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Abstract: We present the semilocal convergence of a multi-step modified Newton-Hermitian and
Skew-Hermitian Splitting method (MMN-HSS method) to approximate a solution of a nonlinear
equation. Earlier studies show convergence under only Lipschitz conditions limiting the applicability
of this method. The convergence in this study is shown under generalized Lipschitz-type conditions
and restricted convergence domains. Hence, the applicability of the method is extended. Moreover,
numerical examples are also provided to show that our results can be applied to solve equations
in cases where earlier study cannot be applied. Furthermore, in the cases where both old and new
results are applicable, the latter provides a larger domain of convergence and tighter error bounds on
the distances involved.
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1. Introduction

Let F: D € C" — C" be Gateaux-differentiable and D be an open set. Let also xo € D be
a point at which F/(x) is continuous and positive definite. Suppose that F/(x) = H(x) + S(x), where
H(x) = }(F/(x) + F'(x)*) and S(x) = }(F'(x) — F/(x)*) are the Hermitian and Skew-Hermitian parts
of the Jacobian matrix F’(x), respectively. Many problems can be formulated like the equation

F(x) =0, )

using mathematical modelling [1-22]. The solution x, of Equation (1) can rarely be found in
explicit form. This is why most solution methods of Equation (1) are usually iterative. In particular,
Hermitian and Skew-Hermitian Splitting (HSS) methods have been shown to be very efficient in
solving large sparse non-Hermitian positive definite systems of linear equations [11,12,17,19,22].

We study the semilocal convergence of the multi-step modified Newton-HSS (MMN-HSS) method
defined by

L (1 — T(oa;x)léi))F/(xk)_lF(ngifw)/ 1<i<m, )

Y =", i=1,2,...m, k=0,1,...,
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where xo € D is an initial point, T(a; x) = (al + S(x)) = (al — H(x))(al + H(x))~}(aI — H(x)), " is
a sequence of positive integers, and « and tol are positive constants

IECe) || < tol||E (xo)

and
I[F(xx) + F'(xi)dy g,

| < mellECa)ll, me € 10,1), e <yp < 1.

The local and semilocal convergence analysis of method (2) was given in [19] using Lipschitz
continuity conditions on F. Later, we extended the local convergence of method (2) using generalized
Lipschitz continuity conditions [8].

In the present study, we show that the results in [19] can be extended as the ones for MN-HSS
in [8]. Using generalized Lipschitz-type conditions, we present a new semilocal convergence analysis
with advantages (A):

(a) Larger radius of convergence,
(b) More precise error estimates on ||x; — x||,
(c) Thenew results can be used in cases where the old ones in [19] cannot be used to solve Equation (1).

The advantages (A) are obtained under the same computational cost as in [19]. Hence,
the applicability of the MMN-HSS method is extended.

The rest of the paper is structured as follows: Section 2 contains the semilocal convergence analysis
of the MMN-HSS method. Section 3 contains the numerical examples.

2. Semilocal Convergence

The following hypotheses shall be used in the semilocal convergence analysis (H):

(H1) Letxo € C". There exist f1 >0, B2 > 0,7 > 0and p > 0 such that

IH (x0)ll < B1, [1S(xo)ll < B2, IF'(x0) | < v, IF(x0)| < g

(H2) There exist vy : [0,+00) = R, v; : [0,400) — R, continuous and nondecreasing functions with
v1(0) = v2(0) = 0 such that, for each x,y € D,

IIH (x) — H(x0)[| < v1(l[x — xoll),

15(x) = S(x0) [l < va2(llx = xol])-

Define functions w and v by w(t) = wy () + wa(t) and v(t) = v1(t) + va(#).
Letrg = sup{t > 0: yo(t) <1}

and set
Dyo=Dn U(XO, 70)-

(H3) There exist wy : [0, +00) = R, wj : [0, +00) — R, continuous and nondecreasing functions with
w1(0) = wy(0) = 0 such that, for each x,y € Dy,

I1H(x) = H(y)ll < wi(llx = yl),

15(x) = S| < wa([|lx = yl)-

We need the following auxiliary results for the semilocal convergence analysis that follows.
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Lemma 1. Under the (H) hypotheses, the following items hold for each x,y € Dy:

|F'(x) = F(y)]| < w(llx=y]), ®
IF'(x) = F'(xo)| < ol =y, @
IF' @) < o(llx = yl) +B1 + B2, )
IF' () ~ Fly) = F) (=)l < [ ol — yldglx — ®)
and
1FC) < = @)

Proof. By hypothesis (H3) and F/(x) = H(x) + S(x), we have that

IF'(x) = P)ll = | (Hx) = H)) + (3(x) =)

< [[H(x) = Hy)[ + [1S(x) = Sl
< wi(flx = yl) + wa(llx =yl = w(llx —yl)

and by (Hp)
IF'(x) = F'(x0)|| < [[H(x) — H(x0) || + [|S(x) = S(xo) |

< v1([}x = xoll) +v2([lx = xol|)

= 0([x = xoll),

which show inequalities (3) and (4), respectively.
Then, we get, by (H;) and (H3),

IF' () = 1I(F'(x) = F(x0) ) + F'(x0) |
< |F'(x) = F'(x0) | + | H(x0) | + [1S(x0)]
<o(llx = xoll) + 1 + B2,

which shows inequality (5). Using (H3), we obtain that

1
IF) = F@) = W)=yl = || [ F(y+2x—v) ~F)detx -y
1
< [ w(lx=yle)delx — vl
which shows inequality (6). By (Hy), (Hz) and inequality (4), we get, in turn, that for x € Dy :
IF (x0) M IIF' (x) = F'(x0) || < v(llx = x0]l) < yo(ro) < 1. ®)

It follows from inequality (8) and the Banach lemma on invertible operators [4] that F/(x) ! exists
so that inequality (7) is satisfied. O

We shall define some scalar functions and parameters to be used in the semilocal convergence
analysis. Let fp = 0 and s(()l) = (1 + 5)yp. Define scalar sequences {t;}, {S,El)},. e {s,((m_l)} by the
following schemes:

to =0, S;EO) =t tep1 = Sgs
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B O 0 (G s 0 191 Gt 19) L et D B [t 0)) (G St W
S 1= 7o(t)

terr = 58+ (1= qo(t)) (s —s8 ), i=0,1,2,...,m—1,k=0,1,2,.... )

Moreover, define functions g and /1, on the interval [0, 7y) by

(L +1)7 fy w((1+ ) yue)dé + (1 + ) yw(t) + (1 — yo(t))

70 = 1—0(t)

and
ha(t) = q(t) — 1.

We have that 1;(0) = 7 -1 < 0and h; — o0 ast — r,. It follows from the intermediate
value theorem that function k,; has zeros in interval (0,79). Denote by r,; the smallest such zero.
Then, we have that for each t € [0, 7¢)

0<q()<1. (10)

Lemma 2. Suppose that equation

{1 = q(6)) ~ (@+ et L)y [ (14 p)ypd)de +0) =0 an

has zeros in interval (0,7,). Denote by r the smallest such zero. Then, sequence {t }, generated by Equation (9)
is nondecreasing, bounded from above by rq and converges to its unique least upper bound r*, which satisfies

0<r <r<uy. (12)
Proof. Equation (11) can be written as
t1 —to
=7, (13)
1—q(r)

since, by Equation (9),

h= Wbt )y [ ()T g+ (@ +p))

and r solves Equation (11). It follows from the definition of sequence {t; }, functions wy, w,, v1, v and
inequality (10) that

0<tg<so <t <1< - < f <sp < tpp1 <7,

bz — by = 40 (B — ) < q(n)f (1 — o),

and

teya <teen gt —to) < te+q(n)F (01 — to) + () Tt — ko)
<o S g (= to) ++q() (1 — ho)
t1 — to k+2 ti —to
<—+(1—9g(r < — =7
T—qn 1) <10

Therefore, sequences {t} converges to r*, which satisfies inequality (12). [

Next, we present the semilocal convergence analysis of the MMN-HSS method.
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Theorem 1. Suppose that the hypotheses (H) and hypotheses of Lemma 2 hold. Define ¥ = min{r,r*}, where
ri is defined in ([7], Theorem 2.1) and r* is given in Lemma 2. Let u = min{m., .}, m, = liminfy_,cmy,
I, = liminfy_,lx. Moreover, suppose

Iny J (14)

v Lln((r—kl)@) /

where the symbol | .| denotes the smallest integer no less than the corresponding real number, T € (0, -5~ ) and
0 :=0(a;x0) = || T(a; %0 < 1. (15)

Then, the sequence {xy } generated by the MMN-HSS method is well defined, remains in U(xq, 7) for each
k=0,1,2,... and converges to a solution x, of Equation F(x) = 0.

Proof. Notice that we showed in ([8], Theorem 2.1) that for each x € U(xo, 7)
IT(w;x)[| < (r+1)0 < 1. (16)
The following statements shall be shown using mathematical induction:

llxx — xoll <t —to,
IFGe)ll < et
||x1 —x | <s(1)—tk

||F(xk ) < (1+,7) ‘P(SIEZ))/ ‘ (17)
I = ) < s s, i =12, m 2,

|F(x “”‘”)H < (qu) o5 ),

1 — xk V) < b ,((mfl)-

We have for k = 0:
|0 — x|l =0 < tg — to,

(1 —y0(t))(s§ — to)
(1 +7)

1 (1) _ (1) 1
1 = xoll < 1T = T x0)s ||| F (x0) " IF(xo)]| < (1465 ) < (1477)75 = 5.

IF(x0)[| <6 <

7

Suppose the following items hold for each i < m — 1:

{ 1P < (H,?M( —oto))(sy " = s”), )
HxOZH) - xO || < sOZH) —sé’), i=1,2,--,m—2.
We shall prove that inequalities (18) hold for m — 1.
Using the (H) conditions, we get in turn that
HEGS™ ™) < IS ™Y) = P >> B )"V — 2"
+|\P<xé’” D) 4 F(x0) (e = 2"
< PG~ F{ )~ P o) =57 .
+|\P/< 0" ) — P (xo) 11 (xS D) 1" 2|+ | FG )
< fo I T 1 St
<||x0 o)™ >—x5f" )+l )
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Then, we also obtain that

155" = xol] < 15§72 = 20" 4 a8 — o
< (58" ="y o (s~ ho)
< sém_z) —t) = s(()m_z)
and .
(m-2) < . (m=1)  _(m=2)
Iy 2 < <1+,7)7(1 v0(t0)) (s sg ).

Hence, we get from inequality (19) that

IFGE ) < [l e -5
m— m— m— 1- £ m m—
+ w(s, (m=2) to)(s(() 1 —s(() 2))+ 17((1 _::7))( 0))(5(() >—S(() 1)) (20)

L—qo(to) , (m) _(m-1)
< 707 - :
=gy 070

Then, we have by Equation (9) that

(m) _ -1
e — 2"V < 1T = T 0)0” || (x0) M| B D) |

(m) 1
< A+ (00

holds, and the items (17) hold for k = 0. Suppose that the items (17) hold for all nonnegative integers
less than k. Next, we prove the items (17) hold for k.
We get, in turn, by the induction hypotheses:

(1= 70(tg)) (s — s D)) = ¢y —s{"7V

1 1 2 1
xe = xoll < e — T+ Y = 22 4 el = )+ s — xoll,

< (e —s" ) + (s 1)—S,(<T12))+' (50, — Bq) + (o1 — ho),

=t —tg<re<r.

In view of xj_1, xl(cl_)l, e, x,(:fl_l) € U(xg, 1), we have

IF(x) | <IIF(x;) - <xk1 )= F(x 1><xk—x£’”f“>|l
+|’F(x ) ) F' (o) (x k_xk 1 ||
<||F(x) - F(x" V) = F'(x m”)(xk—x,iml%u
+HIF (") = F ) e — 20 1+l F GV (21)

1
< /0 w(]| (x — <"V E) N (o — 2TV

n(1—o(t_1))
U+Wfl (

(m—1)

+ w(”xk ) ) (m-1)

—1
*xk—1||)|\xk*x;(f1 )H + l(cfl —Sp1 )

(1= 0(tx)  (m) _ (m-1)
<W(sk —s5; .
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We also get that
-1
e — 2" V) < s,
1 1
eV = el < gt = 2 g =l
1 2
< (" =5 e (5 — ),
< S(m 1) tk*l
and 1
(m—-1) (m) (m—1)
F(x < 1—you(t_ —5 .
||(k,1 )”71—0—17)’)/( V(kl))(kl k—1 )
It follows that

1 (1) _
1 — sl < 11 = T(as )% [[1E ()~ 1 IE )l

M Y 1=qut), )
< (14 6% s\ —t
= >1—w(tk) (T+m)y (57 —t)

< S](cl) — ty.

Suppose that the following items hold for any positive integers less than m — 1:

{W%HKOW¢LWWMQML$M

Y — D) < s sl i =10, m -2,

We will prove items (25) hold for m — 1. As in inequality (21), we have that
IEG" ) <lFG™ ™) = B ™) = Pl (" = ")
+ PG D) 4 F () (7 — ()

<P — P2y — P (D) () 2y

FIF 2 = F ) D = 2 g F )

= +1;7)q, (1= 0(t)) (5" = 5" ).
We also get that
" — 1D < sl — D),
||x,(cm*2) — x| < ||x,’:‘ — xk ) H ey Hx}({l) x|
< ("D — s 3>)+...+(5151>7tk)
< S}({m—z) — b,

and

m— 1
IF (x| <

< gy (1) e =5,

7of 11

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)
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Therefore,
—1 (m) _ 1
leesa = 5" DN < = Tl 0% I Geoo) G )|
(m) _ (m=1)
m y(1—=qov(ty))(sp ' —s
(1= o(te)) (1 +7)y
< b1 — S;(cm_l)
holds. The induction for items (17) is completed. The sequences {f}, {s¢}, -, S’((m—l) converges r*, and

1 -1 -2 1 0
Ixes — %ol < Iregs — 2+ I = 22 4 el = O g = o),

< (tepr =5 )+ (s = sy e 6 — k) (B — o), (31)

:tk+1—t0<1’*<1’.

Then, the sequence {x;} also converges to some x € U(x,,r). By letting k — oo in inequality (21),
we get that
F(x.) =0. (32)

O
Remark 1. Let us specialize functions wy, wy, v1, vy as wi(t) = Lit, wp(t) = Lpt, v1(t) = Kqt, vp(t) = Kot

for some positive constants K1, Ky, L1, Ly and set L = L1 + Ly, K = Ky + Kp. Suppose that Dy = D.
Then, notice that

K<L, (33)
since

K <Ly (34)
and

Ky <Ly, (35)

B1<pB (36)
and

B2 < B, (37)

where B := max{||H(xo)l|, IS (xo)l[}-
Notice that in [19], K1 = Ly, Ky = Ly. and B = B1 = Ba. Therefore, if strict inequality holds in any of
item (34), (35), (36) or (37), the present results improve the ones in [19], (see also numerical examples).

Remark 2. The set Dy in (H3) can be replaced by D1 = D N U (x1,r9 — ||x1 — x¢||) leading to even smaller
“w” and “v” functions, since D1 C D.
3. Numerical Examples

Example 1. Suppose that the motion of an object in three dimensions is governed by system of differential equations

fi(x) = fx) —1=0,
A) —(e—1)y—1=0, (39)
fiz) ~1=0.

with x, y, z € D for f1(0) = f2(0) = f3(0) = 0. Then, the solution of the system is given for v = (x,y,z)T
by function F := (f1, fa, f3) : D — R3 defined by
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F(v) = (e" -1, Syz +vy, z) T. (39)

e* 0 0
F(v) = 0 (e—1)y+1 0f. (40)
0 0 1

Then, we have that x, = (0,0,0)T, w(t) = w(t) + wa(t), v(t) = v1(t) +va(t), wi(t) = Lit,
wy(f) = Lat, v1(f) = Kqt, va(t) = Kpt, where Ly =e—1,Ly =¢, K1 =e—2,Ky = ¢, =0.001, vy =1
and y = 0.01.

After solving the equation hy(t) = 0, we obtain the root r; = 0.124067. Similarly, the roots of Equation (11)
are: 0.0452196 and 0.0933513. So,

r = min{0.0452196,0.0933513} = 0.0452196.

Therefore,
r = 0.0452196 < ry; = 0.124067.

In addition, we have that
r* = 0.0452196

and (see [7])
rf = 0.020274.

So,
F= min{r;r,r*} = min{0.020274,0.0452196} = 0.020274.

It follows that sequence {xy} is complete, {t; } — r* in D and as such it converges to x, € U(xo,7) =

L(0,0.020274).

Example 2. Consider the system of nonlinear equation F(X) = 0, wherein F = (Fy,--- ,F,)T and
X = (x1,x2,...,x,)7, with

F(X)=(B—2x)x3? —xj 1 —2x;1+1, i=1,2,...,n,

i

where xy = x,11 = 0 by convention. This system has a complex solution. Therefore, we consider the complex
initial guess Xo = (—i, —1i,...,—1i). The derivative F' (X) is given by

3(3—2x1) /31 — 26372 -2 o 0 0
Fx) - -1 363 -2xp)ym—2x32 .. 0 0
0 0 s =1 3(3 - 2x)/Xn — 203/

It is clear that F'(X) is sparse and positive definite. Now, we solve this nonlinear problem by
the Newton-HSS method (N-HSS), (see [10]), modified Newton-HSS method (MN-HSS), (see [22]),
three-step modified Newton-HSS (3MN-HSS) and four-step modified Newton-HSS (4MN-HSS)
method. The methods are compared in error estimates, CPU time (CPU-time) and the number of
iterations. We use experimentally optimal parameter values of « for the methods corresponding to the
problem dimension n = 100, 200, 500, 1000, see Table 1. The numerical results are displayed in Table 2.
From numerical results, we observe that MN-HSS outperforms N-HSS in the sense of CPU time and
the number of iterations. Note that, in this example, the results in [19] can not be applied since the
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operators involved are not Lipschitz. However, our results can be applied by choosing “w” and “v”
functions appropriately as in Example 3.1. We leave these details to the interested readers.

Table 1. Optimal values of & for N-HSS and MN-HSS methods.

n 100 200 500 1000
N-HSS 41 4.1 42 4.1
MN-HSS 44 44 43 43
MMN-HSS 44 44 4.3 4.3

Table 2. Numerical results.

n Method Error Estimates CPU-Time Iterations

N-HSS 3.98 x 10 1.744 5

100 MN-HSS 416 x 108 1.485 4
3MN-HSS 828 x 107° 1.281 3

4MN-HSS 1.12x10°° 1.327 3

N-HSS 3.83 x 10 6.162 5

200 MN-HSS 5.46 x 1078 4.450 4
3MN-HSS 7.53 x 105 4287 3

4MN-HSS 9.05 x 1077 4.108 3

N-HSS 4.65 % 107 32.594 5

500 MN-HSS 4.94 x 1078 24.968 4
3MN-HSS 7.69 x 1075 21.250 3

4AMN-HSS 9.62 x 1077 20.406 3

N-HSS 429 x 10 119.937 5

1000 MN-HSS 5.32 x 1078 98.203 4
3MN-HSS 9.16 x 107° 89.018 3

4MN-HSS 8.94 x 1077 91.000 3
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