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ABSTRACT A non-iterative learning algorithm for artificial neural networks is an alternative to optimize
the neural network parameters with extremely fast convergence time. Extreme learning machine (ELM) is
one of the fastest learning algorithms based on a non-iterative method for a single hidden layer feedforward
neural network (SLFN) model. ELM uses a randomization technique that requires a large number of hidden
nodes to achieve the high accuracy. This leads to a large and complex model, which is slow at the inference
time. Previously, we reported analytical incremental learning (AIL) algorithm, which is a compact model
and a non-iterative deterministic learning algorithm, to be used as an alternative. However, AIL cannot grow
its set of hidden nodes, due to the node saturation problem. Here, we describe a local sigmoid method (LSM)
that is also a sufficiently compact model and a non-iterative deterministic learning algorithm to overcome
both the ELM randomization and AIL node saturation problems. The LSM algorithm is based on “‘divide and
conquer”” method that divides the dataset into several subsets which are easier to optimize separately. Each
subset can be associated with a local segment represented as a hidden node that preserves local information
of the subset. This technique helps us to understand the function of each hidden node of the network built.
Moreover, we can use such a technique to explain the function of hidden nodes learned by backpropagation,
the iterative algorithm. Based on our experimental results, LSM is more accurate than other non-iterative
learning algorithms and one of the most compact models.

INDEX TERMS Neural network, compact model, hidden node interpretation, sigmoid function, function
approximation, slope information.

I. INTRODUCTION

Machine learning has become an active research area in
recent years, especially for neural network (NN) models:
a widely used algorithm to train the neural network mod-
els has been backpropagation (BP) [1]. The BP algorithm
uses local gradient parameters to iteratively minimize the
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loss function, until those parameters converge to the optimal
point solution. These iterative algorithms can be very slow
to converge and sometime difficult to choose an appropriate
learning rate. Thus, several works have tried to improve
the convergence time using conjugate gradient and second
order methods [2], [3], such as the Levenberg-Marquardt
(LM) algorithm [4] that usually requires a large memory.
Recently, several implementations of gradient descent algo-
rithms have improved the convergence time, by using an
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adaptive learning rate method, such as AdaDelta [5], Ada-
Grad [6] and Adam [7]. However, those algorithms follow
the iterative style of BP and are inherently slow. Another
problem with BP arises in weight initiation: in improper
weight initiation of a non-convex model, such as a single
hidden layer architecture, BP does not always converge to
the optimum point [8].

A common neural network model is a feedforward neural
network (FNN). Specifically, one type of FNN is a single-
hidden layer feedforward neural network (SLFN), which can
be used as a universal approximator for an arbitrary function
at any desired accuracy level: this has been proved theoreti-
cally [9]-[11]. Although an SLEN has only a single layer, it is
still hard to optimize the model parameters because the search
space has a complex shape. Adding a constraint can make an
SLFN easier to optimize; that is, the input weight parameters
are assigned randomly in some ranges, as in the extreme
learning machine (ELM) [12]. Consequently, the ELM objec-
tive function depends on the output weight parameters only
and optimization becomes the least square (LS) problem, and
so a single global optimal solution will be found, subject to
the current set of random constrained input weights. With the
constraint, ELM can be extremely faster than BP, in a single
non-iterative stage. In other words, ELM randomly maps the
input features into a set of hidden features with random input
weights. Thus, ELM is still one kind of neural network with
random weights as comprehensively explained in [13].

Nevertheless, ELM can be unstable [14], [15], especially
if the number of hidden nodes is small. Conversely, if the
number of hidden nodes is large, we may find a subset of the
optimal features in a large number of random features. Hence,
the number of hidden nodes for ELM is commonly larger than
that for BP. In the training phase, ELM is much faster than BP
because the optimization can be computed in a single stage,
without iterations, but the large number of hidden nodes leads
to the more complex model and heavy computation load in
the testing phase.

Inspired by the randomization of ELM, there were
many improved ELMs that try to optimize the original
ELM. Huang et al. further improved their ELM, with an
incremental ELM (I-ELM) [16] and enhanced incremen-
tal ELM (EI-ELM) [17]. I-ELM added new random hidden
nodes, one-by-one, by projecting the error vector into the new
additional hidden node vector to reduce the error norm. How-
ever, [-ELM reduced the error norm only based on the new
additional hidden node, regardless of existing hidden nodes,
thus the final model leads to a non-LS solution. In other
words, with the same random set of hidden nodes in ELM and
I-ELM, ELM will be better than I-ELM, because ELM has
an LS solution. I-ELM is generally faster for a model with a
small number of hidden nodes, because the projection method
is simpler than the inversion one. However, if the number
of hidden nodes is very large, I-ELM has an overhead of
residual error calculation that needs to be calculated on each
iteration, while ELM does not have. EI-ELM improved on
I-ELM, by using a random search that chooses the best nodes

VOLUME 8, 2020

from a set of random nodes on each incremental process.
All these methods (ELM, I-ELM and EI-ELM) require a
large number of hidden nodes because they are based on a
random mapping. In addition, Yang et al. [18] developed semi
deterministic ELM algorithm called bidirectional extreme
learning machine (B-ELM) that generates the odd hidden
nodes using randomization and the even hidden nodes using
a deterministic formula, while the output weights is calcu-
lated using the projection method, similar to I-ELM. Further,
Cao et al. [19] improved the B-ELM on the odd hidden nodes
using the random search, similar to EI-ELM, called enhanced
bidirectional ELM (EB-ELM). However, I-ELM, EI-ELM,
B-ELM and EB-ELM are based on projection method that
is not optimal (not a least squares solution).

Another way for improving ELM is constructing the opti-
mal structure from a set of random hidden node features, such
as pruned ELM (P-ELM) [20] and optimally pruned ELM
(OP-ELM) [21]. P-ELM and OP-ELM remove redundant
nodes from hidden node features. However, both P-ELM
and OP-ELM need to update their output weights, thus they
require more computation time, especially with large struc-
tures of hidden node features. Similarly, a pruned sparse
extreme learning machine (PS-ELM) algorithm [22] tried to
remove the insignificant hidden node based on sparse coding.
PS-ELM used gradient projection (GP) algorithm which is
basically an iterative algorithm. Wang et al. [14] described
two methods: constructive parsimonious ELM (CP-ELM)
and destructive parsimonious ELM (DP-ELM), that use a
recursive orthogonal least square (ROLS) technique [23] to
prune faster. The constructive algorithm (CP-ELM) incre-
mentally adds the hidden nodes from a set of random hid-
den node features, that have significant error reduction. On
the other hand, the DP-ELM algorithm removes the hidden
nodes, from a set of random hidden node features, that con-
tribute less to error reduction. Moreover, the optimal input
weight of the model might be or not in the set of random
hidden features, due to the weight randomization. Thus,
we cannot guarantee that the optimal input weights are in the
random hidden features. Therefore, a key problem of ELM
and its variants is the weight randomization that leads to a
non-optimal solution.

To overcome the ELM randomization problem,
Castailo et al. [24] described PCA-ELM, based on principal
component analysis. Input weight parameters are generated
from the subset of eigenvectors of an input feature covariance
matrix, that explains the data with a chosen confidence
level. However, the PCA-ELM does not reveal the relation
between the input features and the prediction variables. In
our previous work [25], we described analytical incremental
learning (AIL), that adds a hidden node based on the current
error vector. However, AIL cannot further grow the hidden
nodes, because it is struggling to solve non-linearity of the
error vector, thus leading to node saturation; that is, the newly
generated hidden node is similar to the previous one.

Several authors have proved that it is possible to
approximate a function, given some error criterion, using
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superposition of several sigmoids [26]-[29]. However, it is
still not clear how to construct the appropriate model that
automatically knows the suitable number of hidden nodes
required for a particular dataset to provide an optimal
solution. Therefore, this paper introduces a local sigmoid
method (LSM) to overcome the non-linear structure of the
error vector and automatically build its model. Here, the LSM
generates the hidden nodes based on the characteristic of error
vectors of a particular dataset, instead of choosing from a
set of random hidden nodes as the ELM and its variants do.
Furthermore, an LSM algorithm was derived from the char-
acteristic of a sigmoid function used in the neural network.
This characteristic makes it easy for us to understand the role
of each node in constructing the prediction variable, using an
interval segmentation method, which is especially effective
for a non-linear function.

Mostly, a neural network model is able to solve many tasks
with good performance. However, it is still a challenging
task to understand how the model really works. Recently,
many researchers have looked inside neural networks, aiming
to explain what a neural network is really doing, with a
variety of approaches, many focusing on deep convolutional
neural network (CNN) [30]. Feature visualization [31]-[34]
shows us how learned hidden neurons react to a particu-
lar input, e.g., show which of the hidden neurons for an
image classification task are fired, when the input is a dog
or a cat. Another approach is the attribution method, which
searches for the relationships between neurons [35]-[38].
These knowledge extraction techniques try to find a high
level representation, obtained from the learned model, that
tells us about the semantic knowledge contributions from
neurons, hidden layers and channel representations to an
object or image. In this respect, we can conclude that some
group of neurons are responsible for a particular input
image pattern after the training, visualization and attribution
processes.

The construction of our LSM is based on the compact rep-
resentation approximation, described in Section II-D, thus,
itenables us to understand how an LSM model actually works
and builds its structure, instead of treating it as a black box.
However, our work differs from the existing neural network
interpretations, in that LSM gives us a low level (functional)
representation; therefore, one can understand how a neu-
ral network builds the model instead of extracting the post
knowledge after the training procedure. Furthermore, LSM
avoids the randomization problem of ELM and the node
saturation problem of AIL. As a non-iterative algorithm, then
it would be faster than BP, an iterative approach.

The main contributions of our work are listed as follows.

« A novel non-iterative deterministic learning algorithm

based on local sigmoid properties for SLEN is described.
This algorithm called LSM is more accurate than other
non-iterative learning baselines.

o An LSM algorithm can overcome the random feature

mapping problem of ELM and the node saturation prob-
lem of AIL.
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o An automated hidden layer node construction of LSM
is based on interpretable hidden nodes using LSM node
representation.

o An LSM node interpretation technique is applied on
models learned by BP in order to know how each hidden
node works. As shown in Section IV-A, both algorithms
approximately form similar hidden nodes.

« A comprehensive benchmark comparison is done for
both non-iterative algorithms, i.e., LSM, AIL, ELM,
I-ELM, EI-ELM, EB-ELM, CP-ELM and DP-ELM, and
an iterative algorithm, i.e., BP.

The rest of this paper is organized as follows. Section II
analyzes the sigmoid function and the theoretical background
for our approach—function approximation by using sev-
eral representations of a sigmoid. Section III describes how
the LSM algorithm approximates a function as a SLFN
model. The experimental results and discussion are given in
Section IV. Finally, we conclude our work in Section V.

Il. THEORETICAL ANALYSIS OF SIGMOID FUNCTION

The purpose of this section is to describe a theoretical analysis
of a sigmoid function and its properties. The sigmoid function
is essential for developing the proposed LSM method; i.e., it
is used for dividing a whole dataset into several subsets, and
then solving each subset separately. The ability of several
functions in the sigmoid family is explained for approximat-
ing any functions as well. One can skip this section, regardless
of the detail explanations of these complementary theories
and methods, and go directly to Section III to get the general
idea of the LSM method.

A. THE SIGMOID FUNCTION
The sigmoid function has an ‘S’ shape and is a monotonic
function, with the property that, if lim,_, _ o(x) = 0 and
limy, o0 (x) = 1.

Two simple sigmoid functions: the cut and logistic func-
tions were used for validating our method.

1) CUT FUNCTION
The cut function is defined by

0, if x<a,
x—a |
cutyg py(x) = , if a<x<b, (D
—da
1, if x> b.

It has a positive linear slope in [a, b], otherwise, it has 0
gradient. Thus, we can save the slope of an input within the
interval [a, b] while ignoring it elsewhere.

2) LOGISTIC FUNCTION
The logistic function is defined by

1
1 +evx—0’
where y is the gradient multiplier and c is the center point of
the slope of the function.

@

Oly,c] (x) =
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FIGURE 1. Cut and logistic functions.

The hyperbolic tangent, tanh(x), may be defined in terms
of U[y’c](x)l

tanh(x) = 202.0(x) — 1, 3)

tanh(x) is usually preferred to o (x) for the activation function
in neural network hidden nodes, due to its output range of
(—1, 1), center at 0 and its odd property, i.e., tanh(—x) =
— tanh(x). As with cut, o(.) and tanh(.) can store a slope
or gradient in its non-saturated interval. tanh(.) function is
commonly used as activation function in neural network
implementations because they are smooth and centered at
0 and have a finite differential everywhere. However, finding
an appropriate non-saturated interval for the tanh(.) function
is more difficult, but, as shown in the next section, the interval
for the cut function is trivially set from the desired interval
for approximating the target function and the parameters for
a logistic function, which has a uniform error approximation
to the cut function, has been proved [39], [40]. Fig. 1 shows
cutj_1,11(x) and logistic o[ 0;(x) functions, centered at 0.

B. LOCALITY PROPERTY OF SIGMOID FUNCTIONS

In general, sigmoid functions are able to preserve slope
information of a particular input, in a local interval, called
the locality property. For instance, using the cut function,
cutfq, p)(x), to preserve slope information of an arbitrary func-
tion in [a, b], we can use g(x):

g(x) = B + acutq p)(x), “

where « is the slope multiplier and 8 is the bias. We can
find values of @ and B to approximate a linear segment of a
function in the interval of [a, b]. For example, Fig. 2 shows an
approximation of sin(x) in [—1, 1] using a cut function with
a = 2 and B = —1. Now, the logistic function, o (x), can
be used to approximate the cut function, cut(x), in the same
input interval, by choosing the appropriate values of y and
c: Iliev et al. have proved that oy ¢(x), with y = 4/(b — a)
and ¢ = (a + b)/2, is the logistic function approximating
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FIGURE 2. Cut and logistic function approximations to sin(x) in [-1, 1],
withoe =2 and g = —1.

cuty,,p](x), with a uniform error, p(cut, o) = ﬁ [39], [40],
where p is the Hausdorff distance (H-distance) [41], [42].

Therefore, to approximate the cut function, cutj_i 17(x), we
can use a logistic function oy, ¢(x) with y =4/(b —a) =2
and ¢ = (a+b)/2 = 0,i.e., o2,0)(x). Then, arelation between
o12,01(x), cut[—1,1](x), and sin(x) can be written as o72,0(x) —
cutj—1,1j(x) — sin(x) in the interval of [—1, 1] with @ =
2 and B = —1 as depicted in Fig. 2. Moreover, we can
determine the best values of « and 8 for the cut function in
(4), using a least square (LS) method. Further, to approximate
another interval, e.g., [a, b], we can use cut[, )(x). Note that a
single cut function can be used to approximate a single linear
segment. Multiple functions can be used to approximate a
non-linear function as described in Section II-C.

However, in practice, neural networks use a single acti-
vation function, e.g., tanh(x) and o[20). As previously
described, the op2,0j(x) function approximates to cut{_p, 17(x).
Hence, if we can transform any cut function from cutf, p)(x)
to cutj—1,1}(x), then we can approximate the cut function in
any interval using a single log sigmoid function, i.e., o720
or tanh(x). For this reason, we propose a Proposition 1 to
transform any cut function in a particular interval to another
interval.

Proposition 1: (An Interval Transformation for the Cut
Function): A cut function cutjqp(x) can be represented by
another cut function in a different interval by applying a
linear transformation to its input:

cutfg,p(x) = cutje,¢1(T1e,a)(x)),

where

(x—a)
(b—a)
transforms the interval [a, b] to [c, d].

Proof: Tic,q4)(x) is a linear function that transforms an
interval of [a, b] to [c, d]. It suffices to prove that

Tie,a1(x) =

d—-c)+c

cutjg,pi(a) = cutje,41(Te,q1(@)) = cutc q1(c) =0,

20345



IEEE Access

S. A. I. Alfarozi et al.: Local Sigmoid Method

and

cutfg,p1(b) = cutje,q1(T(c,a1(b)) = cutyc q1(d) = 1,

by substituting a and b to T'(x). This is follows from the
definition of the cut function (1). O
As o12,01(x) approximates cut[—1,1](x), then, we define:

Definition 1: The non-saturated input interval of o|2,0j(x)
or tanh(x) is [—1, 1].

Thus, if we want to use a single activation function, e.g.,
op2,01(x) or tanh(x), then we need to transform the input
interval to [—1, 1] of the cut function that approximates a
target function, using the Proposition 1.

C. FUNCTION APPROXIMATION USING LOCALITY
PROPERTY
Many authors [9]-[11] have proved the ability of SLFN, as a
universal approximation, that can approximate any arbitrary
function. In addition, approximations using superposition of
several functions, including the sigmoid function, have been
proved [26]—-[29]. Here, we prove that a superposition of cut
functions can approximate an arbitrary function, within some
error € and some n € N, with a polyline approximation and
its locality property in Theorem 1:

Theorem 1: There exists an € > 0 and n € N such that,

If () = Ga(0)II < €,

where f(x) is the target function and

n
Gu(x) = B+ ) _ ajcutig, a,,1(x) )
i=1
is the approximation of the target function f (x) in [a1, ap+1]
inwhicha; <ay < -+ < ap41-

Proof: Let us define a length of step, Ax = aj+1 —a; =
(an+1—a1)/n, such that we have a uniform segment length for
all cutyy; 4, 1(x). From (5), we form a line approximation of
f(x), by settingup B = f(a1) and o; = Ay; = f(aiy1)—f (@)
Let us define the approximation in each local segment such
that

Ay;
gix) = f(a) + A—;(x — a;) = f(a) + @i Cutyg, a1
1

which is the Taylor series approximation of f;(x) in an interval
of [a;, ai4+1] with an error

@)
2

Ri(x) = (x — a;)?,

for z € [a;, ajy+1] and f (a;) = gi—1(a;). If n is a large number,
then Ax — 0 that quadratically makes (x — a;)> — 0. Then,
there exists

Ifix) — i)l = Ri(x) < €/n,
foralli =1, ..., n, which implies that
Ilf (x) — Gu)Il = Z Ifitx) — gl < €.
i=1
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FIGURE 3. Approximations to sin(x), using a superposition of several
sigmoid (cut) functions in [-5, 5], with a differing number of segments:
n={3,11,31).

This theorem can also be proved using the line integral theory
of calculus. O

As shown earlier, we can generalize the proof by using the
logistic function. Fig. 3 shows several approximations to the
target function, sin(x), using polyline (5) with values of # in
[—5, 5]. With n = 31, we have an excellent model for sin(x)
in that interval. One line segment, [a;, aiy1], is represented
by cutyg; q;,1(x), i.e., the local representation of this segment.
Clearly, larger n leads to a more accurate representation of
Gy (x), according to our Theorem 1. In addition, (5) is a linear
system, so, we can further optimize G,(x) by changing B
and «;, calculated for segment, [a;, aiy1], using a simple LS
method. This will further reduce the error.

From the neural network point of view, (5) is an SLFN
model with cuty, p)(x) as the activation function and n nodes
in its hidden layer. Hence, if n is large, the model will be
large and space consuming. Here, the set of segment points,
{a;}, becomes an important parameter for model optimiza-
tion. From the proof of Theorem 1, the fixed length of
each segment is defined by Ax = (a,+1 — ay)/n, which is
inefficient. Therefore, an efficient method that keeps n small
and provides an acceptable error will be introduced in the
next subsection, which shows how to achieve a compact and
efficient model.

D. COMPACT REPRESENTATION APPROXIMATION

In this section, we describe an efficient method for segment-
ing an input interval, into several line segments, that keeps n
as small as possible and within acceptable error.

1) STATIONARY SEGMENT POINTS (Vf(x) = 0)
We show a simple way to segment the input interval into n
segments, considering the error of the approximation func-
tion, G,(x). We choose the stationary points that satisfy:
fo+Ax)—f(x — Ax)
2Ax N
Unfortunately, for a discrete set of points, such as random
samples of f(x) in some real dataset, we cannot use (6) due
to the changing of Ax values. Hence, a turning point, i.e., a

Vi@ = lim 0.  (6)
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FIGURE 4. Interval segmentation with stationary segment points leading
to many unnecessary segments.

point, where the gradient changes sign, is used as a segment
point. A practical criterion for detecting the turning point, x;,
of a function is:

(f ) = FO—D)F (i) — f(x) < 0. 7

As a result, when sin(x) is segmented by (6) or (7)
in [-5,5], we will have a set of segment points, P =
{l, -3m/2,—m/2,7/2,37/2,h}, where | = —5and h = 5
are the lowest and highest values of the interval. The number
of segments with the set P = {ay, ..., a,}is |P| — 1 and the
set of segments is S = {[ay1, a2], ..., [an—1, anl}.

2) UNNECESSARY SEGMENTS

In any set of segments, S, from points in P, not all segments
will add significant information to our predictive model, G,,.
In this case, the significant information is the gradient, Ay,
for a particular segment. If Ay; — 0, then o; — 0 and fi(x)
has a small effect on Gy, according to (4). Then, we should
remove this insignificant segment from S. For instance, for
the function, f(x), Fig. 4 shows the set of points, P, and
segments, S, derived from (6). Two groups of segments have
slope close to zero and are thus unnecessary segments, which
can be removed from S so that the model is more compact
and less complex. Therefore, we need to define a criterion
for detecting unnecessary segments in S, based on the value
of Ay;:

|Ayil = ¢l max f(a) — minf (ar)|. ®)

where 0 < ¢ < 1 is the threshold that controls the contribu-
tion to Gy,. For instance, ¢ = 0.05 implies that we will ignore
segments, with Ay less than 5% of the length of the range
of f(x).

We used Algorithm 1 to obtain the local segment represen-
tation based on our analyses. The following algorithm, local
segment representation (LSR), finds all potential segment
points to build a segment set, S, and then removes the unnec-
essary segments based on the value of ¢, using criterion (8).
In the next section, we collect everything together to build a
training algorithm, that works with the SLFN model.
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Algorithm 1 Local Segment Representation (LSR)

Data: A function f(x),f : R — R, forx € [, h].
Result: A set of segments, S.

1 begin
2 set threshold ¢;
3 detect segment points, P, using (6) or (7);
4 create a segment set, S, based on P;
5 remove unnecessary segments in S, using (8);
6 return final segment set, S;
7 end

15

sin(x) + 0.1 x M(0,1)
1 Hv’ i — n(x)
Y‘ i ’ ‘
A I\

0.5 |
> 0

05 ) / Nl

| N\
v g N
-1 T i
15— ]
5 25 0 2.5 5
X

FIGURE 5. A noisy target function, which generates many local gradient
sign changes.

lll. LOCAL SIGMOID METHOD

In this section, we describe local sigmoid method (LSM) and
its pseudocode, based on our previous analyses for an SLFN
model.

A. PROBLEM OF LOCAL SEGMENT REPRESENTATION
ALGORITHM

LSR, Algorithm 1, requires a sorted single-feature input,
x, and a smooth target function, y, to divide the data into
several segments based on the stationary segment points.
However, if these requirements are not satisfied, then we face
problems in running LSR. Here, we show how to overcome
such problems, so that the algorithm can accept any type of
data.

1) NOISY TARGET FUNCTION

In this subsection, we show how to handle noisy target func-
tions. Let us be given N training examples, D = {(x;, yi)}fy: I
where x; € R and y; = f(x;) € R. If the target function, y,
is noisy and not smooth, many points, which become segment
points, are detected, and leads to many unneeded segments.
For instance, in Fig. 5, we plot two sin(x) functions with and
without the Gaussian noise. For the smooth target function,
sin(x), we can easily apply Algorithm 1, because the segment
points are nicely located at the maxima and minima of sin(x)
function, using (6) or (7). However, for sin(x) with added
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Gaussian noise, sin(x) + 0.1 x A(0, 1), many inefficient
segment points are detected.

To smooth the noisy target function, we can use a moving
average (MA) low pass filter and recover the smoothed signal,
fs(x), as follows:

fs(x) = smoothy, (£, (x)) = fr(x) * hp(x), )

where hy,(x) is the moving average filter with a length of
p, ie., hp(x) = [1...1]1xp. Such a filter can be applied
g € N times to obtain a smoother curve. Then, we can find
the segment set, S, using Algorithm 1.

2) MULTIPLE INPUT FEATURES
Mostly, we deal with multiple input feature datasets. Thus,
to use LSR algorithm we need to transform the multiple
features to a single feature so that we can sort the data
before smoothing and segmenting the data. Let us be given
N training examples D = {(x;, y)}"_,, where x; € R™ and
yi = f(x;) € R. As Algorithm 1, LSR, works on a univariate
function, thus we need to map X; to a single feature compo-
nent so that we can segment the interval based on the single
feature y. There are many methods to solve this mapping
function, such as averaging value, principal component anal-
ysis (PCA), least square (LS) method, etc. In our work, the LS
method was selected to solve this problem, because it allows
the mapping function not only to use the information of input
feature but also the information of prediction variable, instead
of using the input feature information only such as PCA or
averaging value.

Let y = fmap(x) : R™ — R be a linear mapping function
defined by

Fmap(Xi) = X! Winap, (10)

where Wi,y are the mapping weights. Thus, to approximate
the target function, we need the weights, Wyap, which can be
trivially found by solving:
arg min Z Iyi — X! Winapll, (11)
1
using LS. Now, we have a single input feature after applying
the mapping function (10), then sorting the dataset D =
{(x;, yi)}ﬁv= |» based on values in R generated by fmap(x).
Finally, we can use Algorithm 1, LSR, to divide the dataset
D into several subsets based on the fin,p(x) feature.

Fig. 6 shows how to segment the multiple input feature
dataset, D, into several small subsets based on the interval
segmentation. A segment set, S, divides the dataset D into
subsets Dy, ..., Dy,. As each segment s; represents an almost
linear segment, thus each D; can have a small error by solving
through LS method solely. This segmentation follows the
“divide and conquer” strategy.

B. LSM ALGORITHM

After smoothing of input function and generating of single
feature sorting index using mapping function fiap(.), the LSR
algorithm can be used. Now, we describe the deterministic
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FIGURE 6. Segment s; represents each subset D; that can be linearly
approximated based on the mapping feature fmap (X).

LSM algorithm: being deterministic means that every time
we run LSM, we will get the same result.

Suppose that we run Algorithm 1 to obtain a segment
set S = {s1,...,s,}, where each s; divides the dataset D
into subsets D1, ..., D, representing those segments. Then,
the approximating function, G,(x), in (5) can be rewritten for
a SLFN model:

Gu(x) = B+ ) _ e tanh(Li(x)), (12)
i=1
where

Li(x)) = x| w" (13)

is the approximation of a local segment, s;, and wf” is the
i-th input weight of SLFN, G,(x), obtained from the LS
optimization of a subset D;:

argminz 1T7-1,107) — ijwf”H, (14)
win =
i

where T{_1,1)(.) transforms y; € D; into [—1, 1], such that
T[_l,l](min(yj)) = —1 and T[_I’I](max(yj)) = 1. The
yj needs to be transformed to [—1, 1], because the input
of tanh(.), ijwi.”, lies in the non-saturated interval — see
Definition 1. Subsequently, all ‘ineffective’ nodes with
||w§"|| < 1073 are removed because they have a very small
contribution to the approximating function, G, (x).

Lastly, B8 and «; are determined by (12) — a linear problem
that can be solved by LS as well. Here, to use multiple
axes error reduction, the AIL recursive block inversion [25]
based on Banachiewicz [43] and Petkovic and Stanimirovic
[44] is adopted. Then, we can reform the SLFN in (12) by
incrementally adding a hidden k-th node, so that

[vx1 Hyxil m =HOpY =y, (15)
where H® = [1yy, tanh(L;(X)), ..., tanh(Ly(X))] and

o = [ay, ..., a;]". Using least squares, the optimum weight
at the current iteration is

B — O HO)-Tg®Ty
=S80y, (16)

where S® = HO'H® and u® = H(k)Ty. Note that both
oo -1 .
S® and its inverse S®)~ are symmetric. Hence, the next
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optimum weight parameter ﬁ*(k +1 with an additional hidden
node vector hy 1, can be obtained recursively:

-1
HOT HOT
ﬂ*(k+1) = T HY hi11 T y
h h
k+1 k+1

T T -1 T
_ [Hac) H® HO T, H} [Huo y}

thH(k) hz+1hk+1 hgﬂy
SO HOpy,, T a®
N |:hz+1H(k) hz+1hk+l:| I:hzﬂy]
— §KkH+DT! k+D) (17)

Applying Banachiewicz block inversion technique [43] to the
—1 T
symetric matrix ¥+ in (17), setting v = H® hy, 1, d =
—1
hg+lhk+1, 0 =8®" yand v=d-— vTo, then we have

sk _ [S“‘“ +ylooT —1//‘19} (18)
_ 1/j -1 9T w -1
Here, { measures the linear dependence of a new node on
existing nodes, if ¥ = 0, then the new node hy | is linearly
dependent on H®),

Note that, for each new node, we need to check the inde-
pendence of the new node to the existing nodes, using ¥, and
also the relative error of its residual. Therefore, the additional
node can be omitted by setting a criterion for its indepen-
dence, idp, from existing nodes, 0 < n <« 1,

idp = abs (%) <y (19)

and also when the relative error of its residual is very small at
iteration k

[e“FD) — ey
err = abs <W <n, (20)

where e®) = y — Gi(x). We can terminate the computation
early, if there are no new nodes that satisfy (19) and (20).
An efficient and fast way to calculate (20) is provided in our
code [45], which uses a lower bound for how much of a new
hidden node hy | can reduce the current error e):

€ hyyp)

hT

reduce(h1) > e® —
et 1 1

hye 1l 21

to approximate e**1 because LSM adds multiple hidden
nodes in a single step.

Algorithm 2 shows the LSM algorithm in detail. This
algorithm uses multiple iterations for multiple frfllgp(x) based
on the residual error, e = y — Gf,l)(x) at iteration /. Thus,
to obtain the ng)ap of frggp(x), we just need to replace y; with
el(.l) in (11) - see Algorithm 2, line 8.

Basically, LSM and AIL use the same incremental output
weight calculation method. The main difference between
LSM and AIL algorithms is of generating their hidden nodes
as depicted in Fig. 7. LSM generates multiple hidden nodes
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FIGURE 7. Hidden layer construction of (a) LSM and (b) AIL. Note that the
input weight of each segment s; in LSM is calculated using (14).

based on interval segmentation on each iteration of the sort-
ing index fn(jlgp(X ) so that it can approximate function non-
linearity, while AIL generates a single hidden node using
a pointwise inverse on the error vector of the activation
function, tanh_l(el(.l) ), so that it only approximates an almost
linear segment for all data points, on each iteration. For
the input weight calculation, AIL calculates it using an LS
method based on tanh’l(egl)) without segmentation.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Here, we compare our LSM algorithm with state of the art
algorithms, both iterative and non-iterative variants. First,
we analyzed approximating the sigmoid hidden node features
of SLEN so that we can understand how the neural network
trained by the BP algorithm works using LSM segmentation,
instead of treating it as a black box. Second, we compare the
performance of all test algorithms on real datasets either for
regression or classification problems. Finally, we also explain
the advantages and disadvantages of our LSM algorithm
when compared to other test algorithms. We used MATLAB
R2018b on a laptop equipped with an i7-7700HQ 2.80 GHz
CPU. All code implementations of this paper is available in
our repository [45].
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Algorithm 2 Local Sigmoid Method (LSM)

Data: N training examples D = {(x;, yi)}?;l, x; € R™,
yi=fxi)eR .
Result: SLFN model G,(x): W = {w/’, ..
B*.

., wi"} and

1 begin

2 set minimum error 7;

3 set smoothing parameters, p and g;

4 set maximum number of iterations, /;

5 initialize e!!) = y;

6 fori < 1to/do

7 map features to 1 dimensions (section Il1-A.2),
8 map X using fn(fg)lp(x) based on (10) and e®;

9 sort D based on this new feature;

10 smooth the target function 'y (section IlI-A.1),

11 fi <y,

12 forj < 1togdo

13 | £y = smooth,(£,);

14 end

15 run LSR (Algorithm 1) using f; and obtain
segment set S that divides D into subsets,
{D1,...,D;}; .

16 calculate input weights w,(:") using (14) for each
Dy that [wi"] > 1073 ;

17 let hy = tanh(L;(x)) € H from w};";

18 sort (descending) H = {hy, ..., h;} based on
(21) to current error e®);

19 if Vh € H|reduce(h) < 5 then

20 ‘ return; end the algorithm

21 end

22 foreach hy € Hdo

23 if reduce(hy) < n then

24 | break;

25 end

26 if idp > 7 then

27 calculate 8* with hy node using block

inversion (17);

28 add to set W < {W} + {w\"};

29 end

30 end

31 calculate e*D);

32 end

33 end

A. BP AND LSM SEGMENTS

Here, we compare how BP and LSM segment a function:
we opened the neural network ‘black box’, using LSM seg-
mentation based on a sigmoid hidden node tanh(.) activation
function. For instance, we want to approximate sin(x) for
x € [-5,5], using LSM, this requires five segments based
on points, P = {-5, -3n/2,—n/2,7/2,37/2,5}. How-
ever, segments [—5, —37/2] and [37/2, 5] have very low
slopes that will be removed automatically by (8); hence, three
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FIGURE 8. Segmentation by BP using LSM segmentation to predict sin(x)
for x € [-5, 5]. A poor weight initiation, based on the random number
choice, led to bad segmentation (above) but a better choice led to good
approximation (lower).

LSM

-

o
o

y
[S)
o b b by s

S
3

(6]
N
(6]
o
n
(6]
[6)]

FIGURE 9. Segmentation of LSM and its prediction for sin(x) for
x € [-5,5].

segments are sufficient. For simulation, 1,001 data points are
generated using linespace function, i.e., [—5 : 0.01 : 5].

According to the above data points and three suitable seg-
ments, SLFN is built with three hidden nodes and trained
by a fast implementation of BP, i.e., Levenberg-Marquardt
(LM) algorithm [4], [46], [47]. 100 epochs with 85% of
training data and 15% of validation data are set and also
the early stopping criteria are implemented. For the LSM
algorithm, the threshold and smoothing parameter are set to
¢ = 0.05 and (p,q) = (0.02, 10), respectively, and then
let the algorithm itself decide the required number of hidden
nodes, i.e., the nodes after the training has completed. Finally,
the segmentation of each hidden node is plotted by ignoring
the output weights, so that it is pleasurable to compare.

Fig. 8 shows two BP segmentations resulting from dif-
ferent choices of the input random number: the plots
show results from two seeds for the random number gen-
erator (rng (seed)). These results show that BP relies
on the weight initiation to achieve the optimal solution.
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FIGURE 10. Segmentation for BP using LSM and its prediction for sinc(x) for x € [-10, 10] with proper weight initiations. (a) six hidden nodes
approximation from LSM segmentation theory; (b) four hidden nodes approximation, a special case for overlapping segmentation.
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FIGURE 11. Segmentation for (a) LSM for sinc(x) for x € [-10, 10] and (b) comparison of prediction functions from BP and LSM.

The segmentation computed by each node, follows the LSR
segmentation method (Algorithm 1), each node saves the
information for a particular interval in its input weight, in
this case, the input interval is divided into three segments.
Fig. 9 shows the LSM algorithm on the same function. The
LSM segmentation was similar to BP, but around the edges
of interval, LSM was less accurate, i.e., |[Ypred| > 1.

We also investigated the segmentation of BP and LSM for
another function, i.e., sinc(x) = sin(x)/x for x € [—10, 10],
with the same algorithm settings. For this simulation,
2,001 data points are generated using linespace function,
i.e., [—10 : 0.01 : 10]. In this case, LSM predicted six seg-
ments; therefore, SLFN requires six hidden nodes. With an
appropriate seed, the segmentation of BP algorithm also fol-
lows the LSM segmentation, i.e., one hidden node is respon-
sible for one segment, as depicted in Fig. 10(a). One more
thing that we did, we set the number of hidden nodes to four
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nodes instead of six with an appropriate seed. Surprisingly,
after training, the approximation function still approximates
well the sinc(x) function. It means that BP is able to choose
overlapping segments needed to represent sinc(x). However,
the segments obtained from BP are different from LSM. One
hidden node can represent multiple LSM segments, together
with other segments, as depicted in Fig. 10(b). Moreover,
the LSM algorithm segments similar to BP, with six hidden
nodes, as shown in Fig. 11(a) and the functions are compared
in Fig. 11(b). Here, LSM is less accurate than BP, but it
approximates the function adequately.

Furthermore, we ran the experiment on noisy data points
of sin(x) and sinc(x). 5,000 random uniform data points are
generated and added the Gaussian noise with 0.1 x N0, 1)
to each dataset. Fig. 12 shows the estimation of BP on
noisy sin(x) for x € [—5, 5] with different rng (.)s that
affect the quality of segmentation due to the different weight
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FIGURE 12. Segmentation by BP to predict noisy sin(x) for x € [-5, 5] with different rng (weight initiations).
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FIGURE 13. Segmentation by BP for noisy sinc(x) for x € [-10, 10] with proper weight initiations. (a) using six hidden nodes approximation; (b) using
four hidden nodes approximation, a special case for overlapping segmentation.

initiations. For example, using rng (0) and rng (100),
BP was trapped in local minima. For rng (10), BP basi-
cally required two overlapping segments to approximate the
sin(x) in that interval because node; did not contribute to
the approximation. However, in terms of fitting performance,
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rng (1000), using three segments, was more accurate than
rng (10), using two segments. This showed that how BP
performance relid on the weight initiation. In the same way,
for sinc(x), BP showed the similar result of segmentation as
in the case of non-noisy data as depicted in Fig. 13, as long
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FIGURE 14. Segmentation of LSM and its prediction for both noisy sin(x) for x € [-5, 5] and sinc(x) for x € [-10, 10].

as we properly initialized the weights. Fig. 14 shows LSM
approximation on these noisy data resulting similar segmen-
tation as in the case of non-noisy data for both sin(x) and
sinc(x), regardless of rng (.) (deterministic).

Therefore, it can be concluded that both algorithms have
advantages and disadvantages. BP was generally more accu-
rate than LSM, and also able to use overlapping segmentation.
However, LSM algorithm was generally faster than BP as
described in the next subsection, because the LSM algorithm
was based on the LS method (non-iterative), and also was
not needed to manually specify the number of hidden nodes.
Moreover, the LSM is deterministic — it has a single solution,
whereas BP may be trapped in local minima, for poor choices
of the initial weights.

Furthermore, by using LSM segmentation for node repre-
sentation, we can extract information of each hidden node
dealing with the data for the SLFN structure. In a word, each
hidden node represents each local segment by ignoring other
information outside its non-saturated interval.

B. BENCHMARK DATASETS

In this subsection, we compared several algorithms, both
iterative and non-iterative methods. Here, only the fast
second-order BP algorithm, the LM algorithm, was selected
as the iterative method. The non-iterative algorithms were
LSM, AIL [25], ELM [12], I-ELM [16], EI-ELM [17],
EB-ELM [19], PCA-ELM [24], CP- and DP-ELM [14].
Note that LSM, AIL and PCA-ELM are non-iterative and
deterministic.

We compared these algorithms on both regression or clas-
sification problems. Single output benchmarks were selected,
because the LSM method was designed for SLFN with a
single output model. Note that one could treat the mul-
tiple output models as multiple single output models if
desired.

We also used rank score as a metric for the performance
comparison for those algorithms using linear scaling function
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TABLE 1. General parameter settings.

Algorithms Parameters Types

LSM Stopping criterion, = 10~% Non-iterative
LS regularization, A = 10—6

Smoothing parameters, p = 0.02

and ¢ = 10

Thresholding parameter,

¢ = 0.05 for regression and

¢ = 0.25 for classification

AIL Stopping criterion, n = 10~%
LS regularization, A = 10—6

Non-iterative

CP-ELM, DP-  Stopping criterion, n = 1073 Non-iterative
ELM LS regularization, A = 106
I-ELM, EI-ELM, Stopping criterion, = 10~% Non-iterative
EB-ELM LS regularization, A = 106
Random search iteration, £ = 10
for EI-ELM and EB-ELM
PCA-ELM Confidence level, Cl = 0.95 Non-iterative
BP maximum epochs = 100 Iterative
Train:val ratio, 85:15
Early stopping applied
on each dataset:
X — ming
rankscore(x) = [ 100 Xx —— |, (22)
maxyg — ming

where miny is the best performed algorithm that will score
zero. On the other hand, max, is the worst performed algo-
rithm that will score 100. In a word, the lower score, the better
performance.

For general parameter settings, the tanh(x) function is used
as the activation function in all test algorithms and other
parameters are described in Table 1. I-ELM, EI-ELM and
EB-ELM used the stopping criteria 7 = 10~* which equals
to RMSE = 0.01 which is basically larger than the stopping
criteria defined in [16], [17],1i.e., ||E|| < 0.01. The number of
hidden nodes is set out in each section. For LSM, we do not
need to specify the number of nodes, because it is specified
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TABLE 2. Parameter settings - regression datasets.

Dataset Split Parameters

LSM AIL ELM I-ELM EI-ELM EB-ELM DP-ELM CP-ELM BP

#training  #testing l maxNodes  #Nodes  maxNodes  maxNodes maxNodes maxNodes maxNodes  #Nodes

Abalone 2002 2177 3 20 45 45 45 45 45 45 10
Delta ailerons 3000 4129 3 40 65 65 65 65 65 65 20
Auto MPG 198 200 1 20 30 30 30 30 30 30 10
Bank 4501 3692 10 40 200 200 200 200 200 200 20
Boston 250 256 3 10 35 35 35 35 35 35 5
California 8000 12640 10 20 105 105 105 105 105 105 10
Delta Elevators 4000 5517 2 10 80 80 80 80 80 80 5
Servo 80 87 2 20 20 20 20 20 20 20 10
Computer activity 4000 4192 11 90 125 125 125 125 125 125 45
Machine CPU 100 109 2 20 10 10 10 10 10 10 10
Triazines 100 86 1 10 25 25 25 25 25 25 5
Breast cancer 100 94 1 10 10 10 10 10 10 10 5

automatically, but, we need to specify the maximum number
of iterations, [, — see Tables 2 and 6.

1) REGRESSION DATASETS

We used 12 datasets, collected by Torgo [48], from sev-
eral repositories, which have been used for ELM [12] and
CP- and DP-ELM [14] - see Table 2.

Here, one of the important parameter settings is the opti-
mum number of hidden nodes, especially for ELM and its
variants. So, we searched for the optimum number of hid-
den nodes by searching in steps of 5 up to 200, i.e., N =
{5,10,...,200}, and then chose the nearly optimal one,
the same method as Huang et al. [12]. The maximum number
of hidden nodes of I-ELM, EI-ELM, EB-ELM, CP- and
DP-ELM were set to the number of ELM hidden nodes.
However, PCA-ELM does not need any additional param-
eters, because the number of hidden nodes depends on the
confidence levels in its eigenvectors. For AIL, the maximum
number of hidden nodes was set to be twice the number of BP
hidden nodes obtained from cross-validation method. Lastly,
the maximum number of iterations, /, for LSM was obtained
by cross-validation. Table 2 shows these parameter settings
and the split between training and testing for each dataset. In
addition, the input features and output features were normal-
ized into [—1, 1] and [0, 1], respectively, the same setting as
in [12].

We ran each algorithm 50 times, using a random split
between the training and testing data — see Table 2.
Tables 3, 4 and 5 show averages and standard deviations (o)
over 50 runs for RMSE, final number of hidden nodes and
training time. The rank scores for each algorithm on each
metric are shown in each table: boldface, bold-underline
and bold-italic fonts denote the first, second and third best
algorithms. BP showed the best RMSE on all datasets. LSM
was generally second, followed by AIL, which performed
fairly in the most cases — see Table 3. However, in terms of
mean score, clearly, BP was the best algorithm that scored
zero because it had the best performance on all datasets,
followed by the LSM that scored 15.5, then DP-ELM that
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scored 28.4. Here, although AIL had better performance in
the most cases than DP-ELM and ELM, it did not ensure
that AIL had a lower mean scores than those algorithms. This
is because if an algorithm had a large relative difference in
a particular dataset, it would greatly affect the rank score.
PCA-ELM had poor performance, because the number of
hidden nodes depends on the number of its eigenvectors,
which is commonly very small number on most datasets with
a small number of input features. Note that PCA-ELM only
generates its hidden nodes using eigenvectors, that cover 95%
of input data, regardless of target feature information, but
it still performed well, leading to the second best on the
Triazines and Breast Cancer datasets. [-ELM also performed
poorly due to its non-LS solution optimization. For instance,
with the same number of hidden nodes and the same ran-
dom input weights, ELM was better than I-ELM in training
data, because ELM used an LS solution. Clearly, EI-ELM
improved the performance of I-ELM, while EB-ELM, semi
deterministic, further imrproved the performance of I-ELM
and EI-ELM. When considering RMSE mean score, BP still
preformed the best, followed by LSM, DP-ELM, ELM,
CP-ELM, AIL and the other ELM variants.

Table 4 shows the final average number of hidden nodes.
Based on the ranking, PCA-ELM was the most compact
algorithm, with a mean score at 8.3, followed by AIL (11.2)
and BP (19.1). However, PCA-ELM performed poorly as
previously explained in Table 3. AIL cannot grow the number
of hidden nodes, due to the node saturation. This motivated
us to develop the LSM algorithm, that not only can add more
hidden nodes, but also can perform more accurate prediction.
As shown in Tables 3 and 4, LSM used a little bit more hidden
node than AIL, but it performed more accurate. ELM and its
variants need more hidden nodes when compared to LSM,
AIL and BP for most datasets. Although I-ELM, EI-ELM and
EB-ELM added the hidden node one-by-one incrementally
until they reached the stopping criteria, the final number of
hidden nodes were the same as those of ELM. This means
that they did not achieve the stopping criteria. In balance,
BP remains the best algorithm so far in terms of RMSE
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TABLE 3. Testing RMSE and RMSE ranks for regression problems.

Dataset Algorithms : RMSE (rankscore) (5
LSM AL ELM I-ELM EI-ELM EB-ELM PCA-ELM  DP-ELM CP-ELM BP
Abalone 0.0766('>  0.0784(*® 0077503 0.1022°9  0.08463®  0.0806(>®)  0.1025(190) 0,0778(1®)  0.07730D  0.0731(®)
(0.0013) (0.0012) (0.0022) (0.0097) (0.0031) (0.0026) (0.0019) (0.0018) (0.0016) (0.0014)
Delta ailerons 0.03921)  0.0400Y  0.0394) 0060811 0.04483) 004443 02542100 004152 004062  0.0373(D
(0.0005) (0.0005) (0.0006) (0.0088) (0.0038) (0.0032) (0.0027) (0.0011) (0.0008) (0.0007)
Auto MPG 0.0818(20)  0.0893(2®)  0.0838(2)  0.1318(72  0.1066¢*®)  0.1064(*0)  0.1591190)  0.0842(33)  0.0836(>%)  0.0623(*
(0.0054) (0.0046) (0.0057) (0.0207) (0.0129) (0.0137) (0.0089) (0.0057) (0.0058) (0.0064)
Bank 0.0414  0.0424 004757 0090332 0057813 0054310 0.2098(1°0) 0.0480(7)  0.0480(7)  0.0353(%)
(0.0029) (0.0004) (0.0012) (0.0078) (0.0024) (0.0020) (0.0019) (0.0013) (0.0013) (0.0004)
Boston 0.096527  0.11244® 0114549 01692190 0125959 01227653 0126757 0.115249)  0.1145(45)  0.0699(*)
(0.0080) (0.0096) (0.0115) (0.0247) (0.0137) (0.0133) (0.0069) 0.0113) (0.0115) (0.0146)
California 0.130512  0.14182D 01311 0.1574C3Y  0.14622% 0143623 02402190 0.1308)  0.1314*>  0.1151()
(0.0019) (0.0008) (0.0038) (0.0064) (0.0022) (0.0026) (0.0009) (0.0038) (0.0042) (0.0014)
Delta Elevators 0.0535(©)  0.0536(2  0.0535(2 00759 00656  0.0641Y 03212199 00557 005490 0.0525(
(0.0005) (0.0005) (0.0005) (0.0100) (0.0074) (0.0062) (0.0021) (0.0015) (0.0007) (0.0005)
Servo 0110429 0.1671(°8) 0205594 0.2144(100)  0.1923(8%)  ,7645(6%) 02075 020500  0.2054°Y  0.0688(%
(0.0160) (0.0175) (0.0200) (0.0193) (0.0167) (0.0170) (0.0152) (0.0198) (0.0200) (0.0329)
Computer Activity ~ 0.0358(®) 0071239 0061529 0120178 0085745 0.0865(*%)  0.15731°%)  0.05101'®) 0062127 0.0276(
(0.0022) (0.0079) (0.0350) (0.0241) (0.0073) (0.0093) (0.0024) (0.0195) (0.0398) (0.0007)
Machine CPU 0.06211%)  0.0662(2> 0081345 0.1198°7)  0.0949(64)  0,07573%)  0.1219(1°0)  0.0798(4®)  0.0813(*5)  0.0478(%
(0.0235) (0.0247) (0.0311) (0.0253) 0.0211) (0.0263) (0.0209) (0.0298) (0.0310) (0.0157)
Triazines 0.1964?% 03587199 02320045 0296173 0.1975(30) 0234849 01877(?%)  02332(4%)  02319(4%)  0.1294(")
(0.0156) (0.1756) (0.0449) (0.0732) (0.0269) (0.0427) (0.0164) (0.0478) (0.0450) (0.0360)
Breast cancer 0.2718® 036511109 0278333 0299849 0284337 0294345 0.2661®) 0278533 0278333 0.2362(0
(0.0150) (0.1377) (0.0158) (0.0256) (0.0198) (0.0205) (0.0128) (0.0147) (0.0159) (0.0344)
Mean scores 155 36.8 28.8 62.8 37.3 33.8 83.3 28.4 29 0
Rank scores for each algorithm are indicated by superscript numbers in parentheses. Deviations, o, are shown in parentheses under each RMSE.
TABLE 4. Final number of hidden nodes and node ranking for the regression problems.
Dataset Algorithms : nodes(*ankseore) (o)
LSM AIL ELM I-ELM EI-ELM EB-ELM PCA-ELM  DP-ELM CP-ELM BP
Abalone 19.367 43 45(100) 45(100) 45(100) 45(100) 4 19.8(39) 37(89) 10119
4.9) (eY] (V] ) (O] (] ©) 2.1 (3.8) (]
Delta ailerons 12,6149 48D 65(109) 65(109) 65(100) 65(100) 4 7.5 17.2(22) 20(29)
(6) 0.5) ) ) 0) ) ) (1.9) 4.2) )
Auto MPG 12.161 4.8(3) 30(100) 30(100) 30(100) 30(100) 40 17(59) 27790 1002®)
2.2) (L.5) (] ) (V] (] ©) (1.8) (1.8) (U]
Bank 7.5(2) 40 200(100) 200(100) 200(100) 200(100) 7(2) 88.5(43) 181(90) 20(®
(5.5) ©.7) ©) ) ©) (V] ©) (6) 6.9) (V]
Boston 354(100)  75(7) 35(99) 35(99) 35(99) 35(99) 6.9(% 22.5(58) 33.9(99) 50
“.1) 2.1) ) 0) 0) ) 0.3) (2.1) (L1.1) )
California 16.3(13) 5(2) 105(100) 105(100) 105(100) 105(100) 30 55(51) 95.9(9D) 1007
(5.4) 0.6) (0) (V] 0) (0) (0) 3.7 (3.8) (0)
Delta Elevators 6.4 2700 80(100) 80(100) 80(100) 80(100) 6 8.4(M 27.4(32) 53
(3.3) (1) ) ©) ) ) ) (2.6) (6.7) )
Servo 9.517) 7.4(0) 20(100) 20(100) 20(100) 20(100) 9.2(14) 15.8(67) 19.7(98) 1021
3.2) (2.8) (] ) (] (U] 0.4) (1) 0.6) (U]
Computer Activity ~ 21.2(16) 8.5(%) 125(100) 125(100) 125(100) 125(100) 2(0) 19.801% 57.8(4%) 45(35)
(5.3) 24 ©) ) ©) (V] ©) 2.9) (¢S] (]
Machine CPU 10.8(100)  6,9(56) 10000 1000 10000 100D 2(0) 7(57) 9.6(86) 10
(2.8) 2.1) ) ©) ) ) 0.2) (1.3) 0.7) )
Triazines 7.6(13) 8.7(19) 25(100) 25(100) 25(100) 25(100) 84017 15.3(52) 23.4(92) 50
(L.7) (1.8) (] ) ) (U] 0.6) (1.9) (1.4) (U]
Breast cancer 9.6(92) 7(40) 10(100) 10(109) 10(100) 10(100) 7.8(56) 7.3(40) 9.9(98) 50
(1.8) (2.8) (0) (0) 0) ) (0.4) 0.9) 0.4) )
Mean scores 36.7 11.2 99.2 99.2 99.2 99.2 8.3 40.8 76.7 19.1

and node numbers when compared to LSM algorithm and
others.

Table 5 compares training times. ELM and its variants were
faster than LSM and BP, except EB-ELM, which is almost the
same as BP, because the half of hidden nodes are calculated
using a formula, instead of randomization. ELM needed only
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one matrix inversion (recursive inversion and node selection
methods for CP-ELM or DP-ELM). However, in terms of
error, LSM and BP were much better than ELM and its
variants. Now, let us focus on LSM, ELM and BP algorithms:
for time ranking, ELM was the best: ELM (7.2) < LSM
(36.4) < BP (64.1), but, for RMSE, BP was the best: BP (0)
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TABLE 5. Training time and time ranks for the regression problems.

Dataset Algorithms : trtime(F2rkseore) (5
LSM AL ELM I-ELM EI-ELM EB-ELM PCA-ELM  DP-ELM CP-ELM BP
Abalone 01922639 0.0375) 00444 00269 016913 04534090 0,0219C0 0067209 0.14062%) 02041142
(0.0960) (0.0354) (0.0342) (0.0485) (0.0545) (0.1413) (0.0360) (0.0454) (0.0497) (0.2209)
Delta ailerons 0.151332%9  0.0406(® 0.0431(%) 0.0328(%) 0.30780°1)  0.5984(100)  ,0081(" 0.1563(2%)  0.2319(38)  0.2575(42)
(0.0747) (0.0327) (0.0430) (0.0500) (0.0426) (0.0999) (0.0228) (0.0457) (0.0447) (0.0917)
Auto MPG 0.032237  0.015(12 0.0119'%  0.0006(* 0.0041(3) 0083871 0.011909  0.02281%  0.0641%  0.1175(199)
(0.0265) (0.0181) (0.0250) (0.0031) (0.0069) (0.0280) (0.0242) (0.0276) (0.0243) (0.0545)
Bank 0.1544  0.03509  0.1303®  0.1509® 1.5663(20) 2326938 0.0134(9  6.0384(190) 3067250 0.4075(7
(0.1039) (0.0366) (0.0351) (0.0536) (0.0834) (0.2634) (0.0320) (1.5312) (0.1673) (0.1683)
Boston 0.1291(190) 0023818 .0075(® 0.0003(® 0.0059(+) 0.09097%  0.01471  0.0328(2%)  0.0819(%3)  0.0863(67)
(0.0543) (0.0212) (0.0212) (0.0022) (0.0077) (0.0216) (0.0281) (0.0222) (0.0327) (0.0462)
California 0.4097(39  0.0459®  0.0981(7  0.1238(® 1211300 13313190 00119 095227V  0.9538(7V)  0.3781(2®)
(0.1547) (0.0308) (0.0359) (0.0390) (0.0659) (0.1766) (0.0271) (0.1351) (0.4018) (0.2766)
Delta Elevators 0.123417) 90,0241 0.0384>) 0.0625®) 0.4691(%9) 06725100 ,0081(® 0.3272(48)  0.0913(*3)  0.1581(23)
(0.0613) (0.0296) (0.0331) (0.0541) (0.0562) (0.2920) 0.0171) (0.0948) (0.0293) (0.0802)
Servo 0.0344(29)  0.0194'D)  0.0103(® 0.0003(®) 0.0019(1) 0053432 0.0138® 0.0069(%) 0.0056®) 0.1672(100)
(0.0268) (0.0166) (0.0225) (0.0022) (0.0051) (0.0192) (0.025) (0.0123) (0.0076) (0.0473)
Computer Activity ~ 0.3281(12)  0.0728®  0.0738® 00816/  0.79033®  1.1063(*?)  0.0094(®)  2.6453(100) (2297(8) 1.5809(60)
(0.1203) (0.0454) (0.0300) (0.0430) (0.0718) 0.2172) (0.0284) (1.0697) (0.0472) (1.3328)
Machine CPU 0.0469(%2)  0.0138(*®) 0012249 <10=%(®  0,0003(? 002979 0.0047(® 0.0053(7 0.0016® 0.0753(100)
(0.0352) (0.0153) (0.0208) (0.0022) (0.0165) (0.0152) 0.0121) (0.0047) (0.0398)
Triazines 0.044426) 0022513 0.0147(9 <1074 0.0028>  0.0703*>) 001841 0.0381®®  0.0159  0.1681(100)
(0.0416) (0.0217) (0.0269) (0.0061) (0.0222) (0.0296) (0.0337) (0.0224) (0.0816)
Breast cancer 0.0613(7® 001882 0.009412  0.0003*) 0.0006(%) 0026934 0012539 001387 0.0078*®)  0.0784(190)
(0.0364) (0.0214) (0.0238) (0.0022) (0.0031) (0.0134) (0.0277) (0.0301) (0.0226) (0.0290)
Mean scores 36.4 9.4 7.2 2.2 259 64 5.2 374 29.2 64.1
<10~ % both mean and deviation are less than 10~ %.
TABLE 6. Parameter settings - classification datasets.
Dataset Parameters
LSM AIL ELM I-ELM EI-ELM EB-ELM  DP-ELM  CP-ELM BP
l maxNodes #Nodes maxNodes maxNodes maxNodes maxNodes maxNodes #Nodes
Banana 11 30 50 50 50 50 50 50 15
Breast cancer 1 90 20 20 20 20 20 20 45
Diabetis 1 90 30 30 30 30 30 30 45
Flare solar 3 20 10 10 10 10 10 10 10
German 4 150 40 40 40 40 40 40 75
Heart 2 20 30 30 30 30 30 30 10
Image 15 30 200 200 200 200 200 200 15
Ringnorm 15 100 40 40 40 40 40 40 50
Splice 7 160 165 165 165 165 165 165 80
Thyroid 6 50 35 35 35 35 35 35 25
Titanic 4 50 20 20 20 20 20 20 25
Twonorm 1 10 65 65 65 65 65 65 5
Waveform 5 20 85 85 85 85 85 85 10

< LSM (15.5) < ELM (28.8). As expected, there is a trade-
off between the training time and the error — see Table 3. For
the non-iterative algorithms, i.e., LSM, AIL and ELM and its
variants, EB-ELM and LSM are the slowest. However, LSM
performed better than others in terms of testing RMSE.

2) CLASSIFICATION DATASETS

For classification problems, the commonly used datasets in
common areas, such as the kernel and boosting methods,
were selected for performance evaluation. In this experi-
ment, we used IDA benchmark [49], which contains 13 arti-
ficial and real-world datasets, used in several research
papers [49]-[53], available in [54] and for MATLAB version
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in [55]. The IDA benchmark covers a variety of different
datasets: from small to high expected error rates, from low- to
high-dimensional data and from small to large sample sizes.
There are 13 binary classification datasets, — see Table 6,
which consists of 100 realizations of predefined splits into
training and testing samples (20 in the case of the image and
splice datasets). The input features were standardized from
the source, the setting was used the same as in [49]-[53], and
the class values were set to 1 (positive) and -1 (negative).
Thus, if the model output value is larger than 0, then, this
example is assigned as the positive class, otherwise, it is a
negative class. For each dataset, we recored the average and
the standard deviation for error rate, number of hidden nodes
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TABLE 7. Testing error rate and error rate ranks for classification problems.

Dataset Algorithms : error (rankscore) (o)
LSM AIL ELM -ELM EI-ELM EB-ELM PCA-ELM  DP-ELM CP-ELM BP
Banana 0.1299(® 039837 0.1080(0 03432059 02319CD 0253140 04738190 01103V 01107 0.1060©
(0.0224) (0.0558) (0.0053) (0.0459) (0.0341) (0.0341) (0.0353) (0.0052) (0.0055) (0.0050)
Breast cancer  0.2765(77)  0.2761(77)  0.2918(3%) 0287984 0286133 028093  0.3166(1°0) 0.2944(3%)  (02956(58)  0,1386("
(0.0476) (0.0482) (0.0500) (0.0463) (0.0527) (0.0475) (0.0481) (0.0451) (0.0519) (0.0401)
Diabetis 0.2378(Y)  0.2363(62)  0.2544(3%)  02537(87) 02489030 02461(7%)  0.2626(190) 0249131 (2528(86)  ,1933(9)
(0.0185) (0.0187) (0.0209) (0.0221) (0.0197) (0.0197) (0.0194) (0.0187) (0.0214) (0.0175)
Flare solar 0340217 0337913 03508(%)  0.3959(77)  0.3382(1%) 0343921 04167(190) 0355831 03544(33)  ,3244(0)
(0.0256) (0.0153) (0.0226) (0.0494) (0.0191) (0.0295) (0.0354) (0.0313) (0.0303) (0.0220)
German 02432060 0.2432059  02666(7%) 0277169 025827 02492067 031720100 02659(75)  0.2632(7H)  0.1126(9
(0.0222) (0.0212) (0.0280) (0.0274) (0.0260) (0.0225) (0.0239) (0.0262) (0.0245) (0.0280)
Heart 0.18653Y  0.17817 019390 0.2036(1°?  0.1952°)  0.1836(3D)  0.1594(°®)  0.1982(°®)  0.2006(°7)  0.0979(*)
(0.0318) (0.0343) (0.0352) (0.0390) (0.0349) (0.0389) (0.0343) (0.0330) (0.0390) (0.0377)
Image 0.0627 0170209 0.0622'7  0.1308¢4Y  0.0897?7)  0.105432) 02926190 0,0588(*%)  0.0627'7)  0.0164(*
(0.0080) (0.0106) (0.0084) (0.0133) (0.0103) (0.0086) (0.0110) (0.0111) (0.0084) (0.0055)
Ringnorm 0.0947(?2) 0248739 02693(°%) 027451900 0.2629(9%)  0,1997(6®)  02467(3%)  02695(°®)  02691(°%)  0.0429(7
(0.0100) (0.0133) (0.0086) (0.0107) (0.0057) (0.0119) (0.0053) (0.0084) (0.0078) (0.0105)
Splice 016597  0.17013% 024877 0260777 0203453 01729149 01931149 03153190 02513(73)  0.0776(
(0.0087) (0.0068) (0.0166) (0.0142) (0.0083) (0.0114) (0.0079) (0.0687) (0.0135) (0.0487)
Thyroid 0.063947  0.1151°?  0.0692°2  0.1167°Y  0.09017  0.0955(7%)  0.1237(100)  0.072805%)  0.0672°7)  0.0101(*
(0.032) (0.0317) (0.0332) (0.0357) (0.0348) (0.0331) (0.0424) (0.0307) (0.0329) (0.0123)
Titanic 02328003 022874 0,2238(22)  0.2288(45) 02202047 02285(43) 024111900 225430 .2255(30)  0.2188(%)
(0.0174) (0.0126) (0.0100) (0.0073) (0.0113) (0.0066) (0.0193) (0.0133) (0.0132) (0.0089)
Twonorm 0.0296*2 0038132 0.0427C7 00753199 006551 0.0559°3 00233 0.0422C9 0042833 0.0292(1))
(0.0031) (0.0077) (0.0044) (0.008) (0.0066) (0.0100) (0.0010) (0.0046) (0.0042) (0.0055)
Waveform 0142240 0.7483¢49) 01628059 0.1806(7®)  0.1581(5%)  0.1583(5%) 02057190 0.161959)  0.1618°)  0.0999("
(0.0095) (0.0131) (0.0097) (0.0118) (0.0091) (0.0105) (0.0039) (0.0083) (0.0089) (0.0117)
Mean scores 423 59 55.9 78.8 61.8 57 842 59 57.2 0.8
TABLE 8. Final number of hidden nodes and node ranking for the classification problems.
Dataset Algorithms : nodes (F2nkseore) (5
LSM AIL ELM I-ELM EI-ELM EB-ELM PCA-ELM  DP-ELM CP-ELM BP
Banana 19.2(36) 3 50(100) 50(100) 50(100) 50(100) 2(0) 39.9(79) 49(98) 1537
4.4) 0.4) ) ©) (U] (] ) (1.9) (1.1 0
Breast cancer ~ 3.8(%) 6.1(%) 20(39) 20(39) 20(39) 20(39) 8(10) 16.1639) 19.7(39) 45(100)
(1.4) (1.8) ) (U] (U] ©) ) (1.3) 0.5) (V]
Diabetis 2300 5.6(8) 30(6%) 30(69) 30(69) 30(6) 7.4042) 23(48) 29.6(64) 45(100)
(1.1) (1.4) (0) (0) () ) (0.5) (1.8) (0.6) )
Flare solar 9.6(9%) 3.5(19) 10(100) 10(100) 10(100) 10(100) 2.3(0) 87 9.9(99) 10(100)
(2.4) (1.6) (0) (0) (0) () (0.5) 0.7) 0.3) ()
German 12.510) 5.9(0) 40(49) 40(49) 40(49) 40(49) 1818 32.2(38) 39.7(49) 75(100)
(5) () ©0) ©0) (0) (0) ©0) (L.7) 0.5) 0)
Heart 13.4(29) 6.5(0) 30(100) 30(100) 30(100) 30(100) 11.9C3® 23.6(73) 29.7(99) 1001%)
3.D 2.9 ) ©) (V] (] 0.3) (1.4) (0.6) 0
Image 42.9(19) 6.8(0) 200(100) 200(100) 200(100) 200(100) 9.5 154(76) 198.3(99) 15
(@] 34 ) ) (U] © 0.5) @.1 (1.5) ©)
Ringnorm 67.7100 5500 40(55) 40(5%) 40(55) 40(5%) 19(22) 32243 39.6(5%) 50(72)
(6.3) (3) (] 0) (0) (0) ©0) 2.1) 0.7) (0)
Splice 15.2(7 4.7 165(100) 165(100) 165(100) 165(100) 33018) 85.9(51) 164.4(100)  go(47)
5.D (2.3) ) ©) (U] (] ) (51.3) 0.8) ©
Thyroid 29.1(81) 6% 35(100) 35(100) 35(100) 35(100) 4.4 26.1(7D 34.4(98) 25(67)
(5) (1.6) (V] (] (U] © 0.5) 22) 0.9 ©)
Titanic 5.4 342 20077 2077 20(77) 20077 30 11.1687 12.1(41 25(100)
(1.2) (9] (] 0) (0) (0) 0.1) (L.D (L.D) (0)
Twonorm 1© 5.5(M 65(100) 65(100) 65(100) 65(100) 19(28) 43.5(60) 63.3(97) 5(6)
(U] (1.8) ) ©) (V] © ) 3) (1.5) (V]
Waveform 18.4(14) 7.7(®) 85(100) 85(100) 85(100) 85(100) 17.1042 66.1(76) 84.2(99) 1063
(5.6) 2.5) (0) (0) (0) () 0.2) @7 (0.9) ()
Mean scores  30.9 35 835 83.5 83.5 835 111 58.6 79.8 57

and training time — see Tables 7, 8 and 9. We searched for
the best parameter, i.e., the number of hidden nodes or the
maximum of hidden nodes, using the first 10 realizations of
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each dataset, with the cross-validation method — see Table 6.
For BP and ELM algorithms, we searched for the optimum
number of hidden nodes by searching in steps of 5 up to 200,
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TABLE 9. Training time and time ranks for the classification problems.

Dataset Algorithms : trtime(F2rkseore) (5
LSM AIL ELM I-ELM EI-ELM EB-ELM PCA-ELM  DP-ELM CP-ELM BP
Banana 0121614 002177 0.0116®  0.0055©  0.0242® 02402190 00064 002729 004170 0.079532
(0.0609) (0.0307) (0.0270) (0.0240) (0.0382) (0.0828) (0.0186) (0.0229) (0.0268) (0.0385)
Breastcancer  0.0153(® 00145 0.0066  0.0023(2  0.0058") 0054229 0.0070> 00089  0.0128¢")  0.2595(100)
(0.0282) (0.0167) (0.0189) (0.0139) (0.0185) (0.0158) (0.0202) (0.0213) (0.0239) (0.0539)
Diabetis 0.0103  0.03720Y  0.0179Y  0.0011(® 001837 0158862 0.0075> 001443  0.0177()  0.2538(190)
(0.0239) (0.0322) (0.0280) (0.0109) (0.0343) (0.0736) (0.0178) (0.0236) (0.0209) (0.0553)
Flare solar 0.0597(°®)  0.025027)  0.0047Y  0.0011¢® 00105 005733 00075  0.0056>  0.0072(7  0.0903(1°%)
(0.0338) (0.0328) (0.0158) (0.0109) (0.0307) (0.0376) (0.0205) (0.0197) (0.0215) (0.0356)
German 00591 0.0419M 001479 0.0042(®)  0.0630® 03403 0.0075(®)  0.0188()  0.0275(1) 3.162(100)
(0.0369) (0.0299) (0.0322) (0.0208) (0.0534) (0.0721) (0.0211) (0.0236) (0.0234) (0.2997)
Heart 0.02302) 001831 0.0047®  0.0023>  0.0066> 00833  00075(® 001170V 0017208 0.0847(1°0)
(0.0234) (0.0211) (0.0151) (0.0139) (0.0193) (0.0206) (0.0203) (0.0218) (0.0180) (0.0353)
Image 031172 0.0531  0.0500®  0.043) 0.4492(18)  18258(7%)  0,0117(9  24328(100)  (5836(24)  0.2695(11)
(0.0765) (0.0400) (0.0241) (0.0541) (0.0343) (0.3619) (0.0299) (0.1481) (0.0406) (0.1983)
Ringnorm 0274523 0.0433®) 00116V 0.0028®)  0.0247® 0215508 0.0086(7)  0.0142) 002332 1.1675(100)
(0.0456) (0.0395) (0.0279) (0.0165) (0.0375) (0.0593) (0.0208) (0.0137) (0.0222) (0.2039)
Splice 0.09699 003670 00453 003289 04172 15047 00188 13914 0382000 32.7688(100)
(0.0417) (0.0337) (0.0358) (0.0514) (0.0476) (0.1826) (0.0364) (0.4409) (0.0330) (2.2782)
Thyroid 0.0605°7  0.0159*7 00089  0.0008®  0.0017")  0.0898(1°%) 0.0066"  0.01132 001779 0.0881(°%)
(0.0400) (0.0184) (0.0200) (0.0064) (0.0049) (0.0211) (0.0189) (0.0151) (0.0147) (0.0377)
Titanic 0.0791(199)  00089(*Y) 0010313 <10=%(®  0,0047® 0057573  0.0066® 000779  0.0072(  0.0448(57)
(0.0387) (0.0136) (0.0246) (0.0161) (0.0207) (0.0204) (0.0168) (0.0177) (0.0303)
Twonorm 0.0069¢ 00366  0.0141® 00083  0.0273® 03347190 0,0081( 007362  0.0594(19)  0.1230(35)
(0.0198) (0.0391) (0.0287) (0.0283) (0.0371) (0.1031) (0.0212) (0.0272) (0.0276) (0.0670)
Waveform 0.0780*%  0.0614*®)  0.0164Y  0.0017®  0.0502(*2  0.4133(199)  0.0066")  0.1239C39)  0.0922(22)  (.1570(3®)
(0.0374) (0.0387) (0.0310) (0.0125) (0.0323) (0.0909) (0.0200) (0.0325) (0.0302) (0.0520)
Mean scores  28.6 10 3.6 0.1 6.2 63.5 2.6 16.2 11.2 74.7

ie., N = {5,10,...,200}. For I-ELM, EI-ELM, EB-ELM,
CP-ELLM and DP-ELM, the maximum number of hidden
nodes was set the same as ELM. The maximum number of
hidden nodes in AIL was set to twice the number of nodes
of BP. For LSM, we searched for the maximum iteration, /,
from 1 to 15.

Table 7 shows the average and deviation of the error rate
on each dataset. Results showed almost similar trend of mean
scores to those in the regression problems, i.e., BP (0.8)
< LSM (42.3) < ELM (55.9) and the poor mean score algo-
rithms remained PCA-ELM (84.2) and I-ELM (78.8), while
other ELMs scored from 55 to 60. Mostly, BP was the best,
when compared to other algorithms on all datasets, except for
Twonorm, in which BP scored 11 which is the second best
after the PCA-ELM (0). This happened because Twonorm
dataset might have a nice data distribution. It was confirmed
by the LSM performance (the third best) that was only one
hidden node (see Table 8), which means that Twonorm dataset
was a linear problem because it only had one segment.
In other words, Twonorm dataset can be solved using a linear
combination of its eigenvectors. Generally, LSM was the
second or third best in the most cases, followed by AIL.

The number of hidden nodes required for each algorithm is
shown in Table 8. Here, AIL was the most compact algorithm,
followed by PCA-ELM and LSM, which were very small,
when compared to the ELM and its variants. Again, we are
not only finding the most compact and fastest algorithm but
also requiring the most accurate one. Note that an accurate
algorithm is the first criteria in our work; a compact and
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fast algorithm is useless if it is not accurate. Surprisingly,
the mean score of LSM (30.9) is much more compact than BP
(57) for this classification problem. A compact model implies
that the inference time will be much faster than a non-compact
model. Hence, the model only needs a small operation count,
because it has a small parameter set. Moreover, a compact
model will lead to faster training time as well, when we com-
pare the same algorithm with a different number of hidden
nodes.

Training time for each algorithm on each dataset are listed
in Table 9. As with the regression case, the fastest algo-
rithms were I-ELM, PCA-ELM and ELM. However, I-ELM
and PCA-ELM were generally the most inaccurate mod-
els. Interestingly, on the Twonorm dataset, LSM was the
fastest algorithm. This happened because LSM on Twonorm
only used one hidden node - see the second last row of
Table 8. Thus, the number of hidden nodes required by the
algorithm not only affected the inference speed but also
the training speed. The more compact the model, the faster
the model is. For Splice dataset, BP was around 300 times
slower than others. BP might use all 100 epochs for updating
the weights since the gradient based method is generally
hard to find the global solution on non-convex problems.
In summary, overall algorithm performance for classification
problems was generally similar to that for the regression
problems: BP and LSM were the most accurate algorithms;
AIL, PCA-ELM, LSM and BP were the most compact algo-
rithms; then, I-ELM, PCA-ELM and ELM were the fastest
algorithms.
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C. DISCUSSION

We have shown that LSM outperformed in terms of accu-
racy and compactness. Relative performance is visualized
in Fig. 15 for both regression and classification problems.
We can see that LSM is more accurate than other non-
iterative methods on both problems. ELM and its variants
use randomization without any optimization of the input
weight assignment that leads to faster training time. How-
ever, they have a large number of hidden nodes that lead
to the slowest testing time. According to LSM segmenta-
tion method, ELM will add random segments, which may
cover some key segments in a particular interval, while LSM
uses a deterministic method without randomization to define
the optimized segment set. Therefore, LSM is more stable
than ELM and its variants. AIL and PCA-ELM are also

VOLUME 8, 2020

deterministic, but LSM still performs better. However, differ-
ent from LSM and AIL, PCA-ELM has poor performance,
because it does not use any information of the prediction
variable and only relies on the input feature distribution.
However, BP remains the best algorithm in terms of the
RMSE and error rate. In terms of hidden node numbers, AIL
is the most compact algorithm, but it cannot generate more
hidden nodes, due to the node saturation and thus termi-
nates early. With the AIL’s limitation, LSM can be used as
an alternative that generates more hidden nodes, but is still
sufficiently compact and more accurate. Most importantly,
LSM is based on the sigmoid node that represents a subset
of data; therefore, we are able to know how the algorithm
builds its model structure and how each node segments the
data.
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We took the average rank scores for all cases (both regres-
sion and classification) and plotted the mean scores of three
metrics (error, number of nodes and training time) using
closeness to the origin and small size of the ‘bubble’ as the
optimum point in Fig. 16. Clearly, this shows that LSM is
the best algorithm among the non-iterative algorithms and
LSM is among the best three algorithms, that have a small
hidden node count. However, we can exclude the PCA-ELM,
because it performed poorly, so LSM became the most com-
pact algorithm after AIL. In addition, in terms of speed, ELM
and its variants are still the fastest algorithms. Moreover,
LSM was faster than BP, due to its non-iterative nature.

Finally, we summarize the advantages and disadvantages
of our LSM as follows:

(4+) It does not have to defined the exact number of hidden
nodes (uses the maximum iteration, /), i.e., automatic
hidden layer construction.

(+) Itdoes not depend on any randomization (deterministic).

(+) It is generally more accurate than other non-iterative
learning algorithms, in our evaluation.

(4) It produces one of the most compact models, that leads

to faster inference time.

(=) Itis slower than ELM, in terms of training time.

(—) Itis not more accurate than BP, in terms of performances.

(—) Itonly uses asigmoid function as the activation function.

D. ABILITY TO UNDERSTAND THE NETWORK STRUCTURE
Mostly, we treat a neural network model as a black box: we
can train using a labeled dataset and obtain the result with
high performance. As we explained in Section II, LSM uses
a sigmoid as a segmenting function, that allows us to keep
input information in a particular input interval (segment) and
ignore input that is outside this segment. Using this capability,
we can examine the optimal model trained by BP and interpret
each hidden node using interval segmentation, i.e., each node
is responsible for a particular interval in the input. As a result,
we showed that BP, using the same number of hidden nodes
as LSM, acts similarly, i.e., it segments the input interval
into several segments to approximate a function, such as
sin(x) and sinc(x) functions. Using the LSM theory, for the
example, sinc(x) in [—10, 10], we showed that BP is able
to form an overlapped segmentation, that can combine with
other segments.

V. CONCLUSION

We have described an LSM algorithm that addresses both
problems of ELM randomization and AIL node saturation.
The LSM algorithm builds its structure based on the interval
segmentation method that allows us to divide a dataset into
several subsets (segments), represented by subsets of the data
points in the input, so that each segment is represented by a
single node. Thus the LSM building blocks are nodes, which
can be associated with specific segments of the input data,
i.e., the network is no longer a black box, one can understand
the role of each node and its contribution to the final output.
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Furthermore, we showed that LSM is generally faster than
BP, an iterative method, and is more accurate than those
in a set of non-iterative algorithms visualized in Fig. 16.
Moreover, LSM model is one of the most compact models
that leads to the faster inference time on testing data. An
associated benefit is that, in the training phase, LSM can auto-
matically construct a model without requiring a predefined
number of hidden nodes, because it builds nodes that can
explain individual segments of the input data.

A. FUTURE WORK

LSM is still in early phase development. Thus, we will fur-
ther improve to make LSM efficient. In this work, LSM is
only for a single output dataset. Moreover, as discussed in
Section IV-D, BP is able to form an overlapped segmentation.
Hence, we will also investigate further improvement for LSM
to handle these overlaps, thus leading to a more compact
structure. Also, there are many activation functions used in
neural network models, e.g., Rectified Linear Unit (ReLU),
Leaky-ReL.U [56], parameterized ReLLU (P-ReL.U) [57] and
Exponential Linear Unit (ELU) [58]. There is a possibility
that we can build learning methods, based on the properties
of those functions. Furthermore, we suggest that one can use
multiple activation functions in a single model based on their
properties and exploit them to represent different, perhaps
larger, segments of the input, so that the number of nodes can
be reduced without sacrificing accuracy.
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