, we recall that the spectral norm (maximum singular value) of any matrix X is a convex function of
X [56]. Moreover, for Hermitian matrices X, their spectral norms coincide with their spectral radii (largest eigenvalue
magnitude). Then, Jensen’s inequality [56] states that for any convex function f(-) it holds that

f (Z emxm> < 0 f(Xom)
for Hermitian matrices X,, and nonnegative scalars 6,, that satisfy

> =1

Choosing f(-) as the spectral radius function, and applying it to the definition of Ry above, we get

p(Re) = »p Z copRue
ZENk
< Z cok - p(Rue)
CEN,
< .
hS Z Cek LYSIIZE%XN p(Ru,z)}
LENY,
= |max p(Rue)

In other words,
)\max(Rk) S max {)\max(Ru,k)}

1<k<N

It then follows from (198) that
2
< ———, forallk=1,2,...,N
K )\max(Rk)
so that (191) is satisfied as well.
Let us now examine the convergence rate. To begin with, we note that the matrix (Iny — MR) that appears in

the weight-error recursion (189) is block diagonal:
(Unm — MR) = diag{(Iss — pR1), (In — pR2), ..., (In — pRN)}

and each individual block entry, (Ins — uRr), is a stable matrix since p satisfies (191). Moreover, each of these entries
can be written as

Ing — pRy = Z cer(Inr — R e)
LENY,

which expresses (Iar — pRy) as a convex combination of stable terms (Ips — pRu.¢). Applying Jensen’s inequality
again we get

P Z con(Ine — pRuyg) | < Z cow p(In — pRue)
LENY, LeENY,

Now, we know from (189) that the rate of decay of w; to zero in the diffusion case is determined by the spectral
radius of the coefficient matrix A% (Inym — MR) AT Likewise, we know from (190) that the rate of decay of w; to
zero in the non-cooperative case is determined by the spectral radius of the coefficient matrix (Inay — MRy). Then,
note that
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(605)

p (.AQT (Inym — MR) AT ) < p(Inmy — MR)
= max p (Iy — pRy)

1<k<N
=8 (/%k coe(Im — MRu,Z))
= 1<k< Z ce pUnr = pltue)
k
< 1I<I}?<XN Cok ( max p(Inm — pRy, z))

- 1<k<N{ 1r<nz8b<X Uy — ‘uR"é>'Zc“}

LENY,
- 1<Ic<N< 25 P — ph, £)>

= max I]u R l
1<z<Np pitu

= p(Inm — MRuY)

Therefore, the spectral radius of A% (Inyv — MR) AT is at most as large as the largest individual spectral radius in
the non-cooperative case.

O

The argument can be modified to handle different step-sizes across the nodes if we assume uniform covariance
data across the network, as stated below.

Theorem 5.4. (Convergence Rate is Enhanced: Uniform Covariance Data) Consider the same
setting of Theorem 5.3. Assume the covariance data are uniform across all nodes, say, Ry = Ry is
independent of k. Assume further that the nodes in both modes of operation employ steps-sizes uy that are
chosen to satisfy the required stability conditions (191) and (194), which in this case are met by:

2

. k=12..N 199
N (0] (199)

pre <

It then holds that the magnitude of the error vector, |w;||, in the diffusion case decays to zero more rapidly
than in the non-cooperative case. In other words, diffusion enhances convergence rate.

Proof. Since Ry, = Ry for all £ and C is doubly stochastic, we get Ry = R, and Iny — MR = Iy — MR, Then,

(605)
p (AT (s = MRYAT ) < p(Iwar = MR)

= pUnm — MRy)
O

The next statement considers the case of ATC and CTA strategies (137) and (145) without information
exchange, which correspond to the case C' = Iy. The result establishes that these strategies always enhance
the convergence rate over the non-cooperative case, without the need to assume uniform step-sizes or uniform
covariance data.

Theorem 5.5. (Convergence Rate is Enhanced when C = I) Consider the problem of optimizing the
global cost (92) with the individual cost functions given by (93). Pick left stochastic matrices A1 and Ay
satisfying (166) and set C = Iy. This situation covers the ATC and CTA strategies (137) and (145), which
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do not involve information exchange. Consider two modes of operation. In one mode, each node in the
network runs the (distributed) steepest-descent diffusion algorithm (168)-(170). In the second mode, each
node operates individually and runs the non-cooperative steepest-descent algorithm (171). In both cases, the
positive step-sizes are chosen to satisfy the required stability conditions (193) and (194), which in this case

are met by
2

)\max(Ru,k) ’

It then holds that the magnitude of the error vector, |w;||, in the diffusion case decays to zero more rapidly
than in the non-cooperative case. In other words, diffusion cooperation enhances convergence rate.

e < k=1,2,...,N (200)

Proof. When C = Iy, we get Ry = Ry and, therefore, R = Ry and Iny — MR = Iny — MR,. Then,

(605)
P (AzT (Inm — MR) Al ) <  p(Inmy — MR)

=  p(Inm — MRy)
O

The results of the previous theorems highlight the following important facts about the role of the combination
matrices {A1, A2, C'} in the convergence behavior of the diffusion strategy (163)—(165):

(a) The matrix C influences the stability of the network through its influence on the bound in (191). This
is because the matrices {Ry} depend on the entries of C. The matrices {A;, A2} do not influence
network stability.

(b) The matrices {A;, A2, C} influence the rate of convergence of the network since they influence the
spectral radius of the matrix A% (Inyy — MR) AT, which controls the dynamics of the weight error
vector in (189).

6 Performance of Adaptive Diffusion Strategies

We now move on to examine the behavior of the adaptive diffusion implementations (153)—(154), and the
influence of both gradient noise and measurement noise on convergence and steady-state performance. Due
to the random nature of the perturbations, it becomes necessary to evaluate the behavior of the algorithms
on average, using mean-square convergence analysis. For this reason, we shall study the convergence of the
weight estimates both in the mean and mean-square sense. To do so, we will again consider a general diffusion
structure that includes the ATC and CTA strategies (153)—(154) as special cases. We shall further resort
to the boldface notation to refer to the measurements and weight estimates in order to highlight the fact
that they are now being treated as random variables. In this way, the update equations becomes stochastic
updates. Thus, consider the following general adaptive diffusion strategy for i > 0:

Grin = D armwri (201)
EEN)C
Vi = Pri1 T bk Z Cok Uy, [dté(i) — Uy, ¢k,i71] (202)
ZE./\/JC
Wi = Y gk Yy, (203)
LEN

As before, the scalars {a1 ¢k, Cor, 2,01} are non-negative real coefficients corresponding to the (¢, k) entries
of N x N combination matrices {41, C, A3}, respectively. These matrices are assumed to satisfy the same
conditions (166) or (167). Again, different choices for {A;, C, A2} correspond to different cooperation modes.
For example, the choice A; = Iy and Ay = A corresponds to the adaptive ATC implementation (153), while
the choice A1 = A and Ay = Iy corresponds to the adaptive CTA implementation (154). Likewise, the
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choice C' = Iy corresponds to the case in which the nodes only share weight estimates and the distributed
diffusion recursions (201)—(203) become

Pri1 = Z a1,0k We,i—1 (204)
LEN}

Vi = Ppi1+prug, [dk(l) — Uk, ¢k,i71} (205)

Wy, = Z az,ox Yo, (206)
ZE./\/‘]C

Furthermore, the choice A1 = Ay = C = Iy corresponds to the non-cooperative mode of operation, where
each node runs the classical (stand-alone) least-mean-squares (LMS) filter independently of the other nodes:
[4-7]:

Wk, = Wgi—1+ Uk [de() — gk, wri—1], >0 (207)

6.1 Data Model

When we studied the performance of the steepest-descent diffusion strategy (163)—(165) we exploited result
(175), which indicated how the moments {74y k, Ry 1} that appeared in the recursions related to the optimal
solution w°. Likewise, in order to be able to analyze the performance of the adaptive diffusion strategy
(201)—(203), we need to know how the data {d (i), ux,;} across the network relate to w°. Motivated by the
several examples presented earlier in Sec. 2, we shall assume that the data satisfy a linear model of the form:

dk(%) = uk’iwo + ’Uk(l) (208)

where vy (i) is measurement noise with variance o2 ,:
.

02 2 Elvg(i)? (209)

and where the stochastic processes {dy (i), uy;} are assumed to be jointly wide-sense stationary with mo-
ments:

Uﬁ’k 2 E |d () |2 (scalar) (210)
Rur 2 Euup;>0  (MxM) (211)
rawk = Edy(i)u, (M x 1) (212)

All variables are assumed to be zero-mean. Furthermore, the noise process {vy (i)} is assumed to be tempo-
rally white and spatially independent, as described earlier by (6), namely,

{ Evg(i)vi(j) = 0, for all ¢ # j (temporal whiteness) (213)

Ewvi(i)vs,(j) = 0, for all 4,5 whenever k # m (spatial whiteness)

The noise process v(4) is further assumed to be independent of the regression data w,, ; for all k,m and
1,7 so that:
Evy(i)u,, ; =0, for all k,m, 1, j (214)

We shall also assume that the regression data are temporally white and spatially independent so that:
Euy juej = Rukdkedi (215)

Although we are going to derive performance measures for the network under this independence assumption
on the regression data, it turns out that the resulting expressions continue to match well with simulation
results for sufficiently small step-sizes, even when the independence assumption does not hold (in a manner
similar to the behavior of stand-alone adaptive filters) [4, 5].
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6.2 Performance Measures

Our objective is to analyze whether, and how fast, the weight estimates {wy;} from the adaptive diffusion
implementation (201)—(203) converge towards w°. To do so, we again introduce the M x 1 weight error
vectors:

abk,i = w’- ¢k,i (216)
~ A .

U’k,i = w —";bk,i (217)
Wr; 2w’ —wyy, (218)

Each of these error vectors measures the residual relative to the desired w® in (208). We further introduce
two scalar error measures:

ex(i) di(i) — uk;wy;—1  (output error) (219)

1>

€1 (%) Up i W i—1 (a-priori error) (220)

The first error measures how well the term wy ;wy ;—1 approximates the measured data, dj(i); in view of
(208), this error can be interpreted as an estimator for the noise term vy (i). If node k& is able to estimate w®
well, then e (i) would get close to v (i). Therefore, under ideal conditions, we would expect the variance of
e (i) to tend towards the variance of vy (i). However, as remarked earlier in (31), there is generally an offset
term for adaptive implementations that is captured by the variance of the a-priori error, eq j(¢). This second
error measures how well uy ;wy ;1 approximates the uncorrupted term wuy ;w°. Using the data model (208),
we can relate {ex (i), e, (7))} as

er(i) = eqr+vi(i) (221)

Since the noise component, v (i), is assumed to be zero-mean and independent of all other random variables,
we recover (31):

Elex(i)]* = Elear(@)* + o34 (222)

This relation confirms that the variance of the output error, ey (i), is always at least as large as 012)7 . and
away from it by an amount that is equal to the variance of the a-priori error, e, k(7). Accordingly, in order
to quantify the performance of any particular node in the network, we define the mean-square-error (MSE)
and excess-mean-square-error (EMSE) for node & as the following steady-state measures:

MSE, 2 lim E|ey(i)? (223)
1— 00
EMSE, 2 lim Eleq;(i)]? (224)
1— 00
Then, it holds that
MSE, = EMSE; + o7, (225)

Therefore, the EMSE term quantifies the size of the offset in the MSE performance of each node. We also
define the mean-square-deviation (MSD) of each node as the steady-state measure:

MSD; 2 lim E ||| (226)
71— 00

which measures how far wy, ; is from w® in the mean-square-error sense.
We indicated earlier in (36)—(37) how the MSD and EMSE of stand-alone LMS filters in the non-
cooperative case depend on {uy, o2, Ry }. In this section, we examine how cooperation among the nodes
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influences their performance. Since cooperation couples the operation of the nodes, with data originating
from one node influencing the behavior of its neighbors and their neighbors, the study of the network per-
formance requires more effort than in the non-cooperative case. Nevertheless, when all is said and done,
we will arrive at expressions that approximate well the network performance and reveal some interesting
conclusions.

6.3 Error Recursions

Using the data model (208) and subtracting w® from both sides of the relations in (201)—(203) we get

Gri = Y v Wi (227)
ZGN)C
P = (IM — kY UZ,WM) Grin — kY o wj V(i) (228)
LEN, LEN
Wi, = > amu Py (229)
LENG,

Comparing the second recursion with the corresponding recursion in the steepest-descent case (176)—(178),
we see that two new effects arise: the effect of gradient noise, which replaces the covariance matrices R, ¢
by the instantaneous approximation w} ,u,,;, and the effect of measurement noise, v,(i).

We again describe the above relations more compactly by collecting the information from across the
network in block vectors and matrices. We collect the error vectors from across all nodes into the following
N x 1 block vectors, whose individual entries are of size M x 1 each:

’fl,i ?1,2' w1 ;

~ A Vo ~ A s - A W2,i

wi = . ) ¢i = . ’ w; = . (230)
Yy DN, WN,i

The block quantities {'«sz, (Nbi, w;} represent the state of the errors across the network at time i. Likewise,
we introduce the following N x N block diagonal matrices, whose individual entries are of size M x M each:

M = dlag{ H11M7 ‘LLQIM7 ceay ,LLNIM } (231)
R = diag{ Z Co1 Wy ;W i, Z Co2 Up Wy, - Z CON Uy U } (232)
LENT LEN, LeNN

Each block diagonal entry of R;, say, the k-th entry, contains a combination of rank-one regression terms
collected from the neighborhood of node k. In this way, the matrix R; is now stochastic and dependent
on time, in contrast to the matrix R in the steepest-descent case in (181), which was a constant matrix.
Nevertheless, it holds that

ER; = R (233)

so that, on average, R; agrees with R. We can simplify the notation by denoting the neighborhood combi-
nations as follows:

A *
Ry = Z Cok Uy ;Ui (234)
LeENE

so that R; becomes
Ri é diag{ Rl,i7 RQJ‘, e ;RN,i } (When C 75 I) (235)
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Again, compared with the matrix Ry, defined in (182), we find that Ry ; is now both stochastic and time-
dependent. Nevertheless, it again holds that

ER; = Ry (236)

In the special case when C = I, the matrix R; reduces to
A . * * *
Rui = diag{uj w1, us uz;, ..., uy,un;}t (when C = 1) (237)

with

ER.; = Ru (238)

where R,, was defined earlier in (184).
We further introduce the following N x 1 block column vector, whose entries are of size M x 1 each:

s 2 col{ uivi(i), uhvali),. .., wion(i)} (239)

Obviously, given that the regression data and measurement noise are zero-mean and independent of each
other, we have

Esi =0 (240)

and the covariance matrix of s; is N x N block diagonal with blocks of size M x M:

1>

S = Es;s; = diag{os 1 Ru,1, 0ooRu2, - 00 yRun} (241)

Returning to (227)-(229), we conclude that the following relations hold for the block quantities:

<75i_1 = -A1T"7’i—1 (242)
¥, = (Innw— MRy) ¢y — MCTs; (243)
w;, = ALy, (244)
where
C2Coly (245)

so that the network weight error vector, w;, ends up evolving according to the following stochastic recursion:

w; = A3 (I — MR) ATw; .y — AT MCTs;, i >0 (diffusion strategy) (246)

For comparison purposes, if each node operates individually and uses the non-cooperative LMS recursion
(207), then the weight error vector across all N nodes would evolve according to the following stochastic
recursion:

w; = (Inpg — MRyi)wim1 — Ms;, 1>0 (non-cooperative strategy) (247)

where the matrices A; and A do not appear, and R; is replaced by R, ; from (237).
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6.4 Convergence in the Mean

Taking expectations of both sides of (246) we find that:

Ew; = AY (Inyg — MR) AT -Ew,;—1, i>0 (diffusion strategy) (248)

where we used the fact that w;_; and R; are independent of each other in view of our earlier assumptions
on the regression data and noise in Sec. 6.1. Comparing with the error recursion (189) in the steepest-
descent case, we find that both recursions are identical with w; replaced by Ew;. Therefore, the convergence
statements from the steepest-descent case can be extended to the adaptive case to provide conditions on the
step-size to ensure stability in the mean, i.e., to ensure

Ew;, — 0 as i— o0 (249)

When (249) is guaranteed, we would say that the adaptive diffusion solution is asymptotically unbiased. The
following statements restate the results of Theorems 5.1-5.5 in the context of mean error analysis.

Theorem 6.1. (Convergence in the Mean) Consider the problem of optimizing the global cost (92) with
the individual cost functions given by (93). Pick a right stochastic matriz C and left stochastic matrices Aq
and As satisfying (166) or (167). Assume each node in the network measures data that satisfy the conditions
described in Sec. 6.1, and runs the adaptive diffusion algorithm (201)-(203). Then, all estimators {wy ;}
across the network converge in the mean to the optimal solution w® if the positive step-size parameters { iy}
satisfy

2

)\maX(Rk) (250)

pr <

where the neighborhood covariance matriz Ry, is defined by (182). In other words, Ewy, ; — w® for all nodes
k asi— oo.

O
Observe again that the mean stability condition (250) does not depend on the specific combination matrices
A; and A, that are being used. Only the combination matrix C' influences the condition on the step-size
through the neighborhood covariance matrices { Ry }. Observe further that the statement of the lemma does
not require the network to be connected. Moreover, when C' = Iy, in which case the nodes only share weight
estimators and do not share neighborhood data {d,(¢), us;} as in (204)—(206), condition (250) becomes

2

_ dapti ti ith C =1 251
o (Fot) (adaptive cooperation wi N) (251)

pr <

Results (250) and (251) are reminiscent of a classical result for the stand-alone LMS algorithm, as in the
non-cooperative case (207), where it is known that the estimator by each individual node in this case would
converge in the mean to w® if, and only if, its step-size satisfies

2

_ non-cooperative adaptation 252

pr <

The following statement provides a bi-directional result that ensures the mean convergence of the adaptive
diffusion strategy for any choice of left-stochastic combination matrices A; and As.
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Theorem 6.2. (Mean Convergence for Arbitrary Combination Matrices) Consider the problem of
optimizing the global cost (92) with the individual cost functions given by (93). Pick a right stochastic matrix
C satisfying (166). Assume each node in the network measures data that satisfy the conditions described in
Sec. 6.1. Then, the estimators {wy;} generated by the adaptive diffusion strategy (201)—(203), converge in
the mean to w®, for all choices of left stochastic matrices A1 and Az satisfying (166) if, and only if,

2

)\max(Rk) (253)

M <

O
As was the case with steepest-descent diffusion strategies, the adaptive diffusion strategy (201)—(203) also
enhances the convergence rate of the mean of the error vector towards zero relative to the non-cooperative
strategy (207). The next results restate Theorems 5.3-5.5; they assume C' is a doubly stochastic matrix.

Theorem 6.3. (Mean Convergence Rate is Enhanced: Uniform Step-Sizes) Consider the problem
of optimizing the global cost (92) with the individual cost functions given by (93). Pick a doubly stochastic
matriz C satisfying (196) and left stochastic matrices Ay and As satisfying (166). Assume each node in the
network measures data that satisfy the conditions described in Sec. 6.1. Consider two modes of operation.
In one mode, each node in the network runs the adaptive diffusion algorithm (201)-(203). In the second
mode, each node operates individually and runs the non-cooperative LMS algorithm (207). In both cases, the
positive step-sizes used by all nodes are assumed to be the same, say, pur = p for all k, and the value of p s
chosen to satisfy the required mean stability conditions (250) and (252), which are met by selecting

] 2
SRRt {A]n(Ruk)} o

It then holds that the magnitude of the mean error vector, |[Ew;|| in the diffusion case decays to zero more
rapidly than in the non-cooperative case. In other words, diffusion enhances convergence rate.

O

Theorem 6.4. (Mean Convergence Rate is Enhanced: Uniform Covariance Data) Consider the
same setting of Theorem 6.5. Assume the covariance data are uniform across all nodes, say, R, = R, is
independent of k. Assume further that the nodes in both modes of operation employ steps-sizes uy that are
chosen to satisfy the required stability conditions (250) and (252), which in this case are met by:

2

. k=12..N 255
N () (255)

pre <

It then holds that the magnitude of the mean error vector, |[Ew;||, in the diffusion case also decays to zero
more rapidly than in the non-cooperative case. In other words, diffusion enhances convergence rate.

O
The next statement considers the case of ATC and CTA strategies (204)—(206) without information exchange,
which correspond to the choice C' = I. The result establishes that these strategies always enhance the
convergence rate over the non-cooperative case, without the need to assume uniform step-sizes or uniform
covariance data.

Theorem 6.5. (Mean Convergence Rate is Enhanced when C = I) Consider the problem of opti-
mizing the global cost (92) with the individual cost functions given by (93). Pick left stochastic matrices A;
and As satisfying (166) and set C = In. This situation covers the ATC and CTA strategies (204)-(206)
that do not involve information exchange. Assume each node in the network measures data that satisfy the
conditions described in Sec. 6.1. Consider two modes of operation. In one mode, each node in the network
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runs the adaptive diffusion algorithm (204)-(206). In the second mode, each node operates individually and
runs the non-cooperative LMS algorithm (207). In both cases, the positive step-sizes are chosen to satisfy
the required stability conditions (251) and (252), which in this case are met by

2

< 75
Hi )\max(Ru,k)

k=1,2,...,N (256)
It then holds that the magnitude of the mean error vector, |Ew;||, in the diffusion case decays to zero more
rapidly than in the non-cooperative case. In other words, diffusion cooperation enhances convergence rate.

O

The results of the previous theorems again highlight the following important facts about the role of the
combination matrices {41, Az, C} in the convergence behavior of the adaptive diffusion strategy (201)—(203):

(a) The matrix C influences the mean stability of the network through its influence on the bound in (250).
This is because the matrices { R;} depend on the entries of C'. The matrices {41, A2} do not influence
network mean stability.

(b) The matrices {A1, A2, C} influence the rate of convergence of the mean weight-error vector over the
network since they influence the spectral radius of the matrix A2 (Ina — MR) AT, which controls the
dynamics of the weight error vector in (248).

6.5 Mean-Square Stability

It is not sufficient to ensure the stability of the weight-error vector in the mean sense. The error vectors,
Wy ;, may be converging on average to zero but they may have large fluctuations around the zero value.
We therefore need to examine how small the error vectors get. To do so, we perform a mean-square-error
analysis. The purpose of the analysis is to evaluate how the variances E ||wy ;||? evolve with time and what
their steady-state values are, for each node k.

In this section, we are particularly interested in evaluating the evolution of two mean-square-errors,

namely,
E|wg,|> and E|eq.r(i)]? (257)

The steady-state values of these quantities determine the MSD and EMSE performance levels at node k
and, therefore, convey critical information about the performance of the network. Under the independence
assumption on the regression data from Sec. 6.1, it can be verified that the EMSE variance can be written
as:

1>

E|eq,r(i)? E |up,iwg i—1]?
= Eﬂ]z,i—luz,iuk,iﬂ’k,i—l
E [E(wj,;_ 1wy Wk iWk i1 |Wki1)]
= E{"Z,iq [Eu?;zukz] W i1
= Eﬂ’z,iﬂRu,kﬂ’k,iﬂ

= Elwyi-1lz,, (258)

in terms of a weighted square measure with weighting matrix R, . Here we are using the notation ||z||% to
denote the weighted square quantity x*Xx, for any column vector x and matrix . Thus, we can evaluate
mean-square-errors of the form (257) by evaluating the means of weighted square quantities of the following
form:
~ 2
E{lwg,lls, (259)

for an arbitrary Hermitian nonnegative-definite weighting matrix ¥, that we are free to choose. By setting
Yk to different values (say, X = I or ¥ = R, ), we can extract various types of information about
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the nodes and the network, as the discussion will reveal. The approach we follow is based on the energy
conservation framework of [4,5,57].

So, let ¥ denote an arbitrary N x N block Hermitian nonnegative-definite matrix that we are free to
choose, with M x M block entries {34 }. Let o denote the (NM)? x 1 vector that is obtained by stacking
the columns of ¥ on top of each other, written as

A
o-:

vec(X) (260)

In the sequel, it will become more convenient to work with the vector representation o than with the matrix
3 itself.
We start from the weight-error vector recursion (246) and re-write it more compactly as:

’17)1' = Biﬁ}ifl — Qsi, ZZ 0 (261)

where the coefficient matrices B; and G are short-hand representations for

Bi £ AJ (Inn — MR;) A (262)

and

g & Almc” (263)

Note that B; is stochastic and time-variant, while G is constant. We denote the mean of B; by

B>

B = EB;, = A} (Inyy — MR) AT (264)

where R is defined by (181). Now equating weighted square measures on both sides of (261) we get

l@ill3, = |Biwior — Gsills (265)
Expanding the right-hand side we find that
w5 = w1 BiEBiwi—1 + s;G"EGs; —
w; BiXGs; — s/GTEBw; 1 (266)
Under expectation, the last two terms on the right-hand side evaluate to zero so that
El|lw;|3 = E (w;_,B;SB;w,_1) + E (s;G7EGs;) (267)
Let us evaluate each of the expectations on the right-hand side. The last expectation is given by
E (sngEgsi) = Tr (QTEQ Esis;‘)
A (gTxgs)
= Tr(2gsg") (268)

where S is defined by (241) and where we used the fact that Tr(AB) = Tr(BA) for any two matrices A and
B of compatible dimensions. With regards to the first expectation on the right-hand side of (267), we have
E (’lFZJ:_lB:{EBZ’lFIh_l) = E [E (@l_lBjZBlﬂ)l_ﬂﬂJl_l)]
= Ew;_, [E (B/XB;)]w;—
Eﬂ;;ﬂlE’ﬂ:i_l

E |[@;-1[% (269)

1>
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where we introduced the nonnegative-definite weighting matrix

A

Y £ EBSB;
2 B Ay (Inar — RiM) AsSAT (Inas — MR;) AT
= A ASATAT — A ASATMRAT — A RMASATAT + O(M?) (270)

where R is defined by (181) and the term O(M?) denotes the following factor, which depends on the square
of the step-sizes, {32 }:
O(M?) = E (AR MAZAT MR AT) (271)

The evaluation of the above expectation depends on higher-order moments of the regression data. While we
can continue with the analysis by taking this factor into account, as was done in [4,5,18,57], it is sufficient
for the exposition in this article to focus on the case of sufficiently small step-sizes where terms involving
higher powers of the step-sizes can be ignored. Therefore, we continue our discussion by letting

Y 2 A ASATAT — A A S AT MRAT — Ay RMAS AL AT (272)

The weighting matrix X’ is fully defined in terms of the step-size matrix, M, the network topology through
the matrices {A;1,.43,C}, and the regression statistical profile through R. Expression (272) tells us how to
construct Y’ from ¥. The expression can be transformed into a more compact and revealing form if we
instead relate the vector forms ¢’ = vec(X') and o = vec(X). Using the following equalities for arbitrary
matrices {U, W, X} of compatible dimensions [5]:

vec(USW) = WTeU)o (273)
Te(EW) = [vee(WT)]" o (274)

and applying the vec operation to both sides of (272) we get
o = (./41./42 X AlAz) o — (AlRTMAQ X AlAg) o — (./41./42 X AlRMAQ) o

That is,

o 2 Fo (275)

where we are introducing the coefficient matrix of size (NM)? x (NM)?:

F é (A1A2®A1A2) — (.A1RTM.A2®.A1A2) — (.A1.A2®A1RM.A2) (276)

A reasonable approximate expression for F for sufficiently small step-sizes is

F~B'oB* (277)

Indeed, if we replace B from (264) into (277) and expand terms, we obtain the same factors that appear in
(276) plus an additional term that depends on the square of the step-sizes, {,uﬁ}, whose effect can be ignored
for sufficiently small step-sizes.

In this way, using in addition property (274), we find that relation (267) becomes:

E|@i|2 = E|@; 1% + [vec(G87¢7)]" o (278)
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The last term is dependent on the network topology through the matrix G, which is defined in terms of
{A2,C, M}, and the noise and regression data statistical profile through S. It is convenient to introduce the
alternative notation ||z||2 to refer to the weighted square quantity |z||%, where o = vec(X). We shall use
these two notations interchangeably. The convenience of the vector notation is that it allows us to exploit
the simpler linear relation (275) between ¢’ and o to rewrite (278) as shown in (279) below, with the same
weight vector o appearing on both sides.

Theorem 6.6. (Variance Relation) Consider the data model of Sec. 6.1 and the independence statistical
conditions imposed on the noise and regression data, including (208)-(215). Assume further sufficiently
small step-sizes are used so that terms that depend on higher-powers of the step-sizes can be ignored. Pick
left stochastic matrices Ay and Ay and a right stochastic matriz C' satisfying (166). Under these conditions,
the weight-error vector w; = col{wy,; }X_, associated with a network running the adaptive diffusion strategy
(201)-(203) satisfies the following variance relation

Ell@i]|? = Elwi 1|3, + [vec(¥7)]" o (279)

for any Hermitian nonnegative-definite matrix ¥ with o = vec(X), and where {S,G, F} are defined by (241),
(263), and (277), and

Y 2 gsg” (280)

O
Note that relation (279) is not an actual recursion; this is because the weighting matrices {0, Fo} on both
sides of the equality are different. The relation can be transformed into a true recursion by expanding it
into a convenient state-space model; this argument was pursued in [4,5,18,57] and is not necessary for the
exposition here, except to say that stability of the matrix F ensures the mean-square stability of the filter
— this fact is also established further ahead through relation (327). By mean-square stability we mean that
each term [ ||wy ;||? remains bounded over time and converges to a steady-state MSDy, value. Moreover, the
spectral radius of F controls the rate of convergence of E ||w;||? towards its steady-state value.

Theorem 6.7. (Mean-Square Stability) Consider the same setting of Theorem 6.6. The adaptive dif-
fusion strategy (201)—(203) is mean-square stable if, and only if, the matrizx F defined by (276), or its
approzimation (277), is stable (i.e., all its eigenvalues lie strictly inside the unit disc). This condition is
satisfied by sufficiently small positive step-sizes {ur} that also satisfy:

2

Amax(l%k) (281)

pr <

where the neighborhood covariance matriz Ry is defined by (182). Moreover, the convergence rate of the
algorithm is determined by the value [p(B)]? (the square of the spectral radius of B).

Proof. Recall that, for two arbitrary matrices A and B of compatible dimensions, the eigenvalues of the Kronecker
product A® B is formed of all product combinations \;(A)\;(B) of the eigenvalues of A and B [19]. Therefore, using
expression (277), we have that p(F) = [p(B)]°. It follows that F is stable if, and only if, B is stable. We already noted
earlier in Theorem 6.1 that condition (281) ensures the stability of B. Therefore, step-sizes that ensure stability in

the mean and are sufficiently small will also ensure mean-square stability.
O

Remark. More generally, had we not ignored the second-order term (271), the expression for F would have
been the following. Starting from the definition ¥’ = EB;XB;, we would get

o = (EB?@B;)O’
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so that

1>

F E (BZT ® Bf) (for general step-sizes) (282)

- (A1®A1)-{I ~ (R"TM&I) — I9RM) + E (RfM@’Rl-M>}~(A2®A2)

Mean-square stability of the filter would then require the step-sizes {p} to be chosen such that they ensure
the stability of this matrix F (in addition to condition (281) to ensure mean stability).
|

6.6 Network Mean-Square Performance

We can now use the variance relation (279) to evaluate the network performance, as well as the performance
of the individual nodes, in steady-state. Since the dynamics is mean-square stable for sufficiently small
step-sizes, we take the limit of (279) as i — oo and write:

lim E[@;]> = lim E @, 1], + [vec(V)]" o (283)
1— 00 1—> 00

Grouping terms leads to the following result.

Corollary 6.1. (Steady-State Variance Relation) Consider the same setting of Theorem 6.6. The
weight-error vector, w; = col{wg;}~_,, of the adaptive diffusion strategy (201)—(203) satisfies the following
relation in steady-state:

lim E”iI]iH?If}')o' = [vec (yT)}Ta (284)

i—00

for any Hermitian nonnegative-definite matriz ¥ with o = vec(X), and where {F,Y} are defined by (277)
and (280).

O

Expression (284) is a very useful relation; it allows us to evaluate the network MSD and EMSE through
proper selection of the weighting vector o (or, equivalently, the weighting matrix ¥). For example, the
network MSD is defined as the average value:

N
networ A : 1 -~
MSDretwerk = Jim NE E ||wp. ;|| (285)

1i—00 Pt
which amounts to averaging the MSDs of the individual nodes. Therefore,
1
network __ q: - o2 — : ~ 112
MSDPN =l B[l = lim B @ (256)

This means that in order to recover the network MSD from relation (284), we should select the weighting
vector ¢ such that

(I-Flo = %vec (Tnar)

Solving for o and substituting back into (284) we arrive at the following expression for the network MSD:

1

MSDretwork 5 . [vec (yT)]T . (I _ }-)—1 . vec (INM) (287)
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Likewise, the network EMSE is defined as the average value

EMSEnetwork é

1—00

1 N
lim N;; E e ()]

N
1 _
= lim NZ E||ws |, (288)

1—00
k=1
which amounts to averaging the EMSEs of the individual nodes. Therefore,

EMSE"™™ = lim
i—

1
~ 12 _ . - ~ 112
0 SEID g ir, s ry = A0 GE @R, (289)

where R, is the matrix defined earlier by (184), and which we repeat below for ease of reference:
Ru = diag{RuJ, Ru’g, ceey Ru,N}’ (290)

This means that in order to recover the network EMSE from relation (284), we should select the weighting
vector o such that

(I-F)o = %VGC (Ru) (291)

Solving for o and substituting into (284) we arrive at the following expression for the network EMSE:

EMSE™™™% = . [vec (VT)]" - (I = F)' - vec (Ry,) (292)

1
N

6.7 Mean-Square Performance of Individual Nodes

We can also assess the mean-square performance of the individual nodes in the network from (284). For
instance, the MSD of any particular node k is defined by

MSD;, 2 lim E ||t |> (293)
1— 00

Introduce the N x N block diagonal matrix with blocks of size M x M, where all blocks on the diagonal are
zero except for an identity matrix on the diagonal block of index k, i.e.,

T 2 diag{ Oas,...,0nr,In1, 000, ..., 007 } (294)

Then, we can express the node MSD as follows:
MSDy £ lim E |3, (295)
71— 00 )

The same argument that was used to obtain the network MSD then leads to

MSD; = [vec (yT)}T (I —F)t - vec (Ti) (296)

Likewise, the EMSE of node k is defined by

EMSE, 2 lim E|eq,i (i)
o (297)

7

= lim E||wy,
11— 00
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Introduce the N x N block diagonal matrix with blocks of size M x M, where all blocks on the diagonal are
zero except for the diagonal block of index k whose value is R, 1, i.e.,

776 é diag{ OMa~-~70]V17Ru,k70M7~~~a0M} (298)
Then, we can express the node EMSE as follows:
EMSE;, 2 lim E|w;|% (299)
1— 00

The same argument that was used to obtain the network EMSE then leads to

EMSE; = [vec (V7)]" - (I — )" - vec (Tr) (300)

We summarize the results in the following statement.

Theorem 6.8. (Network Mean-Square Performance) Consider the same setting of Theorem 6.6. In-
troduce the 1 x (NM)? row vector h™ defined by

KT 2 [vec (V7)) - (1 - F)! (301)

where {F,V} are defined by (277) and (280). Then the network MSD and EMSE and the individual node
performance measures are given by

EMSE;

T - vec (T

w
jan)
Ut

MsDretwerk  — T vec (Inar) /N (302)
EMSE™™°*  — T .vec(R,) /N (303)
MSD, = AT - vec( (304)

( (305)

k)
)
where { T, Tr.} are defined by (294) and (298).

|

We can obviously recover from the above expressions the performance of the nodes in the non-cooperative

implementation (207), where each node performs its adaptation individually, by setting A = As = C = Iy.

We can express the network MSD, and its EMSE if desired, in an alternative useful form involving a
series representation.

Corollary 6.2. (Series Representation for Network MSD ) Consider the same setting of Theorem 6.6.
The network MSD can be expressed in the following alternative series expansion form:

network 1 - ] *7
MSDetvork = sz::o Tr (B'YB*) (306)
where
y = ¢8g* (307)
G = ATmc* (308)
B = AI(I-MR)A (309)

Proof. Since F is stable when the filter is mean-square stable, we can expand (I — F)~! as
I-F)" = IT+F+F+..
2
LR g (BT®B*> + (BT®B*) + ...

Substituting into (287) and using property (274), we obtain the desired result. O
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6.8 Uniform Data Profile

We can simplify expressions (307)—(309) for {¥,G, B} in the case when the regression covariance matrices

are uniform across the network and all nodes employ the same step-size, i.e., when

Rur = Ry, forallk (uniform covariance profile)

ur = p, forallk  (uniform step-sizes)

and when the combination matrix C is doubly stochastic, so that

ci=1, c'1=1

We refer to conditions (310)—(312) as corresponding to a wuniform data profile environment.

(310)
(311)

(312)

The noise

variances, {UEJC}, do not need to be uniform so that the signal-to-noise ratio (SNR) across the network can
still vary from node to node. The simplified expressions derived in the sequel will be useful in Sec. 7 when

we compare the performance of various cooperation strategies.

Thus, under conditions (310)—(312), expressions (180), (181), and (263) for {M,R,G} simplify to

M = plnu
G = uAlc”

Substituting these values into expression (309) for B we get

B = AN(I - MR)AT

(AT @ 1) (I - p(I ® R,)) - (AT & 1)

= (AJoDAf o) — w(A; @ I)(I®R,)(A] @)
(AZAT @ 1) — (A7 A7 @ Ry)

= AJAT ® (I - pR,)

where we used the useful Kronecker product identities:

X+V)eZ = (X0Z2) + (Y®2)
XoYV)(WeZ) = (XWeYZ)

(313)
(314)
(315)

(316)

(317)
(318)

for any matrices {X,Y, Z, W} of compatible dimensions. Likewise, introduce the N x N diagonal matrix

with noise variances:

A 2 2 2
R, = dlag{av,lv 0v,2) -+ )O.U,N}

Then, expression (241) for S becomes

S = diag{o} Ry, 07 oRu, ..., op nRu}
= R,®R,

It then follows that we can simplify expression (307) for ) as:

Yy = prAlctscA,

= 12 Ao - (CTeI)®(R,®R,) - (C®I) - (Ay® 1)

= p*(ATCTR,CA; ® R,)
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Corollary 6.3. (Network MSD for Uniform Data Profile) Consider the same setting of Theorem 6.6
with the additional requirement that conditions (310)—(312) for a uniform data profile hold. The network
MSD is still given by the same series representation (306) where now

Y = p2(ATCTR,CA; ® R,) (322)
B = ATAT @ (I - uR,) (323)
Using these expressions, we can decouple the network MSD expression (306) into two separate factors: one

is dependent on the step-size and data covariance {u, R,}, and the other is dependent on the combination
matrices and noise profile {A1, Aa, C, Ry }:

8

MSD" ek = o > ({(A%A{)j (AzTC’TRUCAg) (AlAz)j] ® [(1 — R.Y Ru(I — ,uRu)jD (324)

J

Il
<}

Proof. Using (306) and the given expressions (322)—(323) for {Y, B}, we get
MSDreerk — A2 (ATAT)j I —pR.) | (ATCTR.CA2 ® Ry) [(A1A2) ® (I — pR,)
=52 T ([(45AT) @ (1 - pRuy | (ATCTR.C A2 @ Ru) [(Arda) @ (1 — pR.) |

Jj=0

Result (324) follows from property (317).

6.9 Transient Mean-Square Performance

Before comparing the mean-square performance of various cooperation strategies, we pause to comment that
the variance relation (279) can also be used to characterize the transient behavior of the network, and not
just its steady-state performance. To see this, iterating (279) starting from ¢ = 0, we find that

[
Ell@if2 = Ell@-1|3m, + [vec(¥T)] - | Y. Fo (325)
=0

where A
’l’\[},l = w’ — w_1 (326)

in terms of the initial condition, w_;. If this initial condition happens to be w_; = 0, then w_; = w°.
Comparing expression (325) at time instants i and i — 1 we can relate E ||w;||2 and E ||w;_1]|? as follows:

_ _ T _
Elwill; = Ellwi-1]l7 + [vec (V)] - Flo = Ellw_1]f_z 7. (327)

This recursion relates the same weighted square measures of the error vectors {w;,w;_1}. It therefore
describes how these weighted square measures evolve over time. It is clear from this relation that, for mean-
square stability, the matrix F needs to be stable so that the terms involving F? do not grow unbounded.

The learning curve of the network is the curve that describes the evolution of the network EMSE over
time. At any time ¢, the network EMSE is denoted by ((i) and measured as:

1>

¢(@) E|eqr(i)[? (328)

==

M= 11

E w4, ,

2=
x~
Il
-
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The above expression indicates that {(z) is obtained by averaging the EMSE of the individual nodes at time
i. Therefore,
1 1

C(Z) = N]E”ﬂ)i”éiag{Ru,l,Ru,g,...,Ru,N} = NEHﬂ]z”’%ZU (329)

where R, is the matrix defined by (290). This means that in order to evaluate the evolution of the network
EMSE from relation (327), we simply select the weighting vector ¢ such that

S %Vec (Ru) (330)

Substituting into (327) we arrive at the learning curve for the network.

Corollary 6.4. (Network Learning Curve) Consider the same setting of Theorem 6.6. Let ((i) denote
the network EMSE at time i, as defined by (328). Then, the learning curve of the network corresponds to
the evolution of ((i) with time and is described by the following recursion over i > 0:

1 . 1 -
(i) = Cli=1) + ~ [vee (W)]" - Fvee (Ru) = LI 125 pivecir,) (331)

where {F, Y, Ry} are defined by (277), (280), and (290).

7 Comparing the Performance of Cooperative Strategies

Using the expressions just derived for the MSD of the network, we can compare the performance of various
cooperative and non-cooperative strategies. Table 6 further ahead summarizes the results derived in this
section and the conditions under which they hold.

7.1 Comparing ATC and CTA Strategies

We first compare the performance of the adaptive ATC and CTA diffusion strategies (153) and (154) when
they employ a doubly stochastic combination matrix A. That is, let us consider the two scenarios:

C, Ay =A, Ay =1y (adaptive CTA strategy) (332)
C, Ay =1y, As=A (adaptive ATC strategy) (333)

where A is now assumed to be doubly stochastic, i.e.,
Al =1, AT1=1 (334)

with its rows and columns adding up to one. For example, these conditions are satisfied when A is left
stochastic and symmetric. Then, expressions (307) and (309) give:

Bia = (I-MR)AT,  Vepa = MCTSCM (335)
Bye = A'(I-MR),  Vae = ATMCTSCMA (336)

where
A=A®Iy (337)

Following [18], introduce the auxiliary nonnegative-definite matrix

H; 2 [(I— MR)A™)” - MCTSCM - [(T — MR)AT]™ (338)
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Then, it is immediate to verify from (306) that

networ ]‘ —
MSDretwork 5 Z Tr(H,) (339)
7=0
1 oo
network T .
MSD = & ;)Tr(A My A) (340)
so that
1 o0
MSDuetwerk _ppgpnetwork ~ > e (H; — ATH;A) (341)
=0

Now, since A is doubly stochastic, it also holds that the enlarged matrix A is doubly stochastic. Moreover,
for any doubly stochastic matrix A and any nonnegative-definite matrix H of compatible dimensions, it
holds that (see part (f) of Theorem C.3):

Tr(ATHA) < Tr(H) (342)

Applying result (342) to (341) we conclude that

MSDretwork < ppgpretwork (doubly stochastic A) (343)

atc cta

so that the adaptive ATC strategy (153) outperforms the adaptive CTA strategy (154) for doubly stochastic
combination matrices A.

7.2 Comparing Strategies with and without Information Exchange

We now examine the effect of information exchange (C' # I) on the performance of the adaptive ATC and
CTA diffusion strategies (153)—(154) under conditions (310)—(312) for uniform data profile.

CTA Strategies
We start with the adaptive CTA strategy (154), and consider two scenarios with and without information
exchange. These scenarios correspond to the following selections in the general description (201)—(203):

C#1I, Ai=A, Ay=1y (adaptive CTA with information exchange ) (344)
C=1 A=A, Ay=1Iy (adaptive CTA without information exchange) (345)

Then, expressions (322) and (323) give:

Bcta,C;&I = AT ® (I - ,UfRu); ycta,C;ﬁI = ,Uz2 (CTRUC ® Ru) (346)

Beacet = AT ® (I —pRy), Yetac=1 = p*(R, @ Ry) (347)

where the matrix R, is defined by (319). Note that Beta,ct1 = Beta,c=1, S0 we denote them simply by B in
the derivation that follows. Then, from expression (306) for the network MSD we get:

2 oo
MSDEerk — MSDReelk = ’"‘W S T (B [(R, — CTR,C) ® R.] BY) (348)
j=0

It follows that the difference in performance between both CTA implementations depends on how the matrices
R, and CTR,C compare to each other:



(1) When R, — CTR,C > 0, we obtain

MSDEE > MSDEel (when CTR,C < R,) (349)

so that a CTA implementation with information exchange performs better than a CTA implementation
without information exchange. Note that the condition on {R,,C'} corresponds to requiring

CTR,C <R, (350)

which can be interpreted to mean that the cooperation matrix C should be such that it does not
amplify the effect of measurement noise. For example, this situation occurs when the noise profile is
uniform across the network, in which case R, = 03] a- This is because it would then hold that

R,-CTR,C = *(I-CTC)>0 (351)
in view of the fact that (I — CTC) > 0 since C is doubly stochastic (cf. property (e) in Lemma C.3).
(2) When R, — CTR,C <0, we obtain

MSDZEy < MSDE el (when CTR,C > R,) (352)

so that a CTA implementation without information exchange performs better than a CTA implementa-
tion with information exchange. In this case, the condition on {R,,C} indicates that the combination
matrix C' ends up amplifying the effect of noise.

ATC Strategies
We can repeat the argument for the adaptive ATC strategy (153), and consider two scenarios with and with-
out information exchange. These scenarios correspond to the following selections in the general description
(201)-(203):
C#I, Ai=1Iy, As=A (adaptive ATC with information exchange ) (353)
C=1 Ai=1In, A2=A (adaptive ATC without information exchange) (354)

Then, expressions (322) and (323) give:

Batc,C;ﬁI = AT & (I - :U/Ru)v yatc,C;éI - ,U/2(ATCTR7JCA &® Ru) (355)
Batec=1 = AT @ (I —pR,), Vaec=1 = p*(ATR,A®R,) (356)

Note again that Batc,c1 = Bate,c=1, 50 we denote them simply by B. Then,

MSDEctwerk _ MgDretverk — “ﬁ S Tv (B [AT(R, — CTR,C)A® R, BY) (357)
j=0
It again follows that the difference in performance between both ATC implementations depends on how the
matrices R, and CT R,C compare to each other and we obtain:

MSDLey > MSDLessy (when CTR,C < R,) (358)
and
MSDRes < MSDRely (when CTR,C > R,) (359)
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Table 6: Comparison of the MSD performance of various cooperative strategies.

COMPARISON CONDITIONS

MSDzgtwerk < VSppretwork A doubly stochastic, C right stochastic.

MSD?S:“?Q} < MSD?:&%’S] CTR,C < R, C doubly stochastic, Ry = Ru, ptr = i
MSDEer, < MSDENE CTR,C > R, C doubly stochastic, Ry = Ru, it = j.
MSDgfct?'g”kI < MSDZSSES’Q} CTR,C < R,, C doubly stochastic, Ryx = Ru, pir = fi.
MSDRes < MSDasiesy CTR,C > R, C doubly stochastic, Ry = Ru, tir = f.
MSDagiverk < MSDEEIverk < MSDpetverk | {4, C} doubly stochastic, Ry x = Ru, tx = .

7.3 Comparing Diffusion Strategies with the Non-Cooperative Strategy

We now compare the performance of the adaptive CTA strategy (154) to the non-cooperative LMS strategy
(207) assuming conditions (310)—(312) for uniform data profile. These scenarios correspond to the following
selections in the general description (201)—(203):

C, Ai=A, Ay=1 (adaptive CTA) (360)
C=1I Ai=1I, Ay =1 (non-cooperative LMS) (361)
where A is further assumed to be doubly stochastic (along with C') so that
Al =1, AT1=1 (362)
Then, expressions (322) and (323) give:
B = Al ® (I —pRy),  Veta = MQ(CTRuC ® Ry) (363)
Bme = IT®(I—pRy),  Yme = 1*(Ry @ Ry) (364)
Now recall that
C=C®lIy (365)

so that, using the Kronecker product property (317),
ycta = /142 (CTRUC & Ru)
= p*(CT @ In)(Ry ® Ry)(C @ Iny)
pw?CT (R, ® R,)C

= CTylms c (366)
Then,
MSDpetwork _ ppgppetwork % i Tr (Bﬂnsylmsl’ﬁ‘ﬁis) - % i Tr (BﬁtaCTMmsCBiﬁa)
j=0 §=0
1 & i i 1 o
= N Jz:% Tr (Blrf]sBljmsylms> - N ; Tr (CBCgaBgtaCTylms)
= %i“ [(BTristms - CBZﬁaB&aCT) Mms} (367)

<
Il
o
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Let us examine the difference:

BB CBIBLCT = (I®(—pR)Y) — (CA @ (I - pRa)) (ATCT & (I — pRy))
) (Ie - pR)Y) — (CAATCT @ (1 - uR,)Y)
C (I CAIATCTY & (I uRy)Y (368)

Now, due to the even power, it always holds that (I — uR,)? > 0. Moreover, since A’ and C' are doubly
stochastic, it follows that C' A7 A7TCT is also doubly stochastic. Therefore, the matrix (I — CAIAITCT) is
nonnegative-definite as well (cf. property (e) of Lemma C.3). It follows that

B Bl — CBILBL.CT > 0 (369)
But since Vims > 0, we conclude from (367) that
MSDjetwork > \[gpnetwork (370)

This is because for any two Hermitian nonnegative-definite matrices A and B of compatible dimensions, it
holds that Tr(AB) > 0; indeed if we factor B = X X* with X full rank, then Tr(AB) = Tr(X*AX) > 0. We
conclude from this analysis that adaptive CTA diffusion performs better than non-cooperative LMS under
uniform data profile conditions and doubly stochastic A. If we refer to the earlier result (343), we conclude
that the following relation holds:

MSDnetwork < MSDnetwork < MSDnetwork (371)

atc cta Ims

Table 6 lists the comparison results derived in this section and lists the conditions under which the conclusions
hold.

8 Selecting the Combination Weights

The adaptive diffusion strategy (201)—(203) employs combination weights {a1 ¢k, a2 ¢k, cer } or, equivalently,
combination matrices {A1, A2, C'}, where A; and A, are left-stochastic matrices and C' is a right-stochastic
matrix. There are several ways by which these matrices can be selected. In this section, we describe
constructions that result in left-stochastic or doubly-stochastic combination matrices, A. When a right-
stochastic combination matrix is needed, such as C, then it can be obtained by transposition of the left-
stochastic constructions shown below.

8.1 Constant Combination Weights

Table 7 lists a couple of common choices for selecting constant combination weights for a network with N
nodes. Several of these constructions appeared originally in the literature on graph theory. In the table, the
symbol nj denotes the degree of node k, which refers to the size of its neighborhood. Likewise, the symbol
Nmax refers to the maximum degree across the network, i.e.,
Nmax = 1I§r}€aSXN {ni} (372)
The Laplacian rule, which appears in the second line of the table, relies on the use of the Laplacian matrix
L of the network and a positive scalar . The Laplacian matrix is defined by (574) in App. B, namely, it is
a symmetric matrix whose entries are constructed as follows [64-66]:

n,—1, ifk=1¢
(L], = —1, if k # £ and nodes k and ¢ are neighbors (373)
0, otherwise
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The Laplacian rule can be reduced to other forms through the selection of the positive parameter . One
choice is v = 1/npayx, while another choice is v = 1/N and leads to the maximum-degree rule. Obviously,
it always holds that nmax < N so that 1/nyax > 1/N. Therefore, the choice v = 1/nyax ends up assigning
larger weights to neighbors than the choice v = 1/N. The averaging rule in the first row of the table is one
of the simplest combination rules whereby nodes simply average data from their neighbors.

Table 7: Selections for combination matrices A = [agg].

ENTRIES OF COMBINATION MATRIX A TyYPE oF A

1. Averaging rule [68]:

g = { 1/ny, if k # £ are neighbors or k = ¢ left-stochastic

0, otherwise

2. Laplacian rule [49,69]:

A=1Iy—~L, v>0 symmetric and

doubly-stochastic

3. Laplacian rule using v = 1/nmax :

o i/fr(“;"’_ )/ gﬁ;; £ are neighbors symmetric and
P k max - . doubly—StOChaStiC
0, otherwise

4. Laplacian rule using 7 = 1/N (maximum-degree rule [50]) :

- }/i\fen LN gﬁ;; £ are neighbors symmetric and
ek = k ’ . doubly-stochastic
0, otherwise

5. Metropolis rule [49,70,71]:

1/ max{ng,ne}, if k # £ are neighbors

1-— Z a, k=1 symmetric and
LeEN\{k} doubly-stochastic

0, otherwise

Qe =

6. Relative-degree rule [29]:

ne/ Z nm |, if k and ¢ are neighbors or k = ¢
meN}
0, otherwise

aex = left-stochastic

In the constructions in Table 7, the values of the weights {a} are largely dependent on the degree of the
nodes. In this way, the number of connections that each node has influences the combination weights with
its neighbors. While such selections may be appropriate in some applications, they can nevertheless degrade
the performance of adaptation over networks [54]. This is because such weighting schemes ignore the noise
profile across the network. And since some nodes can be noisier than others, it is not sufficient to rely solely
on the amount of connectivity that nodes have to determine the combination weights to their neighbors. It is
important to take into account the amount of noise that is present at the nodes as well. Therefore, designing
combination rules that are aware of the variation in noise profile across the network is an important task.
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It is also important to devise strategies that are able to adapt these combination weights in response to
variations in network topology and data statistical profile. For this reason, following [58,62], we describe in
the next subsection one adaptive procedure for adjusting the combination weights. This procedure allows
the network to assign more or less relevance to nodes according to the quality of their data.

8.2 Optimizing the Combination Weights

Ideally, we would like to select N x N combination matrices {A;, A2, C} in order to minimize the network
MSD given by (302) or (306). In [18], the selection of the combination weights was formulated as the following
optimization problem:

{Arrgnc} MSD™™°rk given by (302) or (306)
1,412,

over left and right-stochastic matrices with nonnegative entries: (374)
AT1 =1, arp=0if 0 ¢ N,
A1 =1, agup =0if £ ¢ N
C]lZ]l, CngOif€¢Nk

We can pursue a numerical solution to (374) in order to search for optimal combination matrices, as was
done in [18]. Here, however, we are interested in an adaptive solution that becomes part of the learning
process so that the network can adapt the weights on the fly in response to network conditions. We illustrate
an approximate approach from [58,62] that leads to one adaptive solution that performs reasonably well in
practice.

We illustrate the construction by considering the ATC strategy (158) without information exchange where
Ay =1y, A = A, and C = I. In this case, recursions (204)—(206) take the form:

Vi = Wkio1+ ey, [di(i) — g wi o] (375)
wis =Y amtby (376)
éENk

and, from (306), the corresponding network MSD performance is:

1 & ) i
MSD ™k = =37 T (Bl VurcBike ) (377)
=0
where

Bae = AT(I - MR,) (378)

Vate = ATMSMA (379)

Ru = diag{Ru71,Ru72,...,Ru7N} (380)

S = diag{o} Ru1, 02 Ru2,.... 00 nRun} (381)

M = diag{piln, polns, ..., unIn} (382)

A = A®1y (383)

Minimizing the MSD expression (377) over left-stochastic matrices A is generally non-trivial. We pursue an
approximate solution.
To begin with, for compactness of notation, let r denote the spectral radius of the N x N block matrix
I — MR,:
r 2 p(I— MRy (384)
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We already know, in view of the mean and mean-square stability of the network, that |r| < 1. Now, consider
the series that appears in (377) and whose trace we wish to minimize over A. Note that its block maximum
norm can be bounded as follows:

ZB;tcyatCB;gc < Z Bgtc b : ||yatc||b,oc ’ ‘ B;gc b
=0 b,00 =0 - ~
(a) > o2
< N- Z ‘Bitc b 'Hyatc”b,oo
=0 >
o
< N- Z HBatCHb,]oo ’ HyatCHb,oo
§=0
(®) s .
< N- Z r2 . [ Vatellp, 00
§=0
N
I (385)
where for step (b) we use result (602) to conclude that
[Batcllb,o = ||~AT(I = MR)|l,00
< A oo - I = MR lb,00
= = MRullp,e0
2 . (386)

To justify step (a), we use result (584) to relate the norms of B’

X *
-« and its complex conjugate, [B;tc} , as

IBellboc < N - [1Bsello.oo (387)

Expression (385) then shows that the norm of the series appearing in (377) is bounded by a scaled multiple
of the norm of Yatc, and the scaling constant is independent of A. Using property (586) we conclude that
there exists a positive constant ¢, also independent of A, such that

Tr | Y BliducBile | < ¢ Tr(Vaie) (388)
7=0

Therefore, instead of attempting to minimize the trace of the series, the above result motivates us to minimize
an upper bound to the trace. Thus, we consider the alternative problem of minimizing the first term of the
series (377), namely,

mAin Tr(yatc)

(389)
subject to AT1 =1, ag >0, ag =0if £ & N,
Using (379), the trace of Vatc can be expressed in terms of the combination coefficients as follows:
N
Tr(Vaee) = DD 4 aj, 7 ¢ Tr(Rue) (390)

k=1/¢=1



so that problem (389) can be decoupled into N separate optimization problems of the form:

N
min Zu? a2, og’f Tr(Ryye), k=1,...,N

laa}ils 35

. (391)
subject to
N
agr > 0, ZCL@]C:L aszOiff¢J\/’k
=1
With each node ¢, we associate the following nonnegative noise-data-dependent measure:

22 2,52, Te(R 392
Ye = Mg Oyp r( ul) (392)

This measure amounts to scaling the noise variance at node ¢ by /J% and by the power of the regression
data (measured through the trace of its covariance matrix). We shall refer to 77 as the noise-data variance
product (or wvariance product, for simplicity) at node ¢. Then, the solution of (391) is given by:

—2
gl = meN TYm

0, otherwise

(relative-variance rule) (393)

We refer to this combination rule as the relative-variance combination rule [58]; it leads to a left-stochastic
matrix A. In this construction, node k combines the intermediate estimates {1, ;} from its neighbors in (376)
in proportion to the inverses of their variance products, {7;.2}. The result is physically meaningful. Nodes
with smaller variance products will generally be given larger weights. In comparison, the following relative-
degree-variance rule was proposed in [18] (a typo appears in Table III in [18], where the noise variances
appear written in the table instead of their inverses):

—2
S if 0 € Ny,

Qo = { Zmeny, MmOum’ (relative degree-variance rule) (394)
0, otherwise

This second form also leads to a left-stochastic combination matrix A. However, rule (394) does not take into
account the covariance matrices of the regression data across the network. Observe that in the special case
when step-sizes, the regression covariance matrices, and the noise variances are uniform across the network,
ie., g = p, Ry = Ry, and 02, = o2 for all k, expression (393) reduces to the simple averaging rule (first

line of Table 7). In contrast, expression (394) reduces the relative degree rule (last line of Table 7).

8.3 Adaptive Combination Weights

To evaluate the combination weights (393), the nodes need to know the variance products, {72}, of their
neighbors. According to (392), the factors {72} are defined in terms of the noise variances, {02 ,,}, and the
regression covariance matrices, {Tr(R, )}, and these quantities are not known beforehand. The nodes only
have access to realizations of {d,(7), um,;}. We now describe one procedure that allows every node k to
learn the variance products of its neighbors in an adaptive manner. Note that if a particular node ¢ happens
to belong to two neighborhoods, say, the neighborhood of node k; and the neighborhood of node k3, then
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each of k1 and k2 need to evaluate the variance product, 77, of node ¢. The procedure described below allows
each node in the network to estimate the variance products of its neighbors in a recursive manner.
To motivate the algorithm, we refer to the ATC recursion (375)—(376) and use the data model (208) to
write for node ¢:
Yy, =weio1 + preug; [ iwe i1 + ve(i)] (395)

so that, in view of our earlier assumptions on the regression data and noise in Sec. 6.1, we obtain in the limit
as ¢ — oo:

. 2 . ~
E&EWwﬂ%HH:M%OMEWME@MWWWD+#%ﬁWﬁ@M (396)

71— 00

We can evaluate the limit on the right-hand side by using the steady-state result (284). Indeed, we select
the vector o in (284) to satisfy

(I —F)o = vec [E (U;,z‘”uf»i

Pug)] (397)
Then, from (284),

Jim E@ia = [vec (V)] (I = F) " - vec [E (uf[lwel|*ues)] (398)

vallueill?ue:)
Now recall from expression (379) for ) that for the ATC algorithm under consideration we have
Y=ATMSMA (399)

so that the entries of ) depend on combinations of the squared step-sizes, {u2,, m = 1,2,..., N}. This fact
implies that the first term on the right-hand side of (396) depends on products of the form {u?u2,}; these
fourth-order factors can be ignored in comparison to the second-order factor /,L% for small step-sizes so that
. 2
lim E |4y, —weia|” &~ pf- oy, Te(Ruy)
1—00 ’
= 7 (400)

in terms of the desired variance product, ﬁ. Using the following instantaneous approximation at node k
(where wy ;_1 is replaced by wy ;—1):

EllYy; —weial® = lvbei — weial® (401)

we can motivate an algorithm that enables node k to estimate the variance product, 77, of its neighbor /.
Thus, let 77, (i) denote an estimate for 77 that is computed by node k at time i. Then, one way to evaluate
72, (i) is through the recursion:

Vo (@) = (1= vi) 7o (i = 1) + v [[Ye; — wiia | (402)

where 0 < v, < 1 is a positive coefficient smaller than one. Note that under expectation, expression (402)
becomes

Evi(i) = (L—vi) B (i — 1) + vi - Ellgpy; — wpima|? (403)
so that in steady-state, as i — oo,
lim Evd() ~ (1-u)- lim Ev(i—1) + v (404)
1— 00 1— 00
Hence, we obtain
lim Ev7,(i) ~ 77 (405)
71— 00
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That is, the estimator 4%, (i) converges on average close to the desired variance product 77. In this way, we
can replace the optimal weights (393) by the adaptive construction:

%; if€€Nk

ek (Z) = Zme.'\/’k Yoo () (406)
0, otherwise

Equations (402) and (406) provide one adaptive construction for the combination weights {ag}.

9 Diffusion with Noisy Information Exchanges

The adaptive diffusion strategy (201)—(203) relies on the fusion of local information collected from neighbor-
hoods through the use of combination matrices {A;, A3, C}. In the previous section, we described several
constructions for selecting such combination matrices. We also motivated and developed an adaptive scheme
for the ATC mode of operation (375)—(376) that computes combination weights in a manner that is aware
of the variation of the variance-product profile across the network. Nevertheless, in addition to the mea-
surement noises {vy (i)} at the individual nodes, we also need to consider the effect of perturbations that
are introduced during the exchange of information among neighboring nodes. Noise over the communication
links can be due to various factors including thermal noise and imperfect channel information. Studying
the degradation in mean-square performance that results from these noisy exchanges can be pursued by
straightforward extension of the mean-square analysis of Sec. 6, as we proceed to illustrate. Subsequently,
we shall use the results to show how the combination weights can also be adapted in the presence of noisy
exchange links.

9.1 Noise Sources over Exchange Links

To model noisy links, we introduce an additive noise component into each of the steps of the diffusion strategy
(201)—(203) during the operations of information exchange among the nodes. The notation becomes a bit
cumbersome because we need to account for both the source and destination of the information that is being
exchanged. For example, the same signal dy(7) that is generated by node ¢ will be broadcast to all the
neighbors of node £. When this is done, a different noise will interfere with the exchange of dy(i) over each
of the edges that link node £ to its neighbors. Thus, we will need to use a notation of the form dy(7), with
two subscripts £ and k, to indicate that this is the noisy version of dy(%) that is received by node k from node
£. The subscript ¢k indicates that ¢ is the source and k is the sink, i.e., information is moving from ¢ to k.
For the reverse situation where information flows from node k to ¢, we would use instead the subscript k.
With this notation in mind, we model the noisy data received by node k from its neighbor ¢ as follows:

Weki—1 = Wei—1+ UEZU,)i,l (407)
Yo = Yot ”%)z (408)
Uppy = Wp;+ vff,;)z (409)

do(i) = do(i) + ol (i) (410)

where 'u%f’)ifl (M x 1), v%?i (M x 1), and '02:)1 (1 x M) are vector noise signals, and v%)(i) is a scalar
noise signal. These are the noise signals that perturb exchanges over the edge linking source ¢ to sink k&
(i.e., for data sent from node ¢ to node k). The superscripts {(w), (¥), (u), (d)} in each case refer to the
variable that these noises perturb. Figure 14 illustrates the various noise sources that perturb the exchange
of information from node ¢ to node k. The figure also shows the measurement noises {v,(i), v (7)} that exist

locally at the nodes in view of the data model (208).
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Figure 14: Additive noise sources perturb the exchange of information from node ¢ to node k. The subscript ¢k in
this illustration indicates that £ is the source node and k is the sink node so that information is flowing from ¢ to k.

We assume that the following noise signals, which influence the data received by node k,

. d) /. w u
{Uk(l)a Uék)(lﬁ Uék,)i—h U%,)w vék)z} (411)

are temporally white and spatially independent random processes with zero mean and variances or covariances
given by

{Ug,k’ Ug,ek» Rq(;je)kv Rq(;z,be)ka Rq(;fé)k} (412)

Obviously, the quantities
{o2a RU% B R (413)

are all zero if £ ¢ N, or when ¢ = k. We further assume that the noise processes (411) are independent of
each other and of the regression data u,, ; for all k,¢,m and ¢, j.

9.2 Error Recursion

Using the perturbed data (407)—(410), the adaptive diffusion strategy (201)—(203) becomes

Grin = D Q1o Wi (414)
LeN
Vi = Bra1 ik D Cor iy [do(i) — wer iy ] (415)
@E/\/’k
Wgi; = Z a2 ¢k "Wk,j, (416)
LENG
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Observe that the perturbed quantities {wek,i—1,Wek i, der(7), Py ; }, With subscripts ¢k, appear in (414)-
(416) in place of the original quantities {wy ;—1, s, de(i), ¥, ,;} that appear in (201)- (203) This is because
these quantities are now subject to exchange noises. As before we are still interested in examining the
evolution of the weight-error vectors:

Wi 2w —wps, k=12,...,N (417)
For this purpose, we again introduce the following N x 1 block vector, whose entries are of size M x 1 each:

w1,
w2 ;

!
>

(418)
Wy

and proceed to determine a recursion for its evolution over time. The arguments are largely similar to what
we already did before in Sec. 6.3 and, therefore, we shall emphasize the differences that arise. The main
deviation is that we now need to account for the presence of the new noise signals; they will contribute
additional terms to the recursion for w,; — see (442) further ahead. We may note that some studies on
the effect of imperfect data exchanges on the performance of adaptive diffusion algorithms are considered
n [59-61]. However, these earlier investigations were limited to particular cases in which only noise in the
exchange of wy;_1 was considered (as in (407)), in addition to setting C' = I (in which case there is no
exchange of {d,(7), ue,;}), and by focusing on the CTA case for which Ay = I. Here, we consider instead the
general case that accounts for the additional sources of imperfections shown in (408)-(410), in addition to
the general diffusion strategy (201)—(203) with combination matrices {A;, Az, C}.
To begin with, we introduce the aggregate M x 1 zero-mean noise signals:

(¥ A ()
vk i—1 = Z a1,k v/kz i Vii = Z a2tk Yo 4 (419)
LEN, LEN,

These noises represent the aggregate effect on node k of all exchange noises from the neighbors of node k
while exchanging the estimates {wy ;1,1 ;} during the two combination steps (201) and (203). The M x M
covariance matrices of these noises are given by

w A
ng k= Z a1 ok Rv Lk ng = Z a 2,0k Rv Lk (420)
LeEN LEN,

These expressions aggregate the exchange noise covariances in the neighborhood of node k; the covariances
are scaled by the squared coefficients {af ., a3 ,.}. We collect these noise signals, and their covariances,
from across the network into N x 1 block vectors and N x N block diagonal matrices as follows:

w A w v v
U§7)1 = col {'Ug Z')fla ’Ug ’L')*17..., EVZ 1} (421)
W A o {vng)’ o v%i} (422)
R™ 2 diag {Rff”l)7 R . RY } e
Rq(;/’) a diag {Rvépl)a va,p?)’ e RU?R[} .

We further introduce the following scalar zero-mean noise signal:

vu(i) 2 wei) + ol (i) — v w (425)
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whose variance is

oh = Ui,e + U?J,Ek: + wO*Rngkwo (426)

In the absence of exchange noises for the data {d;(7), us; }, the signal v (7) would coincide with the measure-
ment noise vy(i). Expression (425) is simply a reflection of the aggregate effect of the noises in exchanging
{d(i),us;} on node k. Indeed, starting from the data model (208) and using (409)—(410), we can easily
verify that the noisy data {d (i), wes,;} are related via:

dgk;(i) = ugk,iw" + wk(i) (427)

We also define (compare with (234)—(235) and note that we are now using the perturbed regression vectors

{Uék,i}):

e 2 Z CokUpp ;Uek,i (428)
ZEN)C
R; = diag{R); Ry, ..., Ry} (429)
It holds that
ER;“ = R, (430)
where
A u
R = ) can {Rw + R, (431)
ZeNk

When there is no noise during the exchange of the regression data, i.e., when Rgffz)k = 0, the expressions for

{R;m, R, R} reduce to expressions (234)—(235) and (182) for {Ry ;, Ri, Ry}
Likewise, we introduce (compare with (239)):

zZei =Y conupy von(i) (432)
LeEN
2 = col{z1i, 22:,---, ZN;i} (433)

Compared with the earlier definition for s; in (239) when there is no noise over the exchange links, we see
that we now need to account for the various noisy versions of the same regression vector u,; and the same
signal dy(i). For instance, the vectors wey ; and wgn, ; would denote two noisy versions received by nodes k
and m for the same regression vector u,; transmitted from node ¢. Likewise, the scalars dy (i) and dep, (7)
would denote two noisy versions received by nodes k and m for the same scalar dy(4) transmitted from node
. As aresult, the quantity z; is not zero mean any longer (in contrast to s;, which had zero mean). Indeed,
note that

Ezpi = Y o Bujyvm(i)
LeN

= Z cop E (|:Ue7¢ + ’UEZ?J " . [1}[(7;) + Uéz) (z) — 1)227)1 w"D
LeEN

- ( Z Crk RS%) w’ (434)

LEN}
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It follows that

[ Z ce RE;?(% ]

ZENl
Z Ce2 Ri?z)z
LEN:
Bz = — | w® (435)

> o Ry
L (eNN i
Although we can continue our analysis by studying this general case in which the vectors z; do not have
zero-mean (see [62,63]), we shall nevertheless limit our discussion in the sequel to the case in which there is
no noise during the exchange of the regression data, i.e., we henceforth assume that:

véz’)i =0, Rfffgk =0, Up;=Ug; (assumption from this point onwards) (436)

We maintain all other noise sources, which occur during the exchange of the weight estimates {wg;—1,%,;}
and the data {d,(¢)}. Under condition (436), we obtain

Ez; = 0 (437)

op = 012;,2+03,ek (438)

R, = > cu Ruy "2 R, (439)
LENG

Then, the covariance matrix of each term zj ; is given by

A
R = Z Cor Ol Rue (440)
LENG,

and the covariance matrix of z; is N x N block diagonal with blocks of size M x M:

1>

Z Eziz*f = diag{RZJ, Rz,27 ey RZ,N} (441)

K2

Now repeating the argument that led to (246) we arrive at the following recursion for the weight-error vector:

’IA[)Z‘ = .Ag (IN]W - MR;) A{@i_l - .AQT./\/lzi - Ag (INM - MR;) ’Uglf)l - ’Ul(.w) (noisy links) (442)

For comparison purposes, we repeat recursion (246) here (recall that this recursion corresponds to the case
when the exchanges over the links are not subject to noise):

'ﬂ)i = Ag (INM — M'R«Z) ./4? '17)1'_1 — .AQTMCTsi (perfect 1inks) (443)
Comparing (442) and (443) we find that:

(1) The covariance matrix R; in (443) is replaced by R;. Recall from (429) that R contains the influence
of the noises that arise during the exchange of the regression data, i.e., the {Rf}u[)k}. But since we are

now assuming that Rz(:fe?k =0, then R} = R,.
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(2) The term CTs; in (443) is replaced by z;. Recall from (432) that z; contains the influence of the noises
that arise during the exchange of the measurement data and the regression data, i.e., the {012]’ > Rfjfgk}.

(3) Two new driving terms appear involving vgi’)l and vz(-w). These terms reflect the influence of the noises
during the exchange of the weight estimates {wg;—1,%,;}-

(4) Observe further that:

(4a) The term involving vgqf)l accounts for noise introduced at the information-exchange step (414)

before adaptation.

(4b) The term involving z; accounts for noise introduced during the adaptation step (415).
(¥)

%

(4c) The term involving v
after adaptation.

accounts for noise introduced at the information-exchange step (416)

Therefore, since we are not considering noise during the exchange of the regression data, the weight-error
recursion (442) simplifies to:

w; = AT (Inag — MR:) ATy — AT Mz; — AL (Inag — MR) 0™} — 0¥ | (noisy links) ~ (444)

where we used the fact that R} = R; under these conditions.

9.3 Convergence in the Mean

Taking expectations of both sides of (444) we find that the mean error vector evolves according to the
following recursion:

Ew; = AL (Inyy — MR) AT - BEw,;_,, i>0 (445)

with R defined by (181). This is the same recursion encountered earlier in (248) during perfect data
exchanges. Note that had we considered noises during the exchange of the regression data, then the vector
z; in (444) would not be zero mean and the matrix R will have to be used instead of R;. In that case, the
recursion for Ew; will be different from (445); i.e., the presence of noise during the exchange of regression
data alters the dynamics of the mean error vector in an important way — see [62,63] for details on how to
extend the arguments to this general case with a driving non-zero bias term. We can now extend Theorem 6.1
to the current scenario.

Theorem 9.1. (Convergence in the Mean) Consider the problem of optimizing the global cost (92) with
the individual cost functions given by (93). Pick a right stochastic matriz C and left stochastic matrices A;
and Ay satisfying (166). Assume each node in the network runs the perturbed adaptive diffusion algorithm
(414)-(416). Assume further that the exchange of the variables {wy;_1,%,,;,de(i)} is subject to additive
noises as in (407), (408), and (410). We assume that the regressors are exchanged unperturbed. Then, all
estimators {wy, ;} across the network will still converge in the mean to the optimal solution w® if the step-size
parameters {uy} satisfy

2
< — 446
a Amax(}%k) ( )
where the neighborhood covariance matriz Ry, is defined by (182). That is, Ewy,; — w® as i — oo.
]
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9.4 Mean-Square Convergence

Recall from (264) that we introduced the matrix:
B 2 AL (Iyy — MR) AT (447)
We further introduce the N x N block matrix with blocks of size M x M each:
H 2 AL (Iyy — MR) (448)

Then, starting from (444) and repeating the argument that led to (279) we can establish the validity of the
following variance relation:

T T
E||w;]|2 = E|w;—1[|%, + |vec (AT MZT MAs) + vec <(HR§}”)T’H*> ) + vec (RWT)] o | (449)

for an arbitrary nonnegative-definite weighting matrix ¥ with ¢ = vec(X), and where F is the same matrix
defined earlier either by (276) or (277). We can therefore extend the statement of Theorem 6.7 to the present
scenario.

Theorem 9.2. (Mean-Square Stability ) Consider the same setting of Theorem 9.1. Assume sufficiently
small step-sizes to justify ignoring terms that depend on higher powers of the step-sizes. The perturbed
adaptive diffusion algorithm (414)-(416) is mean-square stable if, and only if, the matriz F defined by
(276), or its approximation (277), is stable (i.e., all its eigenvalues are strictly inside the unit disc). This
condition is satisfied by sufficiently small step-sizes {ux} that are also smaller than:

2

/\maX(Rk) (450)

pr <

where the neighborhood covariance matriz Ry is defined by (182). Moreover, the convergence rate of the
algorithm is determined by [p(B)]?.

|
We conclude from the previous two theorems that the conditions for the mean and mean-square convergence
of the adaptive diffusion strategy are not affected by the presence of noises over the exchange links (under
the assumption that the regression data are exchanged without perturbation; otherwise, the convergence
conditions would be affected). The mean-square performance, on the other hand, is affected as follows.
Introduce the N x N block matrix:

YVimperfect 2 ATMZMA; + HRWH* + R (imperfect exchanges) (451)

which should be compared with the corresponding quantity defined by (280) for the perfect exchanges case,
namely,
Vperfect = AT MCTSCMA,  (perfect exchanges) (452)

When perfect exchanges occur, the matrix Z reduces to C'SC. We can relate YVimperfect aNd Vperfect as
follows. Let

A 2 2 2 2 2 o2
RO 2 ane{ 3 detane 3ol 3 vl
LeNy LeN> LeNN
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Then, using (438) and (441), it is straightforward to verify that

z=crsc + R (454)
and it follows that:
Vimpertect = Vpertect + A MRIIMA; + HRIIHT + R
2 Viertect + AY (455)

Expression (455) reflects the influence of the noises {R{"’, RS, 0 g} Substituting the definition (451)
into (449), and taking the limit as i — oo, we obtain from the latter expression that:

lim E ||17’i||%17]:)0' = [VGC (ygnperfect)] ’ 9 (456)

i—00

which has the same form as (284); therefore, we can proceed analogously to obtain:

networ 1 T —
MSDimtperfgct = N ! [VGC (ygnperfect)] : (I - ]:) . vec (INM) (457)
and
networ 1 T —
EMSEimtpcrfé(ct = N : [vec (yiﬁlpcrfcct)] : (I - ‘7:) L. vec (Ru) (458)

Using (455), we see that the network MSD and EMSE deteriorate as follows:

networ ne or 1 T —
MSDiii e = MSDRGRE + 7 - [vee (AVT)]" - (1 = F)7" - vee (Ivw) (459)
networ networ. 1 T —
EMSEimtperfé{ct = EMSEpeifectk + N ) [vec (AyT)] ’ (I - -'r) ' vec (Ru) (460)

9.5 Adaptive Combination Weights

We can repeat the discussion from Secs. 8.2 and 8.3 to devise one adaptive scheme to adjust the combination
coefficients in the noisy exchange case. We illustrate the construction by considering the ATC strategy
corresponding to Ay = Iy, As = A,C = Iy, so that only weight estimates are exchanged and the update
recursions are of the form:

Vi = Wrio1 + prug (i) — g wp o] (461)
Wr,i = Z ok Yy (462)
LeNs
where from (408):
Yo = Yos + U%,)i (463)

In this case, the network MSD performance (457) becomes

1 & : :
network _ E J . *J
MSDatC,C:I,imperfect - N Tr (Batc,C:IyatcﬂmperfeCtBatc,C:I) (464)
=0
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where, since now Z = S and RE}”) =0, we have
Batc,C:I = AT(I - MRu) (465)
yatc,imperfect = ATMSMA + Rg)w) (466)
R = ding (R, RV, . R} (467)
va,pk) = Z ag, Rs,be)k (468)
LEN,
Ru diag{Ru’h Ru’27 ey Ru,N} (469)
S = diag{o} Ru1, 00oRu2, ..., 00 yRuN} (470)
M = diag{mIM, I[LQI]\/[,...,HNIM} (471)
A AR Iy (472)
To proceed, as was the case with (389), we consider the following simplified optimization problem:
min Tr(yatc,im crfcct)
A ’ (473)

subject to AT1 =1, ag >0, ag =0if £ & N,
Using (466), the trace of Vatc, imperfect can be expressed in terms of the combination coefficients as follows:

N N
Tr(yatc,imporfcct) = al%k [M%Ug,é Tr(Ru,E) + Tr (RIE)%@)k)} (474)

k=1+¢=1

so that problem (473) can be decoupled into N separate optimization problems of the form:

min ia%k [N%U?;,z Tr(Rye) + Tr (Rgﬁ)k)} , k=1,...,N

{aa}ils 35

. (475)
subject to
N
ag, > 0, Zamczl, ag, =0 if £ ¢ N,
=1
With each node ¢, we associate the following nonnegative variance products:
A
B & uF o2, Tr(Rue) + Tr (RU), heN (476)

This measure now incorporates information about the exchange noise covariances {Rf}w)k}. Then, the solution
of (475) is given by:

—2
%7 1f€€Nk

Ao = ZmeNk, Vmk
0, otherwise

(relative-variance rule) (477)

We continue to refer to this combination rule as the relative-variance combination rule [58]; it leads to a
left-stochastic matrix A. To evaluate the combination weights (477), the nodes need to know the variance
products, {72, }, of their neighbors. As before, we can motivate one adaptive construction as follows.
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We refer to the ATC recursion (461)—(463) and use the data model (208) to write for node ¢:

Poi = Weio1 + petng; [we et +ve(i)] + vl (478)

so that, in view of our earlier assumptions on the regression data and noise in Secs. 6.1 and 9.1, we obtain
in the limit as i — oc:

. 2 . ~
lliglo E H'lpék,i - ’we,i—1|| = ﬂ%' (ilizgoE”wi_lné(uZﬂuz,ﬂ2u£,i)> + u?-aﬁ,[Tr(Ru,e) + Tr (R,(sz)k) (479)

In a manner similar to what was done before for (396), we can evaluate the limit on the right-hand side by
using the corresponding steady-state result (456). We select the vector o in (456) to satisfy:
(I—-F)o = vec [IE (uzl||u1;,\|2uh)} (480)

Then, from (456),

= [VQC (yaj;;c,imperfect)]T ' (I - ]:)_1 s vec [E (“Zi||UZ,z‘|

lim E|[lw; |2 ug;)] (481)

1—00 (uzil‘ué,inul,i)
Now recall from expression (466) that the entries of Vatc imperfecs depend on combinations of the squared
step-sizes, {p2,, m = 1,2,..., N}, and on terms involving {Tr (RS@I) } This fact implies that the first

term on the right-hand side of (479) depends on products of the form {u2u2,}; these fourth-order factors can
be ignored in comparison to the second-order factor u? for small step-sizes. Moreover, the same first term

on the right-hand side of (479) depends on products of the form { u2Tr ( 781%) }, which can be ignored in

comparison to the last term, Tr (Rf}wgk) , in (479), which does not appear multiplied by a squared step-size.

Therefore, we can approximate:

%

e 012}74 -Tr(Ry,e) + Tr (Rf}?&
= % (482)

in terms of the desired variance product, v7,. Using the following instantaneous approximation at node k
(where wy ;1 is replaced by wg;—1):

E e, — weimall* ~ Ilvoeni — wrioa|? (483)

we can motivate an algorithm that enables node k to estimate the variance products v7,. Thus, let 72, (i)
denote an estimate for 72, that is computed by node k at time i. Then, one way to evaluate 3%, (i) is through
the recursion:

Jim E %ok — weica||”

V(1) = (1= wi) At = 1) + v+ [oeni — wrial® (484)

where vy, is a positive coefficient smaller than one. Indeed, it can be verified that
. ~2 .
Tim 7y (4) ~ i (485)
1— 00

so that the estimator ﬁ?k(z) converges on average close to the desired variance product vz . In this way, we
can replace the weights (477) by the adaptive construction:

~—D .
Yek (l) s

gl (Z) = Z:me./\/k. a;i(l) ’ 1f E € Nk

0, otherwise

(486)

Equations (484) and (486) provide one adaptive construction for the combination weights {ag}.
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10 Extensions and Further Considerations

Several extensions and variations of diffusion strategies are possible. Among those variations we mention
strategies that endow nodes with temporal processing abilities, in addition to their spatial cooperation
abilities. We can also apply diffusion strategies to solve recursive least-squares and state-space estimation
problems in a distributed manner. In this section, we highlight select contributions in these and related
areas.

10.1 Adaptive Diffusion Strategies with Smoothing Mechanisms

In the ATC and CTA adaptive diffusion strategies (153)—(154), each node in the network shares information
locally with its neighbors through a process of spatial cooperation or combination. In this section, we describe
briefly an extension that adds a temporal dimension to the processing at the nodes. For example, in the
ATC implementation (153), rather than have each node k rely solely on current data, {d¢(i),us:, £ € Ni},
and on current weight estimates received from the neighbors, {¢y;, ¢ € N}, node k can be allowed to
store and process present and past weight estimates, say, P of them asin {¢y;, j =14,i—1,...,i— P+ 1}.
In this way, previous weight estimates can be smoothed and used more effectively to help enhance the
mean-square-deviation performance especially in the presence of noise over the communication links.

To motivate diffusion strategies with smoothing mechanisms, we continue to assume that the random
data {dy (i), ur,;} satisfy the modeling assumptions of Sec. 6.1. The global cost (92) continues to be the
same but the individual cost functions (93) are now replaced by:

P-1
Te(w) = > e B |di(i — §) — wgij wf® (487)
j:
so that
N P-1
JEP(w) =" N gy B |di(i — ) — upimj wl? (488)
k=1 \ j=0

where each coefficient gi; is a non-negative scalar representing the weight that node k assigns to data from
time instant ¢ — j. The coefficients {q;} are assumed to satisfy the normalization condition:

P-1
To >0, Y aqrj =1, k=1,2,...,N (489)
=0

When the random processes dy (i) and uy,; are jointly wide-sense stationary, as was assumed in Sec. 6.1, the
optimal solution w° that minimizes (488) is still given by the same normal equations (40). We can extend the
arguments of Secs. 3 and 4 to (488) and arrive at the following version of a diffusion strategy incorporating
temporal processing (or smoothing) of the intermediate weight estimates [73,74]:

Oki = Wgi—1 + Mk Z Cok Qeo Uy [de(i)—ueiwg,i—1]  (adaptation) (490)
LEN,
P-1
Vi = Z frj Or,i—;  (temporal processing or smoothing) (491)
§=0
Wk = Z aek Yei (spatial processing) (492)
LeN
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where the nonnegative coefficients {cex, ask, fij, @0} satisfy:

fork=1,2,...,N:

N
cop > 0, ZCM =1, cyp=0if ¢ ¢ Ny (493)
k=1
N
age >0, Y am =1, ap=0if £ ¢ Ny (494)
(=1
P-1
frii =0, Y fry=1 (495)
j=0
0<qo<1 (496)

Since only the coefficients {qs,} are needed, we alternatively denote them by the simpler notation {¢;} in
the listing in Table 8. These are simply chosen as nonnegative coefficients:

0<q<1, ¢=12...,N (497)

Note that algorithm (490)-(492) involves three steps: (a) an adaptation step (A) represented by (490); (b) a
temporal filtering or smoothing step (T) represented by (491), and a spatial cooperation step (S) represented
by (492). These steps are illustrated in Fig. 15. We use the letters (A,T,S) to label these steps; and we use the
sequence of letters (A, T,S) to designate the order of the steps. According to this convention, algorithm (490)-
(492) is referred to as the ATS diffusion strategy since adaptation is followed by temporal processing, which
is followed by spatial processing. In total, we can obtain six different combinations of diffusion algorithms
by changing the order by which the temporal and spatial combination steps are performed in relation to the
adaptation step. The resulting variations are summarized in Table 8. When we use only the most recent
weight vector in the temporal filtering step (i.e., set 1x; = ¢x,;), which corresponds to the case P = 1, the
algorithms of Table 8 reduce to the ATC and CTA diffusion algorithms (153) and (154). Specifically, the
variants TSA, STA, and SAT (where spatial processing S precedes adaptation A) reduce to CTA, while the
variants TAS, ATS, and AST (where adaptation A precedes spatial processing S) reduce to ATC.

4 Ve Y

Temporal Processing (T) Spatial Processing (S)

Adaptation (A)

{d1 (@), u1,i} i ) bri "y
{dk(i)7 ukz} ¢k,.1—1
N i
{dé (1)7 Ul,i} ¢k,i_p+1 ¢
o (@i} (e}

) adaptation i b agk aggregation
{de(@), uei} ’ e

g AN AN "

Figure 15: Tllustration of the three steps involved in an ATS diffusion strategy: adaptation, followed by temporal
processing or smoothing, followed by spatial processing.

The mean-square performance analysis of the smoothed diffusion strategies can be pursued by extending
the arguments of Sec. 6. This step is carried out in [73,74] for doubly stochastic combination matrices A
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when the filtering coefficients {f;} do not change with k. For instance, it is shown in [74] that whether
temporal processing is performed before or after adaptation, the strategy that performs adaptation before
spatial cooperation is always better. Specifically, the six diffusion variants can be divided into two groups
with the respective network MSDs satisfying the following relations:

Group #1 : MSDAgEYerk = MSDEGverk > MSDiSger™ (498)
Group #2 : MSDESwO™E > MSDARGEE™ = MSDRwor™ (499)

Note that within groups 1 and 2, the order of the A and T operations is the same: in group 1, T precedes A
and in group 2, A precedes T. Moreover, within each group, the order of the A and S operations determines
performance; the strategy that performs A before S is better. Note further that when P = 1, so that
temporal processing is not performed, then TAS reduces to ATC and TSA reduces to CTA. This conclusion
is consistent with our earlier result (343) that ATC outperforms CTA.

Table 8: Six diffusion strategies with temporal smoothing steps.

TSA diffusion: TAS diffusion:
P-1 P-1
Prji—1 = Z frj Whimj—1 Okyi—1 = Z Srj Whi—j—1
=0 =0
Yi—1 = Z Qe Deyi—1 Vi = Pri—1 + Lk Z qe cor up; [de(i) — wpi@ri—1]
LeN LEN,
Wk = Vk,im1 + [k Z Qe Cox ug ; [de(i) — wei Yrio1] | Wi = Z ag ke
LEN LeN
STA diffusion: ATS diffusion:
¢k,z‘—1 = Z Ayl We5—1 éf’k,i = Wg,i—1 + Mk Z qe Cek ’Ltzi [de(i) - W,iwk,i—l]
LeN LEN
P_1 Po1
Uricr =Y frj Ori-j1 Uki = > friBri
=0 =0
Wk, = Vhyim1 + [k Z qe cor up; [de(i) — weirio1] | we = Z ke, i
LeEN LENE
SAT diffusion: AST diffusion:
Ori—1 = Z QgrWei—1 Okyi = Whi—1 + Ui Z qe cor up; [de(i) — wpwy ;1]
LeEN}, LEN,
Vi = Qkim1 + [k Z qe cor up; [de(i) — weidrio1] | Yri = Z ek Pr i
LeN LEN,
P-1 P-1
Wk = Z FriVk,i—j Wi = Z fri ¥k, i—j
=0 i=0

In related work, reference [75] started from the CTA algorithm (159) without information exchange and
added a useful projection step to it between the combination step and the adaptation step; i.e., the work
considered an algorithm with an STA structure (with spatial combination occurring first, followed by a
projection step, and then adaptation). The projection step uses the current weight estimate, ¢y ;, at node
k and projects it onto hyperslabs defined by the current and past raw data. Specifically, the algorithm

83



from [75] has the following form:

Pryi—1 = Z Aok Wei—1 (500)
[E./\/'k
Yri-1 = Pl;,i[st,i—l] (501)
P-1
Wi = ki1 — fe Ykiot — Y frj PhiojlOrio1] (502)
=0

where the notation ¢ = Py, ;[¢] refers to the act of projecting the vector ¢ onto the hyperslab Py ; that
consists of all M x 1 vectors z satisfying (similarly for the projection P,lm-):

Py
!
Py

{ z such that |di (i) — up2| < ex } (503)
{ z such that |dy (i) — u 2| <€}, } (504)

1>

where {ex, €, } are positive (tolerance) parameters chosen by the designer to satisfy €}, > e,. For generic
values {d,u, e}, where d is a scalar and u is a row vector, the projection operator is described analytically
by the following expression [76]:

IIZ\*IZ [d—e—ug], ifd—e>ugp

A
=
[
-
+
j==)

, if |d — ug| < e (505)

*

”ZH2 [d+e—ug], ifd+e<ugp

The projections that appear in (501)—(502) can be regarded as another example of a temporal processing
step. Observe from the middle plot in Fig. 15 that the temporal step that we are considering in the
algorithms listed in Table 8 is based on each node k using its current and past weight estimates, such as
{Pk.i» Phi—1s- - - » Pk i—p+1}, rather than only ¢y ; and current and past raw data {d(2), dx(i — 1), ..., dk(i —
P +1),uk, Uk,i—1,---,Uki—p+1}. For this reason, the temporal processing steps in Table 8 tend to exploit
information from across the network more broadly and the resulting mean-square error performance is
generally improved relative to (500)—(502).

10.2 Diffusion Recursive Least-Squares

Diffusion strategies can also be applied to recursive least-squares problems to enable distributed solutions of
least-squares designs [28,29]; see also [72]. Thus, consider again a set of N nodes that are spatially distributed
over some domain. The objective of the network is to collectively estimate some unknown column vector of
length M, denoted by w°, using a least-squares criterion. At every time instant ¢, each node k collects a
scalar measurement, dj(¢), which is assumed to be related to the unknown vector w® via the linear model:

dk(l) = uk,iwo + ’Uk(Z) (506)

In the above relation, the vector ux ; denotes a row regression vector of length M, and vy (i) denotes measure-
ment noise. A snapshot of the data in the network at time 7 can be captured by collecting the measurements
and noise samples, {d (), vk (i)}, from across all nodes into column vectors y; and v; of sizes N x 1 each,
and the regressors {uy;} into a matrix H; of size N x M:

d1(2> ’Ul(’i) U1,
dg(’t) Ug(i) U27i

Yi = : (Nx1), v = : (Nx1), H; = : (N x M) (507)
dN(Z) un (i) UN,i



Likewise, the history of the data across the network up to time ¢ can be collected into vector quantities as
follows:

Yi (% H;
Yi—1 Vi—1 H;_,

Vi = . ; Vi = ) ) H; = . (508)
Yo Vo Hy

Then, one way to estimate w? is by formulating a global least-squares optimization problem of the form:

min [lwlfy, + Vi — Hawly, (509)

where II; > 0 represents a Hermitian regularization matrix and W; > 0 represents a Hermitian weighting
matrix. Common choices for II; and W; are

W; = diag{In, My, ..., NIy} (510)
o, = Mtig! (511)

where § > 0 is usually a large number and 0 < A < 1 is a forgetting factor whose value is generally very
close to one. In this case, the global cost function (509) can be written in the equivalent form:

i N
min A | 4 30N (Z 44() —uk,ij) (512)
=0 k=1

which is an exponentially weighted least-squares problem. We see that, for every time instant j, the squared
errors, |d(j) —ug jw|?, are summed across the network and scaled by the exponential weighting factor A"=7.
The index ¢ denotes current time and the index j denotes a time instant in the past. In this way, data
occurring in the remote past are scaled more heavily than data occurring closer to present time. The global
solution of (509) is given by [5]:

w; = [ +H WM~ HIWY; (513)

and the notation w;, with a subscript ¢, is meant to indicate that the estimate w; is based on all data
collected from across the network up to time 7. Therefore, the w; that is computed via (513) amounts to a
global construction.

In [28,29] a diffusion strategy was developed that allows nodes to approach the global solution w; by
relying solely on local interactions. Let wy ; denote a local estimate for w® that is computed by node k at
time ¢. The diffusion recursive-least-squares (RLS) algorithm takes the following form. For every node k,
we start with the initial conditions wy,_; = 0 and Py, _1 = dIs, where P, 1 is an M x M matrix. Then,
for every time instant i, each node k performs an incremental step followed by a diffusion step as follows:
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Diffusion RLS.

Step 1 (incremental update)
Yki 4 Wk i—1
Pii+ A Py
for every neighboring node ¢ € N, update :
ek P iug ;

Vi < Yryi + [dei — it
1+ conue,i Priug ;
(514)
ok Priup juei P i
Py P, — m
L+ corue,i Py ,;
end

Step 2 (diffusion update)

Wy = Z arke i

éENk

where the symbol < denotes a sequential assignment, and where the scalars {as,ce} are nonnegative
coeflicients satisfying:

fork=1,2,...,N:

N
cor > 0, ZC[/CZL Cgk:()iff¢./\/‘k (515)
k=1
N
agr > 0, Za@k =1, ap=0if ¢ ¢ N (516)
=1

The above algorithm requires that at every instant ¢, nodes communicate to their neighbors their mea-
surements {dg(?),us;} for the incremental update, and the intermediate estimates {1 ;} for the diffusion
update. During the incremental update, node k cycles through its neighbors and incorporates their data
contributions represented by {d¢(%),ue,;} into {¥x;, Pyi}. Every other node in the network is performing
similar steps. At the end of the incremental step, neighboring nodes share their intermediate estimates
{t)¢,;} to undergo diffusion. Thus, at the end of both steps, each node k would have updated the quantities
{wg,i—1,Pxi—1} to {wgi, Prs}. The quantities Py ; are matrices of size M x M each. Observe that the
diffusion RLS implementation (514) does not require the nodes to share their matrices {Pp,;}, which would
amount to a substantial burden in terms of communications resources since each of these matrices has M?
entries. Only the quantities {d(7),ue i, e} are shared. The mean-square performance and convergence of
the diffusion RLS strategy are studied in some detail in [29)].

The incremental step of the diffusion RLS strategy (514) corresponds to performing a number of |N|
successive least-squares updates starting from the initial conditions {wy ;—1, Pgi—1} and ending with the
values {9y i, Py} that move on to the diffusion update step. It can be verified from the properties of
recursive least-squares solutions [4, 5] that these variables satisfy the following equations at the end of the
incremental stage (step 1):

Pl o= AP+ D enujung (517)
LENG,
Poltn: = APrljwein + > covuf d(i) (518)
EGNk
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Introduce the auxiliary M x 1 variable:
A
Qi = Ppitns (519)
Then, the above expressions lead to the following alternative form of the diffusion RLS strategy (514).

Alternative form of diffusion RLS.

Whi—1 = E GepVei—1

LEN,

Pk_il = /\Pk_ilq + Z CokUp Ui
’ ’ N (520)

1 .
Qi = AP qWei-1 + E coruy ;de(7)
LENG

Ui = Priqr

Under some approximations, and for the special choices A = C' and A = 1, the diffusion RLS strategy
(520) can be reduced to a form given in [79] and which is described by the following equations:

Polo= Y e [Pty + ] (521)
ZGN;C

Qryi = Z o [qei-1 + UZidé(i)} (522)
ZENk

Vi = Pridrg (523)

Algorithm (521)—(523) is motivated in [79] by using consensus-type arguments. Observe that the algorithm
requires the nodes to share the variables {d;(), w¢ i, qei—1, Pei—1}, which corresponds to more communica-
tions overburden than required by diffusion RLS; the latter only requires that nodes share {d;(¢), ue ;, ¥e,i—1}-
In order to illustrate how a special case of diffusion RLS (520) can be related to this scheme, let us set

A=C and A=1 (524)
Then, equations (520) give:

Special form of diffusion RLS when A =C and X = 1.

Whi—1 = E Core i1

LENG,

Plc_,il = Pk_,ilfl + Z kauziut’,i
= (525)

1 * .
Qi = Py qWri-1 + E coruy ;de ()
eGNk

Yii = Pridr,i
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Comparing these equations with (521)—(523), we find that algorithm (521)—(523) of [79] would relate to the
diffusion RLS algorithm (520) when the following approximations are justified:

-1 p-l
Z colpin = P (526)
LeN
> ewqrion = Y caPr i
£€Nk ZGNI«
~ Y caPriqtbrioa
feNk
= Pl Y cotbria (527)
LeN
= Pp Wki- (528)

It was indicated in [29] that the diffusion RLS implementation (514) or (520) leads to enhanced performance
in comparison to the consensus-based update (521)—(523).

10.3 Diffusion Kalman Filtering

Diffusion strategies can also be applied to the solution of distributed state-space filtering and smoothing
problems [30,31,33]. Here, we describe briefly the diffusion version of the Kalman filter; other variants and
smoothing filters can be found in [33]. We assume that some system of interest is evolving according to linear
state-space dynamics, and that every node in the network collects measurements that are linearly related to
the unobserved state vector. The objective is for every node to track the state of the system over time based
solely on local observations and on neighborhood interactions.

Thus, consider a network consisting of N nodes observing the state vector, x;, of size n x 1 of a linear
state-space model. At every time 4, every node k collects a measurement vector y, ; of size p x 1, which is
related to the state vector as follows:

Yii = Hk,ia:i—kvk,i, k= 1,2,...,N (530)

The signals n; and vy ; denote state and measurement noises of sizes n x 1 and p x 1, respectively, and they
are assumed to be zero-mean, uncorrelated and white, with covariance matrices denoted by

o] 218 a]e -

0 R
The initial state vector, x,, is assumed to be zero-mean with covariance matrix

1>

Ex,z; = II, >0 (532)

and is uncorrelated with n; and vy, for all ¢ and k. We further assume that Rj; > 0. The parameter
matrices {F;, G, Hy ;, Qi, Ry, 11, } are assumed to be known by node k.

Let 2}, denote a local estimator for @; that is computed by node k at time i based solely on local
observations and on neighborhood data up to time j. The following diffusion strategy was proposed in
[30,31,33] to evaluate approximate predicted and filtered versions of these local estimators in a distributed
manner for data satisfying model (529)-(532). For every node k, we start with @ oj—1 = 0 and P, oj—1 = I,
where P g—1 is an M x M matrix. At every time instant i, every node k performs an incremental step
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followed by a diffusion step:

Time and measurement-form of the diffusion Kalman filter.

Step 1 (incremental update)
Vi & Thilio1
Py i < Py iji—1
for every neighboring node £ € Ny, update :
R, + R[J + Hl,ipk,iHZi
Vi & Vit Pk,iHZiRgl [ye,i - Hl,iwk,i]
Py« Pyi— P iHj ;R Hy i Py (533)
end

Step 2 (diffusion update)

Tpili = Z atpy;
LeNy,
Py iji = Pri
Zppiv1)i = Filty )i
Pyt = FiPy i Ff + GiQiGy.

where the symbol < denotes a sequential assignment, and where the scalars {as } are nonnegative coefficients
satisfying:

fork=1,2,...,N:

N
agpe > 0, Zagk =1, ap=0if(¢ N (534)
=1

The above algorithm requires that at every instant ¢, nodes communicate to their neighbors their mea-
surement matrices Hy ;, the noise covariance matrices Ry ;, and the measurements Yo for the incremental
update, and the intermediate estimators 1), ; for the diffusion update. During the incremental update, node
k cycles through its neighbors and incorporates their data contributions represented by {y, ;, H i, R} into
{%4.i> Pr,i}. Every other node in the network is performing similar steps. At the end of the incremental step,
neighboring nodes share their updated intermediate estimators {1, ;} to undergo diffusion. Thus, at the
end of both steps, each node k would have updated the quantities {Zy ;j;—1, P i1} t0 {Zk,it1)i» Prit1)i}-
The quantities Py ;;—1 are m X n matrices. It is important to note that even though the notation P ;;
and Py, ;;—1 has been retained for these variables, as in the standard Kalman filtering notation [5,77], these
matrices do not represent any longer the covariances of the state estimation errors, &y, ;j;—1 = ®; — Tk i)i—1,
but can be related to them [33].

An alternative representation of the diffusion Kalman filter may be obtained in information form by
further assuming that P ;;—1 > 0 for all k and i; a sufficient condition for this fact to hold is to requires
the matrices {F;} to be invertible [77]. Thus, consider again data satisfying model (529)—(532). For every
node k, we start with 2y o—; = 0 and P,;é‘_l =1II;1. At every time instant i, every node k performs an
incremental step followed by a diffusion step:
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Information form of the diffusion Kalman filter.

Step 1 (incremental update)

-1
Ski= Y Hy R, 'He,
EGNk

-1
dy.; = Z HZiRg,i Yo

ZE./\/’k
-1 -1
Pk,i\i = Pk,i\iq + Sk,i (535)

Yri = Tpifim1 + Prili [Qri — SkiTriji-1)

Step 2: (diffusion update)

Tpili = Z aktpy,;
ZGNk
Zppiv1)i = Filty )
Py iv1)i = FiPr b7 + GiQiGy

The incremental update in (535) is similar to the update used in the distributed Kalman filter derived
in [48]. An important difference in the algorithms is in the diffusion step. Reference [48] starts from a
continuous-time consensus implementation and discretizes it to arrive at the following update relation:

Tpili = Yp,te Z (Yo — V1) (536)

LEN,

which, in order to facilitate comparison with (535), can be equivalently rewritten as:

Trii = (Ite—npe) -y, + > ey, (537)

LENK\{k}

where ny, denotes the degree of node k (i.e., the size of its neighborhood, N}). In comparison, the diffusion
step in (535) can be written as:

Zrii = ek Pr; t+ Z Qg - Py (538)
LeNK\{k}

Observe that the weights used in (537) are (1 + ¢ — nge) for the node’s estimator, v, ;, and ¢ for all other
estimators, {t,,}, arriving from the neighbors of node k. In contrast, the diffusion step (538) employs a
convex combination of the estimators {1, ;} with generally different weights {as} for different neighbors;
this choice is motivated by the desire to employ combination coefficients that enhance the fusion of infor-
mation at node k, as suggested by the discussion in App. D of [33]. It was verified in [33] that the diffusion
implementation (538) leads to enhanced performance in comparison to the consensus-based update (537).
Moreover, the weights {ag } in (538) can also be adjusted over time in order to further enhance performance,
as discussed in [78]. The mean-square performance and convergence of the diffusion Kalman filtering imple-
mentations are studied in some detail in [33], along with other diffusion strategies for smoothing problems
including fixed-point and fixed-lag smoothing.
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10.4 Diffusion Distributed Optimization

The ATC and CTA steepest-descent diffusion strategies (134) and (142) derived earlier in Sec. 3 provide
distributed mechanisms for the solution of global optimization problems of the form:

N
ngn Z Ji(w) (539)
k=1

where the individual costs, Ji(w), were assumed to be quadratic in w, namely,
Jr(w) = aik =W T u ke — Ty W+ W Ry w (540)

for given parameters {O’ik,,?”du’k,Ru’k}. Nevertheless, we remarked in that section that similar diffusion
strategies can be applied to more general cases involving individual cost functions, Ji(w), that are not
necessarily quadratic in w [1-3]. We restate below, for ease of reference, the general ATC and CTA diffusion
strategies (139) and (146) that can be used for the distributed solution of global optimization problems of
the form (539) for more general convex functions Jy(w):

Ui =wio1 — kY, cor [Vado(wri1)]”

(ATC strategy) CEN: (541)
W, = Z agk Ve

LEN,

and

Vii—1 = E Qg Wei—1

(CTA strategy) LEN, . (542)
Whi = Vki-1 — MUk Z cok [Vodi(Yr,i—1)]
LEN,

for positive step-sizes {ux} and for nonnegative coefficients {cex, agr } that satisfy:

fork=1,2,...,N:

N
cor > 0, ZCMZI, C@kZOif£¢./V'k-
k=1

(543)
N
age >0, Y am =1, ap=0if L& Ny
=1
That is, the matrix A = [ag] is left-stochastic while the matrix C' = [cg] is right-stochastic:
Cl=1, A'1=1 (544)

We can again regard the above ATC and CTA strategies as special cases of the following general diffusion
scheme:

Prji-1 = Z ai,ek Wei—1 (545)
LeEN}
Uki = Grici— ke Y cor [Vade(drio1)]” (546)
LeEN
Wk, = Z az ok YPoi (547)
LeEN,
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where the coefficients {a1 ¢k, a2,ek, cox } are nonnegative coefficients corresponding to the (I, k)-th entries of
combination matrices {Ay, A2, C} that satisfy:

AT1 =1, Af1=1, Cc1=1 (548)

The convergence behavior of these diffusion strategies can be examined under both conditions of noiseless
updates (when the gradient vectors are available) and noisy updates (when the gradient vectors are subject
to gradient noise). The following properties can be proven for the diffusion strategies (545)—(547) [1-3]. The
statements that follow assume, for convenience of presentation, that all data are real-valued; the conditions
would need to be adjusted for complex-valued data.

Noiseless Updates
Let

M=

JEP(w) = Ji(w) (549)

k=1

denote the global cost function that we wish to minimize. Assume J&°P(w) is strictly convex so that its
minimizer w® is unique. Assume further that each individual cost function Ji(w) is convex and has a mini-
mizer at the same w®. This case is common in practice; situations abound where nodes in a network need to
work cooperatively to attain a common objective (such as tracking a target, locating the source of chemical
leak, estimating a physical model, or identifying a statistical distribution). The case where the {J;(w)} have
different individual minimizers is studied in [1,3], where it is shown that the same diffusion strategies of this
section are still applicable and nodes would converge instead to a Pareto-optimal solution.

Theorem 10.1. (Convergence to Optimal Solution: Noise-Free Case) Consider the problem of
minimizing the strictly convez global cost (549), with the individual cost functions {Jx(w)} assumed to be
convex with each having a minimizer at the same w®. Assume that all data are real-valued and suppose the
Hessian matrices of the individual costs are bounded from below and from above as follows:

)\€7minIM < V?UJZ(U)) < )\Z,maxIMa l= 1,2,... aN (550)
for some positive constants {A¢ min, Ae,max - Let
A A
Ok,min — Z cﬂk)\ﬂ,min7 Ok,max — Z CEk:AK,max (551)
LeEN} LEN
Assume further that o min > 0 and that the positive step-sizes are chosen such that:

2
pu, < . k=1,...,N (552)

Ok,max

Then, it holds that wy ; — w® as i — co. That is, the weight estimates generated by (545)—(547) at all nodes
will tend towards the desired global minimizer.
O

We note that in works on distributed sub-gradient methods (e.g., [40,80]), the norms of the sub-gradients
are usually required to be uniformly bounded. Such a requirement is restrictive in the unconstrained op-
timization of differentiable functions. Condition (550) is more relaxed since it allows the gradient vector
VwJe(w) to have unbounded norm. This extension is important because requiring bounded gradient norms,
as opposed to bounded Hessian matrices, would exclude the possibility of using quadratic costs for the J,(w)
(since the gradient vectors would then be unbounded). And, as we saw in the body of the chapter, quadratic
costs play a critical role in adaptation and learning over networks.
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Updates with Gradient Noise
It is often the case that we do not have access to the exact gradient vectors to use in (546), but to noisy
versions of them, say,

Vadi(bri1) 2 Vudi(dria) + vildrir) (553)

where the random vector variable v,(-) refers to gradient noise; its value is generally dependent on the
weight-error vector realization,

~ A,
¢k:,i71 = w _d)k,ifl (554)

at which the gradient vector is being evaluated. In the presence of gradient noise, the weight estimates at the
various nodes become random quantities and we denote them by the boldface notation {wy ;}. We assume
that, conditioned on the past history of the weight estimators at all nodes, namely,

Fiot 2 {wm, m=1,2,....N, j<i} (555)

the gradient noise has zero mean and its variance is upper bounded as follows:
E {vi@pi1) | Fic} = 0 (556)
E {loe(@uin)I® | Fia }

IN

aH¢k,i—1H2 + o} (557)

for some o > 0 and o2 > 0. Condition (557) allows the variance of the gradient noise to be time-variant,
so long as it does not grow faster than E||¢, ; ,[*>. This condition on the noise is more general than the
“uniform-bounded assumption” that appears in [40], which required instead:

E{loe@iidlP} <02 E{loe@ui)l? | Fia} <o (558)

These two requirements are special cases of (557) for @ = 0. Furthermore, condition (557) is similar to
condition (4.3) in [81], which requires the noise variance to satisfy:

E {loe(@ii)lI? | Fir ) < a [IVude(ii)I + 1] (559)

“relative random noise” and the “absolute

This requirement can be verified to be a combination of the
random noise” conditions defined in [22] — see [2].

Now, introduce the column vector:

N
z 2 Z col {cp1ve(w®), cpove(w®), ..., cinve(w)} (560)
=1
and let
Let further A
’&71' = COl {’lflv}i’h ﬂ]i’g, . .,’lfleZ"N} (562)
where A
W, = W’ — Wy, (563)

Then, the following result can be established [2]; it characterizes the network mean-square deviation in
steady-state, which is defined as

N
network A . 1 ~ 2
MSDretwers = Zlgglo (N g_lE”wk’iH ) (564)
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Theorem 10.2. (Mean-Square Stability: Noisy Case) Consider the problem of minimizing the strictly
convex global cost (549), with the individual cost functions {Ji(w)} assumed to be convex with each having a
minimizer at the same w®. Assume all data are real-valued and suppose the Hessian matrices of the individual
costs are bounded from below and from above as stated in (550). Assume further that the diffusion strategy
(545)-(547) employs noisy gradient vectors, where the noise terms are zero mean and satisfy conditions
(657) and (561). We select the positive step-sizes to be sufficiently small and to satisfy:

(565)

e < min 20k,max 20k,min

U%,max + aHC'%,O‘]%"min + G{HC”%
for k =1,2,...,N. Then, the diffusion strategy (545)-(547) is mean-square stable and the mean-square-
deviation of the network is given by:

1
MSD™E & [vee (ATMZT MA)N]" (1= F)' - vee(Inw) (566)
where

Ay = Ay@ Iy (567)
M = diag{piInr, podar, - unIng} (568)
F ~ B'eB (569)
B AL (1 — MR) AT (570)

N
R = Y diag{ca Ve Ji(w®), caVeJe(w®), ..., conViJe(w®)} (571)

=1
O
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A Appendix: Properties of Kronecker Products

For ease of reference, we collect in this appendix some useful properties of Kronecker products. All matrices
are assumed to be of compatible dimensions; all inverses are assumed to exist whenever necessary. Let
E = le;]} =y and B = [b;]7_; be n x n and m x m matrices, respectively. Their Kronecker product is
denoted by F ® B and is defined as the nm x nm matrix whose entries are given by [20]:

ennB eeB ... e.B
€21B 6223 oo egnB

E®B= . . (572)
en1B enB ... e..B

In other words, each entry of E is replaced by a scaled multiple of B. Let {\,(E),i = 1,...,n} and
{A\;j(B),7 =1,...,m} denote the eigenvalues of E and B, respectively. Then, the eigenvalues of £ ® B will
consist of all nm product combinations {\;(E)A;(B)}. Table 9 lists some well-known properties of Kronecker
products.

Table 9: Properties of Kronecker products.

(E+B)@C=(E®C) + (B®C)
(F® B)(C® D)= (EC® BD)

(E® B)T = ET @ BT

(F® B)"=FE*® B*
(E®B)'=E'@B™!

(E® B)* = E*® B

{ME® B)} = {Ni(E)A;(B)}2 -1
det(E ® B) = (det E)™(det B)™

Tr(E ® B) = Tr(E)Tr(B)
Tr(EB) = [vec(BT)]T vec(E)
vec(ECB) = (BT ® E)vec(C)

B Appendix: Graph Laplacian and Network Connectivity

Consider a network consisting of N nodes and L edges connecting the nodes to each other. In the construc-
tions below, we only need to consider the edges that connect distinct nodes to each other; these edges do
not contain any self-loops that may exist in the graph and which connect nodes to themselves directly. In
other words, when we refer to the L edges of a graph, we are excluding self-loops from this set; but we are
still allowing loops of at least length 2 (i.e., loops generated by paths covering at least 2 edges).

The neighborhood of any node k is denoted by N} and it consists of all nodes that node k can share
information with; these are the nodes that are connected to k through edges, in addition to node k itself.
The degree of node k, which we denote by ny, is defined as the positive integer that is equal to the size of
its neighborhood:

ne 2 (NG| (573)

Since k € N, we always have n, > 1. We further associate with the network an N x N Laplacian matrix,
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denoted by £. The matrix £ is symmetric and its entries are defined as follows [64-66]:

ng — 1, ifk=1/¢
L], = —1, ifk # £ and nodes k and ¢ are neighbors (574)
0, otherwise

Note that the term ny — 1 measures the number of edges that are incident on node k, and the locations
of the —1’s on row k indicate the nodes that are connected to node k. We also associate with the graph
an N X L incidence matrix, denoted by Z. The entries of Z are defined as follows. Every column of 7
represents one edge in the graph. Each edge connects two nodes and its column will display two nonzero
entries at the rows corresponding to these nodes: one entry will be +1 and the other entry will be —1. For
directed graphs, the choice of which entry is positive or negative can be used to identify the nodes from
which edges emanate (source nodes) and the nodes at which edges arrive (sink nodes). Since we are dealing
with undirected graphs, we shall simply assign positive values to lower indexed nodes and negative values to
higher indexed nodes:

+1, if node k is the lower-indexed node connected to edge e
[Z],. =< —1, if node k is the higher-indexed node connected to edge e (575)
0, otherwise

Figure 16 shows the example of a network with N = 6 nodes and L = 8 edges. Its Laplacian and incidence
matrices are also shown and these have sizes 6 X 6 and 6 x 8, respectively. Consider, for example, column
6 in the incidence matrix. This column corresponds to edge 6, which links nodes 3 and 5. Therefore, at
location Z3g we have a +1 and at location Zsg we have —1. The other columns of Z are constructed in a
similar manner.

nodes—>’1 2 3 4 5 6 ‘
-1 -1 0 0 o]l
-1 -1 -1 0 0|2
-1 -1 -1 -1 0|83
0 -1 -1 [3] o0 -1|4
0 0 -1 o0 [2] -1|5
o o o -1 -1 [2]]]s
nodes
1 0 0 0 0 0 071
1 1 1 0 0 o0 0|2
0o -1 0 1 1 0 o0]|3
0 0 -1 -1 0 0 1]]|a
00 0 0 -1 1 0]]s
00 0 0 0 -1 -1]]|g
2 3 4 5 6 7 8

Figure 16: A network with N = 6 nodes and L = 8 edges. The nodes are marked 1 through 6 and the edges are
marked 1 through 8. The corresponding Laplacian and incidence matrices £ and Z are 6 x 6 and 6 x 8.

Observe that the Laplacian and incidence matrices of a graph are related as follows:

L=1T1" (576)
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The Laplacian matrix conveys useful information about the topology of the graph. The following is a classical
result from graph theory [64-67].

Lemma B.1. (Laplacian and Network Connectivity) Let
01 >0,>...>0n (577)
denote the ordered eigenvalues of L. Then the following properties hold:

(a) L is symmelric nonnegative-definite so that 6; > 0.

(b) The rows of L add up to zero so that L1 = 0. This means that 1 is a right eigenvector of L corresponding
to the eigenvalue zero.

(¢) The smallest eigenvalue is always zero, Oy = 0. The second smallest eigenvalue, On_1, is called the
algebraic connectivity of the graph.

(d) The number of times that zero is an eigenvalue of L (i.e., its multiplicity) is equal to the number of
connected subgraphs.

(e) The algebraic connectivity of a connected graph is nonzero, i.e., Ony_1 # 0. In other words, a graph is
connected if, and only if, its algebraic connectivity is nonzero.

Proof. Property (a) follows from the identity £ = Z Z7. Property (b) follows from the definition of £. Note that
for each row of £, the entries on the row add up to zero. Property (c) follows from properties (a) and (b) since
L1 = 0 implies that zero is an eigenvalue of £. For part (d), assume the network consists of two separate connected
subgraphs. Then, the Laplacian matrix would have a block diagonal structure, say, of the form £ = diag{L1, L2},
where £; and L2 are the Laplacian matrices of the smaller subgraphs. The smallest eigenvalue of each of these
Laplacian matrices would in turn be zero and unique by property (e). More generally, if the graph consists of m
connected subgraphs, then the multiplicity of zero as an eigenvalue of £ must be m. To establish property (e), first
observe that if the algebraic connectivity is nonzero then it is obvious that the graph must be connected. Otherwise,
if the graph were disconnected, then its Laplacian matrix would be block diagonal and the algebraic multiplicity of
zero as an eigenvalue of £ would be larger than one so that §ny_1 would be zero, which is a contradiction. For the
converse statement, assume the graph is connected and let x denote an arbitrary eigenvector of £ corresponding to
the eigenvalue at zero, i.e., Lz = 0. We already know that £1 = 1 from property (b). Let us verify that z must
be proportional to the vector 1 so that the algebraic multiplicity of the eigenvalue at zero is one. Thus note that
T Lz = 0. If we denote the individual entries of « by z, then this identity implies that for each node k:

Z (zg —xg)2 =0

LeENY,

It follows that the entries of x within each neighborhood have equal values. But since the graph is connected, we
conclude that all entries of x must be equal. It follows that the eigenvector x is proportional to the vector 1, as
desired. O

C Appendix: Stochastic Matrices

Consider N x N matrices A with nonnegative entries, {ag, > 0}. The matrix A = [ag] is said to be
right-stochastic if it satisfies
Al =1 (right-stochastic) (578)

in which case each row of A adds up to one. The matrix A is said to be left-stochastic if it satisfies

AT1 =1 (left-stochastic) (579)
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in which case each column of A adds up to one. And the matrix is said to be doubly stochastic if both
conditions hold so that both its columns and rows add up to one:

Al =1, AT1=1 (doubly-stochastic) (580)

Stochastic matrices arise frequently in the study of adaptation over networks. This appendix lists some of
their properties.

Lemma C.1. (Spectral Norm of Stochastic Matrices) Let A be an N x N right or left or doubly
stochastic matriz. Then, p(A) = 1 and, therefore, all eigenvalues of A lie inside the unit disc, i.e., |[N(A)| < 1.

Proof. We prove the result for right stochastic matrices; a similar argument applies to left or doubly stochastic
matrices. Let A be a right-stochastic matrix. Then, A1 = 1, so that A = 1 is one of the eigenvalues of A. Moreover,
for any matrix A, it holds that p(A) < ||Al|so, where || - |[«c denotes the maximum absolute row sum of its matrix
argument. But since all rows of A add up to one, we have ||A]lcc = 1. Therefore, p(A) < 1. And since we already
know that A has an eigenvalue at A = 1, we conclude that p(A) = 1.

O

The above result asserts that the spectral radius of a stochastic matrix is unity and that A has an eigenvalue
at A = 1. The result, however, does not rule out the possibility of multiple eigenvalues at A = 1, or even
other eigenvalues with magnitude equal to one. Assume, in addition, that the stochastic matrix A is regular.
This means that there exists an integer power j, such that all entries of A/ are strictly positive, i.e.,

for all (¢, k), it holds that [A7°], > 0, for some j, > 0 (581)

Lk

Then a result in matrix theory known as the Perron-Frobenius Theorem [20] leads to the following stronger
characterization of the eigen-structure of A.

Lemma C.2. (Spectral Norm of Regular Stochastic Matrices) Let A be an N x N right stochastic
and regular matriz. Then:

(a) p(A) = 1.

(b) All other eigenvalues of A are strictly inside the unit circle (and, hence, have magnitude strictly less
than one).

(c) The eigenvalue at A =1 is simple, i.e., it has multiplicity one. Moreover, with proper sign scaling, all
entries of the corresponding eigenvector are positive. For a right-stochastic A, this eigenvector is the
vector 1 since A1 = 1.

(d) All other eigenvectors associated with the other eigenvalues will have at least one negative or complex
entry.

Proof. Part (a) follows from Lemma C.1. Parts (b)-(d) follow from the Perron-Frobenius Theorem when A is

regular [20].
O

Lemma C.3. (Useful Properties of Doubly Stochastic Matrices) Let A be an N x N doubly stochastic
matriz. Then the following properties hold:

(a) p(A) =1.
(b) AAT and AT A are doubly stochastic as well.
(¢) p(AAT) = p(ATA) = 1.

(d) The eigenvalues of AAT or AT A are real and lie inside the interval [0,1].
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(e) I —AAT >0 and I — ATA > 0.
(f) Tr(ATHA) < Tr(H), for any N x N nonnegative-definite Hermitian matriz H.

Proof. Part (a) follows from Lemma C.1. For part (b), note that AAT is symmetric and AAT1 = A1 = 1. Therefore,
AAT is doubly stochastic. Likewise for AT A. Part (c) follows from part (a) since AA” and AT A are themselves
doubly stochastic matrices. For part (d), note that AA” is symmetric and nonnegative-definite. Therefore, its
eigenvalues are real and nonnegative. But since p(AA”T) = 1, we must have A(AAT) € [0, 1]. Likewise for the matrix
AT A. Part (e) follows from part (d). For part (f), since AAT > 0 and its eigenvalues lie within [0, 1], the matrix
AAT admits an eigen-decomposition of the form:

AAT = UAUT
where U is orthogonal (i.e., U=* = U”) and A is diagonal with entries in the range [0,1]. It then follows that

Tr(ATHA) = Tr(AATH)
Te(UAUTH
= Tr(AUTHU

)
)
T(UTHU)
= Tr(UU"H)
= Tr(H)
where step () is because UT HU = U~'HU and, by similarity, the matrix U~*HU has the same eigenvalues as H.

Therefore, UT HU > 0. This means that the diagonal entries of UT HU are nonnegative. Multiplying UT HU by A
ends up scaling the nonnegative diagonal entries to smaller values so that (x) is justified.

O
D Appendix: Block Maximum Norm
Let & = col{x1, za,...,zn} denote an N x 1 block column vector whose individual entries are of size M x 1
each. Following [52,54,55], the block maximum norm of z is denoted by ||z||s.co and is defined as
lalloe 2 max s (582)
b,oco — 1<k<N k
where || - || denotes the Euclidean norm of its vector argument. Correspondingly, the induced block maximum

norm of an arbitrary N x N block matrix A, whose individual block entries are of size M x M each, is defined
as

[Allbo 2 max AZIbco (583)
’ 220 ||z[|p,00

The block maximum norm inherits the unitary invariance property of the Euclidean norm, as the following
result indicates [54].

Lemma D.1. (Unitary Invariance) Let U = diag{U;,Us,...,Un} be an N x N block diagonal matriz
with M x M unitary blocks {Uy}. Then, the following properties hold:

() [Uzlp,co = l|#]]p,00
(b) [UAU [p,00 = [|Allp,00

for all block vectors x and block matrices A of appropriate dimensions. |
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The next result provides useful bounds for the block maximum norm of a block matrix.

Lemma D.2. (Useful Bounds) Let A be an arbitrary N x N block matriz with blocks Ay, of size M x M
each. Then, the following results hold:

(a) The norms of A and its complex conjugate are related as follows:

[A*[[p,00 < N - [[Allp,00 (584)
(b) The norm of A is bounded as follows:
e Ial < Al < 8- (e (4al]) (585)
1<0,E<N 1<6,E<N
where || - || denotes the 2—induced norm (or mazimum singular value) of its matrix argument.

(¢) If A is Hermitian and nonnegative-definite (A > 0), then there exist finite positive constants ¢1 and co
such that
c1-Tr(A) < [[Allpoo < c2-Tr(A) (586)

Proof. Part (a) follows directly from part (b) by noting that

* *
Al < 8- (s 14
= N-. ( max HA[]CH)
1<0,k<N
where the equality in the second step is because || A7, || = || Aex||; i-€., complex conjugation does not alter the 2—induced

norm of a matrix.
To establish part (b), we consider arbitrary N x 1 block vectors z with entries z = col{z1, z2, ...,z n} and where
each xy is M x 1. Then, note that

[ AZ|p,co = max

N
< max <Z ||A£kH : |xk|)
1<6<N
k=1
N
< (max Z||A£k|)' max ||z ||
1<e<N £~ I<ks<N
N
< (max Z max ||Azk||> “[l]lp,00
1§£§Nk:11§k§N
< N- < max HAekH) Nz lb,00
1<0k<N
so that
Ao 2 max AZloece N (e ]
22 e 1tk

which establishes the upper bound in (585).

To establish the lower bound, we assume without loss of generality that maxi<er<n ||Aex| is attained at £ =1
and k = 1. Let o1 denote the largest singular value of Ai; and let {v1, u1} denote the corresponding M x 1 right and
left singular vectors. That is,

|A11]] = 01, Anivi =01 (587)
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where v1 and u; have unit norms. We now construct an N x 1 block vector z° as follows:

2° £ col{v1, Onr, Onr, ..., Onr} (588)
Then, obviously,
l2°lb,00 = 1 (589)
and
ALL'D = COI{AH’Ul, A21’Ul, ey ANl’Ul} (590)
It follows that
Az |b,00 max { [[Anvil], |21l ..., [[Aniod] }
2 ||A11U1||
llovual
= o1
= |[Aul
=  max | Aexl (591)
1<6k<N

Therefore, by the definition of the block maximum norm,

||.A max (”AmeyOO)
220\ [|2|lb,00

|b,oo

[ AZ[b, 00

>

= e

= [ A2%lp,00

2 max HAgk H (592)
1<¢,k<N

which establishes the lower bound in (585).

To establish part (c), we start by recalling that all norms on finite-dimensional vector spaces are equivalent [20,21].
This means that if || - || and || - ||¢ denote two different matrix norms, then there exist positive constants ¢; and c2
such that for any matrix X,

e[ Xlle < IX[la < c2- [|X]a (593)

Now, let ||.A||« denote the nuclear norm of the square matrix A. It is defined as the sum of its singular values:
A
Al £ > om(A) (594)

Since A is Hermitian and nonnegative-definite, its eigenvalues coincide with its singular values and, therefore,

AL = 3" An(A) = Tr(A)

Now applying result (593) to the two norms ||A||p,cc and || A|[«+ we conclude that
c1-Tr(A) < ||Allb,ee < c2-Tr(A) (595)

as desired. O

The next result relates the block maximum norm of an extended matrix to the co—norm (i.e., maximum
absolute row sum) of the originating matrix. Specifically, let A be an N x N matrix with bounded entries
and introduce the block matrix

A2 AxIy (596)

The extended matrix A has blocks of size M x M each.
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Lemma D.3. (Relation to Maximum Absolute Row Sum) Let A and A be related as in (596). Then,
the following properties hold:

(a) || Allb.cc = |Allco, where the notation || - || denotes the mazimum absolute row sum of its argument.
(0) A llb.co < N - [[Allp,co-

Proof. The results are obvious for a zero matrix A. So assume A is nonzero. Let = col{z1, z2,...,zn} denote an
arbitrary N x 1 block vector whose individual entries {zx} are vectors of size M x 1 each. Then,

N
E Qpele
=1

Az|lp,co = max
1<k<N

N
< mex <; |ake| - |$e|>
N
< <II<I}C&<XN;|QIM|> ~1ISn£anN||xe||
= [|Alloo - [I#][6,00 (597)
so that
Al 2 ma BT gy (598)

w20 [|]lp,00

The argument so far establishes that ||Alls,c0c < [|Alco. Now, let k, denote the row index that corresponds to the
maximum absolute row sum of A, i.e.,

N
Al = > lan,el
=1

We construct an N x 1 block vector z = col{z1, 22,...,2n}, whose M x 1 entries {z;} are chosen as follows:
ze = sign(ak,e) - e1

where ey is the M x 1 basis vector:
e1 = col{1,0,0,...,0}

and the sign function is defined as

sign(a) 1, ifa>0
& o —1, otherwise
Then, note that z # 0 for any nonzero matrix A, and
[2llo,00 = max [z = 1

1<e<N
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Moreover,

HA”boo é H"Axnb,oo
’ 220 [|z[|p,00
e
— lzllees
= [lAz[ls,c0

N
= max Zauzz
1SESN || e
N
> Zakoeze
=1
N

Qkye - sign(ak,e)el
=1

N
D lanel - lleal]
=1
N
D lak,el
=1
= Al (599)

Combining this result with (598) we conclude that ||A||s,cc = ||Al|oo, Which establishes part (a). Part (b) follows from
the statement of part (a) in Lemma D.2.

O

The next result establishes a useful property for the block maximum norm of right or left stochastic matrices;
such matrices arise as combination matrices for distributed processing over networks as in (166) and (185).

Lemma D.4. (Right and Left Stochastic Matrices) Let C be an N x N right stochastic matriz, i.e.,
its entries are nonnegative and it satisfies C1 = 1. Let A be an N x N left stochastic matriz, i.e., its entries
are nonnegative and it satisfies AT1 = 1. Introduce the block matrices

AT 2 AT @I, C2Cely (600)
The matrices A and C have blocks of size M x M each. It holds that

AT b0e =1, lIC

boo = 1 (601)

Proof. Since AT and C are right stochastic matrices, it holds that ||AT || = 1 and ||C||cc = 1. The desired result
then follows from part (a) of Lemma D.3.

O

The next two results establish useful properties for the block maximum norm of a block diagonal matrix
transformed by stochastic matrices; such transformations arise as coefficient matrices that control the evo-
lution of weight error vectors over networks, as in (189).

Lemma D.5. (Block Diagonal Hermitian Matrices) Consider an N x N block diagonal Hermitian
matriz D = diag{Dy, D3, ..., Dy}, where each Dy is M x M Hermitian. It holds that

p(D) = max p(Di) = [|Dllb.cc (602)
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where p(-) denotes the spectral radius (largest eigenvalue magnitude) of its argument. That is, the spectral
radius of D agrees with the block mazximum norm of D, which in turn agrees with the largest spectral radius
of its block components.

Proof. We already know that the spectral radius of any matrix X satisfies p(X) < ||X]], for any induced matrix
norm [19,20]. Applying this result to D we readily get that p(D) < ||D||s,cc. We now establish the reverse inequality,
namely, ||D|s,cc < p(D). Thus, pick an arbitrary N x 1 block vector = with entries {z1,z2,...,zn}, where each xy

is M x 1. From definition (583) we have

[ Dl e
w50 el

11>

IDlle,00

b,00

max [ ——— - max || Dyxxl|
2#0 \ ||Z]|p,c0 1SKSN

1
< max | —p— - max (|| Dkl - lzll)
8 \ Tl 15485

= max max [ |Dx]- ]
z#£0 1<k<N ll[lb,00

< max || Dxl|
1<k<N

= max p(Dy) (603)

1<k<N

where the notation || D || denotes the 2—induced norm of Dy, (i.e., its largest singular value). But since Dy, is assumed
to be Hermitian, its 2—induced norm agrees with its spectral radius, which explains the last equality.
O

Lemma D.6. (Block Diagonal Matrix Transformed by Left Stochastic Matrices) Consider an
N x N block diagonal Hermitian matric D = diag{D1, Da, ..., Dn}, where each Dy is M x M Hermitian.
Let Ay and Ay be N x N left stochastic matrices, i.e., their entries are nonnegative and they satisfy AT 1 =1
and AT1 = 1. Introduce the block matrices

AT =AT @Iy, AT 2 AT®Iy (604)

The matrices Ay and As have blocks of size M x M each. Then it holds that

p(A3-D-AT) < p(D) (605)

Proof. Since the spectral radius of any matrix never exceeds any induced norm of the same matrix, we have that

Joat) < [aroal

b,00

S S W
Dl
2 (D) (606)
O
In view of the result of Lemma D.5, we also conclude from (605) that
p(Az-D- A7) < max p(Dy) (607)
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It is worth noting that there are choices for the matrices {A;, A2, D} that would result in strict inequality
in (605). Indeed, consider the special case:

120 T _
SHIS

This case corresponds to N = 2 and M = 1 (scalar blocks). Then

WIN| =
W N
—_
&
Il
L —

[SMIN-SHIE

[SMESSSIN)
[ I

ATDAT — {

[SMISSTN)
— wIin
[

and it is easy to verify that
p(D) =2,  p(ASDAT) ~ 1.52

The following conclusions follow as corollaries to the statement of Lemma D.6, where by a stable matrix X
we mean one whose eigenvalues lie strictly inside the unit circle.

Corollary D.1. (Stability Properties) Under the same setting of Lemma D.6, the following conclusions
hold:

(a) The matriz ATDAT is stable whenever D is stable.

(b) The matriz AYDAT is stable for all possible choices of left stochastic matrices Ay and As if, and only
if, D is stable.

Proof. Since D is block diagonal, part (a) follows immediately from (605) by noting that p(D) < 1 whenever D is
stable. [This statement fixes the argument that appeared in App. I of [18] and Lemma 2 of [33]. Since the matrix
X in App. I of [18] and the matrix M in Lemma 2 of [33] are block diagonal, the || - ||s,0o norm should replace the
| - ||, norm used there, as in the proof that led to (606) and as already done in [54].] For part (b), assume first that
D is stable, then A3 DAT will also be stable by part (a) for any left-stochastic matrices A; and As. To prove the
converse, assume that AT DAY is stable for any choice of left stochastic matrices A; and As. Then, ATDAT is stable
for the particular choice A; = I = Az and it follows that D must be stable.

O

E Appendix: Comparison with Consensus Strategies
Consider a connected network consisting of N nodes. Each node has a state or measurement value xy,

possibly a vector of size M x 1. All nodes in the network are interested in evaluating the average value of
their states, which we denote by

1>

1N
o

w ¥ > @ (608)

k=1
A centralized solution to this problem would require each node to transmit its measurement x; to a fusion
center. The central processor would then compute w® using (608) and transmit it back to all nodes. This
centralized mode of operation suffers from at least two limitations. First, it requires communications and
power resources to transmit the data back and forth between the nodes and the central processor; this
problem is compounded if the fusion center is stationed at a remote location. Second, the architecture has a
critical point of failure represented by the central processor; if it fails, then operations would need to be halted.

Consensus Recursion

The consensus strategy provides an elegant distributed solution to the same problem, whereby nodes interact
locally with their neighbors and are able to converge to w? through these interactions. Thus, consider an
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arbitrary node k and assign nonnegative weights {as} to the edges linking k to its neighbors ¢ € N. For
each node k, the weights {as} are assumed to add up to one so that

fork=1,2,...,N:

N
agr, > 0, Zazzc =1, an=0if L& N} (609)
/=1

The resulting combination matrix is denoted by A and its k—th column consists of the entries {as,{ =
1,2,...,N}. In view of (609), the combination matrix A is seen to satisfy A71 = 1. That is, A is left-
stochastic. The consensus strategy can be described as follows. Each node k operates repeatedly on the data
from its neighbors and updates its state iteratively according to the rule:

W = Z Qg Wep—1, 1 >0 (610)
LENG

where wg ,,—1 denotes the state of node ¢ at iteration n — 1, and wy, ,, denotes the updated state of node k
after iteration n. The initial conditions are

Wk,o = Tk, k:1,2,...,N (611)
If we collect the states of all nodes at iteration n into a column vector, say,
A
zn = col{wi n, Wan, .., WNn} (612)

Then, the consensus iteration (610) can be equivalently rewritten in vector form as follows:

2y = ATz, 1, n>0 (613)
where
The initial condition is
Zo 2 col{z1, za, ..., xN}
(615)

Error Recursion

Note that we can express the average value, w?, from (608) in the form

1
W= (17 @ In) - 2o (616)

where 1 is the vector of size M x 1 and whose entries are all equal to one. Let
@k,n =w’ — Wk,n (617)

denote the weight error vector for node k at iteration n; it measures how far the iterated state is from the
desired average value w°®. We collect all error vectors across the network into an N x 1 block column vector
whose entries are of size M x 1 each:

wl,n

a2,n

-~ A
Wy, =

(618)
ﬂjN,n
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Then,

Wy, = (1@ Iy)w® — 2z, (619)

Convergence Conditions
The following result is a classical result on consensus strategies [42-44]. It provides conditions under which
the state of all nodes will converge to the desired average, w°, so that w,, will tend to zero.

Theorem E.1. (Convergence to Consensus) For any initial states {xy}, the successive iterates wy ,
generated by the consensus iteration (610) converge to the network average value w°® as n — oo if, and only
if, the following three conditions are met:

AT1 = 1 (620)
Al = 1 (621)

1
AT — =117

That is, the combination matriz A needs to be doubly stochastic, and the matriz AT — %]l]lT needs to be
stable.

A
—_

(622)

Proof. (Sufficiency). Assume first that the three conditions stated in the theorem hold. Since A is doubly stochastic,
then so is any power of A, say, A™ for any n > 0, so that

[A"T1=1, A"1=1 (623)

Using this fact, it is straightforward to verify by induction the validity of the following equality:

r 1o.r\" _ S P
(A —N]lll) = (A7 -1 (624)

Likewise, using the Kronecker product identities

(E+B)®C = (E®C)+ (B®CQC) (625)
(E®B)(C®D) = (EC®BD) (626)
(F®B)" = E"®@B" (627)

for matrices {E, B, C, D} of compatible dimensions, we observe that

AT~ @eh) Te) = [@A" ®1M] - & (1T )
= [(A" MT] ® In
(624) (ATfim >H®IM
[ d)en]

Iterating (613) we find that

zn = [A"" 20 (629)
and, hence, from (616) and (619),
~ n 1
w, = - {(«4 )T — N'(1®IA4)'(1T®IAI):| ‘%o
@ _ KAT - %]l]lT) ® IAI] <z (630)
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Now recall that, for two arbitrary matrices C' and D of compatible dimensions, the eigenvalues of the Kronecker
product C'® D is formed of all product combinations \;(C)\;(D) of the eigenvalues of C' and D [19]. We conclude
from this property, and from the fact that AT — %]UIT is stable, that the coefficient matrix

(AT - %-ILILT) @ Int

is also stable. Therefore,
Wn, — 0 asn — o0 (631)

(Necessity). In order for z, in (629) to converge to (1 ® Ins)w®, for any initial state z,, it must hold that
1

lim (A" 2, = = - (1@ 1In) - 17 @ Inm) - 2o (632)
n—oo N
for any z,. This implies that we must have
. n\T __ i T
nl;n;o (A" = N-(]l]l ® Inr) (633)
or, equivalently,
lim (A™)" = Lyqr (634)
n— o0 N
This in turn implies that we must have
lim AT (4")7T = AT Lqq7 (635)
n—oo N
But since .
lim A" (A")" = lim (A" = lim (4")" (636)
n— o0 n— o0 n— o0
we conclude from (634) and (635) that it must hold that
1.7 1,7 T
—11° = A" -11
N N (637)
That is,
1 T T _
N(A 1 IL) 17 =0 (638)

from which we conclude that we must have AT1 = 1. Similarly, we can show that A1 = 1 by studying the limit
of (A")T AT . Therefore, A must be a doubly stochastic matrix. Now using the fact that A is doubly stochastic, we
know that (624) holds. It follows that in order for condition (634) to be satisfied, we must have

T 1 T
p(A - 51t ) <1 (639)

O

Rate of Convergence
From (630) we conclude that the rate of convergence of the error vectors {wy ,} to zero is determined by

the spectrum of the matrix

1
AT — =117 4
N (640)

Now since A is a doubly stochastic matrix, we know that it has an eigenvalue at A = 1. Let us denote the

eigenvalues of A by A\;(A) and let us order them in terms of their magnitudes as follows:
0< Par(A)] < oo € Pg(A)] < Pa(A)] < 1 (641)

where A\;(A) = 1. Then, the eigenvalues of the coefficient matrix (A7 — +117) are equal to
{AM(A)77"'7 A3("4)a AQ(A)ao} (642)

It follows that the magnitude of A2(A) becomes the spectral radius of AT — £117. Then condition (639)
ensures that [A\3(A4)| < 1. We therefore arrive at the following conclusion.
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Corollary E.1. (Rate of Convergence of Consensus) Under conditions (620)-(622), the rate of con-
vergence of the successive iterates {wy n} towards the network average w° in the consensus strategy (610) is
determined by the second largest eigenvalue magnitude of A, i.e., by |A2(A)| as defined in (641).

|
It is worth noting that doubly stochastic matrices A that are also regular satisfy conditions (620)—(622).
This is because, as we already know from Lemma C.2, the eigenvalues of such matrices satisfy |\, (4)] < 1,
for m =2,3,..., N, so that condition (622) is automatically satisfied.

Corollary E.2. (Convergence for Regular Combination Matrices) Any doubly-stochastic and reqular
matriz A satisfies the three conditions (620)—-(622) and, therefore, ensures the convergence of the consensus
iterates {wg.n} generated by (610) towards w® as n — oo.

O

A regular combination matrix A would result when the two conditions listed below are satisfied by the graph
connecting the nodes over which the consensus iteration is applied.

Corollary E.3. (Sufficient Condition for Regularity) Assume the combination matriz A is doubly
stochastic and that the graph over which the consensus iteration (610) is applied satisfies the following two
conditions:

(a) The graph is connected. This means that there exists a path connecting any two arbitrary nodes in the
network. In terms of the Laplacian matriz that is associated with the graph (see Lemma B.1), this
means that the second smallest eigenvalue of the Laplacian is nonzero.

(b) ag =0 if, and only if, £ ¢ Ni. That is, the combination weights are strictly positive between any two
neighbors, including agy, > 0.

Then, the corresponding matriz A will be reqular and, therefore, the consensus iterates {wy n} generated by
(610) will converge towards w° as n — 0o.

Proof. We first establish that conditions (a) and (b) imply that A is a regular matrix, namely, that there should
exist an integer j, > 0 such that

[AJ‘D] L >0 (643)

for all (¢,k). To begin with, by the rules of matrix multiplication, the (¢, k) entry of the i—th power of A is given by:
N N N

[Az} = mzl; mzz; o mg::l Aty Gy - - Gy (644)

The summand in (644) is nonzero if, and only if, there is some sequence of indices (¢,m1,...,m;—1,k) that forms
a path from node £ to node k. Since the network is assumed to be connected, there exists a minimum (and finite)
integer value ig, such that a path exists from node ¢ to node k using i¢, edges and that

[A”’“} >0
Lk

In addition, by induction, if [A”ﬂwC > 0, then

M=

[Aiwﬁ-l] _

i
|:A Ek] Amk
ek em

=1

A'Lék:| " ark

3

Y
o —

Let

Jo = | Max i}
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Then, property (643) holds for all (¢, k). And we conclude from (581) that A is a regular matrix. It then follows from
Corollary E.2 that the consensus iterates {wg,»} converge to the average network value w°.

O

Comparison with Diffusion Strategies

Observe that in comparison to diffusion strategies, such as the ATC strategy (153), the consensus iteration
(610) employs the same quantities wy,. on both sides of the iteration. In other words, the consensus con-
struction keeps iterating on the same set of vectors until they converge to the average value w®. Moreover,
the index n in the consensus algorithm is an iteration index. In contrast, diffusion strategies employ different
quantities on both sides of the combination step in (153), namely, wy ; and {¢¢;}; the latter variables have
been processed through an information exchange step and are updated (or filtered) versions of the we;—1. In
addition, each step of the diffusion strategy (153) can incorporate new data, {d¢(7),us,}, that are collected
by the nodes at every time instant. Moreover, the index 7 in the diffusion implementation is a time index
(and not an iteration index); this is because diffusion strategies are inherently adaptive and perform online
learning. Data keeps streaming in and diffusion incorporates the new data into the update equations at
every time instant. As a result, diffusion strategies are able to respond to data in an adaptive manner, and
they are also able to solve general optimization problems: the vector w® in adaptive diffusion iterations is
the minimizer of a global cost function (cf. (92)), while the vector w® in consensus iterations is the average
value of the initial states of the nodes (cf. (608)).

Moreover, it turns out that diffusion strategies influence the evolution of the network dynamics in an
interesting and advantageous manner in comparison to consensus strategies. We illustrate this point by
means of an example. Consider initially the ATC strategy (158) without information exchange, whose
update equation we repeat below for ease of reference:

Vi = Wki-1+ prug [di(i) — g iwe 1] (645)
Wy, = Z ank Yo (ATC diffusion ) (646)
LEN},

These recursions were derived in the body of the article as an effective distributed solution for optimizing
(92)—(93). Note that they involve two steps, where the weight estimator wy ,—;1 is first updated to the
intermediate estimator 1), ;, before the intermediate estimators from across the neighborhood are combined
to obtain wy, ;. Both steps of ATC diffusion (645)—(646) can be combined into a single update as follows:

Wy, = Z ok ['wg,ifl + peug,; (de(i) — ’u,g’i’U}g’Z‘,l)] (ATC diffusion) (647)
LENY,

Likewise, consider the CTA strategy (159) without information exchange, whose update equation we also
repeat below:

Vi1 = Z Qg We,i—1 (CTA diffusion ) (648)
LEN,
Wy = P+ ey [dk(l) - Uk,ﬂﬂk,i-ﬂ (649)

Again, the CTA strategy involves two steps: the weight estimators {wy ;_;} from the neighborhood of node
k are first combined to yield the intermediate estimator 1, ;_;, which is subsequently updated to wy ;. Both
steps of CTA diffusion can also be combined into a single update as follows:

'wk,i = Z agk wM_l + uku}’;,i dk(Z) — Uk,; Z oWy 5—1 (CTA diffusion) (650)
LEN, LEN,
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Now, motivated by the consensus iteration (610), and based on a procedure for distributed optimization
suggested in [52] (see expression (7.1) in that reference), some works in the literature (e.g., [45, 53, 82-88])
considered distributed strategies that correspond to the following form for the optimization problem under
consideration (see, e.g., expression (1.20) in [53] and expression (9) in [87]):

Wy, = Z age o1 4 prug g [de(i) — wgiwg 1] (consensus strategy) (651)
eENk

This strategy can be derived by following the same argument we employed earlier in Secs. 3.2 and 4 to
arrive at the diffusion strategies, namely, we replace w® in (127) by we;—1 and then apply the instantaneous
approximations (150). Note that the same variable wy,. appears on both sides of the equality in (651).
Thus, compared with the ATC diffusion strategy (647), the update from wyg ;1 to wy,; in the consensus
implementation (651) is only influenced by data {dj (i), uy;} from node k. In contrast, the ATC diffusion
structure (645)—(646) helps incorporate the influence of the data {d,(¢), u,;} from across the neighborhood
of node k into the update of wy ;, since these data are reflected in the intermediate estimators {1, ,}.
Likewise, the contrast with the CTA diffusion strategy (650) is clear, where the right-most term in (650)
relies on a combination of all estimators from across the neighborhood of node k, and not only on wy ;1 as
in the consensus strategy (651). These facts have desirable implications on the evolution of the weight-error
vectors across diffusion networks. Some simple algebra, similar to what we did in Sec. 6, will show that the
mean of the extended error vector for the consensus strategy (651) evolves according to the recursion:

Ew; = (A" = MR,) -Ew;_1, i>0 (consensus strategy) (652)

where R, is the block diagonal covariance matrix defined by (184) and w; is the aggregate error vector
defined by (230). We can compare the above mean error dynamics with the ones that correspond to the
ATC and CTA diffusion strategies (645)—(646) and (648)—(650); their error dynamics follow as special cases
from (248) by setting A; = I =C and Ay = A for ATC and A3 =T =C and 4; = A for CTA:

Ew; = AT (Iny — MR,) -Ew;_1, i >0 (ATC diffusion) (653)

and

Ew; = Iy — MR, AT “Ew;_y, i>0 (CTA diffusion) (654)

We observe that the coefficient matrices that control the evolution of Ew; are different in all three cases. In
particular,

consensus strategy (652) is stable in the mean <+= p (AT — MR,) <1 (655)
ATC diffusion (653) is stable in the mean <= p [.AT (Iny — MR,)| <1 (656)
CTA diffusion (654) is stable in the mean <= p[(Iny — MRy) .AT] <1 (657)

It follows that the mean stability of the consensus network is sensitive to the choice of the combination
matrix A. This is not the case for the diffusion strategies. This is because from property (605) established in
App. D, we know that the matrices AT (Inyy — MR,) and (Iyy — MR,) AT are stable if (Iny — MR,,)
is stable. Therefore, we can select the step-sizes to satisfy pr < 2/Amax(Ruy,k) for the ATC or CTA diffusion
strategies and ensure their mean stability regardless of the combination matrix A. This also means that
the diffusion networks will be mean stable whenever the individual nodes are mean stable, regardless of the
topology defined by A. In contrast, for consensus networks, the network can exhibit unstable mean behavior
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even if all its individual nodes are stable in the mean. For further details and other results on the mean-
square performance of diffusion networks in relation to consensus networks, the reader is referred to [89,90].
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