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ABSTRACT

Two transformations of gradient-descent iterative methods for solv-
ing unconstrained optimization are proposed. The first transforma-
tion is called modification and it is defined using a small enlargement
of the step size in various gradient-descent methods. The second
transformation is termed as hybridization and it is defined as a com-
position of gradient-descent methods with the Picard—Mann hybrid
iterative process. As a result, several accelerated gradient-descent
methods for solving unconstrained optimization problems are pre-
sented, investigated theoretically and numerically compared. The
proposed methods are globally convergent for uniformly convex
functions satisfying certain condition under the assumption that the
step size is determined by the backtracking line search. In addi-
tion, the convergence on strictly convex quadratic functions is dis-
cussed. Numerical comparisons show better behaviour of the pro-
posed methods with respect to some existing methods in view of the
Dolan and Moré’s performance profile with respect to all analysed
characteristics: number of iterations, the CPU time, and the number
of function evaluations.
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1. Introduction and overview of related results

The objective of this paper is to study the convergence properties and practical compu-
tational performance of four new methods, created with the aim to solve the following
unconstrained optimization problem

minf(x), xe€R" (1)

It is assumed that the function f : R” — R is uniformly convex and twice continuously
differentiable.

The most frequently used general iterative scheme aimed to solve the multivariable
unconstrained minimization problem (1) is the most general iterative scheme

Xk+1 = Xk + tdi, (2)
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where xj is a new iterative point, x is the previous iterative point, f; > 0is a step length,
and dj is a search direction. The key problem is to find the descent direction vector di and
a suitable step size f. The search direction dy must satisfy the descent condition g;{rdk < 0.
The most frequent descent direction is dx = —g, which produces the gradient descent
(GD) iterative scheme

Xk+1 = Xk — tkgk> 3)
where t; is defined by the inexact or exact line search. The most important method for
computing fx is the backtracking line search. The backtracking line search procedure from
[1] starts from t = 1 and it reduces the objective function sufficiently in each iteration.
The following Algorithm 1.1 from [33] will be used in order to implement the inexact line
search which determines the step size t.

Algorithm 1.1 The backtracking line search.

Require: Objective function f(x), the direction di of the search at the point x; and
numbers 0 < o < 0.5and 8 € (0,1).
1 t=1.
2: While f(xx + tdy) > f(xx) + atggdk, take t := 8.
3: Return t; = t.

The Newton method with line search is defined by
Xkt = Xk — Gy g (4)

wherein Glzl denotes the inverse of the Hessian matrix Gy defined by Gi(x) = sz (xx)
and gx = Vf(xy) is the gradient vector, and the step size #, is computed using an inexact
line search. The general iterative scheme of quasi-Newton type with line search

Xky1 = Xk — tHi gk (5)

assumes that By, is appropriately generated symmetric positive definite approximation of
Gy and H, = Bk_l [35]. The update By of By is defined upon the quasi-Newton property
(secant equation)

Bry1sk = yk,  where  sp = Xpy1 — Xk Yk = Gkv1 — Sk (6)

Brezinski in [5] classified known methods for updating the matrix By used in (5). Three
common approaches in defining By are: scalar matrix By = AxI, diagonal matrix By =
diag(A1,. .., A,) and an appropriate full matrix. In accordance with the necessity to mod-
ify and extend these methods to make them suitable for large problems [19], we exploit the
simplest scalar approximation to the Hessian:

By =yl =~ Gy, yx > 0, (7)

where I is appropriate identity matrix Our central interest in the present paper leads to
algorithms which are defined by the iterative rule

X1 = Xk — Vet (8)

where g = Vf(xy) is the gradient vector and yx > 0 is a parameter aimed to improve
the behaviour of the gradient-descent algorithm and f; denotes the basic step size. The
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iterations (8) will be termed as improved gradient-descent (IGD) methods. Usually, the
parameter #; is defined using the inexact line search procedure, and yj is defined according
to the Taylor’s expansion of the objective function f(x).

Andrei in [1,3] defined iterations in the form

X1 = Xk — Oktrgk- 9)

Approach based on random values of 6y which are uniformly distributed inside (0, 1] was
proposed in [3]. Later, Andrei in [1] proposed Algorithm 1.2 for finding an appropriate
value for 6y in (9).

Algorithm 1.2 Determine the scalar 6 from (9) as in [1].

Require: Objective function f(x),
1: (Backtracking) Find the step size t; € (0, 1] using Algorithm 1.1.
2: Compute z = x — txgk, &z = Vf(2) and y, = & — &
3: Compute a = t(gk) gk bx = —tk (V) "gk-
4 Return 6y = ay/by.

The iterative rule (9) within which 6y is defined using Algorithm 1.2 was termed as
Accelerated Gradient Descent (AGD) in [1]. Following this notation, these iterations will be
denoted by

k+1 — xAGD AGDtkngD. (10)

Several variants and modifications of the IGD iterative scheme (8) were proposed in
[22,23,25,33,34]. Now we are going to make a survey of IGD methods in order to reach our
iteration schemes. The accelerated gradient methods defined in [33] are of the type (8),
in which the approximation of the Hessian is defined by the scalar matrix yjI, where
Yk = ¥ (XK, xk—1) is the matching acceleration parameter. The SM method originated in
[33] was defined by the iterative process

xifl = xk tk()/ My~ lg;fM, (11)
where g?M is the gradient vector, > 0 is the step length defined by the backtrack inexact
line search and y M~ 0 is the acceleration parameter defined on the basis of the Taylor’s
approximation of the function f at the point xk 1> as follows:

M _ 5, SM Vi [f(xk—H —fM]+ tk”glfMHZ
J/k-i-l - t2|| M||2
K 8k

The Double direction and double step-size accelerated methods, termed as ADSS and
ADD methods, respectively, were presented in [22,23]. The ADD method is based on the
usage of two search directions

k+1 — xADD ¢ (yADD lg]z?DD + t,%d;?DD, (12)

where dj is an appropriate second search direction.
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The next scheme was proposed as the Accelerated double step-size (ADSS) model in [22]:

ADSS _ (ADSS _ <tk(yl:mss)—1 n lk) gDss, (13)

where t; and Iy are step sizes, derived by two independent backtracking procedures: the
first backtracking calculates f, while the second backtracking gives the value of Ix. The
TADSS method from [34] is defined upon the assumption #; + Iy = 1, which implies the
iterative rule

TADSS __ . TADSS TADSS
k+1 — Xk — Yk & >

where V; = tk((ykTADSS)_1 — 1) + 1. The acceleration parameters of ADD, ADSS and
TADSS methods are defined, respectively, as follows:

FOPP) — F(xfPP) — 1 (gfPP)T

ADD _ 5 (tkdeD - (VI?DD)_lg?DD)

)/k+1 - — T (ADD method [25])
(tkdﬁDD _ (J/Ié‘lDD) lg;;lDD)
tkd?DDD;S (y]:‘DD);SgS]?DD
FefPSS) — £ (PSS
+ (t ADSS\—1 | DSS 2
,?JFDISS =2 ( K ) k2) ||gj? ” , (ADSS method [24])
(AP 4+ 1) gt P52
f(x]g‘s_ll)SS) _f(x[ADSS) + ¢k|IgEADSS||2
VEADSS = 2| grADSs |12 > (TADSS method [36]).

1//]( =t} ((ykTADSS)—l _ 1) 41

The efficiency of IGD methods with accelerated parameters defined using the Taylor
expansion was numerically tested in [26].

The author in [12] considered two Relaxed Gradient Descent Quasi Newton (RGDQN
and RGDQN1) iterative schemes of the form

X1 = Xk — OktiVe g (14)

where 0y is the relaxation parameter. The RGDQN iterations are defined with random val-
ues 60 from the interval (0, 1), while the RGDQN1 algorithm uses the relaxation 6 which
is defined by

O = Yk .

tkVk+1
The RGDQN and RGDQN1 iterative schemes confirm that AGD iterative schemes with
more than two acceleration parameters could be usable.

The author of [16] applied the TADSS iterative scheme in minimizing underage costs
for spare assemblies and subassemblies in aviation industry. In spite of the fact that these
costs are hard for quantification, a combination of the TADSS iterations with the method
for spare parts inventory forecasting based on Rayleigh’s model and the Newsvendor model
is able to determine the underage cost in predefined time intervals.

Moreover, we will exploit the Picard—Mann hybrid iterative process which was defined
in [15]. It is assumed that the mapping T : C — Cin (16) is defined on a nonempty convex
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subset C of a normed space IE. The hybrid iterations define the iterative sequences x, yk
by the next three relations

x1=x€C,
Xk+1 = Ty
vk = (1 —op)xx +axTxk, kel (15)

The real number o € (0,1) from (15) is denoted in [25] as the correction parameter.
An equivalent aggregated single iteration of (15) is defined as

X1 = H(T)(xx) = T[(1 — o) xg + o Txg), ke N. (16)

Let us mention that the iterations (16) will be denoted by H(T, xx) = H(T)(xy) in order to
clarify the presentation.

The author in [15] used a chosen set of constant values for this parameter (¢ = oy €
(0,1),Vk) for numerical experiments and showed that the process (16) converges faster
than the Picard, Mann and Ishikawa iterative processes from [14,17,27].

The iterative process (16) was used in [25] to create an accelerated hybridization of the
SM method (denoted by HSM). Using the operator T in (15) or (16) to be equal to the SM
iterative rule (11):

T(x) = M — (™) g™,

then the iterations (16) become so called HSM iterative rule of the form

HSM HSM HSM\—1 SM
xpoth = HSM) () = x> — (o + D (M) g, (17)
where ka+511\/1 is a new iterative point, kaSM is the previous iterative point, g,fISM is the corre-

sponding gradient vector, tx is a step length, o correction parameter and kaSM > 0is the
acceleration parameter defined by

JHSM _ 5 oM vV I = ™M) + (e + l)tk”giﬁM”Z'
* (o + D222 |1gHsM |12

In [21], the authors proposed so called modified HSM (MHSM) method by finding
appropriate initial step-size parameter in the backtracking procedure.

Hybridization of the ADD method was proposed and investigated in [24]. The resulting
iterations are of the form

AP = PP (a4 D) P 4 eyt D

wherein

HADD zf(kaleD) _f(kaADD) _ (Olk + 1)(g]{-IADD)T (t]%dk _ tk(kaADD)—lg]{-IADD)

Yir1 = T
(o + D28 (txdic — (yFAPPY—1gHAPDY ™ (11d) — (AP ) —1gHADD)

It is worth mentioning that the IGD iterations (8) in the case yx = 1 become the gradient-
descent (GD) iterative scheme (3). Usually, the step length t; is defined by the inexact or
exact line search.
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On the other hand, the IGD iterations (8) in the case t;, = 1 become the gradient descent
(GD) iterative scheme
Xk+1 = Xk — yk_lgk, (18)

wherein y, can be defined in different ways. Barzilai and Borwein in [4] proposed two
variants of the GD method, termed as BB method, with the steplength kaB = ykfl in (18).
The steplength y,%? in the first variant is defined after the minimization of the norm
llsk—1 — ¥ yk_1|* with respect to y, which yields

T
BB _ Sk—1Vk-1

Yo =T : (19)
yk_lyk—l

The steplength y,fB in symmetric case is computed on the basis of the minimization of

Iy sk—1 — yk—1ll%, which yields

BB _ 5[—15k—1
5111)’ k-1

As a consequence, the BB iterations are defined as

BB __ B BB _BB
xk+1_x£ — Yk 8k -

The BB method was modified in many articles, such as [6,7,8-11,29,30,36,37]. So called
Scalar Correction (SC) method from [18] proposed the trial steplength in (18) defined by

(20)

T
S. Tk
k

sC T 7 ric> 0

Vig1 = Tk Tk Tk = Sk — VkVk- (21)
[Iskll T
— Ytk < 0.
llyll
The SC iterations are defined as
sC sC SC_SC

X1 =% — Yk 8k -

Relaxed steepest descent and BB method by a parameter 6y € (0, 2) are considered in [28].

In general, our intention is to introduce and investigate theoretically and numerically
two modifications of gradient-descent algorithms. We will use the term accelerated gradi-
ent descent algorithms to denote these modifications. The first acceleration is termed as
modification, and it is based on an appropriate small enlargement of basic the step size in
gradient-descent methods. The second acceleration is called hybridization, and it is based
on a proper composition of accelerated gradient-descent methods and the Picard—-Mann
hybrid iterative process. Globally observed, we investigate possibility to use composite step
size in gradient-descent algorithms. Composite step size is generated as a function of differ-
ent parameters. These parameters could be considered as multiple step sizes which produce
the final step length in gradient algorithms according to certain rules.

Main highlights of the present paper can be emphasized as follows.

(1) Transformation of gradient-descent methods, called modification, is proposed and
investigated theoretically and numerically. The modification is defined by replacing
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the basic step size t; in GD and AGD methods as well as in the IGD iterative class by
the step size fx + ; — 1. The resulting iterations will be termed as MGD, MAGD and
MIGD, respectively.

(2) A hybridization of gradient-descent methods is defined as a composition of all consid-
ered GD methods and modified GD methods with the Picard—Mann hybrid iterative
process.

(3) Convergence properties of defined methods on the class of uniformly convex as well
as on strictly convex quadratic functions are investigated.

(4) Numerical experiments analyse three main characteristics of iterative methods: num-
ber of iterations, the CPU time, and the number of function evaluations.

The rest of the paper is developed by following the next organization. Modification of
gradient descent methods is introduced in Section 2. Section 2.1 describes Modified AGD
(MAGD) method, while Section 2.2 is aimed to the Modified IGD (MIGD) method. In
Section 3, we define the HGD method as a result of the hybridization of the GD iteration
with the Picard—Mann hybrid iterative process. Hybridization of AGD methods (HAGD)
and AMGD methods (HMAGD) is defined in Section 3.1. Section 3.2 defines the hybridiza-
tion of IGD methods (HIGD) and MIGD methods (HMIGD). The HMSM method is stated
in a particular case. We also present the HMSM method that is created by modifying the
MSM method. Section 4 investigates the convergence properties of the presented MSM,
HMSM, MAGD and HMAGD methods. In Section 5, we report some numerical results
and compare the performance of the proposed methods with some existing methods. Some
final conclusions are given in the Section 6.

2. Modification of gradient-descent methods

The modification of GD iterations (3) is denoted by MGD = M (GD) and defined by the
iterative rule

X1 = M(GD)(xx) = xx — (b + t — 1) gk (22)

We will use the notation MGD to denote the iterations (22). The main idea used in defining
the iterations (22) is the replacement of the basic step size #; in the GD methods (3) by a
new basic step size thd =t + t]% — ti.

mod

The underlying idea in defining the step size t;"** is given by the paper [24], where the
iterative scheme is given by the next relation

Xkl = Xk — oztkyk_lgk + at,%dk, a € (1,2).
On the other hand, having in view that tkm"d > 1, we are obviously trying to use a slightly
greater step size in the aim to make the method which is better than some existing methods
in this area.
It is assumed that # is defined by the backtracking procedure defined in Algorithm 1.1,
which implies t; € (0, 1). As a consequence, the justification for this modification lies in
the inequalities

b <t +1— 8 <t + 1.
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As a conclusion, (22) is based on a relatively small increase in the step length f; inside the
interval [tg, ty + t]%].

2.1. Modified AGD method

Using the same notation as in the previous section, the AGD process (10) is transformed
into the Modified AGD method (MAGD shortly) as

MAGD — M(AGD) (xp™4P) = 514D — gy (1 + 1} — £)gp P (23)

In this way, we introduce an iterative method for unconstrained optimization, which can
be termed as MAGD method.

Algorithm 2.1 Modified accelerated gradient-descent method (the MAGD method).

Require: Objective function f(x) and chosen initial point x}/A € dom(f).
1: Set k = 0 and compute f(x}P) and gMACP = Vf(xMACD),
2: If test criteria are fulfilled, then stop the iteration; otherwise, go to the next step.
3. (Backtracking) Find the step size t; € (0, 1] using Algorithm 1.1.
4 Compute zMAGD — kaAGD —t g£4AGD’ gMAGD — yf(zMAGD)  ang yi\/IAGD —

MAGD _ gMAGD.
5. Compute ax = t(g™ ") TP, by = —t (" P) g™ AP and 6 = ag/by.
&: Compute 'A% = P — Oy (1 + ff — (g4,
7. Compute f (kaJrAlGD ) and glﬁAIGD = Vf(kaflGD).
8: Setk :=k+ 1, go to the step 2.
9. Return x%flGD and f (x%flGD),

2.2. Modified IGD methods

The modification of IGD iterations, denoted by MIGD = M (IGD), produces the class of
iterations of the general form

X P = MAUGD) (x"P) = TP — y 7t (4 + 17 — ) &P, (24)

where yj is appropriately defined using Taylor expansion. Clearly, since y > 0, it follows
that

—1 —1
Ve <y (et 1),

which implies that (24) defines an appropriate modification of the IGD class of methods,
termed as MIGD class.

It is possible to consider modifications of various IGD methods, such as SM, ADSS,
TADSS. These modifications will be defined by the functions MSM = M (SM), MADSS =
M(ADSS) and MTADSS = M(TADSS), respectively. Only M (SM) will be described in
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details. An application of the transformation M to the SM method leads to iterations
t = MEMEY) = M — (e + 5 = D Tt (29)

In that case, from Taylor expansion of the second rate, the approximation of f (x,?’j_s{\/l ) can
be brought as follows:

FERED = Fe™M) = e+ 1 = ) M) g™ T
1 T
S+ 1] =7 (g V) O TIg M. (26)
The parameter & in (26) fulfils the condition & € [kaSM ,kaJf{VI]. One possible value for
Eis

§ =M+ 00 — ™M) = M s+ 5 = )P TG, o< <1
(27)

Following [33], the matrix V2f (&) is replaced by the diagonal matrix y,f‘islM I, Based on the

previous, the expression (26) becomes

FORAD ~ FEBM = e+ 5 = ) G g™

1 —
+ 5 e+ = M D g I (28)
Then ylf\_ﬁM can be expressed from (28) in the following way:
MSM SM SM 2 _ 3 SM |12
Y MSM _ 5, MSM Vi M [FORED = FORD] + e+ 5 — D lg™™ (29)
AR (e + 1 — )M 2
MSM

Again, similarly as in [33], here we assume that Vgl > 0; otherwise the Second-Order
Necessary Condition and Second-Order Sufficient Condition will not be fulfilled. If the
unwanted situation y,ﬁslM < 0 happens in any iterative step, then the difficulty can be
resolved by taking y]ﬁslM =1

For the end of this section, in Algorithm 2.2 we display the MSM method:

Algorithm 2.2 Modified SM method (the MSM method).

Require: Objective function f(x) and chosen initial point xg’[SM € dom(f).
1: Setk=0and computef(xg’ISM),géVISM = Vf(xg/ISM) and take yéVISM =1.
2: If test criteria are fulfilled, then stop the iteration; otherwise, go to the next step.
3: (Backtracking) Find the step size fx € (0, 1] using Algorithm 1.1.
4. Compute MM — kaSM — (ylf\’ISM)_l(tk + t,% — ti)g,?’ISM.

k+1
5: Computef(kaJf{VI) and g,?/fy = Vf(XkMJFS{W)-

6: Determine the scalar approximation yﬁSlM of the Hessian of f at the point kany using
(29).

7. If y]ﬁSlM < 0, then take y]f\j[rslM =1L

8: Setk := k + 1, go to the step 2.

9: Return xﬁf{” and f (x%f{w ).
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3. Hybridization of gradient-descent methods

The second class of iterations is defined by the hybrid correction of the GD iterations (8). A
hybrid form of the GD method is defined in the space C := R", assuming that the mapping
T :R" — R"in (15) is defined by the GD iteration, i.e. Tyx = GD(yx) = yx — txgk- Then,
using (15), we are able to derive the next set of iterations:
x1 =x € R,
Xk+1 = GD(yr) = yk — gk
Yk = (1 — ap)xk + axGD(xx)
= (1 — ap)xx + ag (xk — tkgk)
= xx — aktkg, ke N. (30)

By replacing the definition of yj from (30) into the definition of xj;, we obtain the hybrid
method HGD = H(GD) which is defined by

xk+1 = H(GD)(xk) = xx — (otk + Dtxgk- (31)
Since t; € (0,1) and oy + 1 > 1, it follows that
tx < (k + Dk,

which further means that the HGD iterations (31) define another increase of the step length
in the GD class.

Moreover, we consider the acceleration (24) and hybridization (31) incorporated in a
single iterative rule

X1 = H(MGD)(xx) = H(M(GD)(xk)) (xx) = xx — (o + D) (tx + t; — gk (32)

The class of iterations (32) is termed as HMGD = H(MGD) class. Since t; € (0,1) and
ar + 1 > 1, it follows that

e <t + 1 — B < (x + Dt + 1 — ),

which further means that HMGD iterations (32) defines an increase of the step length in
the MGD class and the MGD class is based on an increase of the step size in the GD class.

3.1. Hybridization of AGD and MAGD methods

In order to define a hybrid form of the AGD method, assume that C = R" and the mapping
T :R" — R"in (15) is defined by the AGD iteration, i.e. Tyx = AGD(yx) = yr — Oktrgk-
Then, using (15), we are able to derive the next iterations:
x1 =x € R",
Xk+1 = AGD(yk) = yk — Oktigk
Y = (1 — ap)x + aAGD(xy)
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= (1 — ap)xk + otk (%k — Oktigi)
= x — oiOktrgr, ke N (33)
By replacing the definition of yj from (33) into the definition of xj 1, we obtain
X AP = H(AGD) (xfAP) = xf AP — (g + 1)Oktrgf P (34)
Similarly, we obtain
xpMACD = H(MAGD) (x™MAP) = xMACD — (o + DOkt + 17 — g P, (35)

The step length parameter #; is calculated using the inexact backtracking line search
defined in Algorithm 1.1. It is possible to remark that we take a constant value from the
interval (0, 1) for the correction parameter «y in each iteration, as proposed in [15]. Below
we present Algorithm 3.1 the HMAGD method.

Algorithm 3.1 Hybridization of the MAGD method (the HMAGD method).
Require: Objective function f(x), ax € (0,1) and chosen initial point ngAGD € dom(f).
1: Set k = 0 and compute f (x;™MACP) and gé{MAGD = Vf (xIMAGD),
2: If test criteria are fulfilled, then stop the iteration; otherwise, go to the next step.
3: (Backtracking) Find the step size t; € (0, 1] using Algorithm 1.1.
4

. Compute 2/ MAGD — kaMAGD . ngAGD’ gHMAGD _ y(HMAGD) apd
HAAGD _  HMAGD __  HMAGD

Yk — &z 8k :
5. Compute a; = tk(ngAGD)TngAGD, b, = —tk(nyAGD)Tg}:IMAGD and 0, = ay/by.
6. Compute kaﬁAGD = kaMAGD — (o + Dt + t,% - ti)@kngAGD .
7. Compute f (kaﬁAGD ) and g]ﬂA’IIAGD = Vf (ka_{_V{AGD ).
8: Setk := k + 1, go to the step 2.
9: Return x[TMAGD ang f(xIMAGD)

k+1 k+1

3.2. Hybridization of IGD and MIGD methods

The second class of iterations is defined by the hybrid correction of the IGD iterations (8),
which is defined by

X1 = HUIGD) (xk) = xk — (o + Dy tegin (36)

where o > 0 is appropriately selected real parameter defined using (15).
Moreover, we consider the MIGD acceleration (24) and hybridization HIGD (36)
incorporated in a single iterative rule

%1 = HMIGD) (x¢) = H(MIGD)(x0) (k) = %k — (ek + Dy (te + 1 — ) g
(37)
Since t; € (0,1) and oy + 1 > 1, it follows that

e S (- 8) v S @k D (5 - 5) v

which further means that HIGD defined in (36) defines another increase of the step length
in the IGD class and HMIGD (37) is an acceleration of HIGD and MIGD, and, conse-
quently, of IGD. The class of iterations (36) is termed as HIGD class. Finally, the class of



12 B.IVANOV ET AL.

iterations (37) will be termed as hybrid MIGD class (shortly HMIGD class). For example,
the method (17) belongs to the HIGD class.

Particularly, the hybridization of the MSM iterations will be denoted by HMSM and it
is defined as

karlSM H(MSM) (MM = (HMSM _ (o 1 1) (1 £ — £3) (MM ~1 gHMSM
(38)
To complete defining the HMSM method, we need to compute the value of the acceleration
parameter "M The approximation of the Hessian of the objective function f is given
by the diagonal matrix

V2f &y MM, (39)

in which scalar y,fﬂISM ,Z%SM

based on the Taylor approximation of the function f at the point x
means of (38):

) X HMSM) i the appropriately selected real number

HMSM
k+1

y(x
, computed by

f(xHMSM) %f(xHMSM) o (Olk + 1)(tk + t]% o tk)(gHMSM HMSM)—lgi-IMSM

k+1
T
+ - (ak+1) (b + 1 — )7 (™IS 1 gfMSH )

HMSM\—1 HMSM
x V() (v} ) (40)
In the previous equation, the variable & satisfies & € [xHMSM,xZIﬁSM] Since the point
kHMSM is close enough to the point kaﬁSM , it is reasonable to take & = kaﬁSM Now, on

the basis of the equality (39), one can obtain the next equality

SO & FOq™MM) — (e + D) (1 + 1 — ) (pM) 1 g MM 2

2. HMSM

1
+5<ak+1>2<tk+ti—tk> yiNSM () MM =2 GHIMSM 2 - (41)

According to (41), yg_AfSM is computed in the following way:

HMSM — ZyHMSM VkHMSM [f(x]IC_I_{_\/{SM) _f(xi—IMSM)] + (Olk + 1)(tk + tk tk)”gk MSM||2
(@ + D2t + £ — £)2[|gf™SM 2

Vi+1

(42)
Again, all values 3™ < 0 will be replaced by yNSM = 1.

Now, everything is ready to describe the algorithm of the HMSM method:

4. Convergence analysis

In the following proposition and lemma, we restate and derive some basic statements
needful for analysing the convergence properties of Algorithms 2.1, 2.2, 3.1 and 3.2.
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Algorithm 3.2 Hybridization of the MSM method (the HMSM method).

Require: Objective function f(x), oy € (0, 1) and chosen initial point xOHMSM € dom(f).
1: Set k = 0 and compute f (xOHMSM ), ggIMSM = Vf (ngMSM ) and take y(fIMSM =1.

If test criteria are fulfilled, then stop the iteration; otherwise, go to the next step.

(Backtracking) Find the step size tx € (0, 1] using Algorithm 1.1.

Compute xTMM = (MM _ (g 4 1) (t + 7 — £3) (3 TMSM) ~1 gHMSM,
Compute f (x;115M) and g/!M*M = Vf (x[MSM).

k+1
Determine the scalar yklf\fSM using (42).

If ykIﬂISM < 0, then take y]ﬁ]\f‘qM =1
Set k := k + 1, go to the step 2.

Return kaﬁSM and f (ka_ﬁ’{SM ).

R

The following assumptions will be used in this section:

(Hp) the function f has a lower bound on By = {x € R" | f(x) < f(x¢)}, where xyp € R";
(Hz) the gradient g of f is Lipschitz continuous in an open convex set B 2 By, i.e. there
exists L > 0 such that

lg(x) —gWIl < Lllx—yl, VxyeB (43)
The following result, restated from [1,32], will be useful.

Proposition 4.1 ([1,32]): Let dy be a descent direction and the gradient g(x) = Vf(x) sat-
isfies the Lipschitz condition (43). If the backtracking line search in Algorithm 1.1 is used,
then

(44)

B — o) gld }

ty > min{ 1, —
{ L P

The proofs of Proposition 4.2 and Lemma 4.1 can be found in [20,31]. These statements
are restated for the sake of completeness.

Proposition 4.2: If the function f : R" — R is twice continuously differentiable and uni-
formly convex on R", then (H,) and (H,) are satisfied.

Lemma 4.1: Under the assumptions of Proposition 4.2 there exist real numbers m, M
satisfying
O0<m<1<M, (45)
such that f (x) has an unique minimizer x* and
mlyl* < y"VfGoy < MIyIP, VxyeRY (46)
1 1
Zmix— P < f) —fx) < S Mllx — 7 VxeR™ (47)

mlx —yI* < gx) — g (x—y) <Mlx—y|% VxyeR". (48)
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Lemma 4.2 was proposed in [33] for the IGD iterative scheme. It estimates the iterative
decreasing of the objective function when the IGD method is applied.

Lemma 4.2 ([33]): For twice continuously differentiable and uniformly convex function f
R" > R, and for the IGD sequence {xi} generated by (8) the following inequality is valid

o) — fpy) = mligel®, (49)
where
M:min{%,@ﬂ}. (50)

In subsequent, it is assumed that dj is a descent direction. Important observation is
that the scalar approximation of Hessian allows to avoid the assumption that f is twice
continuously differentiable. Consequently, instead of (46) and (45) which assumes that f
twice continuously differentiable and uniformly convex function, we will use the following
simple requirement for y:

m<y <M, 0<m=<1=<M, mMeR (51)

In the case yx < 0itis possible to use yx = 1, while in the case yx > M we will use yx = M.
Theorem 4.1 investigates the convergence of MIGD method for uniformly convex
functions under assumptions (H;) and (H>).

Theorem4.1: Let the assumptions (H;) and (H,) be satisfied, let (51) be valid and f : R" +—
R is uniformly convex function. Then the MIGD sequence {xy} generated by (24) satisfies the
inequality of the form (49), (50).

Proof: The MIGD iterations are of the form xjy; = xx + txdy, wherein dy = —yk_l(l +
te — t]%)gk. According to the exit condition of the backtracking Algorithm 1.1, the next
inequality is valid

fOx) — fagr) = —otigide. VkeN. (52)

In the case f; < 1, taking into consideration (52) in conjunction with d, = —)/k_l A+t —
t,%) gk the following inequalities can be derived

fOa) = fk1) = —otigrdi = —otigl (—y (1 + tk — t2)gk).
Now, (44) implies

1—0
UL T B
L l+tk—tk

and further
(1—0)Byk &8+t — 1)
L+t — 1) Yk

(I1-9)p
O"—
L

fa) —f(xep) =2 0

llgll?.

v
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In accordance with (51), the following inequality holds in the case t; = 1:

fOa) = fag1) = —ogrdk = —ogl (—y 'L+ tk — )gr)

v

o
—lgkll?
Yk

\

o 2
> M||gk|| .

Finally from the above two inequalities derived in both possible cases, tx < 1 and t; =1,
we get (50) and the proof is complete. |

Remark 4.1: (a) The same result as in Theorem 4.1 can be verified for the MAGD
method. In order to verify this statement, it is necessary to replace yk_l by 6.
(b) The result as in Theorem 4.1 can be directly applied to MSM method.

Theorem 4.2 investigates bounds of iterative decreasing of the goal function when the
HIGD method is applied.

Theorem 4.2: Let the assumptions (Hy) and (H,) be satisfied in conjunction with (51) and
f: R" = R is uniformly convex function.

(a) The inequality of the form (49) is valid for any HIGD sequence {kaIGD }, where

1—
44 = min {%(ozk +1), U(L—U),s} (53)

(b) The inequality of the form (49) is valid for any HMIGD sequence {kaMIGD }, where [
satisfies (53).

Proof: (a) We analyse the next two cases which refer to the value of the iterative step size:
fr < 1 and t; = 1. According to the exit condition of the backtracking Algorithm 1.1, the
inequality (52) is valid.

In the case #; < 1, taking into account (44), we get

Bl —o0) gl

ETTL
Since the HIGD iterations satisfy
d = — (o + Dy; g (54)
it follows that
- B — o)y (55)

te > .
L(ag+1)
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An application of (55) and (54) into (52) produces the following inequalities:

Sl) — f(xk41) = _Gtkg];r(—(ak 4 I)Vk_lgk)
_o(-0)By gkl +1)
L(og + 1) Vi

o(l—o)B 2
z—7 ll gk I~

On the other hand, in accordance with (51), the following inequality holds in the case
t =1:

o
f0) = fkg1) = —ogdi = (e + Dlgel.
Finally from the above two inequalities derived in the case tx < 1 and t; = 1, we get

(1-o0)

f(xk)—f(xk+1)Emin{%(ak+1);a - ﬂ}”gk”z

and the proof of the part (a) is completed.
The statement in (b) can be verified similarly. [ |

Remark 4.2: After comparison of inequalities (50) and (53), it can be concluded that the
HIGD iterations warrant greater decrease of f(xy41) with respect to f(xx) with respect to
both the IGD and MIGD rule in the case t; = 1, because of 6 /M(a + 1) > o /M.

In Theorems 4.3 and 4.4 we prove a linear convergence of MAGD and HIGD methods,
respectively, for uniformly convex functions.

Theorem 4.3: Let the assumptions (Hy) and (Hy) be satisfied in conjunction with (51)
and f : R" — R be uniformly convex function. If the sequence {kaAGD } is generated by
Algorithm 2.1, then

lim [|gM4<P|| = o, (56)
k— 00

and the sequence {xQ/IAGD } converges to x* at least linearly.
Proof: The proof is similar as in [33, Theorem 4.1], and will be omitted. |

Theorem 4.4: Let the assumptions (Hy) and (Hy) be satisfied in conjunction with (51) and
[+ R" = R be uniformly convex function. If the sequence {kaIGD } is generated by the HIGD
iterations, then

lim [P =o, (57)
k— o0

and the sequence {kaIGD } converges to x* at least linearly.
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Corollary 4.1: If the assumptions (Hy) and (H,) are satisfied in conjunction with (51) and
f: R" = Risuniformly convex function, the inequality of the form (49) is valid for the HGD,
HSM, HAGD sequences {xx}, where 1 is defined as in (53). Also,

lim [|gkll = 0,
k—o0
and the sequence {xy} converges to the optimal value x* at least linearly.

In Lemma 4.3 we want to prove convergence of the MSM method on the class of strictly
convex quadratic functions. Also, we discover the condition on smallest and largest eigen-
values of the matrix A which guarantee successful application of the MSM iterative scheme
on the strictly convex quadratic functions given by

flx) = %xTAx — by, (58)

where A is a real n x n symmetric positive definite matrix and b € R". Particularly,
Theorem 4.1 is valid for the MSM iterations defined in Algorithm 2.2. Denote the
eigenvalues of the matrix Aas A < Ay < -+ < Ay

Lemma 4.3: The following inequality holds for a strictly convex quadratic function f given
by the expression (58) which involves symmetric positive definite matrix A € R" and the
gradient-descent method (25) with the parameters y,fVISM determined according to (29) and
the primary step size ty defined in Algorithm 1.1:

MSM
Y, 2A

A o< L T e, (59)
tkt1 o)

wherein the quantities A1 and A, represent the smallest and the largest eigenvalues of A,
respectively.

Proof: The difference between two successive values of f defined in (58) is equal to

1 1
f(xMSM) —f(kaSM) — E( SM)TAkaSM _ bT SM E(JCIZ{WSM)TAkaSM + bTX]Z(VISM.

k+1 k+1 +1 k+1
(60)
The replacement of (25) in (60) gives
1
FCRE = FOqiSM) = 2 [ — (b + 8 = gD ) gt
% A[xIZ(\/ISM — (e + tl% _ tz)(ylf\/ISM)—lgi\/ISM]
=0 ™M — (e + 1 = D0 T g™
1
_ E(-’C]Z(V[SM)TA)C;(VISM 4 bTJC]Z(VISM
1 _
= =3 (e + 1 = O T ) A

1 _
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1
n 5(tk 12— £3)2 (3 MSM) =2 (MSMYT g MSM
+ (e + 1 — ) (M) Lo g,
Since the gradient of the function (58) is equal to g}(\’ISM = AxIICMSM — b, one can verify
FORAD =) = e+ 1 = ) D T g M — (M) A
1 _
n E(tk £ — 32 (yMSM) =2 (MSM)T p SMSM
= e+ 1 — ™D T — () A
1
+ E(tk 12— £3)2 (MM =2 (MSMYT g MSM

= —(t+ = O g™ g™

1 _
5 et 6 = ) D T Tag M. (61)
After replacing (61) into (29), the parameter y,ﬁSlM becomes
vt _ o w2 UG ]+ Gt 6 - g
k - <’k
o (t + 1 — )2 lgt™M 2
(gMSM)T gghtsM
g
The last relation reveals that y,f‘j[rslM is the Rayleigh quotient of the real symmetric matrix
A at the vector g{{VISM . So, the next inequalities hold:
AL = J/;f\flM < in keN. (62)

The verification of the left inequality in (59) is straight from (62), since 0 < ;41 < 1. To
prove the right inequality in (59), we use the upper bound initiated by the line search

1—
b > B( U)Vk’
L
which leads to the next inequality:
MSM
Vi1 L

. 63
o1 B(l—o0) (63)

Taking into account that the gradient of the objective (58) is equal to g(x) = Ax —b
in conjunction with the assumption that the real matrix A symmetric, the next can be
concluded:

lgx) =gl = lAx = Ayll = |[ACx = p)|| < [IAllllx = yll = Anllx = ylI. (64)

On the basis of the last equation, we can conclude that Lipschitz constant L in (63) can take
the largest eigenvalue A, of the matrix A. Considering the estimations for the Backtracking
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parameters o € (0,0.5) and 8 € (o, 1) we finally get

MSM
L A 2\
Vit = . (65)
o Bl-o0) Bl-o0) o
Therefore, the right inequality in (59) is proved. |

The convergence of the MSM method under the additional assumption A, < 21 is
considered in Theorem 4.5.

Theorem 4.5: Let fbe a strictly convex quadratic function given by (58). If the eigenvalues of
the matrix A satisfy the additional assumption A, < 2X1, then the MSM method (25) satisfies

(@2 < §2(dh?, (66)
where
A A
5=max{1— 2L 41 (67)
20 AL
In addition,
lim [|gMM|| = o. (68)
k— o0

Proof: Let {xMSM } be the sequence generated by Algorithm 2.2. Assume that {vi,v,,. ..,

vp} are orthonormal eigenvectors of A. Then for arbitrary vector xMSM , using gMSM

AxMSM b, there exist real constants dl, d2, . dn such that

g =>"diw. (69)
i=1

Now, using (25) one can simply verify the following
SM SM
k1 — AXM —b
= A _ (4 + £ — £)(y M)~ 1gMSM)
= gMSM _ (g 2 — £2)(yMSM) =1 g ghISM

= (I — (G + 17— t,f)(y,f”SM)‘lA) g™,

Using the simple linear representation for g,?flj\’l of the form (69), we get

n n
MSM 3 gLy, = 30 (1 — (e + £ — £)(ySM) lxi) ;. (70)

i=1 i=1

To prove (66), it is enough to show that |1 — )»i/(ykl\’ISM(tk + ti - t,i)’l)| < 4. There are
MSM

two cases. First, if A; < g implying (59), we can conclude the following:

- %
te+ti—

Ai oA A oA
i - 1 i < 1

1> > = 1- <1-—

<34.

(71)
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Now, let us examine another case y,fVISM /(tx + t,% — t,i) < A;. Since

1 hi < (72)
< =~ T
yMMe+ 2 — )1 T M

it follows that
. 2 _
y,fVISM(tk + 1 — t,f)—1 Al

—1<34. (73)

Now, in order to prove limg_, oo || g,iVISM || = 0, we use the orthonormality of the eigenvectors
{vi,v2,...,vn} as well as (69) and get

lgtSM11* = " (@dhH>. (74)
i=1

Since (66) is satisfied and 0 < § < 1 holds, in view of (74) it follows that (69) holds, which
completes our proof. |

Convergence properties of hybrid methods (HMIGD, HMAGD and HMSM) in the case
of strictly convex quadratic functions can be proven analogously on the basis of Lemma 4.3
and Theorem 4.5.

5. Numerical experiments

In this section, we present numerical results obtained by testing MAGD, MSM, HMAGD,
HMSM and HSM methods. It is important to mention that the HSM method in work [25]
showed much better results than the SM method from [33] In addition, the SM method in
[33] gave better results than AGD and GD methods. For these reasons, we choose the HSM
method for comparing versus to MAGD, MSM, HMAGD and HMSM methods. At the end
of this section, we present the numerical results obtained by testing the MSM method and
the SM method.

The codes used in the tests are written in the Matlab R2017a programming language,
and the tests were performed on the computer Workstation Intel Core i3 2.0 GHz. The
number of iterations, number of function evaluations and CPU time in all tested methods
are analysed in numerical experiments.

Example 5.1: Numerical experiments are based on 28 test functions from [2]. For each
of tested functions in Tables 1, 2 and 3 we have considered 12 different numerical exper-
iments with the number of variables, equal to 100, 200, 300, 500, 1000, 2000, 3000, 5000,
7000, 8000, 10,000 and 15,000. Summary numerical results for MAGD, MSM, HMAGD,
HMSM and HSM, tested on 28 large scale test functions, are presented in Tables 1, 2
and 3.

For each of five considered algorithms (MAGD, HMAGD, MSM, HMSM and HSM), we
have taken the same stopping criteria used in [25]:

If (1) — f (x|
1+ |f ()|

lgkll <107° and < 107'e,
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Table 1. Summary numerical results for the number of iterations in Example 5.1.

Number of iterations

Test function MAGD HMAGD MSM HMSM HSM

Extended penalty function 341 391 689 744 684
Perturbed quadratic function 352,325 356,402 34,828 84,420 79,198
Raydan 2 function 60 119 108 160 160
Diagonal 3 function 119,719 124,750 7030 21,287 20,626
Generalized tridiagonal 1 function 647 653 346 443 422
Extended tridiagonal 1 function 692,219 755,340 1370 82,248 74,898
Extended TET function 455 455 156 261 286
Diagonal 4 function 8084 10,590 96 1681 2055
Diagonal 5 function 48 109 72 120 120
Extended Himmelblau function 302 400 260 693 358
Perturbed quadratic diagonal function 1,060,824 5,965,848 37,454 196,373 155,484
Quadratic QF1 function 362,896 368,183 36,169 89,026 78,932
Extended quadratic penalty QP1 function 229 275 369 340 374
Extended quadratic penalty QP2 function 356,357 84,634 1674 22,385 20,432
Quadratic QF2 function 71,647 388,352 32,727 90,357 89,593
Extended quadratic exponential EP1 function 67 128 100 268 193
Extended tridiagonal 2 function 1665 1721 659 710 778
ARWHEAD function (CUTE) 12,834 71,741 430 4261 4151
Almost perturbed quadratic function 354,369 358,466 33,652 84,546 79,701
LIARWHD function (CUTE) 925,138 1,963,100 3029 271,705 244,509
ENGVAL1 function (CUTE) 822 821 461 561 522
QUARTC function (CUTE) 177 165 217 292 256
Diagonal 6 function 60 119 108 162 160
Generalized quartic function 229 270 181 209 226
Diagonal 7 function 159 216 147 266 209
Diagonal 8 function 154 216 120 202 177
Full Hessian FH3 function 63 153 63 207 186
Diagonal 9 function 325,609 614,270 10,540 79,802 63,237

The backtracking parameters for all algorithms are ¢ = 0.0001 and 8 = 0.8, which means
that we accept a small decrease in f predicted by a linear approximation at the current point.
The value of correction parameter oy = 0.1 was used in three hybrid methods (HMAGD,
HMSM and HSM).

Table 4 contains the results corresponding to the average number of iterations, the
number of function evaluations and the CPU time for all 336 numerical experiments.

Based on the results arranged in Table 4, it is observable that the MSM method gives four
and more times better results compared to MAGD, HMAGD, HMSM and HSM methods.
This conclusion is confirmed by performance profiles for the number of iterations, the
number of function evaluations and the CPU time.

Performance profiles of a given metric, proposed in [13], is a widely used tool for bench-
marking and comparing the performance of optimization software on a large test set. For
performance measures, as usual, the number of iterations, number of function evaluations
and computation time (CPU time) are used. Figure 1 (left) shows the performances of
compared methods relative to the number of iterations. Figure 1 (right) illustrates the per-
formance of these methods relative to the number of function evaluations. Figure 2 shows
the performance of the considered methods relative to the CPU time. The top curve cor-
responds to the method that exhibits the best performances with respect to the chosen
performance profile.

From the results displayed in Tables 1-3 and according to graphs included in
Figure 1 (left), 1 (right) and Figure 2, we can conclude the following.
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Table 2. Summary numerical results for the number of function evaluations in Example 5.1.

Number of function evaluations

Test function MAGD HMAGD MSM HMSM HSM

Extended penalty function 9085 11,702 3479 3638 3460
Perturbed quadratic function 13,855,459 14,193,163 200,106 366,943 334,564
Raydan 2 function 132 250 228 332 332
Diagonal 3 function 4,244,404 4,482,972 38,158 93,632 88,698
Generalized tridiagonal 1 function 9057 9616 1191 1396 1330
Extended tridiagonal 1 function 2,077,341 3,021,492 10,989 425,411 387,939
Extended TET function 4130 4168 528 753 818
Diagonal 4 function 133,440 185,397 636 8140 9517
Diagonal 5 function 108 230 156 253 253
Extended Himmelblau function 5192 7164 976 2754 1172
Perturbed quadratic diagonal function 3,872,8371 236,316,190 341,299 1,018,378 807,185
Quadratic QF1 function 13,192,789 13,541,108 208,286 387,021 332,928
Extended quadratic penalty QP1 function 2939 3747 2196 1846 2141
Extended quadratic penalty QP2 function 8,846,145 2,282,567 11,491 116,071 105,841
Quadratic QF2 function 2,810,965 16,640,880 183,142 394,364 378,921
Extended quadratic exponential EP1 function 1513 2878 894 2500 1716
Extended tridiagonal 2 function 9613 10916 2866 2793 3010
ARWHEAD function (CUTE) 468,970 2,847,637 5322 27,050 28,015
Almost perturbed quadratic function 13,936,462 14,275,979 194,876 367,586 336,419
LIARWHD function (CUTE) 41,619,197 90,302,744 27,974 1,409,648 1,269,240
ENGVALT1 function (CUTE) 8332 8531 2285 2956 2700
QUARTC function (CUTE) 414 402 494 644 572
Diagonal 6 function 132 275 270 362 356
Generalized quartic function 1244 1696 493 526 592
Diagonal 7 function 745 1187 504 756 672
Diagonal 8 function 740 1064 383 753 589
Full Hessian FH3 function 1955 5508 566 1898 1541
Diagonal 9 function 12,984,028 25,166,521 68,189 392,059 307,951

(1) The MSM method gives better results compared to other methods concerning all
three considered performance criteria: number of iterations, number of function
evaluations and the CPU time.

(2) In general, the accelerated method shows better performances than the hybrid meth-
ods. Exactly, this means that MAGD is better than HMAGD as well as MSM with
respect to HSM.

(3) The class of SM methods (MSM, HSM and HMSM) exhibit better performances from
the AGD methods (MAGD and HMAGD).

In Figure 1 (left), it is observable that all five methods successfully solve all the problems,
and the MSM method is best in 75.0% of the test problems compared to the MAGD(25.0%),
HMAGD(3.6%), HMSM (0%) and HSM(0%).

In Figure 1 (right), it is observable that all five methods successfully solve all the
problems, and the MSM method is best in 75.0% of the test problems compared to the
MAGD(10.7%), HMAGD(3.6%), HMSM (7.1%) and HSM (3.6%).

Graphs in Figure 2 show that all five methods successfully solve all the problems, and
the MSM method is best in 78.6% of the test problems compared to the MAGD(10.7%),
HMAGD(0%), HMSM(10.7%) and HSM(3.6%).

In Table 4, we can notice that the MAGD and HMAGD methods have extremely
low average results for CPU time. For this reason, we will omit them from further
testing.



OPTIMIZATION METHODS & SOFTWARE ‘ 23

Table 3. Summary numerical results for the CPU time (sec) in Example 5.1.

CPU time (sec)

Test function MAGD HMAGD MSM HMSM HSM

Extended penalty function 2.69 3.19 1.59 1.38 1.53
Perturbed quadratic function 6049.53 6432.67 116.28 210.17 210.42
Raydan 2 function 0.17 0.23 0.23 0.20 0.28
Diagonal 3 function 6401.97 7049.88 52.61 153.34 155.52
Generalized tridiagonal 1 function 7.78 7.22 1.47 1.83 1.58
Extended tridiagonal 1 function 8853.17 11,247.73 29.05 1121.67 1018.38
Extended TET function 2.77 2.50 0.52 0.80 0.91
Diagonal 4 function 16.17 2234 0.20 1.70 1.86
Diagonal 5 function 0.31 0.44 0.34 0.55 0.42
Extended Himmelblau function 1.03 1.36 0.30 0.66 0.31
Perturbed quadratic diagonal function 22,820.17 102,830.22 139.63 476.63 277.48
Quadratic QF1 function 6846.45 7960.61 81.53 155.34 128.80
Extended quadratic penalty QP1 function 1.06 1.25 1.00 0.92 0.84
Extended quadratic penalty QP2 function 1872.80 532.38 3.52 20.11 18.09
Quadratic QF2 function 768.56 5263.98 73.44 169.16 158.72
Extended quadratic exponential EP1 function 0.84 1.05 0.69 117 117
Extended tridiagonal 2 function 2.53 334 1.05 0.97 1.22
ARWHEAD function (CUTE) 138.00 1627.41 1.97 11.53 13.56
Almost perturbed quadratic function 7086.56 8258.72 73.05 148.22 131.58
LIARWHD function (CUTE) 15,372.63 32,393.92 9.25 707.83 635.06
ENGVAL1 function (CUTE) 2.64 247 1.05 1.42 1.27
QUARTC function (CUTE) 2.08 1.91 1.84 2.34 2.30
Diagonal 6 function 0.14 0.38 0.23 0.36 0.33
Generalized quartic function 0.50 0.70 0.28 0.28 0.38
Diagonal 7 function 0.69 1.02 0.55 0.80 0.84
Diagonal 8 function 0.66 1.08 0.47 1.13 0.67
Full Hessian FH3 function 1.19 3.13 0.39 172 1.39
Diagonal 9 function 6662.98 7734.27 43.61 219.52 104.09

Table 4. Average numerical outcomes for 28 test functions tested on 12 numerical experiments in
Example 5.1.

Average performances MAGD HMAGD MSM HMSM HSM

Number of iterations 165,982.11 395,281.68 7,251.96 36,918.89 32,783.11
Number of function evaluations 5,462,603.64 15,118,785.14 46,713.46 179,659.39 157,445.43
CPU time (sec) 2,961.29 6,835.19 22.72 121.85 102.46

Figure 1. Performance profiles based on the number of iterations (left) and function evaluations (right).
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Figure 2. Performance profile based on CPU time.

Example 5.2: The goal of the next numerical experiment is to investigate the behaviour
of the MSM, HMSM, and HSM methods with respect to an increase in the number of
variables.

Table 5. Summary numerical results for the number of iterations in Example 5.2.

Number of iterations

Test function MSM HMSM HSM

Extended penalty function 747 777 795
Perturbed quadratic function 90,056 216,249 208,908
Raydan 2 function 99 146 146
Diagonal 2 function 61,480 2761 57,062
Diagonal 3 function 9143 31,331 32,541
Generalized tridiagonal 1 function 310 409 381
Extended tridiagonal 1 function 1557 111,650 98,106
Extended TET function 143 231 254
Diagonal 4 function 88 1606 1958
Diagonal 5 function 66 110 110
Perturbed quadratic diagonal function 66,898 325,007 270,034
Quadratic QF1 function 94,931 236,085 219,454
Extended quadratic penalty QP1 function 408 353 400
Extended quadratic penalty QP2 function 1061 8496 7627
Quadratic QF2 function 89,646 246,260 244,162
Extended quadratic exponential EP1 function 93 280 211
Extended tridiagonal 2 function 650 654 71
ARWHEAD function (CUTE) 431 4396 4431
Almost perturbed quadratic function 88,120 222,865 219,976
LIARWHD function (CUTE) 6201 756,758 709,335
ENGVAL1 function (CUTE) 428 552 502
QUARTC function (CUTE) 210 277 244
Diagonal 6 function 99 151 149
COSINE function (CUTE) 220 175,767 248
Generalized quartic function 165 193 220
Diagonal 7 function 165 296 204
Diagonal 8 function 114 202 197
Full Hessian FH3 function 55 233 228
HIMMELH function (CUTE) 110 99 99

Extended Rosenbrock 55 55 55
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Table 6. Summary numerical results for the number of function evaluations

in Example 5.2.
Number of function evaluations

Test function MSM HMSM HSM
Extended penalty function 4050 4125 4521
Perturbed quadratic function 531,633 941,045 883,112
Raydan 2 function 209 303 303
Diagonal 2 function 400,443 31,069 266,617
Diagonal 3 function 50,629 137,875 140,393
Generalized tridiagonal 1 function 1075 1357 1219
Extended tridiagonal 1 function 13,320 578,079 508,592
Extended TET function 484 657 736
Diagonal 4 function 583 7775 9080
Diagonal 5 function 143 232 232
Perturbed quadratic diagonal function 626,251 1,685,791 1,402,532
Quadratic QF1 function 563,538 1,027,186 927,053
Extended quadratic penalty QP1 function 2396 2083 2454
Extended quadratic penalty QP2 function 6940 43,453 39,132
Quadratic QF2 function 504,120 1,072,757 1,032,582
Extended quadratic exponential EP1 function 847 3147 2057
Extended tridiagonal 2 function 2936 2599 2708
ARWHEAD function (CUTE) 5844 29,860 32,806
Almost perturbed quadratic function 525,546 969,555 929,583
LIARWHD function (CUTE) 65,898 3,926,707 3,685,122
ENGVAL1 function (CUTE) 2324 3044 2863
QUARTC function (CUTE) 475 609 543
Diagonal 6 function 220 381 372
COSINE function (CUTE) 652 775,878 692
Generalized quartic function 451 485 579
Diagonal 7 function 621 1015 819
Diagonal 8 function 452 836 851
Full Hessian FH3 function 598 2486 2514
HIMMELH function (CUTE) 231 209 209
Extended Rosenbrock 121 121 121

Numerical experiments are based on 30 test functions from [2]. We have considered 11
different numerical experiments with the number of variables equal to 1000, 2000, 3000,
5000, 7000, 8000, 10,000, 15,000, 20,000, 30,000 and 50,000, for each function in Tables 5, 6
and 7. Summary numerical results for MSM, HMSM and HSM, tested on 30 large scale test
functions, are presented in Tables 5, 6 and 7. The parameter values and stopping criteria
are the same as in the previous numerical experiment.

Figure 3 (left), 3 (right) and Figure 4 respectively were created from the results shown
in Tables 5, 6 and 7. Figure 3 (left) shows the performances of compared methods relative
to the number of iterations. In this Figure, it is observable that MSM, HMSM and HSM
methods successfully solve all the problems, and the MSM method is best in 90.0% of the
test problems compared to the HMSM and HSM. Figure 3 (right) shows the performance
of these methods relative to the number of function evaluations. Also in this Figure, it is
observable that MSM, HMSM and HSM methods successfully solve all the problems, and
the MSM method is best in 86.7% of the test problems compared to the HMSM and HSM.

Figure 4 shows the performance of the considered methods relative to the CPU time.
In this Figure, it is observable that MSM, HMSM and HSM methods successfully solve all
the problems, and the MSM method is best in 80.0% of the test problems compared to the
HMSM and HSM.
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Table 7. Summary numerical results for the CPU time in Example 5.2.

CPU time (sec)

Test function MSM HMSM HSM

Extended penalty function 3.69 3.91 491
Perturbed quadratic function 748.80 1364.23 1312.34
Raydan 2 function 0.48 0.63 0.66
Diagonal 2 function 802.17 37.55 613.45
Diagonal 3 function 128.64 410.58 478.38
Generalized tridiagonal 1 function 3.00 4.08 3.39
Extended tridiagonal 1 function 68.13 3513.39 2850.02
Extended TET function 1.19 1.63 1.72
Diagonal 4 function 0.42 3.80 4.45
Diagonal 5 function 0.67 1.45 1.25
Perturbed quadratic diagonal function 696.84 1916.58 1609.41
Quadratic QF1 function 614.67 1056.86 976.09
Extended quadratic penalty QP1 function 1.94 1.91 2.14
Extended quadratic penalty QP2 function 11.08 52.48 49.23
Quadratic QF2 function 548.59 1201.77 1168.66
Extended quadratic exponential EP1 function 1.13 3.69 236
Extended tridiagonal 2 function 244 2.05 2.20
ARWHEAD function (CUTE) 3.98 27.72 26.77
Almost perturbed quadratic function 548.47 1010.25 984.58
LIARWHD function (CUTE) 60.05 5138.77 4750.78
ENGVAL1 function (CUTE) 3.02 334 2.72
QUARTC function (CUTE) 4.20 5.28 5.34
Diagonal 6 function 0.56 0.89 0.75
COSINE function (CUTE) 217 1776.70 1.75
Generalized quartic function 0.64 0.77 0.69
Diagonal 7 function 1.83 2.83 2.11
Diagonal 8 function 1.31 2.00 227
Full Hessian FH3 function 1.08 4.70 5.11
HIMMELH function (CUTE) 1.13 1.08 1.03
Extended Rosenbrock 0.13 0.30 0.20

uenenses MSM
s HMSM |
s HSM

8 10

Figure 3. Performance profiles based on the number of iterations (left) and function evaluations (right).

Table 8 contains the average number of iterations, the CPU time, and the number of
function evaluations for all 330 numerical experiments.

On the basis of the results obtained in Table 8, we can conclude that the MSM method
has on average three and more times better results (number of iterations, the number of
function evaluations and CPU time) than the other two methods.
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Figure 4. Performance profile based on CPU time.

Table 8. Average numerical outcomes for 30 test functions tested on
11 numerical experiments in Example 5.2.

Average performances MSM HMSM HSM

Number of iterations 17,124.97 78,141.63 69,291.60
Number of function evaluations 110,434.33 375,023.97 329,346.57
CPU time (sec) 142.08 585.04 495.49

After increasing the number of variables from 15,000 to 50,000 in the second numer-
ical experiment, it can be noticed that the ratio of (successful and fast) solved problems
between the MSM method and the HMSM and HSM method remains approximately
the same. The MSM method has three and more times better results from the other two
methods.

In the following example, we compare MSM and SM methods to show superiority of
the MSM method achieves better results with respect to number of iterations, number of
function evaluations and the CPU time.

Example 5.3: The goal of the next numerical experiment is to investigate the behaviour of
the MSM and SM methods with respect to a number of iterations, the number of function
evaluations and CPU time.

Numerical experiments are based on 30 test functions from the Example 5.2. We have
considered 11 different numerical experiments with the number of variables equal to 1000,
2000, 3000, 5000, 7000, 8000, 10,000, 15,000, 20,000, 30,000 and 50,000, for each function
in Table 9. Summary numerical results for MSM, and SM, tested on 30 large scale test
functions, are presented in Table 9. The parameter values and stopping criteria are the
same as in the previous numerical experiments.

Figures 5 and 6 respectively were created from the results shown in Table 9. Figure 5
shows the performances of compared MSM and SM methods relative to the number of
iterations (left) and the number of function evaluations(right). Figure 6 shows the per-
formance of the considered methods relative to the CPU time. In Figures 5 and 6, it is



28 (&) B.IVANOVETAL.

Table 9. Summary numerical results for the number of iterations, number of function evaluations and

CPU time in Example 5.3.

Number of function

Number of iterations evaluations CPU Time

Test function MSM SM MSM SM MSM SM

Extended penalty function 747 650 4050 2924 3.69 3.00
Perturbed quadratic function 90,056 160,542 531,633 916,964 748.80 1304.34
Raydan 2 function 99 99 209 209 0.48 0.59
Diagonal 2 function 61,480 58,288 400,443 326,472 802.17 970.42
Diagonal 3 function 9143 17,019 50,629 93,596 128.64 24294
Generalized tridiagonal 1 function 310 293 1075 1020 3.00 3.86
Extended tridiagonal 1 function 1557 3871 13,320 32,720 68.13 143.08
Extended TET function 143 143 484 489 1.19 1.16
Diagonal 4 function 88 88 583 583 0.42 0.47
Diagonal 5 function 66 66 143 143 0.67 0.72
Perturbed quadratic diagonal function 66,898 81,148 626,251 853,416 696.84 915.50
Quadratic QF1 function 94,931 169,298 563,538 964,865 614.67  1046.86
Extended quadratic penalty QP1 function 408 298 2396 3262 1.94 2.89
Extended quadratic penalty QP2 function 1061 1630 6940 11,055 11.08 13.03
Quadratic QF2 function 89,646 176,214 504,120 986,671 548.59 1143.13
Extended quadratic exponential EP1 function 93 70 847 724 1.13 0.91
Extended tridiagonal 2 function 650 457 2936 2727 244 2.19
ARWHEAD function (CUTE) 431 309 5844 5308 3.98 6.06
Almost perturbed quadratic function 88,120 168,157 525,546 952,654 548.47 1050.47
LIARWHD function (CUTE) 6201 19,725 65,898 193,633 60.05 106.20
ENGVAL1 function (CUTE) 428 326 2324 2937 3.02 342
QUARTC function (CUTE) 210 277 475 609 4.20 5.28
Diagonal 6 function 99 929 220 220 0.56 0.61
COSINE function (CUTE) 220 198 652 636 217 1.63
Generalized quartic function 165 175 451 471 0.64 0.53
Diagonal 7 function 165 99 621 253 1.83 0.97
Diagonal 8 function 114 116 452 1127 1.31 2.61
Full Hessian FH3 function 55 55 598 608 1.08 1.14
HIMMELH function (CUTE) 110 110 231 231 1.13 1.25
Extended Rosenbrock 55 55 121 121 0.13 0.25
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Figure 5. Performance profiles based on the number of iterations (left) and function evaluations (right).

observable that MSM and SM methods successfully solve all the problems, graph MSM
method in all of those cases first come to the top which signifies that the MSM is the best.

Based on the results shown in the tables, the average results, the created graphics and
the comprehensive analysis, we can conclude that the MSM method gives the best results.
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Figure 6. Performance profile based on CPU time.

6. Conclusion

The underlying iterative methods are gradient descent (GD) and two its accelerations,
called AGD and IGD. Several classes of iterative methods are defined as two transfor-
mations of gradient-descent iterative methods for solving unconstrained optimization are
proposed. The first transformation of gradient-descent methods is called modification and
it is defined by replacing the basic step size tx in GD and AGD methods as well as in the
IGD iterative class by the slightly larger step size t; + ¢ — ;. The resulting iterations will be
termed as MGD, MAGD and MIGD, respectively. The second transformation of gradient-
descent methods is called as hybridization is defined as a composition of all considered GD
methods and modified GD methods with the Picard—Mann hybrid iterative process. The
resulting hybrid iterations applied on GD, AGD and IGD will be termed as HGD, HAGD
and HIGD. Further, hybridization of MGD, MAGD and MIGD produces HMGD, HMAGD
and HMIGD iterations. It is proved that defined methods are linearly convergent methods
for the uniformly convex functions. Derived methods are numerically tested and com-
pared. Noticeable improvement in favour of the MSM method regarding the number of
iterations, CPU time and the number of function evaluations is observed. Applied Dolan
and Moré’s performance profiles of all methods subject to the number of iterations, the
CPU time and the number of function evaluations also confirm the dominance of the MSM
method.

A summarization of different step sizes used in the methods described in the current
research is presented in Table 10 in order to clarify the attributes ‘Multiple Step Size’ in the
title. The strike in the table means that the corresponding step size is not in use.

According to Table 10, the method GD is the basic method. Multiple Step-Size (MSS)
methods are AGD, SM, ADD, ADSS, TADSS, RGDQN1. Accelerated Multiple Step-Size
(AMSS) methods are generated applying the modification M and hybridization H on the
MSS methods. An arbitrary AMSS methods obtained using M (resp. H) will be termed as
MAMSS (resp. HAMSS). Clearly, some new combinations of known optimization meth-
ods with their modifications and hybridizations could be further discovered, for example
MADSS, MTADSS, HADSS, HTADSS, HMADSS, HMTADSS and so on.
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Table 10. Summary of parameters defining step sizes.

Step sizes

Method First Second Third
GD tx - -
AGD ty Ok -
M t PRSI -
ADD t (PP~ t}
ADSS ty (yos5! I
TADSS t (0551 T—1
RGDQN1 t v = Tk

Vi1
HGD tx af+1 -
HsMm ti (yh - o+ 1
HADD ti (o + 1 (yAP0) =1 (o + Dt}
MGD t+t -1t - -
MAGD e+t -t Ok -
MSM e+ 12—t (ysMy=1 -
HMGD e+t —t ax+ 1 -
HMAGD W+t -t Ok ag + 1
HMSM e+t -t (MM =1 o + 1

Unlike to traditional gradient-descent (GD) algorithms, which are defined on a sin-
gle step size, improved gradient-descent (IGD) algorithms are based on the usage of two
or more parameters which define the step size. Is it necessary to use the product of two
or more parameters to define the step size? Why to use a product of scaling parame-
ters if you keep in mind that this product gives again a number? Theoretically, the GD
method indicates good convergence properties, but it is usually very slow in practical appli-
cations. Numerical experiments show that introducing two scaling parameters could be
useful and improves the standard GD method with respect to all three important crite-
ria, the number of iterations, the CPU time and the number of function evaluations. As
a support of this conclusion, it is important that the AGD method was compared in [1]
with the GD method. Numerical experiments evidently show better results in favour to
the AGD scheme with respect to the classical GD scheme. Also, numerical experience in
[33] shows a clear advantage of the SM method over the AGD iterations. Finally, numer-
ical testing in [24-26,34] exactly indicates that some further improvements are always
possible.

Possible further research includes several new strategies. Firstly, instead of the diago-
nal matrix, it is possible to consider appropriately defined positive-definite matrix By as
a better approximation of the Hessian. Later, it is possible to apply similar strategy with
two parameters, where one of the parameters is defined according to the third or fur-
ther term of Taylor’s expansion. Also, continuous-time nonlinear optimization gives a new
approach to accelerating parameters, which is based on the scaling parameter and the time
interval.

Obtained results motivate further investigations of possible accelerated gradient-
descent method and its transformations into corresponding variants of accelerated or
hybrid methods.



OPTIMIZATION METHODS & SOFTWARE . 31

Acknowledgments

This author gratefully acknowledge support from the Research Project 174013 of the Serbian
Ministry of Science.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID
Predrag S. Stanimirovi¢ (© http://orcid.org/0000-0003-0655-3741

References

(1]
(2]
(3]

[10]

[11]

N. Andrei, An acceleration of gradient descent algorithm with backtracking for unconstrained
optimization, Numer. Algor. 42 (2006), pp. 63-73.

N. Andrei, An unconstrained optimization test functions collection, Adv. Model. Optim.
10 (2008), pp. 147-161.

N. Andrei, Relaxed gradient descent and a new gradient descent methods for unconstrained
optimization. Visited August 19, 2018. Available at https://camo.ici.ro/neculai/newgrad.pdf.

J. Barzilai and J.M. Borwein, Two-point step size gradient method, IMA ]. Numer. Anal. 8 (1988),
pp. 141-148.

C. Brezinski, A classification of quasi-Newton methods, Numer. Algor. 33 (2003), pp. 123-135.
Y.H. Dai, Alternate step gradient method, Report AMSS-2001-041, Academy of Mathematics
and Systems Sciences, Chinese Academy of Sciences, Beijing, 2001.

Y.H. Dai and R. Fletcher, On the asymptotic behaviour of some new gradient methods, Numerical
Analysis Report, NA/212, Dept. of Math. University of Dundee, Scotland, UK, 2003.

Y.H. Dai, ].Y. Yuan and Y. Yuan, Modified two-point step-size gradient methods for unconstrained
optimization, Comput. Optim. Appl. 22 (2002), pp. 103-109.

Y.H. Dai and Y. Yuan, Alternate minimization gradient method, IMA ]. Numer. Anal. 23 (2003),
pp. 377-393.

Y.H. Dai and Y. Yuan, Analysis of monotone gradient methods, J. Ind. Manag. Optim. 1 (2005),
pp. 181-192.

Y.H. Dai and H. Zhang, An adaptive two-point step-size gradient method, Research report, Insti-
tute of Computational Mathematics and Scientific/Engineering Computing, Chinese Academy
of Sciences, Beijing, 2001.

S.S. Djordjevi¢, Two modifications of the method of the multiplicative parameters in descent
gradient methods, Appl. Math. Comput. 218 (2012), pp. 8672-8683.

E.D. Dolan and J.J. Moré, Benchmarking optimization software with performance profiles, Math.
Program. 91 (2002), pp. 201-213.

S. Ishikawa, Fixed points by a new iteration method, Proc. Am. Math. Soc. 44 (1974),
pp. 147-150.

S.H. Khan, A Picard-Mann hybrid iterative process, Fixed Point Theory Appl. 2013 (2013),
p. 69. Springer Open Journal 2013.

N. Kontrec and M. Petrovi¢, Implementation of gradient methods for optimization of underage
costs in aviation industry, Univ. Thought Publ. Nat. Sci. 6 (2016), pp. 71-74.

W.R. Mann, Mean value methods in iterations, Proc. Am. Math. Soc. 4 (1953), pp. 506-510.
M. Miladinovi¢, PS. Stanimirovi¢ and S. Miljkovi¢, Scalar correction method for solving large
scale unconstrained minimization problems, . Optim. Theory Appl. 151 (2011), pp. 304-320.
J. Nocedal and S.J. Wright, Numerical Optimization, Springer-Verlag, New York, 1999.

J-M. Ortega and W.C. Rheinboldst, Iterative Solution of Nonlinear Equation in Several Variables,
Academic Press, New York, 1970.


http://orcid.org/0000-0003-0655-3741
https://camo.ici.ro/neculai/newgrad.pdf

32 B.IVANOV ET AL.

(21]
(22]
(23]

[24]

[25]
[26]
(27]
(28]
[29]
(30]

(31]
(32]

(33]

(34]

(35]

(36]

(37]

S. Pani¢, M.J. Petrovi¢ and M. Mihajlov-Carevi¢, Initial improvement of the hybrid accelerated
gradient descent process, Bull. Aust. Math. Soc. 98 (2018), pp. 331-338.

M.J. Petrovi¢, An accelerated double step size method in unconstrained optimization, Applied
Math. Comput. 250 (2015), pp. 309-319.

M.J. Petrovi¢ and P.S. Stanimirovi¢, Accelerated double direction method for solving uncon-
strained optimization problems, Math. Probl. Eng. 2014 (2014), article ID 965104, 8 pages.
M.]J. Petrovic, P.S. Stanimirovic, N. Kontrec and J. Mladenovic, Hybrid modification of accel-
erated double direction method, Math. Probl. Eng. 2018 (2018), Article ID 1523267, 8 pages,
https://doi.org/10.1155/2018/1523267.

M.J. Petrovi¢, V. Rakocevi¢, N. Kontrec, S. Pani¢ and D. 1li¢, Hybridization of accelerated
gradient descent method, Numer. Algor. 79 (2018), pp. 769-786.

M. Petrovi¢, N. Kontrec and S. Pani¢, Determination of accelerated factors in gradient decent
iterations based on Taylor’s series, Univ. Thought Publ. Nat. Sci. 7 (2017), pp. 41-45.

E. Picard, Memoire sur la theorie des equations aux derivees partielles et la methode des
approximations successives, ]. Math. Pures Appl. 6 (1890), pp. 145-210.

M. Raydan and B.E Svaiter, Relaxed steepest descent and Cauchy-Barzilai-Borwein method,
Comput. Optim. Appl. 21 (2002), pp. 155-167.

M. Raydan, On the Barzilai and Borwein choice of steplength for the gradient method, IMA J.
Numer. Anal. 13 (1993), pp. 321-326.

M. Raydan, The Barzilai and Borwein gradient method for the large scale unconstrained
minimization problem, SIAM ]. Optim. 7 (1997), pp. 26-33.

R.T. Rockafellar, Convex Analysis, Princeton University Press, Princeton, 1970.

Z.-]. Shi, Convergence of line search methods for unconstrained optimization, Appl. Math.
Comput. 157 (2004), pp. 393-405.

PS. Stanimirovic and M.B. Miladinovic, Accelerated gradient descent methods with line search,
Numer. Algor. 54 (2010), pp. 503-520.

PS. Stanimirovi¢, G.V. Milovanovi¢ and M.]. Petrovi¢, A transformation of accelerated dou-
ble step size method for unconstrained optimization, Math. Probl. Eng. 2015 (2015), article ID
283679, 8 pages.

W. Sun and Y.-X. Yuan, Optimization Theory and Methods: Nonlinear Programming, Springer,
Berlin, 2006.

M.N. Vrahatis, G.S. Androulakis, ].N. Lambrinos and G.D. Magoulas, A class of gradient uncon-
strained minimization algorithms with adaptive step-size, ]. Comp. Appl. Math. 114 (2000),
pp- 367-386.

Y. Yuan, A new stepsize for the steepest descent method, ]. Comput. Math. 24 (2006), pp. 149-156.


https://doi.org/10.1155/2018/1523267

	1. Introduction and overview of related results
	2. Modification of gradient-descent methods
	2.1. Modified AGD method
	2.2. Modified IGD methods

	3. Hybridization of gradient-descent methods
	3.1. Hybridization of AGD and MAGD methods
	3.2. Hybridization of IGD and MIGD methods

	4. Convergence analysis
	5. Numerical experiments
	6. Conclusion
	Acknowledgments
	Disclosure statement
	ORCID
	References

