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ON AN ITERATIVE ALGORITHM OF ULM-TYPE FOR SOLVING
EQUATIONS

IOANNIS K. ARGYROS* and SANJAY K. KHATTRI'

Abstract. We provide a semilocal convergence analysis of an iterative algorithm
for solving nonlinear operator equations in a Banach space setting. This algo-
rithm is of order 1.839..., and has already been studied in |3 [8 I8, 20]. Using
our new idea of recurrent functions we show that a finer analysis is possible with
sufficient convergence conditions that can be weaker than before, and under the
same computational cost. Numerical examples are also provided in this study.
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1. INTRODUCTION

In this study, we are concerned with the problem of approximating a locally
unique solution x* of equation:

(1) F(x) =0,

where F' is a nonlinear operator defined on an open subset D of a Banach
space X with values in a Banach space Y. Many problems in computational
mathematics can be written in the form [8, 14, [16]. Potra in [I8] used the
Ulm-type method [20] (UTM):

(2) Tntl = Tp — AglF(xn> (n > 0) (x—va—lva S D)?

where,

(3) Ay = [xnvxn—l; F] + [xn—anjn;F] - [ajn—27xn—1;F]a

to provide a local as well as a semilocal convergence analysis under hypotheses
on the first [, -; F|] and second [, -, -; F] order divided differences of operator
F

Here, an operator belonging to the space L(X,Y) (the Banach space of
linear and bounded operators from X into Y') is called a divided difference of
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order one for the operator F': X — Y on the points x,y € X if the following
properties hold:

(4) (2, Fl(y — 2) = F(y) — F(z) for o #y;
if F' is Fréchet-differentiable at x € X, then
(5) [z, 2; F] = F'(2).

An operator belonging to the space L(X,L(X,Y)) denoted by [z,y,z; F] is
called a divided difference of order two for the operator F' : X — Y on the
points z,y, 2z € X if:

(6) [,y 2 Fl(z —2) = [y, 2 F] — [z, y; F,
for the distinct points x, y, z if F' is twice Fréchet-differentiable at x € X, then

(7) [z, 2,2; F] = %F"(m).

Potra showed that the R—order of the method is given by the positive solution
of the scalar equations:

(8) 3 —t2 —t—-1=0,

which is approximately 1.839.... Other methods using divided differences of
order can be found in [1-21], and references therein.

Here, we are motivated by optimization considerations, and we show that
it is possible to provide under the same computational cost an analysis with
the following advantages:

Semilocal case:

(a) finer error bounds on he distances ||z, +1 — x|, [|[zn — 2*]| (n > 0),
(b) weaker sufficient convergence conditions and,
(c) an at least as precise information on the location of the solution z*.

Local case:

(a) finer error bounds on the distances involved,
(b) and at least as large radius of convergence.

The semilocal convergence is provided in §2 followed by local in §3. Numerical
examples are also provided in §4.

2. SEMILOCAL CONVERGENCE ANALYSIS FOR (UTM)

We need the following result on majorizing sequence for (UTM).

LEMMA 1. Let a, ¢,7,a,b,c,p, and q be given non-negative constants. As-
sume:

9) d+v<p+qc,
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then, the polynomial g given by
(10) g(s) = (gc+a+9)s’ + (p+a+)s+é+v-p—qc

has a unique positive root § € (0,1);

moreover, suppose

(11) alb+c)+ola+c)+v(a+b) <1;
(12) do < 6;
(13) f2(8) <05
where,

_ c+qb(a+b)
(14) 0 = =GGreFolara o)

and
fa(s) =psc+q(s+1)s> + a [(1+ s+ s)c+ (1 + s)c + b
+¢[(1+s+s2)c+a+b+c] +y[(1+s)c+a+2b+c] —1.
Then, scalar sequence {t,} (n > —2) given by
t =0, t.1=a, to=a+b, t=a+b+c,
tnt2 = tnt1 + Mot1 (tns1 — tn)

where

(15) Mn+1 — p(tn+1*tn)+q(tn*tn—2)(tn*tn—l)/ﬂn

Mn+1 ’

18 mon-decreasing, bounded from above by
(16) " = 1% +a+b,

and converges to its unique least upper bound t* such that t € [0,t**]. More-
over, the following estimates hold for alln >0 :

(17) 0<tnio — tni1<0 (thy1 —tn) < 6" le  (n>0)
and

(18) 0<tr —t,<2°¢  (n>1),

where,

(19) pnt1 =1 — [ (tpp1 +tn —2a — b) + ¢ (tns1 + tn—1 —a —b)
+7 (tn +tn—1 —a—b—c)].
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Proof. We shall show using induction that

(20) Mpi1 <96
and
(21) Pnt1 < 17

hold for all n. It will then follow that (2.9) also holds. Estimates and
hold true for n = 0, by (2.3) and (2.4), respectively. Let us assume (17)), (20))
and hold for all £ < n. It then follows from the induction hypotheses:

tero <tpt1+0 (tpp1 —th) <tr+ 6 (tp — th—1) + 0 (thr1 — tr)
§t1+5(t1—to)+"'+(5(tk+1—tk)
<a+b+tc+dc+---+ 6

—a+b+ 502 <atbt 15 =t

Estimates and will be true if

pFe+ g5t e (5k—1 + 5k—2) ¢ <6 — 8ot +tn—to—t_1)
+¢ (thy1 + -1 —to —t-2) + v (b +tg—1 —t-1 —t-2)]

or

(22) poFe 4 gt <5k_1 + 5k_2> 40 {a (1_157’?10 + %c + b) +

(e S ) o (o e a2 020

Estimate motivates us to introduce functions f; (K > 2) on [0,00) (for
d=s) by:

(28) i) =pes" ™+ g s+ 1) b (L s+ -+ 55)e
+(1—|—s—|—---+sk_1)c—|—b} +¢[(1+3+...+3k)c
F(L+s 4t 2ot a+ b

+7[(1+s+---+s’“_1)c+(1+s+---+8'“_2)c+a+2b -1

We shall show instead of and that

(24) fr(6) 0.
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We need a relationship between two consecutive functions fj, :
frra(s) = pes® + pes™™ 1 — pes* ™! 4 qc?st (s + 1)
+qPs T (s +1) — PP (s + 1)
[ ko k+1 k=1 | .k
+al(l+s+-+s"+s" e+ (14+s+--+s""+s )c—f-b}
+ ¢

+(1+s+---+s’“*2+s’“*1)c+a+b}

(145448 45 1)c

+y | +s+- 45+ e

+(1+s+---+s’“*2+s’“*1)c+a+2b} -1

(25) = fe(s) + g(s)s" ¢,
where, function g is given by . In view of and we get
(26) fi(6) = f2(6) (k=2).

Hence, is true if f2(d) < 0, which is true by .
Define function fo, on [0,1) by

(27) foo(s) = nh_{go fn(s)
Then, we have by and :
2%) foo(00) = litg fu(3) < lizg 0 = 0.

The induction for , and is completed. Hence, we showed sequence
{tn} is non-decreasing, bounded above by ¢** and as such it converges to t*.
Finally, estimate follows from
0 < tk—l—m —tp = (tk—l—m - tk—l—m—l)
+ (tkrm—1 — thrm—2) + -+ (tha1 — tr)

(29) < <5k+m—1 Logktme2 4 +5k) = 1_15_k§m5/7cc7

by letting m — oo. That completes the proof of the lemma. ]

We can show the main semilocal convergence result for (UTM).

THEOREM 2. Let F' be a nonlinear operator defined on an open subset D
of a Banach space X with values in a Banach space Y. Let |-, F], [-,+, F]
be divided differences of first and second order of F' on D, respectively. Let
T_9,T_1,x9 € D be three given points from D, and assume Ay is invertible. Let
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a,b,c,p,q,a, P,y be non-negative numbers such that for all x,y, z,u,v € D :

(30) lz—1 —zoll <a, fz2a—zal<b, |45 F(zo)| <e

(31) 145" ([, y; F1 = [w, 0; F|| < p(lz — ull + ly — o)),

(32) 146" ([2,9, 2 F] = [u,0, 2 F])|| < ¢ |z — ul|,

(33) 140" ([, 55 F] = [w0, 21,5 FI)|| < a ([l — ol + ly —z—1]),
(34) 1A ([, 55 F] = (w2, 20; F])|| < ¢ (2 — 2 2]l + [ly — z0ll) ,
(35) 145" ([, s F] = [z—2, 21 F])|| < v (lz — 22l + ly —zall)

hypotheses of Lemma 1 hold and
(36) Ul(zg,t*):={z € X :||r —a*|| Ct*} C D.

Then, sequence {x,} (n > —2) generated by (UTM) is well defined, remains in
U(zo,t*) for alln > 0 and converges to a solution x* € U(xg,t*) of equation
F(x) = 0. Moreover, the following estimates hold for all n >0 :

(37) |Zn+2 = ZTot1ll < Lot1lTnr1 — Toll < thy2 — toya,
(38) |xn — || <t —tp,
where

_ PllTn+1 — zull + qllzn — Tn—2|| |20 — 201l
a dn+1

dpt1 = 1=[a ([|zns1 — 2o + lzn — 21 l))+¢ ([[2n-1 — z—2[|+[|Zn+1 — 20)
(39)  +y(lzn—1 —z—2f + [|zn — 1))

Ln+1

I

Furthermore, if there exists r > t* such that

(40) U(zo,r) €D
and
(41) Pt +7r)+(p+7)(a+b) <1,

then, the solution x* is unique in U(xg,T).
Proof. We shall show using induction on k£ > 0 :
(42) [te+1 = till < trr — ti.

Estimate holds for k = —2,—1,0 by , and ;We also have have
x_9,x_1,20 € U(xo,t*). Let us assume , and zp € U(zp,t*) hold for all
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n < k+ 1. We have using -:

|40~ (Aky1 — Ao)|| =
= ||Ag" ([@hs1, w5 F] = [w0, 213 F])

+AG T ([wr—1, 2hsrs F = [o2, 00: F]) + Ag™ ([wn—1, 243 F = [w2, 2215 F])|
< a(llzg+r — 2ol + [|ox — z-1l]) + & ([wp—1 — 22| + [2K+1 — 20]])

+ 7 (|zk—1 — z—2l| + lzr — 2—1]))
< (o1 +te —2a = b) + ¢ (L1 + te—1 —a —b) +
(43)

+5 (g1 +th-1—a—b—c) <1 (by(22)).

It follows from and the Banach lemma on invertible operators [8], [14] that

A;il exists and

HAk+1A0H S dk+1
<{1— (tge1 + 1t —2a—b) + ¢ (tgyr1 +tg—1 — a — b)
(44) +7 (tht1 + thm1 —a — b —c)] } !

In view of , , , we have:

lzkvo = zrall = || (Agf140) (A F@rin)) |
< [|[App1 Aol |45 F (i) |

< Lpyr ||Tegr — 2zl <t — ey,

which shows and (42) for all n. By Lemma 2.1, sequence {zn} is Cauchy
in a Banach space X and as such it converges to some z* € U(xg,t*) (since
Ul(zo,t*) is a closed set). Estimate (38) follows from (37) by using standard
majorization techniques [8], 14} [16].

Using , and the induction hypotheses, we obtain in turn

HAal xk7xk+l7 H =
= ||4;" wk,l’kH;F] — [k, 2 F] + [k, 31 F] — Ap)||

= HAgl {lek, xht1; F| — [@g, o F| — ([2k, Tk, 2p—15 F)

— [@p—2, Tk, Tp—1; F]) (2 — 28-1)} H

<pllzrsr — 2kl + qllee — 2ol |2k — 21l
(45) <p(thyr —te) +q(te — th—2) (tk — th—1) -
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We also need the estimate:
2 = wraall = [[(Ais o) (A5 ' F (zis1)) |
= [|(A5}140) Ayt (F (wr41) — F (1) — Ag (2r1 — )|
(46) < [[Arp Aol 140" (fans wss F] = Ap)|| lawsr — 2l -

The fact that z* is a solution of equation F'(x) = 0 follows by letting k — oo
in the estimate:

|AG F (zrn)|| = (| A" (rokr1 s Fl — Ar) (w1 — ) |
(47) < plleksr — zkll® + qllzk — zeoall 1ok — zpcl| |2re1 — il -

Finally, to show the uniqueness part, let y* € U(xg, ) be a solution of equation
F(z) =0. We can write for L = [y*,z*; F] :

(48) F(y") - F(a*) = L(y* - a*).
We shall show linear operator L is invertible. Using —, and ,

we have:
145" (f20. 223 F) 4 [a-1,205 F] = [y",2"s F] = ez, 22 F) | <
< |4 ([wo, 2o F) = [y, a*; F)) |
+ |40t (-1, 20; F] — [z_9,31; F])]|
< ¢ (o — y*l + llw—2 — %)) + v (lr—1 — 2—2l + llwo — 2—1]])
49) <o+t +bta)+y(b+a)<l.
In view of (49) and the Banach lemma on invertible operators, L ™! exists. We
deduce from (48]) that * = y*. That completes the proof of the Theorem. [

REMARK 3. (a) A similar existence Theorem (without a uniqueness result)
was provided in [I8, p.91] using conditions —, a decreasing majoriz-
ing sequence, and some different sufficient convergence conditions. Therefore
a direct comparison is not possible. However, in §4, we show that the re-
sults obtained in Theorem 2.2 can be weaker than the corresponding ones of
Theorem 5.1 in [I8], p.91].

(b) Note that t** given by can replace t* in hypotheses and
of Theorem 2.2. O
3. LOCAL CONVERGENCE OF (UTM)

We can show the local convergence result for (UTM).

THEOREM 4. Let F: D C X —Y and let 2* € D be such that F'(z*)~!
exists. Assume that for all x,y,u,v,z € D :

(50) |F'(2) 7" ([2*, 2% F] = [z, 2% F])|| < po l2* — 2|,
(51) HF’(x*)fl ([z,2*; F] — [Z7w;p])|‘ < pillz* — 2|,
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(52) |F' ()7t ([, 2,y F] = [z, 2%, 45 F))|| < qo ||z — 2],
(53) | F'(z*) " ([w, 2, 95 F] — [v, 2,53 F])|| < g |Ju— 0|
and

(54) U(ZL‘*,’F*) g D,

where

(55) r* 2

po+2p1+v/ (Po+2p1)°+16(q0+qx)

Then, sequence {xy} generated by (UTM) is well defined, remains in U (x*,1*)
for alln > 0 and converges to x*, provided that xo € U(z*,r*). Moreover, the
following estimates hold:

(56) [2n1 — 2| < 72 llzn — 27,

where

(57) en =p1 |20 — || + ¢ |20 — Tn—2| 20 — n
and

(58)  hu=1—(po+p1) [2n — I = o llzn — sl ens — 7]

Proof. 1t follows as the proof of Theorem 4.1 in [8, p.87] but uses the needed
conditions (50)-(53) instead of:

(59) [F" (@)~ ([, 43 F] = [w, 0; FY)|| < pa (2 = wl + ly = ol])
and
60)  [[F'@") " (i P — [,y F))| < g flu— o]l

REMARK 5. (a) Clearly

(61) Po S DPx
(62) P1 < Dxs
(63) 90 < Gx,

hold in general, and p,/po, p«/p1 and g./qo can be arbitrarily large [7, §].
If equality holds in (61)-(63)), then our results reduce to the ones in [1§].
Otherwise they constitute an improvement with advantages as noted in the
Introduction of this study. (b) The radius of convergence r* obtained in Theo-
rem 3.1 is smaller in general than the corresponding one of Newton’s method.
Indeed from the hypotheses it follows that F' is Fréchet-differentiable on
D and its Fréchet derivative satisfies

(64) [F/(2)71 (F'(2) = F'() || < 2p« ||z — yll
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and
(65) HF/(:L‘*)fl (F/(SU) . F/($*))H < 2p2 ||.’L‘ o $*|| ]
The radius of convergence r* is then given for ¢gp = ¢, =0:

(66) TZ - 2p2£!‘p*

for

(67) D2 < Ps,

whereas the one obtained by Theorem 4.1 in [I§] is given by

(68) rh= ot

found by Rheinboldt in [I6]. Note that

(69) R < 174.

If strict inequality holds in @, then so does in . O

4. A NUMERICAL EXAMPLE

We provide a numerical example to show that Theorem 2.2 can be used to
solve equation (1)) but not corresponding Theorem 5.1 in [I8]. Let X =Y = R?
be equipped with the max-norm, zo = (1,1)%, D = U(x,1 — \), A € [0,1/2)
and define function F' on D for x = (u1, p2) by

T
(70) Fx) = (pf = A —X) .
Using we obtain the Fréchet-derivative
1N 3ui 0
(71) F'(z) = [ 0 3u2|
Define
1
(72) o Fl = [ Fly+ta )
0

Let z_p = (1.02,1.02)", z_y = (1.01,1.01), A = 0.49. Using (B0)-(35) and
, we get

a=b=0.1, c=0.170011334, |Ao"| = 0.33335557,
=3[t e-X, a=3]45"].

a= (L= Atat o+ o) 45"
L (1= A+ 2flaoll + e — woll) |45
Y=3@=X+b+ |z +a]) |4’

)

¢

)

)
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SO
p = 1.510100673, ¢ = 1.000066671, = ¢ =~ = 0.42169478.

Moreover, using — and , we obtain @, become
0.84338956 < 1.680123342,
0.160253576 < 1,
respectively,
0o = 0.305966463, 0 = 0.310470973 > dp, f2(0) = —0.310669379 < O
and
t** = 0.267566675.

That is, the hypotheses of Theorem 2.2 are satisfied. Moreover, using Remark
2.3(b) and (41), we see that we can set 7 = 1 — A = 0.51. Hence, there exists
a unique solution:

T
o = (\3/0.49, \3/0.49) — (0.788373516, 0.78373516)”

of equation F'(z) = 0 in U(xg, ), which can be obtained as the limit of (UTM).
However, hypotheses of Theorem 5.1 in [I8] do not hold. The sufficient con-
vergence condition corresponding to is given by

(73) ¢ < A= p ARG (1 - ga(a + D),

where

1/2
N = {(p+40)* +3¢(1 - ga(a+ )} .
We have
Ao = 1.520496025, X = 0.08533979

and, so is violated, since
c=0.170011334 > X = 0.08533979.

Hence, there is no guarantee that (UTM) starting at xg converges to z*.
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