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1. Introduction

Spectral gradient methods are among the widely known first-order methods for unconstrained
optimization problems min,,cg f(m), where f : R" — R is a smooth nonlinear function that is
bounded below. These methods generate a sequence of approximations using the iterative formula:

Myy1 = My + Ngly, (1.1)

where A is called the step size and is obtained using some line search procedures, and #; is called a
search direction, defined as

-8k ifk=0,
e (12)
Y8k, ifk>1,
where g, := Vf(my), and the coefficient Yy, is a scalar known as the spectral parameter, which

differentiates any two spectral gradient methods (see Barzilai and Borwein (BB) [1]). The classical
forms of the parameter y, given in [1] are

_ng _ g1 — mk”2 ’ (1.3)
(g(myr1) — g(my), My — my)
—shor < (m )_ (m)’m _m>
kh r_ (M1 8uny k+1 k (1.4)

18 (1) — g(mp)l?

Among the advantages of the spectral gradient method is its simplicity in implementation and low
storage requirement; thus, it is suitable for large-scale problems. As a result, researchers have extended
the spectral gradient method to solve systems of nonlinear equations (see, [2—4]). A system of nonlinear
equations involves finding a vector m in a nonempty, closed and convex set C C R” such that

I'(m) =0, (1.5)
where I : R" — R" is continuous. When the mapping I is monotone, i.e.,
T(m)-T(m),m—-my>0, Vm,meR",

Problem (1.5) becomes a system of nonlinear monotone equations. Many problems arising from
science and engineering can be translated into the form of problem (1.5). For example, applications of
system of nonlinear equations (1.5) have appeared in different fields [5—10]. In recent years, algorithms
for solving systems of nonlinear monotone equations have been used in signal and image recovery,
(see [11-17]).

Motivated by the hyperplane projection strategy of Solodov and Svaiter [18], spectral gradient-like
methods for solving (1.5) have gained more attention. Zhang and Zhou [19] developed a spectral
gradient projection method for unconstrained nonlinear equations based on the modified version of
the 72”””’ (1.3). Later on, Yu et al. [20] extended the work in [19] to solve convex constrained nonlinear
equations. In addition, Yu et al. [21] proposed another spectral method for solving a system of
nonlinear equations. The search direction in their work uses a convex combination of the modified
7,10"8 (1.3) and 7" (1.4). Their work revealed that combining the modified BB parameters gives
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better numerical performance than deploying them separately. This means that the efficiency of the
convex combination of the ?,lf"g (1.3) and 7{"" (1.4) can be further explored.

Nowadays, there is a growing interest in incorporating the inertial technique into algorithms for
solving systems of nonlinear equations (see, for example, [22,23]). The inertial step defined as iy, :=
My + ag(me —my), ay € (0, 1), was proposed by Polyak [24] in order to speed up the performance
of iterative algorithms. It can be observed that the inertial technique is using two previous iterates to
compute the current iterate. This has also been shown to accelerate the iteration process of algorithms
for solving nonlinear problems such as the proximal point method [25, 26] and auxiliary problem
principle [27].

Motivated by the contributions of the above-mentioned literature, this work seeks to explore the
effect of the inertial technique on the convex combination of the )_/iong and ﬁh"" based on some
modifications. This idea can be viewed as the modification of the work of Yu et al. [21]. Numerical
experiments conducted in Section 3 reveal some level of improvement in numerical performance.
Some of the notable contributions of this work include the following:

e A new spectral method for solving a system of nonlinear monotone equations based on the inertial
technique is proposed.

e This work generalizes some existing algorithms in the literature.

e The global convergence of the proposed method is discussed under standard conditions.

e To depict the efficiency of the new method, a numerical experiment on a collection of test
problems in comparison with some existing methods is presented.

e Subsequently, the proposed algorithm is applied to problems arising from robotic motion control.

In the remaining part of this work, the next section gives some definitions, details of the algorithms
and global convergence. Section three gives some numerical experiments, while the application part is
in Section four. In the final section, some concluding remarks are given.

2. Proposed algorithm and convergence analysis

We begin this section by recalling the definition of the projection operator as follows:

Definition 2.1. Suppose C C R" is a convex, nonempty and closed set. Then, any point m € R" can be
projected onto the set C using

Pc(m) = argmin{|lm —m|| : m € C}. 2.1)
The relation (2.1) satisfies the following useful property:
[|Pc(m) —ml|| < |lm—ml|, VmeC. (2.2)
Definition 2.2. Any vector-valued map that satisfies

ICGm) — T(m)|| < Llm —m||, Ym,m € R*, L >0,

is said to be Lipschitz continuous.

AIMS Mathematics Volume 8, Issue 2, 4442-4466.



4445

In what follows, we present the proposed algorithm and subsequently give some remarks.

Algorithm 1: Derivative-Free Spectral Method with Inertia (iISDFM).

Input : Choose m_;, mye C,0<n<2,k>0,0,u,¢,a,€(0,1),r>0and Tol > 0.
Step 0: Set k = 0, compute t, := —['(my) and iy := mgy + ao(my — m_y).
Step 1: If ||T'(my)|| < Tol, then terminate; else, continue with Step 2.
Step 2: Set
Pri=my + Aty Ay = kg,

where j is the least non—negative integer such that
— (COmi + k6780, 1) = ol P min 1, [ICGme + k811, ¢ > 1.
Step 3: If |T'(po)l| = 0, stop. Else, compute

T(pr), my — pr)
IC(pII?

My := Pc|mg —n L(pw)|-

Step 4: Set k := k + 1 and redo the task from step 1, where the inertial step is updated as

Iee1 = Myyq + ap(my — my) with the search direction as

ti = —yil'(my),

where

e = (1= 0B, + OB
= likar — il
© ke = ik Tlie1) = TG) + i — i)’
B = (sr = iy Uper) — TG + r(iger — i)
ICGigr) = TC) + r(iger —iDIP
ALOmy), ey — i)
o) N — iell?

I'(my) = max{||[T(re- ), [ITGroll}.

kal—/l

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

Remark 2.3. The choice of the 6y defined by (2.10) is prompted by the work of Awwal et al. [28]. Now,

since max{||l'(m_)I|, IT(mIl} = [T(my)ll, then by the Cauchy-Schwarz inequality we have

0 < (Cmy), ixer — ix)* < Tl li1 — ixll? _
T CmOPllices = iz~ ITElPllixer — il

b

and by the fact that u € (0, 1), we get
0<6 <1

(2.12)

(2.13)

Remark 2.4. We note that if for all k, iy = my (2.8) and (2.9) and 6, € [0, 1], then the search
direction (2.6) reduces to that of Yu et al. [21]. Moreover, if for all k, i, = my in (2.8) and 6 = 0, then
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the search direction (2.6) reduces to that of Yu et al. [20]. Furthermore, the new search direction (2.6)
also reduces to DAISI and DAIS2 of Awwal et al. in [22] if 6, = 1 and 6, = 0, respectively. Hence,
our proposed work is regarded as an extension of the algorithms proposed in [21,22].

To show the global convergence of the proposed algorithms, we assumed the following:

(A1) The mapping I" is monotone.
(A,) The mapping I' is Lipschitz continuous.
(A3) The solution set of problem (1.5) is nonempty.

Lemma 2.5. Suppose that the assumptions (A)—(A3) hold, and that {m;} and {i;} are produced by
Algorithm 1. Then,

(i) ]}im |lmy, — m|| exists.
(ii) {my}, {ix} and |[I'(my)|| are bounded.
(iii) The search direction is bounded, i.e.,

ltll < c1, €1 > 0. (2.14)
(iv) The search direction satisfies
), 1) < =D, 2 > 0. (2.15)
(v)
lim Aglltdl = 0. (2.16)

Proof. Let m be a solution of problem (1.5), and by the assumption (A;), we have

(C(pr), my —my = (T(px), my — p + pr — m)
= (L(pr), mx — py + T(p) —T(m), pi —m)
> (I'(pr), my — pi)- (2.17)

Now, since 0 < n < 2, from (2.2), (2.5) and (2.17) we have

:
lmier =il = ||Pc [mk - n<r(p|'|‘%’(;:’)‘”; b ">r(pk)] i
< - n R 2

(C(pr), my — pi)?
IT(pll?

= llmy = il = (2 ) (2.18)
< Ny — mil|*.
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This means that ||my — m|| < ||my—y — m|| < - -+ < |lmy — m|, and thus ]}im |lmy, — m|| exists.
(i1) Since l}im ||my — m|| exists, {m;} is bounded. Combined with the fact that 0 < a; < 1, Vk, this

gives the boundedness of {i;}.
In addition, since the mapping I" is Lipschitz continuous and {m,} is bounded, we can find a positive
constant ¢3 > 0 such that
IT(myll < c3. (2.19)

(i11) To prove that the search direction defined by (2.6) is bounded, we need to show that the parameter
vk (2.7) is bounded.

From assumption (A;), the mapping I' is monotone. This gives us (I'(ix+1) —I'(ix), ixs1 —ix) > 0, and
thus

(Clixs1) = TG + (ixer — i), ik — i) = Clixr) = TG, dkgr — i) + rllier — il
> rllige — il (2.20)

Moreover, using the assumption that the mapping I" is Lipschitz continuous, together with the Cauchy
Schwarz inequality, we have

(Clixs1) = TG + (ixer — i)y ikt — i) = Clixr) = TG, dggr — i) + rlliger — il

< (L A+ Pl — il (2.21)
Thus, (2.20) and (2.21) imply
Pllicer = iell* < Tliger) = D) + rixer — i)y iker — i) < L+ Dlligr — il (2.22)
and therefore , o
I+, <Bi < = (2.23)

On the other hand,

ICige1) = T + riger — il

= (L(i1) = TG + r(ier — 0, D) — D) + r(ixe — i)

= I0Giks1) = TAOIP + 2r(Ciger) = TG, kst — i) + P lliger — il

> I0(ixs1) = TGOIP + rPllicer — il

> P{lir — il (2.24)

Using Lipschitz continuity, we have
T (x1) = TCx) + r(iger — il < (L + Dlliker — il (2.25)
Combining (2.24) and (2.25) gives
Plige = il < ITGre) = TG + i = il < (L + 1) ligen = il (2.26)

Using (2.22) and (2.26), we have
r —~ (L+vr)

—— < b <

(L+r)? r2

. (2.27)
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Therefore, setting M = 1 + L yields
B, + B < M. (2.28)

Since Yk, 6, < 1 (see Remark 1),

yi = (1 = 6B, + OBk < By + B < M. (2.29)

Combining this with (2.19) gives (2.14) with ¢; = Mc;.

(iv) By the definition of 6, we have three possibilities, and thus the parameter y, may take any of
the three different following forms: y;, = ﬁk, Vi = ,Bk and y;, = (1 — Qk)/jk + Qk,Bk forg, =0, 6, = 1 and
0, € (0, 1), respectively. Therefore, we divide this proof into three cases:

Case I: If 8§ = 0, Vk, then the search direction (2.6) reduces to #;, = —Bkl"k(mk), and therefore,
using (2.23) gives

- 1
(Cmp), 1y = =BlICmo)II* < —mllf(mk)llz. (2.30)

Case II: If § = 1, Vk, then the search direction (2.6) becomes #;, = —Ekl"k(mk), and thus, using (2.27)
yields

(C(mp), 1) = =BellCmp)|> < - ITGme) I (2.31)

(L r)?
Case III: If 0 < 8 < 1, Vk, then we can find some constant ¢4 > 0 such that 8, > ¢4 and (1 —6;) > 0.
Therefore, from (2.7) and (2.27), we have

r
Vi = OBy > 4 L+ '= Cs. (2.32)

Thus, from the search direction (2.6) and (2.32), it holds that
(COmp), 1)y = =yl TmpI? < —cs|ITm)I. (2.33)

Hence, from the three cases above, we see that (2.15) holds.
(v) Using the boundedness of {m}, (2.14) and the definition of p; in (2.3), {p} is bounded. Also,
using the assumption that I" is Lipschitz continuous, we get

IT(pIl < ny, 0y > 0. (2.34)
Since min {1, [|IT(my, + Aktk)II%} < 1, squaring from both sides of (2.4) yields
Al < (Cpo), Aty (2.35)
Furthermore, since 0 < n < 2, from (2.18) we obtain

2 R~ =2
TP, me — po)? < I oIl (Ul n(;ﬂ! > 241 — ml| )' (2.36)

This together with (2.35) gives

r 2 -1 =R
P Al < I Cpll"(lmy — ml|* — lmy,q — ml| ). (2.37)

n2-mn
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Recall that |[['(py)|| is bounded by n; (see (2.34)), and we obtain

— — 2 —~ —
ICCpOIP (I — mll> = |lmgsr — ml[*) < ny(lmy — ml|* = ||y — m||”)

ALl < < (2.38)
o n2-mn) n2-mn
Since ]}im |lmy — m|| exists, taking the limit as k — co on both sides of (2.38) gives
o’ I}im Alill* =0,
which implies (2.16). |

Lemma 2.6. Suppose that the Assumption (A,) holds. Let the sequences {m;} and {p;} be generated by
Algorithm 1. Then,

(2.39)

r 2
A, > max {K sl ()| }

(L + o)l
Proof. From (2.4), if A # k, then Ay = Ays! violates (2.4), that is,

~(C(my + Agt), 1) < Il PAy min{ 1, [Tmy + s71)I[< ).
We know that min{1, ||T(my; + ¢/ tk)II%} < 1. Thus, from (2.15) and Assumption (A,), we get

clICmy)|I* < =T(my)" 1,
= (C(my + Axty) — T(mp) 1 — (COmy + Agti), 1)
<TGy + Agty) = Temp)lllltell = (COmy + Agti), 1)
~ ~ . . l
< Llimy + Aty — myllllte]l + o Aglltell* min{ 1, [[T(my + ¢78)|< )
< Lllmy + Axtie — mylllle]] + O'Ak||fk||2
< ALl + oAt
< AL+ o)t
Therefore,
~ 2| IT(mp)|?
K= -
(L + o)l

Substituting Ay = Ars™! in (2.40) and solving for Ay, we get

(2.40)

2
_ el

N TA=TEE (2.41)

Thus, we have

1—‘ 2
Akzmax{K M}

(L + o)l
O

Theorem 2.7. If the Assumptions (A; — A3) hold, and the sequence {m,;} is produced by Algorithm I,
then
liin inf ||T(my)|| = 0. (2.42)
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Proof. We show the proof by contradiction. Suppose (2.42) does not hold, and then there exists s > 0
such that Yk > 0,

IIT(m)ll > s. (2.43)

From Eqgs (2.15) and (2.43), we get Yk > 0,
[l = scs. (2.44)
Multiplying ||| on both sides of (2.39), and using (2.14) and (2.43), we obtain

6T mp) |
Aglltell = max {K 22 Ll

T(L+ o)l
2
€26¢5
> max{Kk, ————— oS 2.45
{ (L+ O')C%} : ( )
gcgs
= max < Kcy S, ——— ¢ .
(L+0)
Taking the limit as k — oo on both sides gives
]}im Ailltll > 0, (2.46)
which contradicts (2.16). Hence, likm inf [|[I'(my)|| = O. O

3. Numerical experiments

In this section, we present the numerical experiments performed by solving a set of test problems
taken from the literature. To depict the efficiency of the iSDFM algorithm, we perform numerical
comparison with two other existing methods. The first one is the DAIS1 algorithm proposed in [22],
which is an inertial-based algorithm for solving a system of nonlinear equations. The second algorithm
is the MSGPALG proposed by Yu et al. in [21] based on the convex combination of the modified BB
long and short parameters. As noted in Remark 2.4, both DAIS1 and MSGPALG can be viewed as
special cases of the proposed iSDFM algorithm. We test the performances of all these three algorithms
on seven test problems with eight different initial points (see Table 1) and five dimensions (1000, 5000,
10000, 50000, and 100000), thus making the total number of the test problems 280. These three
algorithms are coded on MATLAB R2019b which runs on a PC of corei3-4005U processor with 4
GB RAM and 1.70 GHz CPU. The choice of parameters for MSGPALG and DAIS1 are maintained
as reported in their respective references [21,22]. In the iISDFM algorithm, we choose ¢ = 0.47,
ap=1/(k+1)*,17=179,u=0.5,0=0.01,r=0.001, c = 2 and « = 1. The stopping criterion is set
to be |[[(my)|| < 107,
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Table 1. Initial guesses used for the problems.

Initial guess Value

m (1,1,1,..., D

my (0.1,0.1,0.1,--- ,0.1)"
m3 (%, ZLZ’ 2%’ "ZL}'I)T

ny (l_i’l_%’l_%9- 90)T
Mms 0,12, . =

m6 (17 %’ %,' ,}%)T

my RN U
mS (%’ %’ %"' ’O)T

We consider the following test problems, where I'(m) = (g,(m), g2(m), ..., g,(m))":
Problem 1. [29]:

gim)y=e" -1, gim) =" +mj—1, for j=2,..,n,and C = R].
Problem 2. [28] Modified logarithmic function:
mj .
gjm) =1In(m; + 1) — o for j=1,2,3,...,n,

and C = {meR": > mj<n, m>-1,j=12..n

=1
Problem 3. [30] Nonsmooth function:
gji(m)=2m;—sin|m;|, j=1,2,3,...,n,

andC:{meR’z:ZmJ-Sn, m; >0, j=1,2,...,n}

=1
Problem 4. [31] Strictly convex function:
gimy=¢€"—1, forj=1,2,..,n, and C =R].
Problem 5. [20] Nonsmooth function:
gim)y=m;—sin|lm; - 1|, j=1,2,3,..,n,

and C = {meR": Y mi<n m=-1,j=12..nk

=

Problem 6. [29]:
gi(m) = €"" +1.5sin@m;) — 1, for j=1,2,..,n, and C=R".
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Problem 7. [32]:

5
gi(m) = Eml +my — 1,

5
gim)=m;_; + Emj +mj —1, for j=2,3,..,n-1,

5
gn(m) = my,_; + 2" = land C = R/.

Based on these settings, the results of the experiments are tabulated in Tables 2-8 with ITER,
FVAL and TIME denoting the number of iterations, number of function evaluations and CPU time,
respectively. Based on these metrics, it can be observed that the performances of the three algorithms
varies in terms of the ITER, FVAL and TIME. However, taking the whole results of the experiment
into consideration, it can be seen that the proposed iISDFM algorithm outperformed the DAIS1 and the
MSGPALG algorithms in most instances. By outperforming we mean the new iSDFM recorded the
least ITER, FVAL and TIME in most cases of the experiment.

With the help of the Dolan and Moré performance profile [33], we present the information in
Tables 2-8 graphically for better and easier visualization of each algorithm’s performance. These
graphs are plotted in Figures 1-3. It can be clearly observed from Figure 1 that the iISDFM algorithm
solved about 72% of the problems with the least ITER, as compared to the DAIS1 and MSGPALG
with around 30% and 12%, respectively. Figure 2 shows that the iISDFM outperformed the other two
methods by solving around 70% of the problems with the least FVAL. In terms of TIME, iSDFM
algorithm competes favorably with the MSGPALG algorithm. In general, our proposed iSDFM
algorithm shows better efficiency as compared to the DAIS1 and MSGPALG algorithms. This might
not be unconnected with taking the convex combination of the BB-like parameters incorporated with
the inertial technique.

iSDFM
DAIS1
MSGPALG | |

0 0.5 1 15 2 25 3
t

Figure 1. Performance profile on number of iterations.
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Table 2. Numerical results of the three algorithms on Problem 1.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM

m 1 2 0.0747  0.00E+00 5 7 0.1166 9.24E-08 8 9 0.1666 2.76E-07

my 1 2 0.0054 0.00E+00 5 7 0.0519 5.76E-08 7 8 0.0395 1.06E-07

ms 2 3 0.0186 9.93E-16 10 11 0.0344 8.05E-08 10 11 0.0240 2.07E-07

my 2 3 0.0052  0.00E+00 6 8 0.0253 2.30E-07 8 9 0.0112 2.52E-07

1000 ms 2 3 0.0078 0.00E+00 6 8 0.0385 1.10E-07 8 9 0.0213 2.46E-07
mg 3 4 0.0064 0.00E+00 9 11 0.0278 7.28E-08 9 10 0.0057 1.98E-07

my 2 3 0.0064  0.00E+00 6 8 0.0118 2.30E-07 8 9 0.0094 2.52E-07

mg 2 3 0.0041 0.00E+00 6 8 0.0101 1.11E-07 8 9 0.0100 2.47E-07

m 1 2 0.1996 0.00E+00 5 7 0.2617 2.37E-07 8 9 0.0676 6.05E-07

my 1 2 0.0113  0.00E+00 4 6 0.0242 8.65E-08 7 8 0.0182 1.65E-07

ms 2 3 0.0138 9.93E-16 10 11 0.0423 8.05E-08 10 11 0.0224 2.07E-07

my 2 3 0.0145 0.00E+00 6 8 1.1522 2.91E-07 8 9 0.1283 5.54E-07

2000 ms 2 3 0.0556  0.00E+00 6 8 0.0308 2.55E-07 8 9 0.0286 5.52E-07
mg 3 4 0.1059 0.00E+00 9 11 0.0446 7.33E-08 9 10 0.0253 1.95E-07

my 2 3 0.2689 0.00E+00 6 8 0.0281 2.91E-07 8 9 0.0196 5.54E-07

mg 2 3 0.0683 0.00E+00 6 8 0.0291 2.55E-07 8 9 1.4239 5.52E-07

m 1 2 0.0335 0.00E+00 5 7 0.9254 3.37E-07 8 9 0.0582 8.53E-07

my 1 2 0.0139  0.00E+00 6 0.0311 1.06E-07 7 8 0.3954 2.21E-07

ms 2 3 1.7858 9.93E-16 10 11 0.1457 8.05E-08 10 11 0.1475 2.07E-07

my 2 3 0.0597 0.00E+00 6 8 0.0676 3.85E-07 8 9 0.0401 7.82E-07

10000 ms 2 3 0.0287 0.00E+00 6 8 0.0427 3.60E-07 8 9 0.0347 7.81E-07
mg 3 4 0.0428 0.00E+00 9 11 0.4798 7.33E-08 9 10 0.0475 1.94E-07

my 2 3 0.0353 0.00E+00 6 8 0.0518 3.85E-07 8 9 0.1343  7.82E-07

mg 2 3 0.5467 0.00E+00 6 8 0.1948 3.61E-07 8 9 2.2142 7.81E-07

m 1 2 0.1128 0.00E+00 5 7 0.2563 7.55E-07 9 10 0.2087 9.07E-08

my 1 2 0.5707 0.00E+00 4 6 2.7546 1.93E-07 7 8 0.1446 4.74E-07

ms 2 3 0.1359 9.93E-16 10 11 1.7252  8.05E-08 10 11 0.1304 2.07E-07

my 2 3 0.1764 0.00E+00 6 8 0.1702 8.17E-07 9 10 0.1625 8.32E-08

20000 ms 2 3 0.0968 0.00E+00 6 8 0.5717 8.07E-07 9 10 1.3341 8.31E-08
me 3 4 1.1641 0.00E+00 9 11 0.4882 7.34E-08 9 10 0.1229 1.94E-07

m; 2 3 0.1440 0.00E+00 6 8 0.2247 8.17E-07 9 10 0.1264 8.32E-08

mg 2 3 0.0931 0.00E+00 6 8 1.1037 8.07E-07 9 10 0.1459 8.31E-08

my 1 2 0.1883  0.00E+00 8 0.4077 5.32E-09 10 0.9471 1.28E-07

my 1 2 0.6308 0.00E+00 6 0.2373 2.65E-07 7 8 0.2009 6.66E-07

ms 2 3 0.2199 9.93E-16 10 11 42777 8.05E-08 10 11 0.2548 2.07E-07

my 2 3 0.1781 0.00E+00 7 9 0.4334 5.71E-09 9 10 0.2946 1.18E-07

100000 ms 2 3 0.8688 0.00E+00 7 9 1.8487 5.68E-09 9 10 0.2558 1.18E-07
me 3 4 0.1510 0.00E+00 9 11 0.6243 7.34E-08 9 10 2.5348 1.94E-07

m; 2 3 0.3463  0.00E+00 7 9 0.3045 5.71E-09 9 10 0.2682 1.18E-07

mg 2 3 0.3872  0.00E+00 7 9 3.9198 5.68E-09 9 10 0.3627 1.18E-07

AIMS Mathematics Volume 8, Issue 2, 4442-4466.



4454

Table 3. Numerical results of the three algorithms on Problem 2.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM

m 4 6 0.0300 2.13E-07 8 10 0.0332  6.00E-08 9 10 0.0283 3.85E-07

my 19 21 0.0497 9.06E-07 4 6 0.0119 1.25E-07 6 7 0.0145 5.14E-07

ms 7 9 0.0239 4.09E-07 7 9 0.0146 2.78E-08 7 8 0.0096 5.83E-07

my 7 9 0.0172  9.09E-07 8 10 0.0195 2.49E-07 9 10 0.0096 4.50E-07

1000 ms 7 9 0.0333 9.09E-07 8 10 0.0177 2.49E-07 9 10 0.0115 4.50E-07
mg 8 10 0.0192 4.95E-08 8 10 0.0181 1.95E-08 7 8 0.0120 7.79E-07

my 7 9 0.0145 9.09E-07 8 10 0.0181 2.49E-07 9 10 0.0185 4.50E-07

mg 7 9 0.0165 8.88E-07 8 10 0.0203 2.50E-07 9 10 0.0107 4.54E-07

m 4 6 0.4667 9.03E-07 8 10 1.2040 1.34E-07 9 10 0.7974 8.59E-07

my 23 25 3.0068 7.92E-07 4 6 0.8070 2.75E-07 8 0.4587 1.03E-07

ms 7 9 0.1027 4.14E-07 7 9 0.0807 2.75E-08 7 8 0.1973 5.62E-07

my 10 12 0.0980 8.56E-07 8 10 2.7056 5.64E-07 10 11 0.1100 9.17E-08

2000 ms 10 12 0.0644 8.56E-07 8 10 0.4899 5.64E-07 10 11 0.1570 9.17E-08
mg 8 10 0.0563 1.62E-07 8 10 0.0748 2.00E-08 7 8 0.0203 7.77E-07

my 10 12 1.7635 8.56E-07 8 10 0.5620 5.64E-07 10 11 1.6032 9.17E-08

mg 10 12 2.0989 8.51E-07 8 10 0.3175 5.64E-07 10 11 0.0398 9.18E-08

m 6 8 0.0674 8.99E-07 8 10 3.0765 1.90E-07 10 11 0.0635 1.10E-07

my 24 26 43594 8.95E-07 4 6 0.8040 3.88E-07 7 8 0.4238 1.45E-07

ms 7 9 0.0568 4.14E-07 7 9 0.1828 2.75E-08 7 8 0.1624 5.59E-07

my 11 13 0.1394 9.00E-07 8 10 0.2587 7.98E-07 10 11 1.5964 1.30E-07

10000 ms 11 13 1.8668 9.00E-07 8 10 0.1017 7.98E-07 10 11 0.7227 1.30E-07
mg 8 10 0.0638 1.75E-07 8 10 0.1647 2.02E-08 7 8 0.0366 7.77E-07

m; 11 13 0.1010 9.00E-07 8 10 2.4034 7.98E-07 10 11 0.1130 1.30E-07

mg 11 13 0.7089 8.97E-07 8 10 0.2677 7.99E-07 10 11 0.0738 1.30E-07

m 10 12 0.3468 8.09E-07 8 10 0.6028 4.24E-07 10 11 4.0162 247E-07

my 27 29 2.2526 9.72E-07 4 6 2.6259 8.66E-07 7 8 0.3940 3.23E-07

m3 7 9 0.2112 4.15E-07 7 9 0.5050 2.75E-08 7 8 0.6980 5.57E-07

my 14 16 1.2757 9.82E-07 9 11 1.2621 1.77E-08 10 11 0.2290 2.90E-07

20000 ms 14 16 0.4675 9.82E-07 9 11 4.5622 1.77E-08 10 11 0.5405 2.90E-07
me 8 10 1.9899 1.84E-07 8 10 1.0180 2.04E-08 7 8 0.3657 7.77E-07

my 14 16 0.4672 9.82E-07 9 11 1.4871 1.77E-08 10 11 2.3145 2.90E-07

mg 14 16 1.4642 9.82E-07 9 11 0.8096 1.77E-08 10 11 1.8791 2.90E-07

my 11 13 4.5167 9.03E-07 8 10 1.1287 5.99E-07 10 11 1.8709 3.49E-07

my 29 31 2.7946 8.55E-07 5 7 0.3214 1.21E-08 7 8 0.3972 4.56E-07

ms 7 9 1.2771 4.15E-07 7 9 1.3914 2.75E-08 7 8 0.5613 5.57E-07

my 16 18 2.8902 8.59E-07 9 11 0.8460 2.50E-08 10 11 1.2346 4.10E-07

100000 ms 16 18 2.5125 8.59E-07 9 11 2.1172  2.50E-08 10 11 0.5491 4.10E-07
me 8 10 1.8713 1.85E-07 8 10 0.5126 2.04E-08 7 8 0.4579 7.77E-07

my 16 18 2.3005 8.59E-07 9 11 1.5732  2.50E-08 10 11 1.2220 4.10E-07

mg 16 18 2.3307 8.58E-07 9 11 1.8067 2.50E-08 10 11 0.5572  4.10E-07
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Table 4. Numerical results of the three algorithms on Problem 3.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM

my 2 3 0.0489 0.00E+00 7 9 0.0312 2.58E-08 9 10 0.0271 2.19E-07

my 2 3 0.0036  0.00E+00 5 7 0.0089 8.35E-07 7 8 0.0061 9.15E-07

ms 2 3 0.0068 0.00E+00 6 8 0.0109 1.27E-08 7 8 0.0068 2.49E-07

my 2 3 0.0039  0.00E+00 6 8 0.0106 7.79E-07 9 10 0.0130 1.09E-07

1000 ms 2 3 0.0046  0.00E+00 6 8 0.0139 7.79E-07 9 10 0.0106 1.09E-07
mg 2 3 0.0046 0.00E+00 6 8 0.0091 5.53E-08 8 9 0.0098 1.00E-07

my 2 3 0.0047  0.00E+00 6 8 0.0115 7.79E-07 9 10 0.0087 1.09E-07

mg 2 3 0.0041 0.00E+00 6 8 0.0122 7.78E-07 9 10 0.0075 1.10E-07

m 2 3 0.6745 0.00E+00 7 9 0.0553 5.78E-08 9 10 0.5417 4.89E-07

my 2 3 0.0132  0.00E+00 6 8 0.0326 1.85E-08 8 9 0.0784 1.86E-07

ms 2 3 0.0482  0.00E+00 6 8 0.0719 1.27E-08 7 8 1.2708 2.49E-07

my 2 3 0.0132  0.00E+00 8 10 0.9730 5.57E-07 9 10 1.0767 2.45E-07

2000 ms 2 3 0.0159 0.00E+00 8 10 0.2707 5.57E-07 9 10 0.0275 2.45E-07
mg 2 3 0.4898 0.00E+00 6 8 0.0905 5.53E-08 8 9 0.2965 1.00E-07

my 2 3 0.0259 0.00E+00 8 10 0.2239 5.57E-07 9 10 0.0474 2.45E-07

mg 2 3 0.0089  0.00E+00 8 10 0.0748 5.57E-07 9 10 0.0289 2.45E-07

m 2 3 0.6468 0.00E+00 7 9 0.0893 8.17E-08 9 10 1.1107 6.91E-07

my 2 3 0.0174  0.00E+00 6 8 2.0953 2.61E-08 8 9 0.0422 2.63E-07

ms 2 3 0.0241 0.00E+00 6 8 0.1933 1.27E-08 7 8 0.0554 2.49E-07

my 2 3 0.0180 0.00E+00 8 10 0.5469 7.88E-07 9 10 0.7111 3.46E-07

10000 ms 2 3 1.5830 0.00E+00 8 10 2.3199 7.88E-07 9 10 0.0512 3.46E-07
mg 2 3 0.0905 0.00E+00 6 8 0.1884 5.53E-08 8 9 1.9455 1.00E-07

my 2 3 0.0225 0.00E+00 8 10 0.0539 7.88E-07 9 10 0.0370 3.46E-07

mg 2 3 0.4293  0.00E+00 8 10 0.5833 7.88E-07 9 10 0.2404 3.47E-07

m 2 3 0.1251 0.00E+00 7 9 0.2378 1.83E-07 10 11 0.1597 1.41E-07

my 2 3 0.2099 0.00E+00 6 8 0.3338 5.84E-08 8 9 0.3668 5.88E-07

ms 2 3 0.2718 0.00E+00 6 8 0.1467 1.27E-08 7 8 0.1518 2.49E-07

my 2 3 0.0892 0.00E+00 9 11 1.8976 1.74E-08 9 10 3.4018 7.75E-07

20000 ms 2 3 0.0738  0.00E+00 9 11 0.8494 1.74E-08 9 10 0.5303 7.75E-07
me 2 3 0.4336 0.00E+00 6 8 0.2686 5.53E-08 8 9 0.3395 1.00E-07

my 2 3 0.1016  0.00E+00 9 11 3.6617 1.74E-08 9 10 0.1285 7.75E-07

mg 2 3 0.4282  0.00E+00 9 11 0.2094 1.74E-08 9 10 0.3406 7.75E-07

m 2 3 0.1608 0.00E+00 7 9 0.3985 2.58E-07 10 11 2.8327 1.99E-07

my 2 3 0.4025 0.00E+00 6 8 2.4220 8.27E-08 9 0.5146 8.32E-07

ms 2 3 0.4997 0.00E+00 6 8 0.4001 1.27E-08 7 8 0.4550 2.49E-07

my 2 3 0.2278  0.00E+00 9 11 1.2758 2.47E-08 10 11 0.6024 9.96E-08

100000 ms 2 3 1.4800 0.00E+00 9 11 1.1169 2.47E-08 10 11 0.6103 9.96E-08
me 2 3 0.1908 0.00E+00 6 8 1.1200 5.53E-08 8 9 0.3045 1.00E-07

my 2 3 2.2168 0.00E+00 9 11 0.4203 2.47E-08 10 11 2.8192 9.96E-08

mg 2 3 0.5285 0.00E+00 9 11 1.6755 2.47E-08 10 11 0.5757 9.96E-08
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Table 5. Numerical results of the three algorithms on Problem 4.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM
m 2 3 0.0296 0.00E+00 1 2 0.0073  0.00E+00 1 2 0.0291 0
my 1 2 0.0027 0 1 2 0.0035 0.00E+00 1 2 0.0031 0
ms 2 3 0.0042 4.97E-16 1 2 0.0034 0.00E+00 1 2 0.0026 0.00E+00
my 3 4 0.0049  0.00E+00 5 7 0.0093 2.75E-07 7 8 0.0060 6.10E-07
1000 ms 3 4 0.0055 0.00E+00 5 7 0.0105 2.75E-07 7 8 0.0078 6.10E-07
Mg 2 3 0.0034  0.00E+00 4 6 0.0067 1.70E-08 5 6 0.0046 2.61E-07
my 3 4 0.0049  0.00E+00 5 7 0.0072  2.75E-07 7 8 0.0064 6.10E-07
mg 3 4 0.0071 0.00E+00 5 7 0.0083 2.84E-07 7 8 0.0056 6.18E-07
my 2 3 0.0332  0.00E+00 1 2 0.0646 0.00E+00 1 2 0.0367 0
nmy 1 2 0.0099 0 1 2 0.0213  0.00E+00 1 2 0.0174 0
ms 2 3 1.0121 4.97E-16 1 2 0.5463 0.00E+00 1 2 0.3020 0.00E+00
my 3 4 0.0686 0.00E+00 5 7 0.6076  6.23E-07 8 9 0.2798 1.25E-07
2000 ms 3 4 0.0281 0.00E+00 5 7 0.0214  6.23E-07 8 9 0.3643 1.25E-07
Mg 2 3 0.0487 0.00E+00 4 6 0.9525 1.57E-08 5 6 0.1231 2.41E-07
my 3 4 0.0160 0.00E+00 5 7 0.1311  6.23E-07 8 9 0.0235 1.25E-07
mg 3 4 0.3845 0.00E+00 5 7 0.0238 6.27E-07 8 9 0.0280 1.25E-07
m 2 3 0.0432  0.00E+00 1 2 0.0152  0.00E+00 1 2 0.1671 0
nmy 1 2 0.0130 0 1 2 0.6404 0.00E+00 1 2 0.2411 0
ms 2 3 0.3455 4.97E-16 1 2 0.1039 0.00E+00 1 2 0.0879 0.00E+00
N 3 4 0.0962  0.00E+00 5 7 0.1264  8.83E-07 8 9 0.1373  1.76E-07
10000 ms 3 4 0.0206 0.00E+00 5 7 0.0717 8.83E-07 8 9 0.0563 1.76E-07
me 2 3 0.0129 0.00E+00 4 6 0.0410 1.56E-08 5 6 0.0300 2.39E-07
my; 3 4 2.1280 0.00E+00 5 7 2.0752  8.83E-07 8 9 0.0345 1.76E-07
mg 3 4 0.0435 0.00E+00 5 7 0.3836 8.85E-07 8 9 0.2295 1.77E-07
m 2 3 0.1215 0.00E+00 1 2 0.0786 0.00E+00 1 2 0.2465 0
my 1 2 0.9649 0 1 2 0.0727 0.00E+00 1 2 0.1039 0
ms 2 3 1.1914 4.97E-16 1 2 0.1050 0.00E+00 1 2 0.0993 0.00E+00
my 3 4 0.0787 0.00E+00 6 8 0.4597 1.96E-08 8 9 0.9459 3.95E-07
20000 ms 3 4 0.5360 0.00E+00 6 8 1.9008 1.96E-08 8 9 0.1311  3.95E-07
me 2 3 0.0827 0.00E+00 4 6 1.4476 1.54E-08 5 6 1.6395 2.37E-07
my; 3 4 0.5580 0.00E+00 6 8 0.8577 1.96E-08 8 9 1.1280 3.95E-07
mg 3 4 0.1724  0.00E+00 6 8 0.1708 1.96E-08 8 9 0.1320 3.95E-07
m 2 3 0.1040 0.00E+00 1 2 0.2292  0.00E+00 1 2 0.0971 0
my 1 2 0.5020 0 1 2 0.3929 0.00E+00 1 2 0.0608 0
ms 2 3 0.6183 4.97E-16 1 2 0.5716  0.00E+00 1 2 1.2024  0.00E+00
my 3 4 0.6508 0.00E+00 6 8 0.8017 2.77E-08 8 9 1.1241 5.58E-07
100000 ms 3 4 2.7106 0.00E+00 6 8 0.2833  2.77E-08 8 9 0.5422  5.58E-07
me 2 3 0.2422  0.00E+00 4 6 0.4995 1.54E-08 5 6 0.1569 2.37E-07
ny 3 4 0.4045 0.00E+00 6 8 0.8315 2.77E-08 8 9 0.6378 5.58E-07
mg 3 4 1.2673  0.00E+00 6 8 0.2407 2.77E-08 8 9 2.2426  5.58E-07
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Table 6. Numerical results of the three algorithms on Problem 5.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM

m 24 26 0.0584 9.23E-07 4 6 0.0278 4.28E-07 6 7 0.0106 3.94E-07

my 23 25 0.0523 9.30E-07 4 6 0.0085 2.03E-07 7 8 0.0083 3.89E-07

ms 12 14 0.0252 5.60E-07 6 8 0.0112 1.37E-08 7 8 0.0103 5.04E-07

my 12 14 0.0248 8.98E-07 7 9 0.0125 4.92E-08 8 9 0.0077 1.11E-07

1000 ms 12 14 0.0275 8.98E-07 7 9 0.0142 4.92E-08 8 9 0.0118 1.11E-07
mg 19 21 0.0250 8.22E-07 8 10 0.0347 8.90E-09 8 9 0.0077 2.35E-07

my 12 14 0.0258 8.98E-07 7 9 0.0133  4.92E-08 8 9 0.0090 1.11E-07

mg 12 14 0.0186 8.96E-07 7 9 0.0120 5.06E-08 8 9 0.0098 1.12E-07

m 28 30 0.1528 8.04E-07 4 6 0.0764 9.58E-07 6 7 0.1398 8.81E-07

my 27 29 0.6379 8.10E-07 4 6 0.3117 4.53E-07 7 8 0.4172 8.70E-07

ms 15 17 0.0647 5.18E-07 6 8 0.2211 1.30E-08 8 9 0.0829 5.70E-08

my 16 18 0.1284 7.87E-07 7 9 0.0740 1.11E-07 8 9 0.1978 2.50E-07

2000 ms 16 18 1.3222  7.87E-07 7 9 0.2236 1.11E-07 8 9 0.5069 2.50E-07
mg 15 17 0.0576 6.47E-07 7 9 0.7438 5.65E-07 8 9 0.9363 8.56E-07

my 16 18 0.5002 7.87E-07 7 9 0.5365 1.11E-07 8 9 0.7172  2.50E-07

mg 16 18 0.2607 7.86E-07 7 9 0.0450 1.12E-07 8 9 0.0370 2.51E-07

m 29 31 2.2261 9.03E-07 5 7 0.5164 7.20E-09 7 8 0.0696 6.32E-08

my 28 30 0.1845 9.10E-07 4 6 0.2108 6.40E-07 8 9 0.3887 6.24E-08

ms 15 17 0.1033 6.58E-07 6 8 0.0598 1.23E-08 8 9 1.9183 8.06E-08

my 17 19 1.0910 8.89E-07 7 9 1.2817 1.58E-07 8 9 0.0453  3.54E-07

10000 ms 17 19 0.1082 8.89E-07 7 9 0.0601 1.58E-07 8 9 0.2457 3.54E-07
mg 15 17 0.4385 7.90E-07 8 10 0.2200 1.32E-08 9 10 0.4761 5.62E-08

m; 17 19 0.5594 8.89E-07 7 9 0.1719 1.58E-07 8 9 0.0590 3.54E-07

mg 17 19 2.5253 8.89E-07 7 9 0.0791 1.58E-07 8 0.4212 3.54E-07

m 32 34 2.0660 9.88E-07 5 7 0.2138 1.61E-08 7 8 0.2570 1.41E-07

my 31 33 1.7560 9.95E-07 5 7 1.2728 7.61E-09 8 9 0.3223 1.39E-07

ms 18 20 1.1115 9.18E-07 6 8 0.6486 1.15E-08 8 9 4.0013 1.80E-07

my 20 22 1.9429 9.68E-07 7 9 0.4158 3.53E-07 8 9 0.3523 7.92E-07

20000 ms 20 22 0.5584 9.68E-07 7 9 0.9673 3.53E-07 8 9 0.2946 7.92E-07
me 17 19 1.4478 9.79E-07 8 10 0.2156 4.69E-08 9 10 0.2300 5.16E-08

my 20 22 4.0180 9.68E-07 7 9 1.8746 3.53E-07 8 9 0.6637 7.92E-07

mg 20 22 0.6509 9.68E-07 7 0.2024 3.54E-07 8 9 0.1919 7.92E-07

m 34 36 3.6145 8.70E-07 5 7 0.9745 2.28E-08 7 8 2.1130 2.00E-07

my 33 35 2.2467 8.77E-07 5 7 2.2109 1.08E-08 8 9 1.3419 1.97E-07

ms 16 18 1.2758 1.67E-07 6 8 0.4651 1.13E-08 8 9 0.2564 2.55E-07

my 22 24 2.1591 8.54E-07 7 9 0.8911 5.00E-07 9 10 0.7061 5.68E-08

100000 ms 22 24 2.1281 8.54E-07 7 9 0.3940 5.00E-07 9 10 0.7502 5.68E-08
me 21 23 1.4187 9.59E-07 8 10 2.1780 5.35E-08 8 9 0.2659 9.73E-07

my 22 24 2.3113 8.54E-07 7 9 0.8201 5.00E-07 9 10 24092 5.68E-08

mg 22 24 1.9841 8.54E-07 7 9 0.5536  5.00E-07 9 10 0.7111 5.68E-08
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Table 7. Numerical results of the three algorithms on Problem 6.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM

m 1 2 0.0438 0.00E+00 5 7 0.0154 3.13E-08 6 7 0.0362 5.08E-07

my 2 3 0.0055 0.00E+00 4 6 0.0116 4.07E-09 6 7 0.0090 7.74E-08

ms 1 2 0.0059 3.14E-16 4 6 0.0074 1.95E-08 6 7 0.0126 1.35E-07

my 2 3 0.0056 0.00E+00 10 12 0.0173  6.36E-08 9 10 0.0108 2.10E-08

1000 ms 2 3 0.0070  0.00E+00 10 12 0.0204 6.36E-08 9 10 0.0153 2.10E-08
mg 2 3 0.0053 0.00E+00 6 8 0.0132 1.63E-08 8 9 0.0082 2.34E-07

my 2 3 0.0056 0.00E+00 10 12 0.0232 6.36E-08 9 10 0.0091 2.10E-08

mg 2 3 0.0099 0.00E+00 10 12 0.0185 9.54E-08 9 10 0.0085 2.17E-08

m 1 2 0.0374  0.00E+00 5 7 1.0327 7.00E-08 7 8 0.5082 2.23E-08

my 2 3 0.0205 0.00E+00 4 6 0.0221 9.11E-09 6 7 1.3592 1.73E-07

ms 1 2 0.0747 3.14E-16 4 6 0.3235 1.95E-08 6 7 0.2540 1.35E-07

my 2 3 0.5673  0.00E+00 11 13 0.3735 4.00E-09 9 10 0.0230 4.77E-08

2000 ms 2 3 0.1877 0.00E+00 11 13 0.2003 4.00E-09 9 10 0.2913 4.77E-08
mg 2 3 0.0243  0.00E+00 6 8 0.5030 1.63E-08 8 9 0.0371 2.34E-07

my 2 3 0.0166 0.00E+00 11 13 0.3037 4.00E-09 9 10 0.0259 4.77E-08

mg 2 3 0.1480 0.00E+00 11 13 0.7863 4.34E-09 9 10 1.1625 4.80E-08

m 1 2 1.5394  0.00E+00 5 7 0.3123  9.90E-08 7 8 0.1095 3.15E-08

my 2 3 0.3070  0.00E+00 4 6 0.7642 1.29E-08 6 7 0.0387 2.45E-07

ms 1 2 0.0315 3.14E-16 4 6 0.0600 1.95E-08 6 7 0.6297 1.35E-07

my 2 3 0.2660 0.00E+00 11 13 0.4963 1.34E-08 9 10 2.2974 6.75E-08

10000 ms 2 3 0.3858 0.00E+00 11 13 1.1199 1.34E-08 9 10 0.0373 6.75E-08
mg 2 3 0.1753  0.00E+00 6 8 0.2915 1.63E-08 8 9 2.9723 2.34E-07

my 2 3 0.5146  0.00E+00 11 13 0.4325 1.34E-08 9 10 0.1870 6.75E-08

mg 2 3 0.2806 0.00E+00 11 13 0.1227 1.42E-08 9 10 0.0536 6.78E-08

m 1 2 1.1916  0.00E+00 5 7 0.2469 2.21E-07 7 8 0.1870 7.04E-08

my 2 3 0.9393  0.00E+00 4 6 1.1379 2.88E-08 6 7 1.6610 5.47E-07

ms 1 2 0.0926 3.14E-16 4 6 0.2889 1.95E-08 6 7 0.1471 1.35E-07

my 2 3 1.2706  0.00E+00 11 13 1.1981 2.10E-07 9 10 1.4916 1.51E-07

20000 ms 2 3 0.1308 0.00E+00 11 13 0.5316 2.10E-07 9 10 0.1756 1.51E-07
me 2 3 0.8749  0.00E+00 6 8 0.7440 1.63E-08 8 9 2.3692 2.34E-07

m; 2 3 0.1153  0.00E+00 11 13 0.3875 2.10E-07 9 10 0.1597 1.51E-07

mg 2 3 1.6229 0.00E+00 11 13 1.9796 2.12E-07 9 10 0.2254 1.51E-07

m 1 2 0.1545 0.00E+00 5 7 0.3623 3.13E-07 7 8 0.9581 9.96E-08

my 2 3 0.5466 0.00E+00 4 6 0.3900 4.07E-08 6 7 0.2321 7.74E-07

ms 1 2 0.4549 3.14E-16 4 6 0.6795 1.95E-08 6 7 0.4348 1.35E-07

my 2 3 1.1598 0.00E+00 11 13 0.5917 5.11E-07 9 10 0.9209 2.14E-07

100000 ms 2 3 0.2296 0.00E+00 11 13 2.1472  5.11E-07 9 10 0.9297 2.14E-07
me 2 3 0.5503  0.00E+00 6 8 0.3154 1.63E-08 8 9 1.7438 2.34E-07

my 2 3 1.1678 0.00E+00 11 13 1.3542 S5.11E-07 9 10 1.0237 2.14E-07

mg 2 3 0.2391 0.00E+00 11 13 0.6503 5.14E-07 9 10 0.3572  2.14E-07
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Table 8. Numerical results of the three algorithms on Problem 7.

iSDFM DAIS1 MSGPALG
DIMENSION INITIAL POINT ITER FVAL TIME NORM ITER FVAL TIME NORM ITER FVAL TIME NORM

my 19 21 0.0328 9.46E-07 67 69 0.1959 9.10E-07 67 68 0.0613 9.89E-07

my 52 53 0.0584 9.20E-07 101 103 0.1120 9.84E-07 61 62 0.0533 9.84E-07

ms 57 59 0.0884 9.41E-07 76 78 0.1511 9.29E-07 87 88 0.0644 9.38E-07

my 55 57 0.0840 6.99E-07 83 85 0.2007 9.36E-07 83 84 0.0643 8.91E-07

1000 ms 56 58 0.0663 8.51E-07 81 83 0.1548  9.41E-07 83 84 0.0635 8.91E-07
me 47 49 0.0655 9.14E-07 81 83 0.1694 9.87E-07 68 69 0.0403 8.99E-07

my 55 57 0.0831 9.64E-07 85 87 0.1402 9.92E-07 83 84 0.0378 8.91E-07

mg 54 56 0.0986 8.26E-07 83 85 0.2083  8.98E-07 82 83 0.0417 9.64E-07

m 44 46 0.4975 9.72E-07 101 103 4.4357 9.03E-07 47 48 3.9616 7.95E-07

my 41 43 2.1529 9.63E-07 91 93 0.4886 9.98E-07 93 94 0.1564 9.74E-07

ms 50 52 0.1946 9.94E-07 94 96 1.1680 9.55E-07 80 81 0.4414 9.74E-07

my 53 55 0.3218 8.21E-07 89 91 42258 8.31E-07 65 66 0.7041 9.19E-07

2000 ms 51 53 0.3422 9.93E-07 90 92 0.5222  8.89E-07 65 66 0.5813 9.19E-07
mg 56 58 1.4298 9.63E-07 73 75 0.8748 9.42E-07 56 57 0.2107 9.25E-07

my 54 56 0.2158 9.01E-07 96 98 1.8010 6.68E-07 65 66 4.0542 9.19E-07

mg 52 54 0.5704 8.94E-07 89 91 1.7997 9.43E-07 67 68 1.2837 9.44E-07

my 49 51 3.5965 8.84E-07 106 108 2.0185 8.15E-07 52 53 0.2338 8.65E-07

my 39 41 0.3701 8.64E-07 91 93 1.3319 9.24E-07 94 95 1.4506 9.72E-07

ms 54 56 1.3825 8.64E-07 95 97 1.5026 9.24E-07 70 71 0.6796 8.77E-07

my 56 58 3.5432 6.98E-07 96 98 2.1861 9.18E-07 57 58 4.7632 8.81E-07

10000 ms 52 54 09342 8.00E-07 97 99 1.6761 9.85E-07 57 58 0.4527 8.81E-07
mg 59 60 1.5782 8.65E-07 91 93 1.8383 9.48E-07 58 59 0.5386 7.32E-07

m; 57 59 0.4248 7.88E-07 103 105 1.7186 7.81E-07 57 58 0.4381 8.81E-07

mg 58 60 1.2930 9.43E-07 99 101 2.3954 9.07E-07 53 54 4.5234 6.99E-07

m 46 48 5.1900 8.32E-07 74 76 5.7164 9.08E-07 36 37 0.6755 6.71E-07

my 55 57 2.7338 9.19E-07 96 98 14.8517 9.62E-07 95 96 2.5677 9.62E-07

ms 62 64 2.8549 8.89E-07 101 103 7.6005 9.46E-07 88 89 2.2433 9.13E-07

my 59 61 2.7944 7.58E-07 105 107 7.4685 9.10E-07 81 82 2.4065 9.25E-07

50000 ms 61 63 29541 7.11E-07 103 105 5.6730 9.09E-07 81 82 2.6295 9.25E-07
me 54 56 2.7075 9.94E-07 102 104 54700 9.54E-07 56 57 1.5636 8.15E-07

my 63 65 3.1767 8.45E-07 101 103 5.2194  9.21E-07 81 82 2.1452  9.25E-07

mg 60 62 2.8825 9.99E-07 96 98 52916 9.82E-07 81 82 2.2370 9.30E-07

my 35 36 3.2271 9.76E-07 110 112 11.6739 9.71E-07 50 51 2.3679 9.55E-07

my 58 60 4.4230 9.75E-07 103 105 133138 8.57E-07 67 68 2.9833 7.51E-07

ms 57 59 5.5342 8.21E-07 80 82 10.3855 9.39E-07 72 73 3.3898 9.29E-07

my 55 56 5.0986 9.16E-07 88 90 10.7673 7.47E-07 88 89 4.4502 9.38E-07

100000 ms 55 57 5.3401 9.05E-07 99 101 9.7451  9.95E-07 88 89 4.9388 9.38E-07
me 57 59 54860 9.28E-07 103 105 11.7762 7.17E-07 74 75 3.1878 9.23E-07

my 59 60 54163 8.97E-07 88 90 9.7121 8.46E-07 88 89 3.9409 9.38E-07

mg 54 56 5.1927 9.03E-07 99 101 10.0416 9.68E-07 88 89 3.6687 9.40E-07
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Figure 3. Performance profile on CPU time.

4. Application in motion control

In robotics, manipulators and effectors are the aspects in which some parts of the robots interact
with other objects by performing different tasks such as picking from one point and placing on another.
For stability and accuracy in the robots’ movement, the characteristics of motor dynamics, which are
contemporarily used as actuators in n—link and 1-link robot systems, need to be considered [34, 35].
This is a tracking control problem of a nonlinear system, and the motor dynamics are required to satisfy
the condition that the actual output of the system can track the desired trajectory with least possible
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error [36].

Some of the developed methods for tracking control problems of nonlinear systems include
proportional-integral-derivative (PID) control [37, 38], feedback linearization [39, 40] and optimal
output tracking control by using approximation approach [41].

We present an application of our proposed algorithm in motion control of two planar robotic
manipulators. Consider the following model:

m]iRr} f(m), 4.1)
where f : R" — R is a smooth and convex function. In the case of motion control, the function in (4.1)
has the form f(vy) := %Ilvk - yukllg. Subsequently, we minimize

1 2
min —||v, — y, 4.2
min >l = yusll (4.2)
at each computational time interval 7 € [0, 7¢].
As described in [42], the discrete-time kinematics equation of a two-joint planar robot manipulator
at the position level is given as
Y(6) = g 4.3)

The kinematics map ¥(-) is given as

[y cos(0;) + [, cos(6, + 6,)

v = [11 $in6,) + L sin(6; + 65) |’ 4

where [, and [, are the lengths of the rod links, and 6; € R? is the joint angle vector.
From (4.2), the term v, is controlled to track a Lissajous curve:

4.5)

+ 1 sin(37y)
Yuk = .

+ % sin(27y)

3

2
V3

2

For our algorithm to fit (4.1), we present its slight modification as follows:

Algorithm 2: Modified iSDFM.
Input : Let @, = 0 for k£ > 0 in Algorithm 1. Consider the same inputs as in Algorithm 1, and
let I'(my) = Vf(my). Replace Step 2 and Step 3 of the Algorithm 1 with the followings:
Step 2: Compute A; = g/, where j is the smallest non—negative integer such that

fm + k6’ty) = f(my) < okgT(my) 1. (4.6)
Step 3: To update the next iterate, use

My = my + Aty 4.7

Remark 4.1. Assume that the solution to problem (4.1) exists and that the level set
{m e R": f(m) < f(my)} is bounded. Using Assumption A, and Theorem 2 of [43], we conclude that
Algorithm 2 converges, that is, likm inf [|I'(my)|| = 0 holds.
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In this experiment, we chose initial joint angle vector 6y = [0, Z2]7,1; =1, = 1, ¢ = 0.2 and o = 0.08.
The task duration [0, 20] is subdivided into 200 equal parts. The performance of Algorithm 2 in the
motion control problem is shown in the Figure 4.

Figure 4(a) represents the robot trajectories synthesized by Algorithm 2. Figure 4(b) shows the end
effector and the desired path. Figure 4(c,d) shows the performance errors on x and y axes, respectively.
These figures indicate that Algorithm 2 efficiently performed the assignment with an error as low as
1075 on both the x-axis and y-axis.

O Desired path
%, | === Actual rajectory
@,

65
0 02 04 06 08 1 12 14 16 18 13 1.35 14 1.45 15 1.55 16 165 1.7 175

(@) (b)

H~"u“

\ N ‘ flim N N M i
sos o ff Il I L i WA 19'54'[ M“,,, n Ry
W MU N, pl' \ "W i 1 H'“ |M/| ‘ ”\H ' "ww‘“ll | |

'I | YW \‘ |
J | {
“ |/J 106 ‘ \II‘ ‘ ! ( ‘|‘
i U |

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

(©) (d
Figure 4. Performance generated by Algorithm 2: (a) robot trajectories; (b) end effector
trajectory and desired path; (c) residual error on x-axis; (d) residual error on y-axis.

5. Conclusions

In conclusion, we have proposed an inertial-based spectral method for solving a system of
nonlinear equations. The inertial-step introduced is believed to have enhanced the performance of the
new method. We have discussed the global convergence of the proposed algorithm under the
monotonicity and Lipschitz continuity assumptions. We have also presented some numerical
experiments which depicted the efficiency of the proposed algorithm. The proposed algorithm is
reported to have better numerical performance than the methods in [21,22]. Subsequently, we have
demonstrated the applicability of the new method in motion control problems arising from robotics.
However, the numerical results showed that the proposed method won about 72% and 70% of the
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experiments in terms of ITER and FVAL. Therefore, we recommend further research in order to
improve its performance to the optimum.
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