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Sequential Nonlinear Learning for Distributed
Multiagent Systems via Extreme
Learning Machines
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Abstract— We study online nonlinear learning over distributed
multiagent systems, where each agent employs a single hidden
layer feedforward neural network (SLFN) structure to sequen-
tially minimize arbitrary loss functions. In particular, each agent
trains its own SLFN using only the data that is revealed to itself.
On the other hand, the aim of the multiagent system is to train
the SLFN at each agent as well as the optimal centralized batch
SLFN that has access to all the data, by exchanging information
between neighboring agents. We address this problem by intro-
ducing a distributed subgradient-based extreme learning machine
algorithm. The proposed algorithm provides guaranteed upper
bounds on the performance of the SLFN at each agent and shows
that each of these individual SLFNs asymptotically achieves the
performance of the optimal centralized batch SLFN. Our perfor-
mance guarantees explicitly distinguish the effects of data- and
network-dependent parameters on the convergence rate of the
proposed algorithm. The experimental results illustrate that the
proposed algorithm achieves the oracle performance significantly
faster than the state-of-the-art methods in the machine learning
and signal processing literature. Hence, the proposed method is
highly appealing for the applications involving big data.

Index Terms—Distributed systems, extreme learning
machine (ELM), multiagent optimization, sequential learning,
single hidden layer feedforward neural networks (SLFNs).

I. INTRODUCTION
A. Preliminaries

HE demand for neural network inspired learning

structures is steadily growing owing to their superior non-
linear modeling power and low complexity [1]-[3]. Although
several neural-adaptive learning methods [1]-[5] are used for
processing data in a centralized manner, the steadily increasing
growth of the data sizes (in terms of both dimensionality
and length) prohibits centralized processing due to computa-
tional complexity, storage, and communication issues [6], [7].
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To address this problem, several distributed learning algo-
rithms are proposed in the machine learning and signal
processing literature [8]-[13]. Although these algorithms are
shown to achieve certain statistical and deterministic con-
vergence rates, they are usually based on linear models,
which significantly limit their performance in real-life
applications [14].

In this paper, we resolve these issues by introducing
a sequential nonlinear kernel-adaptive learning algorithm
with guaranteed convergence bounds without any statistical
assumptions. In particular, we propose a distributed single hid-
den layer feedforward neural network (SLFN) structure with
strong theoretical convergence guarantees in a deterministic
sense, i.e., without any statistical assumptions on the data.
Our algorithm builds upon the existing centralized extreme
learning machine (ELM)-based methods in a novel manner
by: 1) providing a rigorous distributed formulation of the
neural network-based optimization problem and 2) introducing
a low-complexity algorithm to achieve the performance of the
optimal centralized ELM-based method. Through extensive set
of simulations and real-life experiments, we demonstrate sig-
nificant performance gains achieved by the proposed algorithm
with respect to the conventional distributed learning algorithms
in the signal processing and machine learning literature.

B. Prior Art and Comparison

For applications involving high levels of complexity and
nonlinearity, several SLFN-based algorithms are introduced
for accurate nonlinear modeling [1], [15]-[18]. In order
to train SLFNs, a popular method is to wuse the
ELM algorithm [1]. In particular, Huang et al. [1] illustrate
the sufficient initialization conditions to train the SLFNs,
which significantly improve the convergence speed of the
SLFN-based algorithms. Liang et al. [2] have extended these
ideas to sequential learning problems. Recently, several vari-
ants of the ELM method are proposed for various learning
tasks and cost functions. Specifically, Balasundaram et al. [5]
considered the one-norm minimization and introduced a
method to generalize the ELM algorithm for this cost mea-
sure. In [19], the ELM algorithm is used for ranking problems,
and in [20], hierarchical structures are incorporated into the
ELM framework to process high-dimensional data. Our work
builds upon these existing works in the literature by providing
a scalable distributed method, over which any such ELM-based
algorithm can be applied. Furthermore, the computational
complexity of the proposed algorithm is linear in the number
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of hidden nodes for each agent, whereas it is quadratic for the
original ELM method [2]. Therefore, the proposed algorithm
is highly appealing for applications involving big data, since
the introduced algorithm directly decreases: 1) the amount of
data to be processed at each agent and 2) the computational
complexity of the processing algorithms at each agent.

Distributed learning and optimization problems are exten-
sively studied in the context of signal processing [8]-[10] and
optimization [11]-[13], [21], [22] due to their natural modeling
abilities of underlying phenomenon. In the distributed setting,
the authors use linear models to capture the relationship
between the input and output data [8]-[10]. However, the
convergence results in these papers are only valid under certain
statistical assumptions on the data, which do not usually hold
in real-life applications. In this paper, we do not commit to
linear models, but instead use an SLFN-based structure, which
has shown to elegantly model the complex nonlinear rela-
tionships [1]. Furthermore, our analyses hold in an individual
sequence manner without any statistical assumptions on the
data, unlike [8]-[10].

We emphasize that the conventional distributed multia-
gent optimization algorithms [11]-[13], [21], [22] usually
have linear structures in general, similar to [8]-[10]. On the
other hand, these methods are mainly based on subgradient
methods, and the theoretical analyses are carried out from
a deterministic perspective. Yet, these subgradient methods
may not provide satisfactory performance if the cost function
is nondifferentiable at certain points. This holds, since these
nondifferentiable points are usually the desired solutions
of the optimization problems (e.g., consider the regularized
one-norm loss). Therefore, in this paper, we do not directly
use a subgradient-based approach, but instead use a split-
ting method [23]-[25] to ensure that our algorithm attains
such nondifferentiable values. In this manner, our algorithm
achieves a considerably smaller accumulated error and illus-
trates a better convergence performance as shown in our
experiments.

C. Contributions

Our main contributions are as follows.

1) We introduce a sequential nonlinear optimization
algorithm over distributed multiagent learning systems.
Here, the multiagent structure optimizes the SFLNs for
both additive and radial basis function kernels in a
fully distributed manner. The proposed algorithm is truly
sequential, such that it processes each new data pair and
update the SLFN model without the knowledge of the
time horizon.

2) We show that by our diffusion scheme, each agent
can successfully and uniformly optimize the SFLN
weights to minimize the overall network cost (over
the entire data) with observing only a portion of the
data. We demonstrate this result in a deterministic sense
without any statistical assumptions on the data, such that
our results are guaranteed to hold uniformly for all input
and output sequences.

3) We achieve this performance with a computational
complexity only linear in the data length. Thus, our

algorithm can be efficiently used in applications
involving big data.

4) We demonstrate the significant performance gains
achieved by our algorithm over numerical examples and
benchmark real data sets.

D. Organization of This Paper

The organization of this paper is as follows. In Section II,
we introduce the multiagent learning problem and use the
SLFNs as well as the forward-backward splitting method
to derive a sequential distributed optimization algorithm.
We then analyze the convergence performance of the intro-
duced algorithm and provide guaranteed regret bounds in
Sections IIT and I'V. In Section V, we compare the performance
of our algorithm with respect to the state-of-the-art algorithms
over benchmark data sets. This paper concludes with several
remarks in Section VI.

II. PROBLEM DESCRIPTION
A. Notation

Throughout this paper, all vectors are column vectors and
represented by boldface lowercase letters. Matrices are repre-
sented by boldface uppercase letters. For a matrix H, ||H||f
is the Frobenius norm. For a vector x (and matrix H), ||x||
(and ||H||) is the ¢*-norm. For two vectors x,y € R™,
(x,y) = xTy is the inner product. Here, 0 (and 1) denotes the
vector with all zeros (and ones), and the dimensions can be
understood from the context. For a matrix H, H j; represents
its entry at the jth row and the kth column.

B. System Overview

We study the distributed sequential training of SLFN struc-
tures, which can be used in various applications, including
nonlinear optimization, regression, and classification. As an
example, in wireless sensor networks, a number of agents
observe different data sequences related to (or generated by)
a phenomenon of interest. In a centralized approach to this
problem (see [2] and references therein), the entire data
sequences are required to be processed by a single centralized
agent. To this end, each agent transmits its observations into
a centralized processor, where a sequential algorithm, e.g.,
online ELM [2] is applied. However, this centralized structure
cannot process the data in a truly sequential manner, since the
data are delayed due to transmission and then processed in
chunks at the centralized processor. Furthermore, each agent
may have the capability of generating huge volumes of data
due to the recent developments in hardware technologies [8].
Therefore, centralized processing of such huge amounts of data
may not be feasible or even possible due to the transmission,
computational complexity, and storage issues [10].

To resolve these problems, we introduce a distributed frame-
work, where each agent sequentially processes its own data
and shares the extracted information with its neighbors, as
shown in Fig. 1. Thus, the data are processed in a truly
sequential and completely decentralized manner. Nevertheless,
as rigorously shown in Section IV, the proposed distributed
sequential method achieves asymptotically the same perfor-
mance with its optimal centralized batch variant.
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Fig. 1.  Example multiagent network. Each agent is connected to and
communicates with a set of other agents, which form its neighborhood. The
network is irreducible and aperiodic, such that each node is achievable from
any other node at irregular times.

More formally, each agent k € {1,..., K} observes a pair
of input vector and target data synchronously at each time z,
ie., (x;k, v k), where x;x € R™ and y;x € R. In real-life
applications, the network may be subject to several sources
of uncertainties, such as asynchronous data arrivals, topology
changes, and link or node failures. For the brevity of this paper,
we do not incorporate such uncertainties into our framework
and refer to the relevant papers in the literature [26]-[31],
where the effects of such uncertainties to the performance
of the first-order methods are thoroughly analyzed. In this
framework, the aim of each agent is to learn the relationship
between these input vector and target data sequences. This
learning process is performed in a sequential manner, such
that after y; x is predicted and its true value is revealed, each
agent updates its prediction model in order to more accurately
predict the next sample y;41 . In many real-life applications,
this relationship between the input vectors and the target data
is highly nonlinear [14]. Hence, in order to effectively capture
such nonlinear relationships, at each agent k, we use an SLFN
with N hidden nodes and estimate the target data at each agent
ke{l,...,K} as

N
k=D Wink2(@n s buk X0k)

n=1

(1

where for the kth agent, w; ,  is the weight connecting the
nth hidden node to the output node, z(a, k, bn.k; X k) is the
output of the nth hidden node for the input x; &, a,x € R™ is
the weight vector connecting the input layer to the nth hidden
node, and b,y € R is the bias parameter of the nth hidden
node. As shown in [2], if the number of hidden nodes is
sufficiently large, we can randomly pick the weight vector a, k
and the bias parameter b, ; without any performance degrada-
tion for infinitely differentiable activation functions z(-, -; -).
Thus, we randomly generate a weight vector @, and a bias
parameter b,, then use these parameters at each agent, i.e.,
we set a,  =a, and b,y = b,, Vk € {1, ..., K}.1 Then, we

IThis procedure can be performed before the processing starts by exchang-
ing either the corresponding parameters or the seed of the random number
generator.

can rewrite (1) in the vector form as
2)

,z(an k. by i x:x)]7 and

Vi = Wk, Zr k)

where z; ¢ = [z(a1k, b1 g X1 k), - - -
Wik = (w1 ks oo N k]

In the distributed setting, the aim of each agent is to
minimize a cost function f; () + rx(-) at time ¢ over a
convex set VW, where f; x(-) and rr(-) are the generic convex
functions. Here, for the kth agent, the function f; () is an
empirical loss, and the function r¢(-) is a regularization term.
As an example, by setting f; x(w) = (v, — (w, z,4))* and
ri(w) = Zl|lw||,, we obtain the regularized least squares
cost function. We emphasize that we consider this
generic cost function, since we can train the ELMs using
different cost functions instead of the squared error loss
depending on the application. Our approach covers these
different cases and models a broad range of practical cost
functions that are widely used in optimization [32], machine
learning [33], and signal processing literature [34]. In a more
formal manner, the aim of each agent is to sequentially solve
the following optimization problem:

T
min Z[fz,k(wz,k) + re(wy )]

=1
s.t.wyp €W

3)

“)

for any T, where T is the length of the data, which is arbitrary
and unknown, i.e., the agents perform optimization in a truly
sequential manner without the knowledge of the time horizon.

Although the objective of each agent is to minimize the
cost function in (3), the aim in the distributed framework is
to propose an algorithm that achieves asymptotically the same
performance as the optimal batch centralized processor. To this
end, we define the following global loss functions:

K

frwe) 27 fij(wip) )
=1
jK

rweg) £ ri(wi) (6)

j=l1

which represent the loss of the SLFN weight vector of the
kth agent on the data observed by all agents on the distributed
network at time ¢. In this way, we aim to construct a distributed
learning algorithm that is consistent among all the agents,
i.e., each agent should be able to acquire the information
from every input and output data pairs observed by every
other agent. In particular, our aim is to solve the following
optimization problem:

T
min w; ) +r(w 7
w,,keWE[ft( 0ic) +r(we )] @)
over all k € {1,..., K}. Here, we emphasize that we avoid

any statistical assumptions on the input vector and the target
data. Instead, our aim is to introduce a sequential algorithm
that provides guaranteed performance in a strong deterministic
sense. To this end, we next introduce an algorithm, which
is used by each agent to minimize the cost function of that
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agent (5), (6). Then, SLFN weight vectors trained by this
algorithm are diffused among the agents to solve the global
SLFN-based optimization problem in (7).

C. Forward-Backward Splitting Method

For the applications involving big data and/or requiring
sequential processing, the dimensionality of the input data can
be relatively large [14]. Hence, we aim to design highly effi-
cient algorithms with low complexity to solve the optimization
problem in (7). To this end, we use subgradient methods [11]
due to their computational efficiency and generalization capa-
bilities [12]. The set of subgradients of a function i at w is
defined as follows:

oi(w)={geR":i(v) >i(w)+{(g,v—w) VveR"}
(3

By using the subgradient method to minimize (5) at each
individual node k, we obtain iterates of the form w;1jx =
Wrk — M8 g — teh i, where p, is the learning rate of the
subgradient method, g, ; € 0f;x(w;), and h;; € Org(w;).
However, if the cost functions f; x(-) or r¢(-) are nondifferen-
tiable at certain points, then the iterates w;; cannot usually
attain these values [32], which are usually the desired minima
of the cost functions. As an example, for ri(w) = 4 [|w]|;,
the desired minima is rarely achievable by the aforementioned
update rule. We emphasize that such nondifferentiable cost
functions are usually studied in the context of optimization
and learning theory via the SLFNs and ELM methods [2].

To address this problem, we use the forward—backward
splitting method [25]. In particular, without the loss of gener-
ality, we assume that the cost function f; x(-) is differentiable,
and our aim is to ensure that the iterates w;, attain the
nondifferentiable points of the function ri(-) (note that if
fi.k() is nondifferentiable at some points, whereas ri(-) is
differentiable, one can easily switch the labels of the cost
functions and apply the below procedure). To solve the opti-
mization problem in (5), we perform the following updates:

/
Wy g = Wk — M8k )

. 1
Witk argmln[§||w—w;+1,k||2+ﬂtrk(w)] (10)
w

where (9) updates the parameter vector using a subgradient of
the first function f; x(-). Then, in (10), we seek to minimize
the regularization cost r¢(-) while not getting too far from the
intermediate parameter vector calculated in (9). Note that by
using the updates in (9) and (10), we make sure that the iterates
attain the aforementioned nondifferentiable points due to the
following observation. The zero vector should be an element
of the set of subgradients of (10). Therefore, 0 € w; 1 —
w;+1,k + p;0rg(w;41,). This indicates that there always exists
a subgradient vector k41 € Org(w;+1,), such that

(1)

Witk = Wik — L&k — Hihrsi ke

That is, we can reach any nondifferentiable points.

In the following, we introduce a distributed algorithm that
uses the subgradient method described in this section to train
the SFLN models in a truly sequential manner over distributed

Algorithm 1 Distributed Sequential Splitting ELM
I:fort=1to T do
2. fork=1to K do

3 Yk = Wik, Zrk)

4 i1k = 25'{:1 Cjrw,;

5: w;+1,k = ¢t+1,k — Mt8k )

6: Wik = arg miny, % Hw — w;+1,kH + peri(w)
7:  end for

8: end for

architectures and derive the corresponding guaranteed perfor-
mance bounds.

III. DISTRIBUTED SEQUENTIAL SPLITTING
EXTREME LEARNING MACHINE

In this section, we introduce a sequential distributed
SLFN-based algorithm, which uses the forward-backward
splitting method for optimization (the complete description
of the algorithm is given in Algorithm 1). At each time ¢,
each agent k calculates its estimate of the target data as in (2)
and then diffuses the weights of the SFLN, i.e., w;, to its
neighbors, as shown in Fig. 1. Each agent k, after receiving
the weight vectors from the neighboring nodes, performs a
weighted averaging

K
ik =2, Ciiwy (12)
j=1
to construct an intermediate weight vector, where C is the
communication matrix of the graph, such that Cj;s are
the combination weights. After diffusion of the weights of
the SLFN, each agent then performs its update using the
forward-backward splitting method based on the combined
weight vector, as described in Section II-C.

We analyze the performance of this sequential distrib-
uted kernel-adaptive learning algorithm using the following
standard assumptions.

1) The convex set W has a diameter of D,

[lw —v|| < D, Vw,v € W.

2) The norms of the subgradients are bounded by A,
ic. gl Ihekll < A, ¥g,, € ofix(wr i) and
Vh; i € Org(wy k).

3) The communication graph C forms a doubly stochastic
matrix, such that C is irreducible and aperiodic, i.e.,
C1=C"1=1

4) Initial weights are equal at each node, i.e., wy x = wy_j,
Vk,je{l,...,K}.

Here, the first assumption enforces a bounded parameter
vector, which is clearly realistic, since our cost function has
regularization penalties; thus, any parameter vector of interest
should be bounded. Similar diameter boundedness assump-
tions are also used in a number of different papers in the
literature [22], [35]. The second assumption holds for a variety
of loss functions, since our optimization space is bounded,
and consequently, the outputs of the hidden nodes are also
bounded. As an example, any cost function whose gradient is

ie.,
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Lipschitz (e.g., squared error loss, logistic loss, and hinge loss)
satisfies the second assumption. For a more detailed discussion
of this assumption, we refer to [25], [33], [35], and [36].
The third assumption enforces that the contributions of each
agent to the overall multiagent framework are equal. This
assumption is widely used to analyze the mixing properties
of Markov chains [37]. Using similar arguments, the rate of
the information diffusion in distributed networks is analyzed
under the same assumption in [11]-[13] and [21]. The last
assumption is an unbiasedness condition (that also appear in
numerous works in the literature [11]-[13], [21]), which is
used only for presentation purposes, and our bounds hold
[with O(1) excess factors] even when this assumption is not
satisfied.

For Algorithm 1, we have Theorem 1, which states that the
introduced algorithm minimizes a sum of convex objective
functions with a regret of O(K'2°y/T), uniformly at each
agent. We note that the convergence result in Theorem 1 uni-
formly holds for all agents, without any statistical assumptions
on the data and without any knowledge of the time horizon,
i.e., our algorithm does not need T in hindsight. Hence, the
proposed algorithm is truly sequential and consequently highly
suitable for applications involving high-dimensional data.

Theorem 1: Under Assumptions 1-4, Algorithm 1, when
applied to any input and output data sequences, achieves the
following convergence guarantee:

T T
D Lfiwip) +r(wee)] = min 3L f;(w) +r(w)]
t=1

t=1
AD
O(=—=k"'">JT
= (ﬁ )

for all T and Vk € {1, ..., K}, with a suitable learning rate.
Here, o is the spectral gap of the communication matrix C, D
is the diameter of the convex set of the optimization problem,
and A is an upper bound on the norms of the subgradients.
This theorem states that the weights of the SLFNs at
every agent uniformly yield the same asymptotical normalized
accumulated error as the optimal weights that can be chosen
only in hindsight, i.e., after observing all the data in a batch
mode and centralized manner. Here, we define the normalized
accumulated error of the proposed algorithm as follows:

1 T
= 2 i) + 7w )]
t=1

and the normalized accumulated error of the competitor
algorithm can be defined by replacing w, x with w. Therefore,
as T — oo, the error per instance of our algorithm converges
to the error per instance of the optimal batch variant. Thus,
although each agent observes a data of length T, all agents
can still achieve the normalized performance of the centralized
batch algorithm (which processes the entire data of length K T')
through the communication between agents for any given net-
work (with a finite size). Furthermore, if the cost function f;(-)
is F-strongly convex and r(-) is R-strongly convex, where
S £ F 4+ R > 0, then Algorithm 1 achieves a convergence
guarantee of O(K ! log T), as presented in Corollary 1.

Corollary 1: Under Assumptions 1-4 and when the sum of
the cost functions are S-strongly convex for some S > O,
Algorithm 1, when applied to any input and output data
sequences, achieves the following convergence guarantee:

T T
D Lfiwe) + i) = min 3L f(w) + r(w)]
=1

=1
AZ
<0 (—Kl'5 log T)
a

for all T and Vk € {l,...,K}, with a suitable learning
rate. Here, o is the spectral gap of the communication
matrix C and A is an upper bound on the norms of the
subgradients.

IV. PROOFS
A. Proof of Theorem 1

In order to relate the performance of the weights of an
individual agent to the optimal weights, we define an average
weight vector. We first compare the performance of this weight
vector with respect to the optimal weights and then relate this
average weight to the weights at each agent. To this end, let

1 K
W, = — Wy k
KkZl ,

denote the average weight vector. According to this average
weight, we also define the following subgradients:

13)

(14)
5)

&1k € Ofrk(W;)
h[,k € 8rk(i);)

We then consider the average estimation parameter w;
in (13) and obtain the following recursion:

1 K
Wiy = ? zwtﬂ,k
k=1

| KX
=% z Cikwsj — wigx — Hihiyik
k=1 | j=1
u K
_ '
=W - ;(gz,k +hit1k) (16)
where the last line follows from Assumption 3, i.e.,
Zle C;r = 1. By subtracting an arbitrary w € W from
both sides of (16) and taking the squared norm of both sides,

we obtain

2
2 K
. . M
101 = wlP = 118, = wl+ 45 |3 g, + hrvre
k=1
2u K
- k;<g,,k R B —w). (17)
The second term of (17) can be bounded as follows:
K 2 K 2
D g thok|| < (Z g i+ ||ht+1,k||)
k=1 k=1
< 4A%K2 (18)
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We then consider the third term of (17) and write the first
inner product —(g, ;, w; — w) as follows:

—(g,,k, w; —w) = —(gz,k, W; — Wy k) — (gz,k, Wk — W).
(19)
The last term in (19) can be upper bounded using the convexity

of f;x(-) as follows:
F
(gra0 0 = wik) = fok(w) = fra(wip) = S llw —wiil®
< frk) — fix(Wr) + (g 1 W — Wr k)
F -
= Ulw —wi kP + llw i — %),

(20)

Putting (20) back in (19) and noting that the norm of the
gradients is upper bounded by A, we obtain

— (&1 Wr — W) < fra(w) — frx(wy) +2A[wr — wy il
F _
-5 (w - we kI + llwe ke — o )12).
1)

We next consider the second inner product in the third term
of (17) and denote it as follows:

K
—(hr 1,8, W — W) = — <hz+1,k, chkwt,j - wt+1,k>
j=1
K
- <ht+1,k, w; — chkwt,j>
Jj=1
— Rk, Wik — W), (22)

Here, we observe that the first term of (22) can be upper
bounded as

K
<hz+1,k, Witk — Z Cjkwt,j>

j=1
= (Rt — 118 p — Hihisr k) <2470, (23)

where the second line follows from our update rule. We then
consider the second term of (22) and upper bound it as

K
— <h,+1,k, w; — chkwt’j>

j=1

K
= — <hz+1,k, z Cix(w, — wt,j)>

j=1

K
> CiAliv, —w, |
j=1

IA

(24)

where the second line follows due to Assumption 3, since
z;(:l Cjx = 1. Finally, we consider the third term of (22)
and upper bound it using the convexity of r¢(-) [by using a
similar trick that we have done in (20)] and obtain
(Rit1 ks W — Wit k)
< ric(w) = ric(Wrp1) + (Begpi e, Wept — Wi 1 k)

R _
-5 (lw- Wtk + lweprk — W ?). (25)

Putting (23)—(25) back in (22), we obtain

—(hy g1k W, — w)
< re(w) — re (W) + 247
K
+ Al — wepr ikl + D CiAllv — wy |
j=1
R 2 -0
Sl = wep el + ek — B ). (26)

Adding (21) and (26), and summing from k£ = 1 to K, we
obtain the third term of (17) as follows:

K
= gk + hisrk W — w)
k=1

< z frx(w) — frx(wy)

k=1

K
+ (W) = (@i 1) + D Cjx Al — wy |
j=l1
+ 24118, — w ikl + Al — w1kl

F _
+ 2A%, — = (lhw - w 1lI? + 1w g — o)1%)

R
2 -0
- E(Ilw — w1 kT F Wik — W l7)

27)

From the definition of the subgradient, we have f; x(w;) >
Jek(wer) + (&> Wek — W) and rg(Weg1) > re(wes1 k) +
(B4, Wi,k — Wet1). Using these inequalities, we can
write (27) as follows:

K
> gk + hisik w0 — w)
k=1
K
< > fra(w) = frr(weg)
k=1
K
+ re(w) — re(wig10) + O CiAllb, — w
j=1

+ 3A\lw; — w k|| + 2Al Wi — Wipr il

F _
+ 2A%, — = (lhw - w k% + 1w g — o]1%)

R
2 -0
- E(IIW =W k" lwegr e — Wt I7)

(28)

To simplify (28), we present Lemma 1, whose proof is given
in Section I'V-C.

Lemma 1: Under Assumptions 2—-4, the deviation of the
parameter vector of each agent from the average parameter
vector is upper bounded as follows:

t—1
1B, — w il < 2AVK D" 0! (29)
s=1
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where o is the second largest singular value of the communi-
cation matrix C.
Considering the definitions of the cost functions, noting that

K
1 _ -
= 2w —wi kP + g — @) < lw — @] (30)
k=1
from Jensen’s inequality, and using Lemma 1, we can
rewrite (28) as follows:
K

= gk + hisrk W — w)
k=1

< fi(w) — fi(w; k)

-1
+r(w) —r(wi1x) + SAsz/EZ wi—so’ !

s=1
t
+2A7K u; + 4A’KVEK D 10”7
s=1
KF _ KR _
- (lw - w1 — - (llw - weilll?). 3D

In order to obtain the desired upper bound, we put
(18) and (31) back in (17) and summing from t = 1 to T,
we obtain

T
D filweg) = fiw) +r(wiyrx) — r(w)

t=1
T
< —|\——F)llw—w
;{2 (ﬂt

K (1 - 2
— 5| = T R)llw—w
2\

-1
+ SAQKJ?ZM,SUS*]

s=1

t
+4AK i +4A°KVEK D i g10*”

s=1

1}. (32)

Here, we make the following observation:

T
z Ht—s

t=s+1

| T
= 1_02/11

t=1

T t—1

T
ZZ#I_SGS—l — Zo_s—l
s=1

t=1 s=1

(33)

which yields [by adding r(w;) to the both sides of the
inequality] the following regret bound:

T
> fiwer) = fiw) +r(wi i) —r(w)

t=1
K 1 1
552(—‘

Mt Hi—1

- F— R) lw — w,[*

K 1 - 2
+AD+ — | — —F ) |lw—wq]
2\

(34)

If we have F = R =0, i.e., if neither of the cost functions
are strongly convex, we obtain the following upper bound:

T
> fiwer) = fiw) +r(wi i) —r(w)

t=1

plk[1 G/t 1
N AN
3VK \ <
Zﬂt

+AD+4A2K(1 +7
t=1

— 0

D2K 3VK \ <
< AD+ HAAK (1T =— D . (39)
ZuT l1—0o =1

Defining the function #(K, o) £ 14+(3+K /1 — o) and letting
u: = (D/AA(B(K, 0)1))/2, we can rewrite the upper bound
in (35) as follows:

T
> frlweg) = fi(w) +r(w i) —r(w)

t=1

< AD(1+4K/B(K,0)) (36)
since
i D < DVT . (37)
Z AP ) 2AJF(K )
This concludes the proof of Theorem 1. d

B. Proof of Corollary 1

Here, we consider the case S = F + R > 0, where we do
not require both F' and R to be strictly positive, instead either
F > 0 or R > 0 is sufficient. Then, (34) yields the following
upper bound:

T
> filwer) = fiw) +r(wi i) —r(w)

t=1

Dk[1 (1 1
< —+Z(—— —s)
2 | S\
T
VK
+AD +4A%K 1+£ > . (38)
1—0 p—

Picking u; = (1/8t), we obtain (1/u;) — (1/ui—1) — S =0,
which yields

T
D fiwir) = fi(w) +r(wp) —r(w)

t=1

SD*K 3K \1+1logT
< AD + van2k 1+ Toel (39
2 1—0 S
since
1 14logT
P L (40)
St S

t=1

This concludes the proof of Corollary 1. O
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C. Proof of Lemma 1

Let Wf é [wl‘,l, e wt,K]» Gl‘ é [gt,l’ ey gl‘,KL and
H, 2 [A:1, ..., h: k] Then, by letting 1; denotes the vector
of all zeros but only a single one at its kth entry, we can write

the desired norm as
1
W; ?1 — 1 )l

According to our update rule, we have the following recursion:

lw, — weill = 41)

-1
W, = ‘)VlCF1 - z,ut—s(Gt—s + Ht—s+1)CS71-
s=1
Putting (42) back in (41) and noting that C1 = 1 due to
Assumption 3 and w; = wik, Yk € {l,..., K} due to
Assumption 4, we obtain

(42)

lw, — wy ||
t—1
S
s=1
t—1
=< Zﬂtfs”ths +H; i1l

s=1

1
(Gi—s+ H;_s11) (?1 - Cs_llk) H

i1 - (43)
e )

Here, the first term of (43) can be upper bounded as follows:

1Gi—s + Hi—s1llp < 2AVK (44)

since the norms of the subgradients are upper bounded by A
due to Assumption 2.

We then consider the second term of (43). In order to derive
an upper bound, we first let o1(A) > 02(A) > .-+ > gg(A)
denote the singular values of a matrix A and 1;(A) >
A2(A) = --- > 1k (A) denote the eigenvalues of a symmetric
matrix A. Since the communication graph C is a doubly
stochastic matrix (by Assumption 3), we have ¢1(C) = 1 and
21(CTC) = 1. Then, we let B £ (1/K)117 and consider the
following norm:

Loyl = Bl — C*~ 1
K
= (B —C)"1i] (45)
where
I(B—C)1kll <o1(B-C)[(B-C)'1t|  (46)

Vt > 1. Thus, applying (46) s — 1 times to (45), we obtain

1
—1-C"'1;

I
Here, we observe that C is a doubly stochastic matrix by
Assumption 3, hence, A;(C) = 1. Therefore, the eigenspec-
trums of B — C and (B — C)T (B — C) are equal to the
eigenspectrums of C and C” C, respectively, except the largest
eigenvalues, i.e., 11(C) = /ll(CTC) = 1, are removed. Thus,
from (47), we obtain

<ol N(B - O (47)

1 _
Hfl—CHlk <a 10). (48)

Time evolution of the total loss for I1 regularization
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Fig. 2. Comparison of the algorithms for the linear regression model in (50)
with mean square error loss and £1 norm regularization.

Putting (44) and (48) back in (43), we obtain

t—1
1B, — wi il < 2AVK D" 503~ (C)

s=1

(49)

which is the desired result. This concludes the proof
of Lemma 1. 0

V. SIMULATIONS

In this section, we evaluate the performance of distributed
sequential splitting ELM (DSS-ELM) algorithm (presented
in Algorithm 1) for various multiagent networks with different
regularization factors. We illustrate the superior performance
of our algorithm for different regression applications involving
both real and synthetic data.

A. Stationary Scenario

In this section, we consider a multiagent network of size
K = 10, where each agent observes a desired signal through
a linear model. In particular, the kth agent observes

Vek =0 Xk 4 e (50)

where v € R! is chosen from a normal distribution,
while 50% of the entries are randomly set to zero, x; x € R0
is a realization of a spatially and temporally indepen-
dent normal random vector process, and n;; € R is a
zero-mean white Gaussian noise with variance anzk = 1073
We normalize the input and output attributes to the
interval [0, 1] as recommended in [2].

The empirical loss function is chosen as the square error
loss, ie., frx = (yr,k — )A),,k)z, whereas the regularization loss
function is chosen as {j-norm regularization in Fig. 2 and
€%-n0rm regularization in Fig. 2, where we set A = 1074,
We point out that for these regularization factors, the update
rule (i.e., the sixth line in Algorithm 1) is given by

sign(wy | ;) O [|w) 4| — wed],, for &1
Wi,k =
t+ mw;+l’k’ for f%.

61V
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Time evolution of the total loss for Iz regularization

Total Loss (dB)

Deviation bar (1073

‘CSS-ELM

. . . 0
2000 3000 4000 5000

Iterations

0 1000

Fig. 3. Comparison of the algorithms for the linear regression model in (50)
with mean square error loss and £% norm regularization.

In Figs. 2 and 3, we compare the performance of the
DSS-ELM  algorithm with the distributed stochastic
gradient (D-SG) algorithm [8], and their centralized variants,
i.e., the centralized stochastic gradient (C-SG) and the
centralized sequential splitting ELM (CSS-ELM) algorithms.
In the distributed multiagent framework, each agent exchanges
information with its neighboring agents over a communication
network. We have generated this network randomly. Agents
employ the uniform combination rule [38], where C; x = 1/my
with 7 representing the number of neighboring agents of the
kth agent. In the centralized framework, all the data observed
by every agent are collected at a central processing unit and
processed through the conventional processing techniques.
In the experiments, the step sizes of the D-SG and C-SG
algorithms are set to 0.05, whereas it is 0.1 for the DSS-ELM
and CSS-ELM algorithms (these learning rates are chosen for
a fair performance comparison, since the number of hidden
nodes is approximately twice of the length of the linear
parameter vector). We set the number of hidden neurons
to 24 in order to achieve a reasonable steady-state loss
and use a sigmoidal additive activation function. We have
performed 250 independent trials (with random hidden
neuron initializations) and presented the averaged results
in Figs. 2 and 3. The offset and bias parameters of the hidden
neurons are chosen from a uniform distribution U[—1, 1].

In Figs. 2 and 3, we observe that the distributed process-
ing algorithms achieve a comparable performance with
their corresponding centralized versions. We also point out
that the DSS-ELM algorithm significantly outperforms the
D-SG algorithm for both £; and {’% regularization costs.
For the ¢1-regularization case, the performance of the D-SG
significantly deteriorates with respect to the f%—regularization
case. On the other hand, the performance of the proposed
DSS-ELM algorithm is not significantly affected from these
regularization factors, since we use the forward-backward
splitting method. Furthermore, since the underlying parameter
vector v is sparse, the linear models fail to achieve low error
rates, whereas the proposed SLFN-based algorithm yields a
considerably smaller error.

Time evolution of the total loss for a nonlinear regresion model
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-251 0
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Fig. 4. Comparison of the algorithms for the nonlinear regression model

in (52) with mean square error loss and [’% norm regularization.

We next consider the following nonlinear regression model:

ik = sign(v” x; 1) (52)

where v and x;  are chosen as in the previous setup, and the
labels of 10% of the desired signals, i.e., y;’s, are flipped
in order to introduce label noise to the model. In Fig. 4, we
present the performances of the DSS-ELM, CSS-ELM, D-SG,
and C-SG algorithms for the f%—regularization loss.
We observe that the proposed DSS-ELM algorithm
significantly outperforms the linear gradient descent-based
algorithms. This follows, since the SLFN-based structures
can elegantly capture the nonlinear relationships between the
desired data and the regressor vectors, whereas linear models
cannot learn these relationships satisfactorily. Furthermore,
the proposed DSS-ELM algorithm achieves the performance
of the centralized CSS-ELM algorithm, which verifies the
asymptotical convergence results presented in Theorem 1
and Corollary 1.

B. Nonstationary Scenario

In this example, we evaluate the performance of the
DSS-ELM, CSS-ELM, D-SG, and C-SG algorithms in non-
stationary environments. We consider the regression setup
in (50), where the unknown parameter vector v evolves in
time through a random walk model (we emphasize that this
setup is extensively used in the machine learning and signal
processing literature [39]) as follows:

Vil =V g, (53)

where ¢, € R!0 is a realization of independent identically
distributed zero-mean Gaussian random vector process with
autocovariance matrix 10761 .

In Fig. 5, we present the time evolution of the {’%—regularized
square error loss function of the proposed algorithms. Com-
paring Fig. 5 with the stationary setup in Fig. 3, we observe
that our algorithm suffers approximately 10-dB performance
loss, whereas the linear learning models suffer approximately
20-dB performance loss. Therefore, the proposed DSS-ELM
algorithm is considerably more robust against the nonstationar-
ity compared with the linear learning algorithms. This follows
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Time evolution of the total loss for a dynamic linear model
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Fig. 5. Comparison of the algorithms for the dynamic linear regression model
in (50) and (53) with mean square error loss and [’% norm regularization.

from the efficient SLFN-based nonlinear formulation of our
regression model.

In Figs. 2-5, we also provide the sample standard deviations
of the algorithms with the corresponding error bars. For
presentation purposes, we used different scales for the variance
bars and the mean error curves. The values of the mean
errors can be read using the scale on the left, whereas the
values of the variance bars can be read using the scale on
the right. As can be observed from Figs. 2-5, the D-SG and
C-SG algorithms have higher variances compared with the
DSS-ELM and CSS-ELM algorithms. This is natural, since
the mean errors of the D-SG and C-SG algorithms are also
higher. As these algorithms cannot attain low mean error rates,
consequently, they cannot attain low variance values either.
On the other hand, the DSS-ELM and CSS-ELM algorithms
achieve a significantly lower variance values. Furthermore, the
difference in the variances of the centralized and distributed
variants of the algorithms is not significantly different from
one another. Specifically, the variances in the steady state are
almost identical for centralized and distributed variants of the
algorithms. On the other hand, the distributed algorithms yield
a higher variance in the early iterations, since the diffusion of
the information among agents requires a certain amount of
time, which is governed by the size and the structure of the
network, as shown in Theorem 1 and Corollary 1.

C. Real Data Sets

In this section, we illustrate the performance of our algo-
rithm for the benchmark data sets, i.e., California housing,
protein tertiary structure, and household electrical power con-
sumption [40], [41]. In these data sets, we compare the pro-
posed DSS-ELM algorithm with the Online Sequential (OS)-
ELM algorithm of [2]. Throughout this section, we use the
sigmoidal additive activation function to generate SLFNs, and
we use squared error loss function (with different regulariza-
tion terms for the DSS-ELM algorithm). We normalize the
input and output attributes of the data set to the interval [0, 1]
as recommended in [2]. We use 100 data samples (which is
more than the recommended value in [2]) at the initialization

phase of the OS-ELM algorithm. For the DSS-ELM algorithm,
we randomly generate a distributed multiagent network with
the specified size, and we set the step size u; = 1072 and the
regularization constant A = 1074,

1) California Housing data set involves the prediction of
the median housing value based on the information
collected on several parameters through all the block
groups in California from the 1990 census. The number
of hidden nodes is set to 90 for the DSS-ELM algo-
rithm and 50 for the OS-ELM algorithm. For the
DSS-ELM algorithm, the number of agents is set to four
for this experiment.

2) Protein Tertiary Structure data set considers the learning
the size of the residue based on several other parameters,
e.g., the molecular mass weighted exposed area. The
number of hidden nodes is set to 50 for the DSS-ELM
algorithm and 70 for the OS-ELM algorithm. For the
DSS-ELM algorithm, the number of agents is set to 8 for
this experiment.

3) Household Electrical Power Consumption data set con-
tains 2075259 measurements of individual households
gathered between December 2006 and November 2010,
where the aim is to predict the global active power.
In our experiments, we used the initial ~25% of the
data corresponding to the data between December 2006
and November 2007. The number of hidden nodes is
set to 70 for the DSS-ELM algorithm and 50 for the
OS-ELM algorithm. For the DSS-ELM algorithm, the
number of agents is set to ten for this experiment.

We emphasize that the number of hidden nodes for the
DSS-ELM and OS-ELM algorithms is carefully chosen to
minimize the performance of the corresponding algorithms
for a fair comparison between these methods. The number
of agents is chosen according to the data length to prevent
undertraining issues. As an example, for short data sequences,
it may not be possible to train the SLFNs for huge number
of agents, since each agent observes only a portion of the
underlying data.

For each data set, the number of attributes as well as the
length of the data that is used for training and testing can
be found in Table I. We randomly choose the training and
testing data for each trial and evaluate the average performance
of the proposed algorithms over 50 independent trials (with
random hidden neuron initializations). Note that the OS-ELM
algorithm operates on a single centralized agent, whereas the
DSS-ELM algorithm works for multiagent systems. Therefore,
for the OS-ELM algorithm, the centralized agent is trained
using all the training data, whereas for the DSS-ELM algo-
rithm, each agent is trained using only a randomly chosen
portion of the training data. As an example, for California
housing data set, we have K = 4 agents and a training data
of length 12000. In this scenario, the OS-ELM algorithm
is trained using the entire training data, whereas for the
DSS-ELM algorithm, this entire training data are randomly
separated into four different training data of length 3000 and
assigned to different agents.

Table II shows the training times and the Root Mean
Square Error (RMSE) performances for training as well as
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TABLE I
SPECIFICATIONS OF BENCHMARK DATA SETS

Data Set 7 attributes | # training data | # test data
California Housing 8 12000 8620
Protein Tertiary 9 36000 9730
Household Power Consumption 7 450000 46067

TABLE I

COMPARISON OF THE RMSE PERFORMANCE OF THE ALGORITHMS

. . RMSE (training) RMSE (testing)
Data Set Algorithms Time (s)
Mean SD Mean SD
DSS-ELM (¢1) 0.0749 0.1776 | 0.0011 | 0.1779 | 0.0011
California Housing DSS-ELM (¢ %) 0.0705 0.1745 | 0.0008 | 0.1746 | 0.0007
OS-ELM 1.3219 0.1304 | 0.0014 | 0.1312 | 0.0021
DSS-ELM (¢1) 0.0995 0.0635 | 0.0005 | 0.0638 | 0.0005
Protein Tertiary DSS-ELM (ZS) 0.1204 0.0633 | 0.0005 | 0.0638 | 0.0005
OS-ELM 5.1350 0.2308 | 0.0012 | 0.2314 | 0.0016
DSS-ELM (¢1) 1.3709 0.0164 | 0.0011 | 0.0165 | 0.0010
Household Power Consumption | DSS-ELM (¢2) 1.3127 0.0105 | 0.0009 | 0.0106 | 0.0009
OS-ELM 123.5087 | 0.0176 | 0.0323 | 0.0177 | 0.0318
TABLE III

RMSE PERFORMANCE OF THE DSS-ELM ALGORITHM FOR DIFFERENT NETWORK SI1ZES
FOR THE PROTEIN TERTIARY DATA WITH f%-REGULARIZATION

7+ agents | # samples per agent | Time (s) RMSE (training) RMSE (testing)
Mean SD Mean SD
4 9000 0.2619 0.0627 | 4.5e-4 | 0.0628 | 4.4e-4
5 7200 0.1959 0.0621 | 2.7e-4 | 0.0622 | 2.4e-4
6 6000 0.1634 0.0633 | 5.9e-4 | 0.0634 | 5.8e-4
8 4500 0.1211 0.0626 | 4.6e-4 | 0.0627 | 3.9e-4
9 4000 0.1072 0.0640 | 7.0e-4 | 0.0642 | 6.7e-4
10 3600 0.0977 0.0647 | 8.0e-4 | 0.0648 | 7.le-4
12 3000 0.0827 0.0657 | 8.9e-4 | 0.0658 | 7.le-4

testing for the DSS-ELM and OS-ELM algorithms. Table
IT shows that the DSS-ELM algorithm can train the SLFNs
at each agent significantly faster than the OS-ELM algo-
rithm. As an example, the training time for the DSS-ELM
algorithm (that employs {’%—regularization) is ~1.33 s at
each agent, where we have ten agents in the distributed
multiagent network. On the other hand, for the OS-ELM
algorithm, the training time is ~124.80 s. Therefore, our
algorithm presents an order of magnitude improvement in
terms of the training time. Furthermore, even though the
computational complexity of the proposed DSS-ELM algo-
rithm is much lower than the OS-ELM algorithm, it yields a
significantly better RMSE performance than the OS-ELM
algorithm for protein tertiary and household power consump-
tion data sets. This follows, since the DSS-ELM algorithm
can adapt nonstationary environments in a faster manner
compared with the OS-ELM algorithm. The proposed

DSS-ELM algorithm uses a gradient descent-based learning
algorithm that can effectively track nonstationarity (as also
shown in Section V-B), whereas the OS-ELM algorithm uses
a recursive least squares-based approach, which is less resilient
to nonstationarity.

In Table II, we also observe that the variance of the
DSS-ELM algorithm is usually smaller than the OS-ELM
algorithm. The main reason behind this difference in the vari-
ances is due to the regularization constraints in the formulation
of the DSS-ELM algorithm. The DSS-ELM algorithm presents
a more robust performance compared with the OS-ELM algo-
rithm due to the regularization constraints. Furthermore, the
€%-regularization variant of the DSS-ELM has a marginally
smaller variance compared with the £1-regularization variant.
That is because, the gradient of the £1-norm is bigger than the
gradient of the {’%—norm when the parameter vector is close to
its optimal value.
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Finally, in Table III, we analyze the effects of the network
size (i.e., the number of agents) to the performance of the
overall system. As can be seen from Table III, as the number
of agent increases, the training time of the SLFNs at each agent
decreases (as the number of training data per agent decreases).
On the other hand, the RMSE and the error variance at each
agent increase as the number of agents increases, which is
expected from the convergence upper bounds presented in
Theorem 1 and Corollary 1.

VI. CONCLUSION

We study the sequential training of SLFNs over distrib-
uted multiagent networks. The aim of each agent is to
minimize arbitrary cost functions by training an individual
SLFN-based regressor (or classifier) using the data that is
revealed only to this particular agent. On the other hand, the
goal of the multiagent network is to train these individual
SLFNs at each agent as well as the optimal centralized batch
SLEN that has access to all the data revealed to all agents.
We solve this problem by introducing a distributed sequential
ELM-based algorithm. In particular, we show that our algo-
rithm guarantees that the normalized accumulated error of
these individual SLFNs at each agent is asymptotically the
same as the normalized accumulated error of the optimal
centralized batch SLFN that is trained by an ELM-based
method. The proposed algorithm works in a truly sequential
manner, such that it can be used without any training or
initialization phase. Furthermore, the computational complex-
ity of the algorithm is only linear in the number of hidden
nodes; hence, it is highly appealing for applications involving
big data.

REFERENCES

[1] G.-B. Huang, Q.-Y. Zhu, and C.-K. Siew, “Extreme learning
machine: Theory and applications,” Neurocomputing, vol. 70, nos. 1-3,
pp. 489-501, 2006.

[2] N.-Y. Liang, G.-B. Huang, P. Saratchandran, and N. Sundararajan,
“A fast and accurate online sequential learning algorithm for feedforward
networks,” IEEE Trans. Neural Netw., vol. 17, no. 6, pp. 1411-1423,
Nov. 2006.

[3] J. R. McDonnell and D. Waagen, “Evolving recurrent perceptrons
for time-series modeling,” IEEE Trans. Neural Netw., vol. 5, no. 1,
pp. 24-38, Jan. 1994.

[4] G.-B. Huang and L. Chen,
machine,” Neurocomputing, vol. 70, nos.
2007.

[5] S. Balasundaram, D. Gupta, and N. Kapil, “l-norm extreme learning
machine for regression and multiclass classification using Newton
method,” Neurocomputing, vol. 128, pp. 4-14, Mar. 2014.

[6] X. Wu, X. Zhu, G.-Q. Wu, and W. Ding, “Data mining with big data,”
IEEE Trans. Knowl. Data Eng., vol. 26, no. 1, pp. 97-107, Jan. 2014.

[71 R. W. Parks et al., “Parallel distributed processing and neural networks:
Origins, methodology and cognitive functions,” Int. J. Neurosci., vol. 60,
nos. 3—4, pp. 195-214, 1991.

[8] A. H. Sayed, “Adaptive networks,” Proc. IEEE, vol. 102, no. 4,
pp. 460-497, Apr. 2014.

[9] A. H. Sayed, S.-Y. Tu, J. Chen, X. Zhao, and Z. J. Towfic, “Diffusion
strategies for adaptation and learning over networks: An examination
of distributed strategies and network behavior,” IEEE Signal Process.
Mag., vol. 30, no. 3, pp. 155-171, May 2013.

[10] J.-J. Xiao, A. Ribeiro, Z.-Q. Luo, and G. B. Giannakis, “Distributed
compression-estimation using wireless sensor networks,” IEEE Signal
Process. Mag., vol. 23, no. 4, pp. 27-41, Jul. 2006.

[11]7 S. S. Ram, A. Nedié, and V. V. Veeravalli, “Distributed stochastic
subgradient projection algorithms for convex optimization,” J. Optim.
Theory Appl., vol. 147, no. 3, pp. 516-545, Dec. 2010.

“Convex incremental extreme learning
16-18, pp. 3056-3062,

[12] A. Nedi¢ and A. Ozdaglar, “Distributed subgradient methods for multi-
agent optimization,” [EEE Trans. Autom. Control, vol. 54, no. 1,
pp. 48-61, Jan. 2009.

[13] A. Nedi¢, A. Ozdaglar, and P. A. Parrilo, “Constrained consensus and
optimization in multi-agent networks,” IEEE Trans. Autom. Control,
vol. 55, no. 4, pp. 922-938, Apr. 2010.

[14] N. D. Vanli and S. S. Kozat, “A comprehensive approach to universal
piecewise nonlinear regression based on trees,” IEEE Trans. Signal
Process., vol. 62, no. 20, pp. 5471-5486, Oct. 2014.

[15] T. Matias, F. Souza, R. Aratjo, and C. H. Antunes, “Learning of a single-
hidden layer feedforward neural network using an optimized extreme
learning machine,” Neurocomputing, vol. 129, pp. 428-436, Apr. 2014.

[16] S. Ferrari and R. F. Stengel, “Smooth function approximation using
neural networks,” IEEE Trans. Neural Netw., vol. 16, no. 1, pp. 24-38,
Jan. 2005.

[17] G.-B. Huang and H. A. Babri, “Upper bounds on the number of
hidden neurons in feedforward networks with arbitrary bounded non-
linear activation functions,” IEEE Trans. Neural Netw., vol. 9, no. 1,
pp. 224-229, Jan. 1998.

[18] G.-B. Huang, Y.-Q. Chen, and H. A. Babri, “Classification ability of
single hidden layer feedforward neural networks,” IEEE Trans. Neural
Netw., vol. 11, no. 3, pp. 799-801, May 2000.

[19] H. Chen, J. Peng, Y. Zhou, L. Li, and Z. Pan, “Extreme learning machine
for ranking: Generalization analysis and applications,” Neural Netw.,
vol. 53, pp. 119-126, May 2014.

[20] H.-G. Han, L.-D. Wang, and J.-F. Qiao, “Hierarchical extreme learning
machine for feedforward neural network,” Neurocomputing, vol. 128,
pp. 128-135, Mar. 2014.

[21] J. C. Duchi, A. Agarwal, and M. J. Wainwright, “Dual averaging
for distributed optimization: Convergence analysis and network scal-
ing,” IEEE Trans. Autom. Control, vol. 57, no. 3, pp. 592-606,
Mar. 2012.

[22] J. Duchi, E. Hazan, and Y. Singer, “Adaptive subgradient methods
for online learning and stochastic optimization,” J. Mach. Learn. Res.,
vol. 12, pp. 2121-2159, Jul. 2011.

[23] P. L. Lions and B. Mercier, “Splitting algorithms for the sum of two
nonlinear operators,” SIAM J. Numer. Anal., vol. 16, no. 6, pp. 964-979,
1979.

[24] G. H.-G. Chen and R. T. Rockafellar, “Convergence rates in forward-
backward splittingg,” SIAM J. Numer. Anal., vol. 7, no. 2, pp. 421-444,
1997.

[25] J. Duchi and Y. Singer, “Efficient online and batch learning
using forward backward splitting,” J. Mach. Learn. Res., vol. 10,
pp. 2899-2934, Dec. 2009.

[26] X. Zhao and A. H. Sayed, “Asynchronous adaptation and learning over
networks—Part I: Modeling and stability analysis,” IEEE Trans. Signal
Process., vol. 63, no. 4, pp. 811-826, Feb. 2015.

[27] X. Zhao and A. H. Sayed, “Asynchronous adaptation and learning over
networks—Part II: Performance analysis,” IEEE Trans. Signal Process.,
vol. 63, no. 4, pp. 827-842, Feb. 2015.

[28] X. Zhao and A. H. Sayed, “Asynchronous adaptation and learning over
networks—Part III: Comparison analysis,” IEEE Trans. Signal Process.,
vol. 63, no. 4, pp. 843-858, Feb. 2015.

[29] J. Keuper and F.-J. Pfreundt, “Asynchronous parallel stochastic gradient
descent: A numeric core for scalable distributed machine learning
algorithms,” in Proc. Workshop Mach. Learn. High-Perform. Comput.
Environ. (MLHPC), 2015, Art. no. 1.

[30] S. Sra, A. W. Yu, M. Li, and A. J. Smola. (2015). “AdaDelay: Delay
adaptive distributed stochastic convex optimization.” [Online]. Available:
http://arxiv.org/pdf/1508.05003v1.pdf.

[31] B. McMahan and M. Streeter, “Delay-tolerant algorithms for asynchro-
nous distributed online learning,” in Proc. Adv. Neural Inf. Process. Syst.,
vol. 27. 2014, pp. 2915-2923.

[32] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

[33] E. Hazan, A. Agarwal, and S. Kale, “Logarithmic regret algorithms
for online convex optimization,” Mach. Learn., vol. 69, nos. 2-3,
pp. 169-192, 2007.

[34] A. C. Singer, S. S. Kozat, and M. Feder, “Universal linear least squares
prediction: Upper and lower bounds,” IEEE Trans. Inf. Theory, vol. 48,
no. 8, pp. 2354-2362, Aug. 2002.

[35] E Yan, S. Sundaram, S. V. N. Vishwanathan, and Y. Qi, “Dis-
tributed autonomous online learning: Regrets and intrinsic privacy-
preserving properties,” IEEE Trans. Knowl. Data Eng., vol. 25, no. 11,
pp. 2483-2493, Nov. 2013.



558 IEEE TRANSACTIONS ON NEURAL NETWORKS AND LEARNING SYSTEMS, VOL. 28, NO. 3, MARCH 2017

[36] E. Hazan and S. Kale, “Beyond the regret minimization barrier: Optimal
algorithms for stochastic strongly-convex optimization,” J. Mach. Learn.
Res., vol. 15, pp. 2489-2512, Jul. 2014.

[37] S. Boyd, P. Diaconis, and L. Xiao, “Fastest mixing Markov chain on a
graph,” SIAM Rev., vol. 46, no. 4, pp. 667-689, 2003.

[38] V. D. Blondel, J. M. Hendrickx, A. Olshevsky, and J. N. Tsitsiklis,
“Convergence in multiagent coordination, consensus, and flock-
ing,” in Proc. 44th IEEE Conf. Decision Control, Eur. Control
Conf. (CDC-ECC), Dec. 2005, pp. 2996-3000.

[39] T. Kailath, A. H. Sayed, and B. Hassibi, Linear Estimation.
Upper Saddle River, NJ, USA: Prentice-Hall, 2000.

[40] R. K. Pace and R. Barry, “Sparse spatial autoregressions,” Statist.
Probab. Lett., vol. 33, pp. 291-297, May 1997.

[41] M. Lichman, “UCI machine learning repository,” School Inf. Comput.
Sci., Univ. California, Irvine, Irvine, CA, USA, Tech. Rep., 2013.
[Online]. Available: http://archive.ics.uci.edu/ml/citation_policy.html.

N. Denizcan Vanli received the B.S. and M.S.
degrees in electrical and electronics engineer-
ing from Bilkent University, Ankara, Turkey,
in 2013 and 2015, respectively. He is currently pur-
suing the Ph.D. degree in electrical engineering and
computer science with the Massachusetts Institute of
Technology, Cambridge, MA, USA.

His current research interests include convex opti-
mization, online learning, and distributed optimiza-
tion.

Muhammed O. Sayin received the B.S. and
M.S. degrees in electrical and electronics engi-
neering from Bilkent University, Ankara, Turkey,
in 2013 and 2015, respectively. He is currently
pursuing the Ph.D. degree in electrical and com-
puter engineering with the University of Illinois at
Urbana—Champaign, Champaign, IL, USA.

His current research interests include distributed
networks, optimal control, and dynamic games.

Ibrahim Delibalta received the B.S. degree in
electrical engineering from Bogazigi University,
Istanbul, Turkey, in 1993, and the M.S. degree
in electrical engineering from the University of
Southern California, Los Angeles, CA, USA,
in 1995. He is currently pursuing the Ph.D. degree in
design, technology, and society, an interdisciplinary
program, with Ko¢ University, Istanbul, with a focus
on social sciences and machine learning.

He was with Intel, Santa Clara, CA, USA, Silicon
Graphics, Milpitas, CA, USA, and Cisco Systems,
San Jose, CA, USA, where he was involved in the field of high performance
microprocessor and network processor chip design from 1995 to 2010.
He has held various positions with the Tiirk Telekom Group, Ankara, Turkey,
since 2011, where he is currently leading the Emerging Services and Research
and Development Team.

Suleyman Serdar Kozat (A’10-M’11-SM’11)
received the B.S. (Hons.) degree from Bilkent Uni-
versity, Ankara, Turkey, and the M.S. and Ph.D.
degrees in electrical and computer engineering from
the University of Illinois at Urbana—Champaign,
Urbana, IL, USA.

He joined the IBM Thomas J. Watson Research
Center, Yorktown Heights, NY, USA, as a Research
Staff Member and later became a Project Leader
with the Pervasive Speech Technologies Group,
where he focused on problems related to statistical
signal processing and machine learning. He was a Research Associate with
the Cryptography and Anti-Piracy Group, Microsoft Research, Redmond,
WA, USA. He is currently an Associate Professor with the Electrical and
Electronics Engineering Department, Bilkent University. He has co-authored
over 100 papers in refereed high impact journals and conference proceed-
ings and holds several patent inventions (currently used in several different
Microsoft and IBM products, such as MSN and ViaVoice). He holds several
patent inventions due to his research accomplishments with the IBM Thomas
J. Watson Research Center and Microsoft Research. His current research
interests include cyber security, anomaly detection, big data, data intelligence,
adaptive filtering, and machine learning algorithms for signal processing.

Dr. Kozat received many international and national awards. He is the Elected
President of the IEEE Signal Processing Society, Turkey Chapter.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


