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ABSTRACT The complex-valued neural networks are the class of networks that solve complex problems
by using complex-valued variables. The gradient descent method is one of the popular algorithms to train
complex-valued neural networks. Essentially, the established networks are integer-order models. Compared
with classical integer-order models, the built models in terms of fractional calculus possess significant
advantages on both memory storage and hereditary characteristics. As one of commonly used fractional-
order derivatives, Caputo derivative is more applicable in practical problems due to its simple requirements on
initial condition. In this paper, we adopt this specific fractional-order derivative to train split-complex neural
networks. As a result, the monotonicity and weak convergence of the presented model are rigorously proved.
In addition, numerical simulation has effectively verified its competitive performance and also illustrated the

theoretical results.

INDEX TERMS Complex-valued neural networks, Caputo fractional derivative, monotonicity, convergence.

I. INTRODUCTION

Recently, fractional-order complex neural networks have
been extensively studied on both theory and practical appli-
cations. Fractional calculus has already been emerged three
hundred years. It is a generalization of ordinary differential
and integer operations from integer order to fractional order.
Since the inherent fault tolerance and parallel computational
characteristics of neural networks, the established fractional
operations have the advantages in describing the memory
and hereditary properties of various procedures [1]. As a
natural extension of real number field, complex-valued prob-
lems are widely occurred in many research fields such as
electromagnetics, image processing, voice processing. There
have been increasing studies on complex-valued problems by
employing fractional-order neural networks.

Neural networks have attracted an increasingly interest
in the past decades, due to the powerful nonlinear map-
ping and parallel data processing abilities of them. Several
classical neural networks, multilayer perceptions, Radical
Basis function networks (RBF), bidirectional associative

memory (BAM) and support vector machine (SVM) have
been intensively investigated. Many good results have been
obtained on various researches [2]-[5]. Constrained by the
data volume and the dealing strategies, these models are the
networks with shallow architectures. Since 2006, a break-
through has been made in [12], which claimed the appearance
of deep learning networks. A vast of significant achievements
have been reached in a variety of research fields during the
past ten years. However, most of these results are confined in
real domain.

With the rapid development of electronic science, the
complex-value signals are frequently appeared in the engi-
neering practice and complex neural network is more
and more widely used. The complex-valued neural net-
works (CVNNSs) are the extension of real-valued neural net-
works. It is embodied in: the input, output and the weights are
complex. Moreover, complex-valued neural networks have
advantage on classification issues and abilities in reducing
the number of parameters and operations. Therefore, more
and more scholars focus their researches on complex-valued
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neural networks [6]-[11], [22], [23]. In order to solve
nonlinear separation problems, authors concentrated on
complex-value BP algorithm [6]. In [7], the complex-valued
backpropagation neural networks (CBP) were trained by
Complex Levengberg-Marquardt algorithm and different
activation functions were compared. A fully complex-valued
radial basis function network was applied to solve real-
valued classification problems in [8]. Moreover, the FC-RBF
classifier was investigated experimentally well by a set of
real-valued benchmark problems. Based on wirtinger calcu-
lus [9], authors put forward an augmented algorithm for fully
complex-valued neural networks.

Fractional calculus is a branch of calculus. Nowadays, frac-
tional derivatives have been applied in many fields. Moreover,
more and more researchers are concerned about the fractional
calculus. In the respects of fractional pattern recognition and
adaptive signal processing, integer-order adaptive learning
method is not applicable. Then the fractional steepest descent
approach was presented in [24]. There have some excellent
results about the dynamic analyses on fractional calculus [1],
[13]-[17], [25]. For example, Delavari et al. [15] investigated
the stability of fractional-order nonlinear systems. Applying
time domain scheme to the fractional order system [17], the
author studied the unified system and synchronization of the
fractional order.

Due to the good memory and heredity of fractional cal-
culus, fractional calculus is widely applied to complex-
valued neural networks. Currently, most of the results focus
on fractional-order CVNNs with time delays [18]-[21].
For example, under sufficient conditions, fractional-order
complex-valued neural networks for the existence and uni-
form steadiness are solved [18]. Bao et al. [19] discuss
the synchronization problem with fractional-order complex-
valued neural networks with time delays. In [20], the prob-
lems of leakage and discrete delays on fractional-order
complex-valued neural networks were considered, in which
authors handled the uniqueness and global uniform stability
of the equilibrium point. In order to study the dissipativ-
ity of neural networks with time delay, authors proposed
a kind of fractional-order complex-valued neural networks
with time delays and discussed its dissipativity and stability
analysis [21].

Motivated by the above discussion, we consider the con-
vergence analysis of fractional-order complex-valued neu-
ral networks. Different from the training algorithm in [22],
we use fractional order steepest descent method to train
split-complex neural networks. In particular, Caputo-type
fractional-order derivative is adopted. In the aspects of theo-
ries, the monotonicity and weak convergence of the presented
model are rigorously proved. In addition, numerical simu-
lations have effectively verified its competitive performance
and also illustrated the theoretical results.

The structure of this paper is as follows: Section 2 presents
a description of Caputo fractional-order derivative. The algo-
rithm descriptions with two types of algorithm are then pre-
sented in Section 3. The main results based on Caputo-type
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fractional gradient descent method are drawn in Section 4.
In Section 5, a numerical example on XOR problem is per-
formed. Conclusions are presented in Section 6. Finally, the
appendix shows the proof process of Caputo-type fractional
order complex-valued neural networks algorithm.

Il. FRACTIONAL-ORDER DERIVATIVE
There are several definitions used for fractional deriva-
tives. The three most common fractional calculus definitions
are Griinwald-Letnikov (GL), Riemann-Liouville (RL), and
Caputo [26], [28]-[30].

Definition I (GL Fractional-Order Derivative): The GL
derivative with order « of function f(¢) is defined as

L DYf (1)
P —aytt
n — T(—a+k+1)

1 t
_ yn—ape(ntl)
+—F(n—a+1)/a (=) T (0de, (1)

where GLaD‘;‘ is the GL fractional derivative operator,
oa>0,n—1<a<n,neN,f(t)is the objective function
under consideration and [a, ¢] is the interval of f(¢). I'(:) is
the Gamma function, that is, I'(«) = fooo =l gr,
Definition 2 (RL Fractional-Order Derivative): The
Riemann-Liouville derivative with order « of function f(¢)
is defined as
dn

fLaDif (@) = ZnaDr = (1)

= ! dn/tt— nme=leyg 2
—md? a( 7) f(odr, )

where R, D% is the RL fractional derivative operator. In addi-
tion, the GL derivative may be obtained based on the defini-
tion of the RL fractional derivative.

Definition 3 (Caputo Fractional-Order Derivative): The
definition of the Caputo fractional-order derivative of order
« is defined as follows

1 t
CaputoaDtt)zf(t) — m/ (t — -L—)”_O‘_lf(”)(‘[)dt, 3)

where C“”“’%D?‘ is the Caputo derivative operator, « is the
fractional order.

Specifically, when o € (0, 1), the expression for Caputo
derivative is as follows

1 t
C“Wf”aD?f(ﬂ:m/ =D~ (de. @)

When ¢ € (0,1) and ¢ = 0, there exists an evident
difference of the RL and Caputo derivatives with respect to a
constant. Assume that K is a constant, then the RL derivative
can be expressed as follows

K

RLDYK = ———x
'l —aw

Y #0, &)
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however, the corresponding Caputo derivative is equal to
zero, that is,

CaputoaD(th —0. (6)

Since the initial values between the fractional differential
equations with the Caputo derivative and the integer dif-
ferential equations are the same: this derivative has a wide
range of application in physical processes and engineering
problems. In this paper, we just employ the Caputo fractional-
order derivative to evaluate the CBP training algorithm for
fractional-order complex-valued neural networks. For conve-
nience, we use the notion ,DY to denote Caputo fractional
derivative operator instead of €4P"®, D%

Remark 1: There are close contacts between these three
definitions. For example, the relationship between Riemann-
Liouville definition and Griinwald-Letnikov definition [27]:
Suppose function u(¢) is defined on the interval (a, b), u(t) has
m+ 1 order continuous derivatives and m at least takes [u] =
n — 1, then the definitions between G-L fractional calculus
and R-L fractional calculus are equivalent. Moreover, G-L
definition is equal to Caputo definition if the kth derivative of
function u(z) also satisfies u¥(a) = 0,k =0,1,--- ,n — 1.
Wu and Huang [27] give more clear relationships of these
three different fractional derivatives.

llIl. ALGORITHM DESCRIPTION

Without loss of generality, we consider a three-layered
CVNN consisting of p input neurons, n hidden neurons, and
1 output neuron. Suppose that training samples {#/, @’/ }le C

T

(21,22, .00 2p) =
X + iy € CP, where X = (x,x2,.. .,xp)T e RP, and
y = (yl,yz,...,y,,)T € RP. Let vy = Vf + iv{ =
(it vz, .. vlp)T € CP as the weight vector between the
input neurons and /th hidden neuron, where v;,, = vﬁn + iv{m,
and vfm, vfm are the real part and the imaginary part of vy,
respectively, l = 1,...,n,m = 1, ..., p. The weight vector
between the hidden neurons and the output neuron is denoted
byu = wf + i/ = (u,u,...,u,)" € C", where u; =
uf + iu{ , and uf, uf are the real part and the imaginary part
of u;, separately, [ = 1, ..., n. For simplicity, we incorporate
all the weight vectors into a total weight vector

CP x C!. For input signals z =

= (0" " T ) e )

For the /th node of the hidden layer, the input is

O =vi-z=N+ivh). x+iy) =0F +i6]
P

p
= 3 (vt = Vi) + 1 (vhatn + V)
m=1

m=1

- (—Vif ) ' @ i (:;é) ' (’;) : (®)

where "-" denotes the inner product of two vectors.
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We consider the following popular real-imaginary type
activation function

gc ) = gr (6%) +igr ('), ©)

forany 0 = R+’ € C!, where g and g; are real activation
function, respectively. For simplicity, gr and g; are the same
in this paper. For example, the output of the /th hidden neuron
is given by

Hy = HF + ] =g (6F) +ig (6]) (10)
Write:
H = Hf +il,
HF = (Hf,Hf,...,H,f)T,
5 (H{,Hg,...,H,ﬁ)T. (11)

For the output layer, the input is
S=u-H= @+ ). (HR—i—iH’):SR—i—iS’

_Z( H,)+zZ({H,R+ufH,’)

R R 1 R
u H (u H
=<-uf)~(Hf)+l(uR>~<H1)- @
Similarly, the output of the network is given by
0=0F +io =f<SR)+if(S’>. (13)

For the jth sample the 1nput of the hidden neuron [ is
denotedby&’ = 9/ +19/ 1 <1<nl<j<lJ,
the output of the hidden neuron [ is represented by Hj =
H{’R + iH{’I(l <1l <n),§ = §R 4 S/ stands for the
input of the output neuron, and & = R + i/ represents
the actual output. The squared error function of CBP can be
represented as follows:

J
1
E(w) = 3 21:(0/ O — dy*
]=
1 . .
— 5 Z I:(O]R dj,R)z + (O],I _ dj,l)z]
j=1
J
= > [+ fues™h]. (14)
j=1
where "x" signifies complex conjugate, and

1 . 1 .
fir®) = (F@0) = ARy fa (1) = 5@ = "y, (15)

fort e R, 1 <j<J.
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1) CBP ALGORITHM BASED ON GRADIENT DESCENT
METHOD

The kth derivatives of the error function in regard to uf , u{ ,

vﬁn and vfm are, respectively, given by
J
E,r(W) = 2(ﬁ}e<sf’R)H{’R +f (S H]T), (16)
Jj=
J . . . .
Ei(w) = Y (~fi(S"OH;" + £8P HH™), (17
j=1
J .
Eyr(w) = ;[J?R(SJ Byl R 0, — g/ @ )
]:
(O A R AR CAVA] |
(18)
J ' -
Evfrhz(w)=;[f;;g(sm>< g/ Oy, — g 01l
J:
(S g O ), + g O ]
(19)

wherek =0,1,2,---51=1,2,--- ,m;j=1,2,---,J.
Given an initial weight w°, the batch learning of standard
CBP updates the weights iteratively by

= uf = (B0 +iE W), 20)
il = v, =0 (Egen +iE0w), @D

where k = 0,1,2,---;1 =1,2,---
n > 0 is the learning rate.

am=1,2,---,p;

2) FRACTIONAL-ORDER CBP ALGORITHM BASED ON
CAPUTO FRACTIONAL-ORDER DERIVATIVE

Given any initial weight w0 = (u°, V), without loss of gen-
erality, assume that ¢ = min{u;*R, w57, vy, R v, By (k =
0,1,2,..5l=1,....,ny;m= 1,...,p),wherekrepresents
the kth iteration. The CBP network with Caputo «-order
derivative updates the weights {w} iteratively by

W =k =y (C.Dzlk,RE(w) + icD‘;?,E(w)> . (22

k+1 _ _k
Vim _vlm_n<

where n > 0 is the learning rate, 0 < o < 1 is the
fractional order, CD"‘k rE(W), CD & TE(W), CD"‘k <E(W) and

D% E(w) are the Caputo a- order ‘derivative w1th respect to
V

Im
uf K ué‘ A vé‘mR and Vlm , respectively (I = 1,2,...,n,m =

1,2,...,p).

According to the definition of Caputo fractional derivative,
the fractional-order differential of a compostive function can
be inferred as the the product of an integer-order differential
and a fractional order differential. Suppose that h(s(t)) is a

3 % RE(W) + chak IE(W)> (23)

Vim Vim
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composite function, the a-order (0 < « < 1) differential
with respect to ¢ is as follows

0
aDf h(s) = a(h(S))aD?‘S(t ). (24)

Next, we will divide four parts to obtain the expressions of
Dak.RE(W)s cDak 1 E(W), CDak,RE(W) and CDak,IE(W)'
Vim Vim

Part 1. D"‘k RE (w).
For the jth sample it is easily to know from (12),

§ =R +ish!

n
=3 (ufrf* - ’H”)+zZ( T+ )
=1

)@ ) e

Since $/K and $/! all contain variable uf ’R,
gradient of the error function with respect to uf’R
two parts. According to (24) and (14), we have

the fractional
includes

CD‘;?RE(W)
= ek DS+ GG, o)
where
IE(W) OE(w)

J
OSIE ZJ;R@’R) Sgr = 26 @
j=1

In order to calculate D“k <(S7R) we need to utilize the
definition of (4) and (25), then

DinS) = Fi s _a) f " (u, — ) H] dr
= o a)H{R/c (u KR _y—dr
r(11_a)1 LRl — o' 28)
Similarly,
DS = T _a) f (ui"R — ) “H}'dv

Hf’( PR _olme (29)

I‘(l —a)l —
Therefore, we obtain the expanded formula of .D%_ E(W),
u
it follows from (26) — (29) that :
cD% RE(W) = ;
i T (1-old-a)
J
x 3 (S s
j=1
x(uf‘R — o). (30)
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Part 2. .Do‘k JE(w).
Uy
Since $/-F and $/! all contain variable ik l the fractional

gradient of the error function with respect to u h "includes the
following two parts. According to (24) and (14), we have

IE (W) 0E(w) j
Dl EOW) = —me D (M) 4 = D (87,
(3D
where
IEW) . IEW) & .
SR = 2R S = . ()
j=1 j=1

Employing (4) and (25), the Caputo fractional derivative
of SR and $/ with respect to u)’ are, respectively,

expressed by
: 1
o j,R g1 k,I_ l—a
D = m = )1 T CH D =o'
(33)
o gy _ JR, kI Nl1—a
D) = mr s T o 6

Therefore, based on (31) — (34), the expanded formula of
CDZ‘,(,,E (w) is as follow
1

D", E(W)
1

1 J
T (-l —a)j;

x (—J;;(vaR)H{*’ + £ (s )H{’R) Wl — ol (39)
Part 3. D"‘k RE(W).
For the jth sample it is easily to get from (8),
0 = 0, + i0,
p P
= Z (vﬁnxm - v;mym) +i Z (v{mxm + vﬁnym>
m=1 m=1

SEARORTR B

Since 6] and 6J all contain variable vlm , the fractional

gradient of the error function with respect to vlmR includes the
following two parts. According to (24) and (14), we have

o oE(w) i oE(w) i
DY RE(W) = WCD%R(G{ )+ WCD%R(G{ h,
(37)
where
J
oE . . )
7 = 3 (R b 0 g o).
36 j=1 '
IE ! ‘
(Y)=Z(J;;(S1’R>< i Hg @D+l g 0
86‘1” j=1
(38)
14564

'Employing (4) and (36), the Caputo fractional derivative of
9{ R and 9{ 1 with respect to vfr;lR are, respectively, expressed

by
D% 0 = ! L IR _ o= (39)
R (e ’
D% x(6)") = ;Lﬂ WpR — ol (40
vl Fl—a)l—a ™ m
Therefore, it follows from (37) — (40) that
kRE(W)
lm
B 1
T (1=l =)

J
XD [J&MS/"R>( P8 O d, — g 6 )

+];}(Sj,l) « (u;c,lg/(gli,R) _’_u;cR /Q/I)y, )}

x (R _ gyl (41)

Part 4. cDi‘,;q,E(w).

Since Gj’R and 9]’ , the frac-
tional gradient of the error function with respect to vfml
includes the following two parts. According to (24) and (14),

we have

all contain variable vl

oE (w) 0E (W)

D},IE(W)— Dakl(9] )+ Dak 1(9] )
m l l
(42)
where
IEW) < R kR
-~ — NA /9’
ol ,§=] (s g 0
+f]‘](sj1) k.1 /(0] ))
DEW) N[ o FNRY,
7 = 2 (e

Dt eh). @)

Employing (4) and (36), the Caputo fractional derivative of
gl’ " and 91’ " with respect to vfn’f are, respectively, expressed
y

i,R 1 1—
D) = i T e — 0T @
O = O o' )

N ST T —a) L — ™ )
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Therefore, it follows from (42) — (45) that
l e E(W)
. 1
T -l —a)

J
xZ[J;;e(Sf’R)(—u"R (G
j=1
g O ,) + (= 6

Vi + b Rg @) )x{,,)](v;’f — o, (46)

This then completes the CBP network with Caputo «-order
derivative weights updates (22) and (23).

IV. MAIN RESULTS

In this section, the convergence behavior of the Caputo
fractional-order derivative for CVBP algorithm is presented.
The value range of @ is 0 < o < 1. The following
assumptions are imposed for the convergence of Caputo-type
fractional-order CVNNss:

(A1) There exists a constant ¢; > 0 such that
?elﬂa{{f{lg(t)l, lg' DI, 18" O FOL IO, [F" (1)
=c1;

(A2) There exists a constant ¢ > 0 such that
[IWER|| < ¢, |WRI|| < cp forallk =0,1,2,...;
(A3) 5 is chosen to satisfy 0 < 5 < E—g, where i—g
is a constant defined in (76) below.

Theorem 1: Suppose that the error function E(w) is
defined by (14), w? e C"P*D pe an arbitrary initial value,
the weight sequence {wX} be generated by (22) and (23).
Assume that conditions (A1) — (A3) are valid, then we have,

() EwFth < E(wX), k=0,1,...;

(ii) There exists E* > 0 such that limy_, o E(WX) = E*;

(iif) lim |:DEWO)I| =0, lim Dy, E(wWH)]| =0,

— 00

hm lle D E(W I = 0, lim [|DSEW)| = 0k =
k—o00 Vi
012 1_12...,n).

V. NUMERICAL EXAMPLE
To verify the convergence of the proposed fractional steep-
est descent method for split-complex neural networks, we
demonstrate it by a numerical simulation. Simulation has
been done on a well-known XOR problem.

The training samples of the XOR problem for complex-
value neural networks are presented as follows:

{z' =, -1 -7, d"' =0},
(22 =G, —1-d7,d*=1),
Z=1,-1-d",a>=1+1i},

Z=0+i-1-pl,a*=i.
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. , , .
o 50 100 150 20 250
Epoch

FIGURE 1. The comparison of different fractional and integer order CBP
algorithms for the same learning rates with fixed numbers of hidden
nodes.

1

Sum of gradient norms

. I I I
0 50 100 150 200 250
Epoch

FIGURE 2. The sum of gradient norms for the same learning rates with
fixed numbers of hidden nodes.

We use a network with two input neurons, ten hidden
neurons, and one output neuron. We set the learning rate
n = 0.05. The activation function is tansig(-) for hidden
layer and output layer function. In this example, we employ
different fractional a-order derivatives, where o = 3 g 3 ;
and 9 = 1, separately (¢« = 1 is the equal of integer order
derivative for the common CBP).

Fig. 1 shows that errors change for different fractional and
integer order CBP algorithms. It demonstrates that the simu-
lation of fractional orders perform better than that of integer
order, and we can also find a phenomenon that the larger the
order is, the slower the convergence rate in this simulation.
Therefore, we can infer that fractional order CVNN performs
better than integer order CVNN in our example. Fig. 2 implies
that the sum of gradient norms change for different fractional
CBP algorithms. Fig. 2 shows that the sum of the gradient
norms go to zero for g 3, g, %. In addition, it also verifies
the week convergence theorem 1.

VI. CONCLUSIONS

In this paper, we have extended the fractional steepest descent
approach to CBP training of FNNs. The batch split-complex
fractional order gradient descent method (BSC-FGD) for
training complex value backpropagation is investigated. The
monotonicity of error function and weak convergence of the
proposed Caputo fractional-order CBP algorithm are derived.
Finally, the numerical results support the theoretical conclu-
sions very well.
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APPENDIX
For the sake of description, we introduce the following
notations:

Auf = ! —
= <cDjk,RE<w) + icDjk,,Em)) L@
1 1

Avécm = v;{WTI - v;(m

=1 ( “erE(W) + icDS IE(W)) (48)
Vlm

where
Aup® = TR — R = oD% R E(w), (49)
Auft =t — ! = —ncD“k[.,E<w), (50)
Avt = R =R = D IRE(w) (51)
Avl = Vit =l = Zk’;E(w) (52)
Qlk,j ijR-{-Qk]I

= () )+ (Le) (),
_ ;c,l y y
ijR+lijI (ij) lg(kj,])
kiR _ (HkJR HER Hk]R)T

) . (H{cﬂ HE HkJI)T’
Sk = ghiR 4 gk
kR HEJ-R (ukd HEJ-R
=\ ot ) \grit ) Tl ger )\ grit )
YRR — gEFIIR _ kiR,
wk,j,[ — Hk+l,j,] _ Hk,j,l’ (53)
wherek e N; I =1,2,...,n;m=1,2,...,p.

Lemma 1: Suppose Assumptions A1, A2 hold, desired out-
puts {df}]!=1 satisfy |d/R| < co, |d"!| < cp, for 1 < j <

k.j

J,k=0,1,2, ..., then, there are constants ¢;(i = 3,...,7)
such that
IH R < co, HE || < co, (54)
lfjﬁe(t)l < o3 | (1] < c3.
FirO] < 3, Ifi (O] < c3, (55)
max{[|[¢*SR)2, yka T2y
n
< s Y _(IAVRI2+ avi ), (56)
e i [ AURR HEJ-R
-3 (e (20)- (3
j=
_ Auk! HFIR
k.j,
+ (S ( Auk,R> : (Hk,j,z
1
< ——(1 - —a)cr — ' (J|auhR|?
n

+l1auk |3, (57)
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J , kR kJj.R
& = Z (Jj-}e(Sk’J’R) <_uuk,l) : <$k,j,l>

J=1

‘ k.1 kJj.R
—H;}(Sk'j’l) <::k,R> : (5&]‘,1))

< <Cs i wra - e - c)‘”)
n
> AIAvRIE 4 1AV P, (58)
J .
, X A k,R k.j,R
8 = Z (ﬁR(Sk’j’R) <_Auuk,1> : <$k,j,1)
j=1

N kj.R
+J§-1(Sk’1’]) <Auk,R> : (ﬁk,j,l))

c6<Z(||Av, 2+ 1AV 1) + [l au®R) )2

IA

+[|auk )2 ) (59)

J
1 1o koiye k1R _ ghij.RY2
34:§2<J;R(t1 )(SKHIIR _ ghiR)
J=
. .
S shi)2)

IA

k k
w(Z(IIAvl T+ 1AV 1) + Atk 2

+ ||Au“||2) (60)

wheret k. € R! is a constant between S¥T1/:R and §¥:R and

t = Rl is a constant between S/ and §KJ-1
Proof: For (54)-(56), (59) and (60), the results is almost
the same as the [22, Lemma 5.2], and the detail of the proof
is omitted.
Because of the properties of the scalar product, §; can be
deduced as below:

7 .
_ AukR kR
D (J?fe(Sk”’R) (_Auk,l> : (Hk,j,l
=1
. Allk’l Hk,j,R
4476650 (i) - (e
AR

J
=3 (,R<S"f By 4+ st
ji=1

~.

+
_l’_

M\

(E}Q(Sk,j,R)HII;,j,R _i_fj}(Sk,j,I)HrIlc,j,I) Auﬁ,R
1

~.
Il

M\

+ 3 (ARSH R 4 (s D) A

1

~.
Il

J
ot Z <—];-;Q(Sk’j’R)H,I;"I’I +];-/](Sk’j’I)H,]:’]’R)
j=1
x Auk!, (61)
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It is easy to find that there is a close relationship
between the two factors of each item. For example,
Fr@ I RHER + £ (SKIDH{M s a part of Aul® in first
1tem.

Next, for avoiding the situation that numerator equals 0
during the calculation, we will divide the value of 81 into two
situations.

Case 1. If forall (u ' —c)! =% £ 0, (" =)'~ £ 0.1 =
1,---, n. Substituting (30), (35) and (49), (50) into (61) and
according to (A2), we have

81 = —%(Au/f’R)z(l — (1 — ) ® — o)
- = 1(Au’,‘l'R)2(1 — )l — a)uh R - )*~!
n
- %(Aulf’l)z(l — ) (1 —a)@h! — o)

— = %(Au’,‘l’l)z(l — )l — )@k ! — ¢!

IA

- %(1 — o)1 —a)(cz —o)* !

x (Z(Aulf‘R)z + Z(Auf”)2)
=1

=1

1 a—1
——( =)'l —a)(c2 —¢)

n
x (| AuF2 4+ ausT ). (62)
Case 2. If there exists uf —¢)!™ = 0,1 = 1,...,n.

Without loss of generality, we assume that (ull"R —o)lm* =0.
By (30) and (49), it is easy to prove that ;D% E(w) = 0
i

and Au]I’R = 0 are valid. Hence, (61) is induced as
follows

§1=0— 1(Au§’R)2(1 — )1 — a)(y® — c)?!
n
— = l(Auﬁ'R)z(l — ) (1 — a)(ub R — !
n
- %(Au/f’l)z(l — (1 — )’ —o)*!

— = l(Auﬁ”)2(1 — )1 — a)@k ! — %!
n

IA

—%(1 — )1 —a)(cr — o)
X (Z(Auf’R)z + Z(Auf’l)z)
=1 I=1

—1(1 — )1 — a)cy — ) !
n

x (I AutR I 4 aut?) (63)
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Consequently, we can reach the the upper bound of §;
following by the above Case 1 and Case 2

als—la—awa—axQ—cw”
n

x (I AusRI? + | aut T 2). (64)
J kR kJj.R
. u ’ s
& = Z <fj;e(5k"”R) (_uk,1> : <:Zk,j,1)

=1
kI kj.R
. u© w s
—Hj-}(Sk’]’I) (uk,R> : (wk,j,l))

kj.R\ kR, prk+1j,R kj.R
(f';?S Py (H, ’ _sz )

=

J

1 ook g.Ry, kI ppk+1j.1 k.j.1
_fiR(S / Ju;” (H, —H;7")
kjI~, k0 prk+1,j,R k.j,R

+fp S5 Dy T H T — HPPT

. i
7 SE R - )

n k.R .

i i Avy x/

— -/ Sk,],R uk,R /Qk,j,R i ) '

> (ﬁR< g G )y

kI i
kj,Ry, k.1 kjil. | AV x/
—F(S* g 6 >( vfm) ~ (yj)

A
kR ;
kjIy kI kjR. [ AV} X/
(S5 g6, )<—Aiff’1> : (y’)
il kR ookgid [ AVET X
’ i, R _1.nk.j,
+ £ (ST Dy g (0,) Avf(,R : (yj>
+y
=c+y. (65)

The reason of the third equation in (65) establishes is the
virtue of the Taylor expansion. For convenience, we note the
first item as ¢ in the last equation, and

-1ry

j=1 i=1

2
kR i
iR\ kR 11, kj.R Avy X/
X ];‘}e(sk']’R)”f g’ )(< Alvk”) ' (Yj)>
—AaYv;
kJj.R

j k.Jj,
_]?;Q(Sk’J'R)M;{’IgN(II J I) <
S )( -
2
k1 ;
ok, kR o kI Avy x/
S )((AV;{’R> . (yj
(66)

Firstly, we will discuss the first part of the right hand side
of (65). Based on the properties of the scalar product and
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similar terms, ¢ can be inferred as follows

3 i [k R 0] —ul g 0

I=1 j=1

) st (g o] R 6 ) |
Av’,‘};R +o

F 303 [ g O 0

=1 j=1

%) +J];}<S"'“> (" &' Oy g 0] ) |
Avfp’R

n J
i k.j,R\_Jj s k.j,1
20 2 [ I (= i o i g 0

=1 j=1
) AR (—uf g @ g @) |

Avlfl’l + ...
n J
i k.j,R\_j R k.j,1

+y ) [Jﬁ‘}e(sk"/’R)( —uf g )yfa_“f FACR

=1 j=1

j i k k.j,R\ _j k, kg j
) + 1S (=i ¢ 0 ) i K 0 ) |
N (67)

It is easy to find that there is a close relationship between the
two factors of each item. For example,

) kiR j ’ kil i
S8y (g @ 0] —u g 0] )
) kiR j ’ T
_i_];_}(sk,ﬂ) (uf’lg’(é’l J R)x{ n u;c Rg’(é’l J 1))/1)

is a part of Avlfl’R in first item.

Similarly as the reason of §;, We will divide the value of ¢
into two situations .

Case 3. If for all (v K — )= £ 0, Wl — )=« £ 0,1 =
1,...,n;m=1,...,p.Substituting (41), (46) and (51), (52)
into (65) and according to (A2), we have

=3 <_%“ —@l(1 = @0 — o avkh?

=1
1 —
—_ e — 5(1 _ a)r(l _ Ol)(VZ)’R _ c)a I(AV;;R)Z

- %(1 —a)(1 — ot)(vfl’l - c)‘)‘_l(Avé‘l”)2
e — %(1 _ a)l"(l _ a)(VZ;] _ C)a_l(AVII;I)2>+]/
< L1 ora —aye - o
n

n p n p
) (Z PICAEDS Z@Vf"’f)z) v

=1 m=1 =1 m=1

= _%(1 — ()[)F(l - (X)(CZ - C)a_l Z

=1
x 1AV 12 + 1AV} 1) + . (68)
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Case 4. If there exists (vf‘m —ol =0,1=1,...,n
Without loss of generality, we assume that (vfl’R —ol-* =o.

By (41) and (51), it is easy to prove that .D% E(w) = 0 and
M
Avfl’R = 0 are valid. Hence, (65) is induced as follows

n

1

EDS (0 - ;(1 — L1 — o) — ot av®?

=1

- %(1 — (1= )" = )~ (av)?

-~ %(1 — (1 — )i — o lavy)?

— e — %(1 — a)l"(l _ a)(vll(p,[ _ C)Q—I(AV;CI;I)2>+)/

< L1 =@l — a)es — 0!
n

n p n p
) (Z PICAEDS D“%)z) v

I=1 m=1 =1 m=1

—%(1 — o)1 —a)cy — ) !

n
x 3 (Hav P+ 1avy1?) +. (69)
=1
From Case 3 and Case 4, we obtain that

¢ < l(1 — )1 —a)cr — o)
n

n
< > (1Aavy R 2+ 1av ). (70)
=1

Then we will discuss the second part of the right hand side
of (65). On the basis of Cauchy-Schwarz inequality, (VI) can
be deduced that

J n
1 . ‘ ) ‘
= 5 22 (4escaet (1Y) FIPIN P+ 18] P1YIP)

j=1 I=1
koI (121w 112 kR 201« 112
+aesezer (| AV IR + AV F 2112 )

2c1c2c3] max {[I¥]1* + [Iy/|1%}
1<j<J
n
k,R kI
x 3 (1avy 12+ 1avy 1)
=1

n
=cs 3 (Iavi IR+ 1avi1?). an
=1

<
I

IA

where ¢5 = 2¢1cae3] max {[|¥]12 + ||y )17}
1<j<J
Substituting (70) and (71) into (65), we have

8 < <05 -~ %(1 —a)['(1 — a)ea —c)a—l)

n
x 3 (IAvI2 + l1avi 1) (72)
=1

Therefore, we get the the upper bound of §;. This completes
the proof of Lemma 1. [ ]
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Proof to (i) of Theorem 1: By the error function (14),
we have

J

E(wW) = Z [ﬁR(Sk+1,j,R) +ﬁl(5k+1,j,1)]’
j=1
J . .
EW) = 3 [ R+ frstih] . @3)
j=1

By using the Taylor mean value theorem with Lagrange
remainder, we have the following estimation

EwW) — E(wh)

|
M~

(S5 H19R) — fir(sh)
1

~.
Il

(S = fr (85
J
Z [ R(Sk] R)(Sk+1j R Skvj’R)
Hfp (SIS I — SEAT)

kv./)(sk+l,j,R

E jR(t] _ Sk,j,R)Z

1 ki . .
4 E j}/(tz"/)(sk+l’j’1 _ Sk,],I)Z:I

J

Auk-R HEJR
= (;R(Skj K (_Auk,1> : (Hk,j,l
j=1
k. k.j.R
'kl [ AUE H*/
(8™ )(Auk,R) : <Hk,j‘1>
ukR yhiR
SO
k.1 k.j.R
TS Yk
(S5 (uk,R) : (wk,jJ)
k.R yhiR
k ) : 1pk,j,]
i Auk’l wk,j,R
+ (S5 ( Auk,R) : (wk,ﬂ

4 f/‘R(t] J)(Sk+1,j,R _ Sk,j,R)2

+ fir(s"H) (

(SR (

AT s'w%f)Z)
=81 + 82 + 83 + 84, (74)

The third equation in (74) is evaluated according to (49),
(50) and (53).
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In terms of Lemma 1, we can conclude that
E(wk+1) _ E(Wk)
1 _
< = (=@l —a)e = o (1P At )
1 a—1 . k,R 2
+ (e - A —ord a2 —o S

=1

k.1
+lav 1)
+C6(Z(||AVZ 112 +||Avl 112y + | adbR) 2
+||Au"”||2)

n

k,R k1

+C7(Z(||Av,’ ||2+||A"z’ 112) + || Auk-R )2
+||Au“||2)

1 n

k,R k.l
< (cs—;cg)(Z(HAvl’ I+ 1AV ) + || au®R) 2

+ ||Au“||2), (75)

where cg = ¢5 +c6 + ¢7, cg = (1 —a)['(1 — &)(co — )2~ L.
If the learning rate 7 satisfies that 0 < n < f—9 we get
EWY <EWY, k=0,1,---. (76)
Proof to (ii) of Theorem 1: From the above analysis of (i),
we learn E(wKt1) < E(wK) , along with E(wX) > 0. So, we
derive that E (wk) is convergent. Namely, there exists E* > 0
such that
lim E(wk) = E*. (77)
k—o00

Proof to (iii) of Theorem 1I:
n
k, k,
> dlaviRiE + navy i
+ ||Au"vR||2 + [|Aut |2

= ZZ((Av,m )+ (Avh?)

=1 m=1

+ 3 (AR + )
=1
n P
=Py (Z (D% EGW? + (D% Ewh))?)
=1 “m=1

+ (DR EW)) + <cD;3E(w">)2) : (78)
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So, (76) can be writen

n p
EW*) < Ew') —« ( > (<CD‘35 Ew")?

=1 m=1
n

+ (DY EWO) + Y (DYEW)?
" =1

+ (CD‘;,E(wk»Z)
1
k n p
<EW’) —« Z ( Z ((CD?jR E(w?))?
Im
g=0 > I=1 m=1

=

+ (DY EWD)) + Y (D Ew)”

Im

~
—_

+(CD;'5E(w‘f)>2>, (79)

where a = cgn* — con. Since E(WKt!) > 0. There holds
that

k n p
a Y (D202 (D% EW)? + (D EwW))?)

g=0 \i=1 m=1
o q\\2 o qy\2
+§<c i EOVD)? + (DY E(w)

< E(wO). (80)

Let k — oo,then

00 n p
a ) (D02 (D% EW)? + (D EwW))?)

g=0 \I=1 m=1

o q\\2 o q\\2
+ D _(DREWD)? + (D E(wWD)

=1
< EW°) < oo. 81)
So there holds that
n p
. k\\2 k\\2
Jlim IX;ZI(QD‘;‘;; EWO) + (DY EW)?)
=] m=

+ ) (DREWOY + (DYEW)Y | =0, (82)
i—1 1 1

which implies that

lim D% E(wF) =0,

k=00 Vim

lim D%EW‘) =0, lim DYEWwW) =0, (84)
k—oo Y k—oo Y

lim D% E(wF) =0, (83)
k—o00 Vlm

where k € N; [ = 1,2,--- ,n;m = 1,2,---, p. This then
completes the proof of (iii) of 1.
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