WEIGHTED THREE POINT IDENTITIES AND THEIR BOUNDS

P. CERONE

ABSTRACT. The weighted three point rule is investigated in the current article.
It involves f() (t) being of bounded variation for ¢ € [a,b]. The rule consists
of evaluations at the ends of the interval and at an interior point . Weighted
Ostrowski and Trapezoidal rules and their related bounds are recaptured as
particular instances of the current development. The unweighted results of
Ostrowski, Trapezoidal and three point rules are also procured if we take the
weight to be unity.

1. INTRODUCTION

Cerone and Dragomir [5] obtained the following identity involving n—time dif-
ferentiable functions with evaluation at an interior point and at the end points.

For f : [a,b] — R a mapping such that f(»~1) is absolutely continuous on [a, ]
with o : [a,b0] = Rand §: [a,b] — R, a <z < 3, then for all © € [a, b] the following
identity holds

(1.1) (-1)" /bKn (z,t) £ (t) dt

b
= [10d=Y 4 [Re@) 140 @)+ 5. 0)].

k=1
where the kernel K, : [a,b]> — R is given by
(=al@)” © ¢ ¢ [a, 2]

n!

(1.2) K, (z,1) =
(=Bt e (8],

Ry (2) = (B(z) — )" + ()" (z —a(2))"
(1.3) and

Sk (2) = (a(z) — )" f=D (a) + (1) (b - B (2))" FE1) (b)

They obtained inequalities for (™ € L,[a,b], p > 1. In an earlier paper [1]
the same authors treated the case n = 1 but also examined the results eminating
from the Riemann-Stieltjes integral ff K (z,t)df (t) and obtained bounds for f
being of bounded variation, Lipschitzian or monotonic. Applications to numerical
quadrature were investigated covering rules of Newton-Cotes type containing the
evaluation of the function at three possible points: the interior and extremities. The
development included the midpoint, trapezoidal and Simpson type rules. However,
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2 P. CERONE

unlike the classical rules (see Atkinson [1]), the results were not as restrictive in that
the bounds were derived in terms of the behaviour of at most the first derivative
and the Peano kernel K (x,t). Perturbed rules were also obtained using Griiss
type inequalities. (For other particular instances of the work [5], see also [2] — [7]).

In 1938, Ostrowski (see for example [10, p. 468]) proved the following integral
inequality:

Let f : I C R — R be a differentiable mapping on I (I is the interior of I),
and let a,b €l with a < b. If f' : (a,b) — R is bounded on (a,b), i.e., 1f e =

sup |f’ (t)| < oo, then we have the inequality:

te(a,b)
Gl Wl 3”)2 _
(14) ‘ -y [ rwa oo | eI

for all z € [a, b].
The constant % is sharp in the sense that it cannot be replaced by a smaller one.
Fink [8] used the integral remainder from a Taylor series expansion to show that
for f(»=1) absolutely continuous on [a, b], then the identity

b 1 n—1 b
[ = ((ba>f<x>+ZFk <x>> b [ Ke Gt 1 e
a k=1 a

is shown to hold where

(1.6) Kp(z,t) =

and
n—k
k!

Fink then proceeds to obtain a variety of bounds from (1.5), (1.6) for ™ € L, [a,b].
It may be noticed that (1.5) is again an identity that involves function evaluations
at three points to approximate the integral from the resulting inequalities. See
Mitrinovié¢, Pecari¢ and Fink [10, Chapter XV] for further related results.

The following theorem was obtained in Cerone and Dragomir [5]

Fk (x) =

(@ = @) F5V @)+ (-0 - ) D )]

Theorem 1. Let f : [a,b] — R be a mapping such that f~Y) is absolutely con-
tinuous on [a,b] and, let o : [a,b] — R and B : [a,b] = R, a < a < (. Then the
following inequalities hold for all x € [a,b]

(1.7) [P (2)]

b n

FOd=Y 5 [Re@ 1) @)+ S )] ‘

a k=1
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ey, (1,2)  if £ € Luofab],
< ||f(n)||p 1 . (n)
= = [Qn (¢, 2)]* if f™) € Ly [a,b]
with p > 1, %—1—%:1,
W0y ay, i ) € Ly ),
where
(18) Qn (qﬂIJ) = nq:} 7 |:(CY (.’17) _ a>nq+l + (.T —a (I)>nq+1
F () -2 - )]
(1.9) M (x)
— ;{b;a+’a(x)_a—i2-x +‘5($)_:c—2i—b‘
TP

Ry (z), Sk (z) are given by (1.8), and

(1.10) Hf(’”

= ess sup ‘f(”) (t)‘ < 00
0 t€la,b]

A

Specialisations of the above results were also considered such as taking
(1.11) az)=1—-v)a+~yxr and f(z)=~vx+ (1 —7)b.

They obtained results involving Taylor series and procured explicit expressions for
composite rules including a priori estimates of the error.

It is the express aim of the current article to obtain weighted generalisations of
the identity (1.1) and its corresponding bounds (1.7). Bounds insisting on weaker
conditions of bounded variation rather than absolute continuity will be obtained
since the identity will involve a Riemann-Stieltjes integral of f(™) (¢) rather than a
Riemann integral of f("+1) (t).

The analysis will be based on some results obtained for the weighted trapezoidal
rules by Cerone and Roumeliotis [8]. Earlier, Mati¢ et al. [14] considered the
weighted Ostrowski problem in which expressions involve evaluation at one point
x € [a,b] rather than trapezoidal type results that involve the end points a and
b. The current development contains these two as special cases and recaptures
earlier results involving unweighted Newton-Cotes rules. The weighted rules to
be investigated here are related to rules known as product integration rules (see
Atkinson [1]).

and Hf(") f (t)‘p> , 1 <p<oo.

2. SOME NOTATION AND AN IDENTITY INVOLVING THREE POINTS

Before proceeding to develop identities, it is worthwhile to introduce some no-
tation. The notation of Cerone and Roumeliotis [8] will be utilised.
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Let w () be a weight function and suppose that w : [a,b] — [0, 00) is integrable
on the interval [a,b] and such that

b
/ w (t)dt > 0.
Also, let
d
(2.1) myg (¢, d;w) = / uFw (u) du

represent the ™" moment about the origin of the weight function w (-) over the
interval [c,d] C [a,b]. Further, let

(2.2) 0 < Mn(a,:c;w):%/w(ufa)nw(u)du

- A3 (1) o et

and

b
(2.3) 0 < M,(z,byw)= %/ (b—u)"w(u)du

_ ig%ﬁ>mk@n%%@am.

It may be observed that for z € [a, b]

b
My (a,b;w) = My (a, x;w) + Mo (2, b; w) z/ w (t) dt = mg (a,b;w)

and

(I _ a)n+1
(n+1)!

(b— )"
(n+1)!

We introduce the kernel (here we explicitly show the dependence on a and b of Q)

(24) M, (a,2;1) = L M, (2,b;1) =

1 t _—
(25) Qn ((l, T, b’ t; U)) — m / (t - U) w (U) du, n e I\]7

x x,t € [a,b]
w(t), n=0,
which satisfies
oQy,
2.6 = Qn_1, N.
(2.6) 5 — @n-1, ME

The kernel may further be written, using (2.2) and (2.3), as

(-1)" M, (t,z;w), a<t<uz,
(2.7) Qn (a,z,b;t;w) = neN
M, (z,t;w), x<t<b,

and Qo (a,z,b;t;w) = w(t), z,t € [a,b].
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Further, define the functional
(2.8) T (a,,b; fiw)

n

b
= [w®r©ar=3" [M a0 1 @ + (-1 My (a,050) 10 0)

a k=0
for f:[a,b] = R, z € [a,b] and w (+) is a weight function with My, (-, -;w) as defined
by (2.2) and (2.3). The following theorem was obtained by Cerone and Roumeliotis
[8].
Theorem 2. Let f : [a,b] = R witha <b. Forn=0,1,2,... let Qny1 (a,z,b;t;w)
be as given by (2.5) and Qq (a,z,b;t;w) = w (t). Further, suppose that for some
n € NU{0}, f™ (t) exists for t € [a,b], where O (t) = f(t) then for f0) (-) of
bounded variation the identity

b
(2.9) Ty (a,2,b; f;w) = (—1)n+1/ Qny1 (a, 2, byt w) df™ (1)

holds where T, and Qn,+1 are as defined by (2.6) and (2.5) respectively.
The following identity involves function evaluation at three points.
Theorem 3. Let the conditions of Theorem 2 hold, then fora < a<x < [B<b:

b

(2.10) T (a,,2,B,b; fw) = (1) / K1 (a, 0,2, B, byt w) df ™ (¢)
a

where

(2.11) T, (a, o, x, B,b; f;w)

n

:/ w( dt—Z{Mk (a, oz w) f*) (a)

k=0
{ MMy, (o, 2 w) + My (2, 3 )]f(k)(x)

+ (=" My (8, b3w0) £O) (b)}

and
(2.12) Knt1 (@, o, 2, B, by t; w)
1 t
— [ (t—w'w(u)du, até€laa], neN,
n!'J .
= 1
= (t—uw)"w(u)du, a,te (z,/8],
w(t), t €la,b), n=0.

Proof. The proof follows directly from (2.9) of Theorem 2. An application of the
theorem on the interval [a, z] gives

(2.13) T, (a, 0, 2; f;w) = (—=1)"" /r Qi1 (@, 2, t;w) df ™ (1)

and similarly on (z, b]

b
(2.14) T (x.0.b, f;w) = (—1)"“/ Qu1 (2,8, b, frw) df ™ (t).
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Adding (2.13) and (2.14) produces, on utilising (2.8) and (2.5), (2.10) with its
elements being as presented in (2.11) and (2.12). 1

Remark 1. We note that if we take a = 8 = x, then identity (2.9) for the gener-
alised weighted trapezoidal Tule is recaptured. If a and B are chosen so that o = a
and B = b, then the identity obtained by Maticé et al. [9] is recaptured as a special
case.

Remark 2. Let

1
(2.15) Ly, (c,d;w) = 3 / (u—¢)" w(u)du,

1 d
(2.16) U, (¢,d;w) = p / (d—u)" w(u) du,
and

1 d
(2.17) v (¢, d;w) = ] / lu — 4" w (u) du.
Then
L, (¢, d;w) = vy (¢, ¢, d;w)

and

U, (¢, d;w) = vy, (¢, d, d;w) ,
which are incidentally all nonnegative.

With these definitions, we may write, from (2.12),

(2.18)
(—1)"’Irl L, (t,o;w), t€]la,q]
U, (o, t;w), t € (a,x]
Fny1 (a, 0,3, 8, bitw) = ¢ (=) L (8, B5w), € (2, ) ynEN,
U, (B, t;w), te (8,0
w(t), t€la,b], n=0.

3. INEQUALITIES FOR THE WEIGHTED THREE POINT RULE

The following well known lemmas (see [2] for proofs) will prove useful for procur-
ing bounds for a Riemann-Stieltjes integral. They will be stated here for lucidity.
Lemma 1. Let g,v : [a,b] — R be such that g is continuous and v is of bounded

variation on [a,b]. Then the Riemann-Stieltjes integral f:g (t)dv (t) exists and is
such that

b

< sup |g(0)\/ (v),

t€la,b]

b
(3.1) / g (t)dv (1)

where \/Z (v) is the total variation of v on [a,b)].
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Lemma 2. Let g,v : [a,b] — R be such that g is Riemann integrable on [a,b] and
v is L—Lipschitzian on [a,b]. Then
b
<z [ gl
a

b
(3.2) / g(t)dv(t)
lv(z) —v(y)| < Lz —yl

with v is L— Lipschitzian if it satisfies

for all x,y € [a,b].

Lemma 3. Let g,v : [a,b] — R be such that g is Riemann integrable on [a,b] and
v s monotonic nondecreasing on [a,b]. Then

b b
/g<t>dv ) g/ 9 ()] dv (#)

Note that if v is nonincreasing, then —v is nondecreasing.

(3.3)

Theorem 4. Let the conditions of Theorems 2 and 3 continue to hold such that
f™ (t) is of bounded variation for t € [a,b]. We then have for a,z,3 € [a,b],
a<z<pandneNU{0}

(34)  |Tn(a, 0,2, 8,b; fw)]

max {ATL (aa a, T3 ’LU) ,Bn (x76a b7 ’lU)} % \/Z (f(n)) )

L [Ln+1 (a’ @ ’U}) + Un—',—l (Oé, €L ’U_)) + Ln+1 (LE, /Ba ’LU) + Un+1 (ﬂa b) U))] )
f™ is £ — Lipschitzian,

IN

Ly, (a,c;w) [f™) (o) — ] + Uy (a, z;w) [f™) (2) — ) (a)]
+L, (2, Bw) [f™ (6 ()] + Up (B, b;w) [f™) (b) — £ ()],

™) is monotonic nondecreasing

where T, (a,a, x, 8, b; f;w) is given by (2.10),
(35) An (a,oz,:c;w) = LTL (a7a;w) + Un (a,x;w) + ‘UT? (Oé, 3 U)) - Ln (a,a; w)‘ )

(3.6)  Bn(x,8,b;w) = Ly (z, B;w) + Uy (B,b;w) + |Up (8, b;w) — Ly, (x, B;w)|
and Ly, (-, w), Uy (-, ;w) are given by (2.15) and (2.16) respectively.

Here, by \/ (h) is meant to represent the total variation of h (t) for ¢ € [a,b].
That is, f |h ()] dt.

Proof. Taking the modulus of (2.10) and utilising Lemma 1, we have

b
(37) ‘7;1 (avaaxaﬂa b; fvw)l = / RKn+1 (a,a,x,ﬂ,b;t;w) df(n) (t)

IN

b
sup [ (o 0,2, 6, bitsw) | \/ ().
a

t€la,b]
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Now, from (2.12) or the more explicit form (2.18), we have,

(38) sup "‘{n-‘rl (a,a,x,ﬁ,b;t;wﬂ
t€la,b]

_ ;Imax{/aa(u—a)"w(u)du,/ (& — )" w () du,

[e3

/j(ux)nw(u)du,/ﬁb(bu)"w(u)du}

= max{L, (a,;w),U, (a,x;w), Ly (x, B;w),Up (B,b;w)}
= %max {4, (a,a,z;w), By, (z,5,b;w)}

where

Ay (a, 0, zyw) = 2max {Ly, (a,0;w) , Uy (o, z50)}
and

By (%, 8,b;w) = 2max {Ly, (z, B;w) , Un (8, b;w)}

and, using the fact that max {u,v} = % [u+ v+ [u—v|], we have from (3.7) and
(3.8) the first inequality in (3.4).
If f (.) is £L—Lipschitzian on [a,b], then from Lemma 2 and (2.10) we have

b
(39) [T (a,aye, B,b; f5w)] / ot (s s, B, b £0) dF™ (1)

IN

b
E/ |knt1 (a, o, x, B, by t; w)| dt.

Making use of (2.18) we have

b
(3.10) / |Fint1 (a, o, 2, B, b 1 w)| dt

= /Ln(t,a;w)dt+/ Uy (o, t;w) dt

e

8 b
—|—/m Ln(t,ﬂ;w)dt—i—/ﬁ U, (B,t;w) dt.

We may simplify the expression on the right by an interchange of the order of

integration to give
1 « «
= / / (u—t)" w (u) dudt
n Jo Ji
1 «

= i/ w(u)/ta(u—t)ndtdu

= ;)' /aa (u—a)" " w (u) du = Ly (a, 0 w)

/ L, (t,c;w) dt



THREE POINT IDENTITIES 9

and

/;Un(a,t;w)dt = ;/;/(:(tu)nw(u)dudt
= 2wt [ e ara

= ﬁ /x (z — a)n+1 w (u) du = Upg1 (o, z;w) .

In a similar fashion, or alternatively making the appropriate associations, we have
B
[ Latt gy dt = Lo (o i)
and
b
/ Uy (B,t;w)dt = Uyq1 (B, b;w) .
B
Thus, from (3.9) and (3.10),
b
(3.11) / |Knt1 (@, ,x, B, b; t; w)| dt
a

= Ln+1 (CL, O[,’UJ) + Un+1 (O[,JI;UJ) + L7L+1 (1‘767 'UJ) + Un+1 (67 b7 ’lU) )

giving the second inequality in (3.4).
For the final inequality in (3.4) when f() (¢) is monotonic nondecreasing on
[a,b], we have from the identity (2.11) and utilising Lemma 3

b
(3.12) 1T, (a2, B, b f0)] < / kst (@, , B, b £ 0)] dF (1)

Now, from (2.18),
b
(3.13) / |ins1 (a, o, @, B, by t;w)| df ™ (£)
= /a L, (t,a;w) df(n) (t) +/I U, (a7t;w) df(n) (t)

B8 b
+ / Lo (t, B; w) df ™ (t) + /ﬁ U, (8.t 0) df™ (2).

We have for t <~

(3.14) Ly (t,y;w) = i'/t’y (u—1)"w(u)du

and so
_Ln—l (ta’Ya w) y NE N
(3.15) Ly (t,viw) =
—w (t), n =0,
where the dash represents differentiation with respect to t.
Also for t >~

(3.16) Un (7, t;w) = % / (t —u)" w(u)du
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differentiation with respect to ¢ gives

Unfl (’77t; w) , n S N
(3.17) UL (. tyw) =
w(t), n=0.

Thus integration by parts of each of the integrals on the right hand side of (3.15)
and using (3.11) — (3.16) gives

b
(318) / |’£n+1 (a7 &, T, ﬂa b7 t? w)‘ df (t)

_ Lo(a,a;w)f(a)+/aw(t)f(t)dt+Uo(a,x;w)f(x)—/ wlt
b) —

Cw(e) f (1) dt
B8 b
—Lo<x,,@;w>f<z>+/ w(t) £ (1) dt + Uo (8, bs) f ( /ﬁ w(t) f(t)dt

x

IN

Lo (a, s w) [f (@) = [ (a)] + Uo (o, z5w) [f (x) = f (a)]
+Lo (z, B;w) [f (B) = f (2)] + Uo (8, b;w) [ (b) = £ (B)]-

Here we have used the facts that if g (¢) > 0 and f (¢) is monotonic nondecreasing
for ¢t € [a,b], then

[Pg@) f(t)yde < £0) [0 g(t)dt and,
(3.19)

—[Pg ) f)dt < —f (a) [ g (t)dt.

Further, for n € N, from (3.12) and using (3.11) — (3.15) gives on integration by
parts

b
G20 [ o (@ om0l d 0
= —Ly(a,;w) f (a) + /a L1 (t,a;w) £ () dt
+Up (o, z;w) f™) (2) — / ’ Un_1 (o, t;w) f7 (t) dt
aﬁ
—L,, (z, B;w) £ (z) +/ Ly (t,z;w) f) () dt

x

b
U, (B,b;w) £ (b) — /B U (ot 0) £ (1) dt

IN

Lo (a.aiw) [£ (@) = £ (@)] + Un (i) [£) (@) = £ ()]
Lo (x, Biw) [ £ (8) = £ (@)] + Un (B b3w) [ £ () = 1) (8)]

where we have utilised (3.19). We notice that the inequality in (3.20) includes that
in (3.18) on taking n = 0. Thus substitution of (3.20) into (3.9) gives the third
inequality in (3.4). I

The following theorem gives bounds on |7, (a, «, z, 8, b; f; w)] in terms of Hf("'H) Hp,
p > 1, the Lebesgue norms as defined by (1.10).
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Theorem 5. Let the conditions of Theorem 4 hold and further let f) (t) be abso-
lutely continuous for t € [a,b] then
(3:21) |Zn (a, 2, 8,b; fiw)]

[Ln+1 ((l, a;w) + Un+1 (O[,.’IJ; w) + Ln+1 (ow; 'LU)
FUnpr (B, w)] [ D] 0 fOH) € Lo [a,b];

IA

H"in+1 (a7 aaxaﬂvb; E ’LU)”q Hf(nJrl)Hp ) f(nJrl) € Lp [a7 b] )
p>1, % + % =1

(n+1)
max {4, (a, o, z;w), By (z,8,b;w)} M, f0+ € Ly [a,b],

where T, (a, a, x, B8, b; f;w) is as given by (2.12) and Ly, (-, ;w), U, (+,;w) by (2.15),
(2.16),

24, (a, 0, z;w) = max {Ly, (a,;w), Uy, (o, z;w)}
and

2B, (z, 8,b;w) = max{L, (z, B;w),U, (8,b;w)}.

Proof. From identity (2.11) we have for f(™) (t) absolutely continuous on [a, b] that
df™ (t) = £+ (t) dt giving the identity

b
(322) %(a7a7x76a b,f,'U)) = (_1)n+1/ Rn+41 (a7aaxaﬁ7 b7w) f(n+1) (t) dt.

Thus using the well known properties of the modulus and integral, we have from
(3.22)

b
Font1 (a,a, @, B, b, t;w) fFFD ()| dt.

(323)  |T. (a0, B,b; fw)| < /

a

Now, for f"+1) € L, [a, b]

/

and so from (3.11) produces the first inequality.
For the second inequality we use Holder’s integral inequality in (3.23) to give

/b
i a b
(/ |/€n+1 (a,a,x,,@,b,t;wﬂq dt) X </

1 1
||K/n+1 (aaa7$7/67b; ,U})Hq Hf(n-‘rl)H , D > 1a -+ - = 1
P P q

b
Rn41 (a,a,x,ﬂ,b,t;w) f(nJrl) (t)‘dt < Hf(nJrl)H / ‘Hn+1 (aaaaxvﬁ,bvt;w”dt

s (@, 0,2, 8,6, t5w) O (1) de

1

P

IN

fntD) (t)‘p dt)

The final inequality is obtained for f(*+1) € L, [a,b] from (3.23) to give

r

which from (3.8) and (3.5), (3.6) give the required result. I

Rn+1 (a,a,l’,ﬂ, b,t,UJ) f(n+1) (t)‘ dt S sup |Hn+1 (a7a7xaﬂv b,t,U/)‘ Hf(n+1)’
t€la,b]

’
1
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Remark 3. If we take w(t) = 1 in Theorem 5 and reduce n by one, we obtain
the results of Theorem 1 the unweighted three point rule for n—time differentiable
function f (t) of Cerone and Dragomir [5]. Taking o = 8 = x gives the correspond-
ing trapezoidal type result of Cerone et al. [7] and o = a, B = b reproduces the
Ostrowski type results of Cerone et al. [6].

Remark 4. Toking a = 0 = = gives the generalised weighted trapezoidal rule of
Cerone and Roumeliotis [8] while if « = a and § = b, the weighted Ostrowski type
results of Mati¢ et al. [10]. The results of Cerone et al. [9] are also recaptured for
n =1 consisting of bounds involving f" ().

4. SOME OPTIMAL RESULTS AND SOME COARSER BOUNDS

The results given by (3.21) are valid for any «, x, 8 € [a,b] with a < 2z < 8. The
following obtains the tightest bounds for the first and third inequality in (3.18).
Let

(4.1) I(a,2,8) : = Lpy1(a,5w) + Upyr (o, 25 w)
+Lpt1 (@, B;w) + Uni1 (8, b5 w)
and
(4.2)  J(a,z,8) := max{L, (a,;w) U, (a, z;w) , Ly, (z, B;w) , Uy, (B, b;w)} .

Lemma 4. Letw (t) > 0, t € [a,b] be a weighted function and L, (-, -;w), Uy (-, w)
be as defined by (2.15) and (2.16) then

(4.3) mi%l (,z,08) @ =Lpt1(a,a";w) + Upgq (@, 2% w)
+ Lyt (2%, 55 w) 4+ Upgr (87, b3 w)
where I (o, x,3) is given by (4.1) and

(4.4) ot = a—;x , BF = v ;—b and L,, (z*, 8%;w) = U, (a*,2";w) .
Further
(4.5) min J (a, z, )
1 ~ o o= ~
= 1 LTL (a,a, ’U)) + U’rL (Oé,ZC, w) + L’I’L (xa67 ’LU) + Un (ﬁa ba w)] )
where &, B and & satisfy
(4.6) U (@@w) = Lo(a,a5w), Uy (Bbiw) =Ly (7, 8;w),
and Uy, (&, Z;w) = Ly, (i",B; w) .

Proof. From the definitions of L, (¢,d;w) and U, (¢,d;w) of (2.15) and (2.16),
I (o, z, ) may be written as

(4.7) (n+ D (o, z, B)
= / (u—a)""™ w (u) du+ / (z —u)" ! w(u) du

b

+ / T () du / (b—w)"" w (u) du.

B
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Thus,
U oy =@ wio),
gé = [B-a" -9 w®)
and
%:(n‘f‘l) /(j(x—U)nw(u)du—/;(u—a:)"w(u)du] .

An inspection of the second derivatives demonstrates that (4.1) is convex so that

its minimum occurs when 2L = % = 9L = 0. That is, since w(t) > 0, t € [a,b]
the minimum occurs at a* = ‘”29”*, 8 = ITH’ and U, (o*, z*;w) = L, (z*, 8% w) .

The minimum is thus as given by (4.3).
Now, for J (a, x, 3) .

Let
2my = 2max{L, (a,asw),U, (o, z;w)}
= L, (a,05w) 4+ Uy (o, z;w) + |Uy (o, z3w) — Ly, (@, a5 w)]
and
2my = 2max{L, (z,B;w),U, (8,b;w)}

= L (2,0;w) + Up (8, b;w) + [Un (8, b;w) = L (, f;w)] -
Hence, from (4.2),

J(Oé,a?,ﬁ) = max{ml,mﬂ — my + My + ‘ml ;m2|

= i{Ln (a,0;w) + Uy, (o, z3w) + Ly, (x, B;w) + Uy (B, b; w)
+|Un (a, m5w) — Ly (@, 5 w)| + [Up (B, b;w) — Ly (, 55 w)]
[Ln (0 050) + Uy (23 0) — Ly (2, B 0) — O 5.0

U,

+‘Un(a,q;;w) L (a,a;w)\ (ﬁb’LU) $ﬁ, H}

This quantity is minimised when &, 8 and Z are such that

U, (&, Z;w) = Ly(a,d;w),
U, (B,b; w) = L, (i,ﬁ;w)

Uy (&, 7;w) = Ly, (m 3; w) .

and

Choosing «, = and ( as outlined in Lemma 4 provides the tightest bounds not
only for the first and third bounds in (3.21) but also for the first and second bounds
of (3.4) since they involve the same quantities I («, x, 3) and J (o, z, 3) as defined
by (4.1) and (4.2). The following lemma investigates obtaining coarser bounds
which may prove useful in practice. It involves obtaining bounds on

HKfn-i-l (avavxaﬂa b7t7w)||1 = I(Oé,d?,ﬂ) )
where I (o, z, 3) is given by (4.1) or more explicitly by (4.7).
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Lemma 5. Let w(t) be a weight function defined on [a,b] and o, z, 3 € [a,b] with
a<zx <. Then,

(48) ‘In(aaxyﬁ” = Hﬁn-i-l(avaaxaﬂab;t;w)”l
D (n+2)|w|, w € Lo [a, b];
1
< Di(g(n+1)+1)|wl|,, weLylab],
- p>1,% %:1;
9n+1
—_— L
(TL-|—].)' ||w||1a w e Ly [a7b]7
where
(4.9) nD (n) = (@ —a)"+(x—a)"+ (B —2)"+(b- )"
and
1(b—a a+x T +b
(4.10) 0 = 2{ 5 +‘a— 5 -l-‘ﬂ— 5 ’
a+b a+x T+b
+ |z — a— 5 + |8 — 5 .

Proof. From (4.7) it may be noticed that

b
(4.11) I(a,z,03) = (nil)!/a " (a, o, B, by u) w (u) du,
where
u—a, ué€Ela,al,
r—u, uc€ (o,
(4.12) ¢ (a, o, @, 3,b;u) =

u—x, u€(x,/p],

Now, for w € L, [a,b], 1 < p < oo, then

b a b
(4.13) (n+ DU (o, 2, B8) < (/ o1 (0, a, 2, 8, b; u) du) (/ w? (u) du>

Explicitly, from (4.12),

1
b q
(/ (bq("ﬂ) (a,a,, B, b;u) du)
a

{/ (u— a)Q("'H) du + / (x — u)q("+1) du

[e3

P

1

B8 b q
+ / (u— x)Q(nH) du + / (b— u)q("+1) du}
x B

1
(a _ a)q(n+1)+l + (.’17 - a)q(n+l)+1 + (B - I)q(n—i-l)—i-l + (b _ ﬁ>q(n+l)+l q
gn+1)+1 '
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Hence, from (4.13) the second inequality in (4.8) results. The first inequality is also
procured on noting that it corresponds to the case ¢ = 1.
To obtain the final inequality, we note from (4.10) that for w € L [a, b]

(4.14) (n+ U (a2, 0) = sup "™ (a,a,2, ,byu) wll, -
u€la,b]
Now,
(4.15) sup ¢"" (a,,z, B, b;u) = max"" {a —a,x — o, B — x,b— B}.
uw€la,b]

Further, using the fact that max {X,Y} = X + @, then

r—a a+x
m; = max{a —a,r —a} = - ’
and
b—=x r+b
my =max {8 —x,b—f} = 5 —i—‘,@— 5 ’
giving

max {o —a,z — o, —x,b — f} = max {mi, mo}
1 (b—a T+b
= 2{ 9 + |« +‘6—

2
b b
b=}

a+x
2

a+x
2
= 0, as given above by (4.10).

+ |«

+‘x

Thus, from (4.14) and (4.15) we readily obtain the third inequality in (4.8). 1

Karamata [10] proved the following theorem.

Theorem 6. Let g,a : [a,b] — R be integrable on [a,b] and suppose m < g (t) < M
and 0 < ¢ < w(t) < Ac fort € [a,b] and some constants m, M, c and . If G and
A(g,w) are defined as

_ L IOIOL:
(4.16) G.:b_a/LL g(t)dt and A(g,w) .:W
then
iy WM -GMG=m) MM =G+ AM (G —m)

ANM=-G)+(G-—m) — (M=G)+ (G —m)

Using the above theorem of Karamata, the third inequality in (4.8) may be
improved.
If we associate ¢" ! (a, a,z, 3, b;w), as defined by (4.11), with g (t) above, then

0<¢(a,a,z,8,b;u) <0 =max{a—a,xz—a,0—2,b— 0},
where 6 may be represented by (4.10), and

1
b—a
where D (n) is as defined by (4.9).

G:

b
1
/ 6" (a,,2, B, b u)du = —— D (n+2),

T b—a
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Hence from (4.16) and (4.17) we have
(n+ DU (a,2,8) = |Ent1(a, 0,2, 8,b;t;w);
A"D (n+2) wl,
(b—a)0"™ —D(n+2)+AD(n+2)

The last inequality follows from the fact that

b
D(n+2):ﬁ/ ¢7L+1 (CL,O&,I,ﬂ,b;U)dUSQ”+1 (b*a).
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