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Mihaela Ribici¢ Penava

In this article new estimates on some quadrature rules are given using
weighted Hermite-Hadamard inequality for higher order convex functions and
weighted version of the integral identity expressed by w-harmonic sequences
of functions. Obtained results are applied to weighted one-point formula for
numerical integration in order to derive new estimates of the definite integral
values.

1. INTRODUCTION

Weighted Hermite-Hadamard inequality for convex functions is given in the
following theorem ([4], [5]).
Theorem A. Let p : [a,b] — R be a nonnegative function. If f is a convex function

given on an interval I, then we have

b
%/p v) do < T2 fla) + 52 1)
/ b—A\ A
M) PO o)) do< PO [0 5@ + 3 10).
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where

Various weighted versions of the general integral identities that are used for
b
the approximation of an integral [ f(t) dt, using the harmonic sequences of polyno-

a
mials and w-harmonic sequences of functions, are obtained in [3]. For introducing
one of those identities let us consider subdivision c = {a =xp < 21 < -+ < T, =
b} of the segment [a,b], m € N. Let w : [a,b] — R be an arbitrary integrable func-
tion. For each segment [xy_1,2x], k = 1,...,m, we define w-harmonic sequences of
functions {wg;}j=1,...n by:

(2) w;cl(t) = w(t)v te [xkflvl'k]y
w;j(t) =wy,;-1(t), t€[zp_1,2],]=2,3,..,n.

Also, we define function W, ,, as follows

win(t), tE€ [a,x1],
U}Qn(t), te (l‘l,l‘g],

(3) Wyw(t, o) =

W (t), t € (Tm—1,D].

Theorem B. If g: [a,b] — R is such that g™ is a piecewise continuous on [a,b],

then the following identity holds

n

b
(4)/w(t)g(t) dt = Z(_l)j—l [wmj(b)g(j_l)(b)
[wi(

=1

<

m—1
+ Y [wn (k) = wrar g (@6)] g9V (21) — wa(a)g¥ ™V ()
k=1

b

More recently obtained results on weighted versions of the general integral
identities and harmonic sequences of polynomials or w-harmonic sequences of func-
tions can be found in [1], [2], [6] and their references.
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2. NEW RESULTS

In this section we derive Hermite-Hadamard’s type inequalities using weighted
version of the integral identity expressed by w-harmonic sequences of functions that
is given in Theorem B.

Theorem 1. Suppose w : [a,b] — R is an arbitrary integrable function and w-
harmonic sequences of functions {wy;}j=1,. . n are defined by (2). Let the function
Whw, defined by (3), be nonnegative. Then,

a) if g : [a,b] = R is (n + 2)-convex function, the following inequalities hold

(5) (=1)" - P(b) - g™ (A)
b

w(t (=177 [ (0)g 9~ (0)

_M:

IA
—

Jj=1

m—1
+ ) fwig (@) = wi,g (@) g9 () —wlj(a)g(jl)(a)]
k=1

A—a
(n) () (p
S0+ 5= 2g )]

m—1
| <w7"j(b)b"_j+1 + ) (wig(zk) = wieg (k) 2 7T wlj(a)“n_ﬁl)]

k=1
and

b n "

1 J
A= (=1)" Y-t dt —
(=1) n+1'P /w P(bzn ]-‘1-2)

(7)

| (wmj(b)bnjﬂ + Z_: (wrj () — wip () 2772 = w1j(a)anj+2>] ;

k=1

b) if g is (n + 2)-concave function, then (5) holds with the reversed sign of
inequalities.

Proof.  a) Inequality (5) follows from the weighted Hermite-Hadamard inequality
(1) substituting nonnegative function p by nonnegative function W, ,, and
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functions {wy;}j=1

convex function f by convex function ¢(. To obtain desired result, we need
to calculate the values of P(b) and A in the terms of new substitutions.

t’rL
The value of P(b) will be obtained from (4) taking g(t) = —. Then, g™ (t) =
1 and, regarding the formula of P(t) from Theorem A, we get

b

Pl — / W o(t, o) dt

a
b n

= (—1)”/w(t);—n dt — (—1)" > (-1 {wm(b)(l,b”j+1

— |
= n—j+1)!

m—1
1 j+1
+ wij(zr) — Wiy j(zk)] ————= a2’
; J 2J (TL ]+1)| k:

—wi;(a 1 "It
G ) —j+1)! ]

Rearranging above equality we get (6).

Applying our substitutions to the formula of A from Theorem A we get A\ =
b

1
P0) / Wpw(t,o) -t dt. The value of this integral follows from (4) taking
a

tn-i—l . n Tpeoees n—j —j
9(t) = Gryp Them 0 (t) = tand gUD(f) = LTt it —
(n7;+2)! - t"=iT2 Equality (7) follows.

Now, applying inequality (1) to function W, instead of p, and function g™
instead of f, and replacing (— f Wow(t,o)g (") dt by the expression from
the identity (4), we get inequality (5)

IEW,w(t,o) <O0forallt € [a,b], then —W,, (t,0) >0, t € [a,b], so applying
the step a) of this proof, we get the required result.

If g is (n+ 2)-concave function, i.e. —g"*2) >0, then —g("™ is a convex func-
tion so applying weighted Hermite-Hadamard inequalities on convex function
—g(™ we get reversed inequlities in (5).

O

In order to obtain our next result, let us expand w-harmonic sequences of
n DY W nt1, such that w;m_‘_l(t) = wy n(t) for t € [zr_1,z1].

.....
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Now, function W, 11 ,, has the following form.

wl,n+1(t); te [a>x1]7
w2,n+1(t); te (l‘l,l’g],

(8) Wn-i-l,w(ta 0) =

Wm,n+1 (t), te (xm_l, b]

Theorem 2. Let g : [a,b] = R be (n + 2)-convex on [a,b]. Suppose w : [a,b] — R
is an arbitrary integrable function and {wyg;}j=1.. nt+1 are w-harmonic sequences
of functions. Let the function Wyi1 ., defined by (8), be nonnegative. Then,
inequality (5) is valid for

m—1
P(b) = wymnt1(b) + Z Wen+1 (Tk) — Wrt1,nt1(@k)] — w1 nt1(a)
k=1

and
A= L [bw, pt1(b) — awq pt1(a)
B ’ :
m—1
+ D (@hwin+1 (Tk) — Tk - We1,n41 (Tk)) — Wi n42(D)
-
(9) = D (Wknt2 (Tk) — Wet1,n+42 (k) + Win42(a)
k=1

If Wh(t,o) <0 or g is (n+ 2)-concave function, then (5) holds with the reversed
sign of inequalities.

Proof. We calculate only P(b) and A. Replacing, in Theorem A, p by W, ,, and f

n+1
Tl)“ we get

b
/ W w(t, o) dt

= § /wkn
Lep_q

by g™, where g(t) = (t

P(b)

Z / w;c,n+1(t) dt
k

Tr—1

m—1
= Wnnr1(0) + > [Whns1(2h) = Whp1ns1(21)] — w1n11(a)
k=1
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and
. b
A= W/Wn,w(t o)-tdt
T
= Bay s | WOt
k=1, |
A
PO Z / W (t) -t dt
k=1,"
1 — Tk
= % Z Tk Wk n+1 (xk) — Tk—1 " wk,n+l(xk—1) — / wk,n+1(t) dt
= Tk—1
1
= % [bwnm n+1(b) — aw nia(a)+
m—1 b
(10) (rwk nt1 (Tk) = T - Wet1 np1 (Tk)) — /Wn+1,w(t, o) dt
k=1

a

Adding the function wy, »42 to the w-harmonic sequences of functions
{wij}j=1,...n+1, such that wy . o(t) = win41(t), t € [Tr—1,7%] and rewriting the
last integral in (10) in the following sense

m

> / Wy (t) di
k=1

T TE—1

b
/ Wi 1w(t, o) dt

m Tk
-y / W ea(t) dt
k::lxk71

m
= (Wk,nt2(Tk) — Wint2(Tr-1))
k=1
m—1
= Wm,n+2(0) + (Wi nv2 (Tk) — Wt 1nt2 (Tk))
k=1
—w1 ni2(a),

identity (9) is obtained. O
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3. ONE-POINT FORMULA

In this section we apply obtained results of previous section to weighted one-
point formula for numerical integration. We observe function g : [a,b] — R, inte-
grable function w : [a, b)) — R and w-harmonic sequences of functions {wy;};j=0.1,...
on [zx_1,xk|, where k = 1,2. We consider subdivision 0 = {a = 29 < 1 = <
x9 = b} of the segment [a,b] and we assume wy;(a) = 0 and wy;(b) = 0, for
j=1,...,n. In [3] authors proved the following theorem.

Theorem C. Let w : [a,b] — R be an integrable function and x € [a,b).
Further, let us suppose {wy;}j=1,.n are w-harmonic sequences of functions on
[zk—1, 2], for k =1,2 and some n € N, defined by the following relations:

’ng

I w(s) ds, te (0],

t

wy;(t '/ (t—s) (s) ds, t¢€]a,x],
/t—s
b

for 5 =1,..,n. If g : [a,b] — R is such that ¢~V is absolutely continuous
function, then we have

(11) /w(t)g(t) dt =) Aj(x)g" "V (x) + (—1)”/Wn,w(taz)g(”)(t) dt,
where for j=1,..n
(12) Aj(a) = — =

and

(t—s)"""w(s) ds, te€ [a,z]

g
(13) Whpw(t,z) = @
{(t — )"t w(s) ds, te(xb].

Using integral identity (11), in the following theorem we obtain new estimates
of the definite integral as a special case of the Theorem 1.

Theorem 3. Let w : [a,b] — R be an integrable function and x € [a,b] fized.
Suppose {wyj }j=1,. n are w-harmonic sequences of functions on [zr_1,xs), for k =
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1,2 and n € N, defined in Theorem C. Let the function W, ., defined by (13), be
nonnegative. If g : [a,b] = R is (n + 2)-convex function, then

(14) (=)™ P®) - g™ (V)
b n
< /w(t)g(t) dt — ZAj(m) - gU ™ ()

A—a
9" (a) + ag(")(b)} ;

where
1 I Al
Pb)=(-1)"|= St dt — — A
0 = (1" | [wle) e ar e e RRICIE
(-1)" 1 / nL gnit2
A=~ = ) -t g — xi./L

P(b) (n+1)!/“’() ; g MW
and A; is defined as in Theorem C. If Wy, ,(t,0) < 0 or g is (n + 2)-concave then
(14) holds with the reversed sign of inequalities.

Proof. Inequality (14) follows directly from (1) replacing nonnegative function p
by nonnegative function W, ,, and convex function f by convex function g™ and

then applying identity (11) on ( f Wi (t, 2)g"™ (t) dt.

Now,we calculate P(b) and A using formulas from Theorem 1 and the facts
that in new subdivision ¢ = {a = xp < £1 = = < x3 = b} of the segment [a,b] we
have: m =2 and z1 = z.

. n—j+1 . L n—j+1
z; n*]+1  (wa; (D" 4w () - 2"

—wa;(x) - 2" —wyj(a)a™ )]

By the assumptions from the begining of this section: wi;(a) = 0 and ws,(b) =0,
for 5 =1,...,n. Then,
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Using definitions of {wy;} from Theorem C, we calculate:

b
wyj(z) — wa(x '/ x—s8)" w(s) ds.

Now, it follows

b
P = (-1)" %/w(t)t" dt
b

n - =i+l
Z /:1775 w(s) ds
(n— ]+ j—l'

Jj=1

b

(=1)" %/w(t)t” dt - (nAJ](i)l)' it

a Jj=1

Similary, using Theorem 1 for subdivision o = {a = 2o < 1 = & < x3 = b},
m = 2 and x; = x, we calculate .

b

_ =" 1 ntl —~ (-1t
= Pl) (n+1)!/“’(t)'t B D]

a Jj=1
(wg (b)b"™~ it2 4 wij(x) LIt wa; () - xnfj+2) —wy; (a)anquLQ)]

Since, wy;(a) = 0 and we;(b) =0, for j =1, ...,n, it follows

n .
" Jj+2

b
Ol e RCRA S M rerea B

j=1
O

Following the reasoning of Theorem 2 now we expand w-harmonic sequences
of functions {wy;}j=1,...n by Wk nt1 and wg 42 such that w}cm_‘_l(t) = wy, »(t) and
w§€7n+2(t) = Wk nt1(t), t € [Tr_1,2k]. For a new subdivision 0 = {a = xy < 1 =
x < xg = b} of the segment [a,b] and the values wi;j(a) = 0 and w;(b) = 0, for
j=1,...,n+ 2, we obtain the following result.

Theorem 4. Let w : [a,b] — R be an integrable function and x € [a,b] fized.
Suppose {wy;}j=1, . nt2 are w-harmonic sequences of functions on [xy—1, k], k =

1,2, n € N, defined in Theorem C. Let the function W, ., defined by (13), be
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nonnegative. If g : [a,b] — R is (n + 2)-convez function then inequality (14) is
valid for
P(b) = w1 nt1(x) — w2n1(2)

and
1

A=z — 120} (w1, n+2(x) — w2 ni2(x)).

If Wy w(t,0) <0 or g is (n+2)-concave function then (14) holds with the reversed
sign of inequalities.

Proof. The values of P(b) and A follow from the proof of Theorem 2, since m = 2,
1 =z, wy;(a) = 0 and wy;(b) =0, for j = 1,...,n + 2 and from the definitions of
{ws;} from Theorem C. O

b
Using integral mean value theorem to the fWgn,w(t,cL‘)g(Q") (t) dt, where

a
g : [a,b] = R is such that g(®) is a continuous function, in [3, Theorem 5] authors
proved that there exists v € (a,b) such that

b

(15) / ) dt — ZA )9V (2) = Agpia(x)g®™ (v).

a

Applying this integral identity to our result in inequality (14), we obtain the
following theorem.

Theorem 5. Assume w and {wy;} satisfies the conditions of Theorem 4 for j =
1,..2n+1. Let A; be defined as in (12). If g : [a,b] — R is (2n + 2)- convez, then
there exists v € (a,b) such that

(16) P(b)- 9@ (V)

(2n) v
< 9(211)(')/(‘% — )" w(s) ds

where

and
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Proof. Inequality (16) follows directly from (14) replacing it’s middle term by
Agpyi1(2)g®™ (v), according to the integral identity (15), and then applying (12)
to A2n+1. O

4. SPECIAL CASES

Taking some special cases of the weight function w, in our results of the
previous section, we obtain following estimates for the definite integral.

Example 1. Let us assume that w(t) =1, t € [a,b].
Now, from Theorem C, we calculate

wln(t) = ¢
Won(t) = 1=, t€ (x,0]

Wiyw(t,x) = {

and

1
Aja) = 5 [0 =2 ~(a—a)'].

In order to apply new estimates from Theorem 3 to the function w(t) = 1,
t € [a,b], we will replace n, in the definition of the Wy, 4, by 2n to provide the
nonnegativity of W, ., and we will assume that g : [a,b] — R is (2n + 2)-convex
since then g™ is also convex function. Now, according to (14), we get

b— A A—a
< P(b) - (2n) (2n)(p
< PO [0 + 5= og > )]
where
p2n+l _ g2n+1 2n 2n—j+1 ; ;
an  Pe) 2n+1)! e jl(2n —j+ 1)1 ((b_x) ~(a-=z) )
and

1 p2n+2 _ ,2n+2 2n 22n—j+2

19 2= 56 | @orar gy (00 @)

Values of P(b) and A for the function w(t) =1, t € [a,b], can also be calcu-
lated using the results of Theorem 4 as follows.
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P®) = wignt1(®) —w22041(7)
1
A = - P0) (w1 2n42(T) — W2 2n42()]
. I (@ — a)2"*2 — (x — b)2n+?)]

(2n + 2)IP(b)

If the assumptions of Theorem 5 hold, for w(t) =1, t € [a,b], we get

P(b) _g(Qn) ) < w [(x _ a)2n+1 (- b)2n+1}

- (@2n+1)!
< PO [ae @+ )],

where P(b) and \ have the same values as in (17) and (18) respectively.

Example 2. Suppose that w(t) = (b—t)* - (t —a)’, t € [a,b], o, B > —1.
From Theorem C, taking substitution x = Z:Z in the definition of Beta function,
we get

—a)%(t—a)" P
G B (8 +1,n)

.F(—a,ﬁ—f—l,ﬁ—i—n—i—l;ﬁ), t € la,z]

Wihow(t,x) = nta
wlt2) (_1)71%(%;;;)*3(04“,71)
-F (—ﬂ,a—i—l,a—«—n—i—l;é’_;fl), t € (x,b]
and i-1 atB+
as) O —B(a+1,8+1)
4@ =4 F(1-jB+La+f+2L2), ata
) Bt .
%B(a‘i_l,ﬁ"_j), Tr = a,
where

1
B (u,v) = /a:“_l (1—xz)""" da
0

is the Beta function and

1
F(a,B,7v:2) = m /tﬁfl Q=) A —zt)™™ at
0
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is the hypergeometric function for v > >0 and z < 1.
If the assumptions of Theorem 3 hold, according to (14), we get

P(b) = (_1)n.[“"11§%“3(a+1,5+1)

F(cmabras g (oQ0ma) 5o

b—t le(n—j—i—l)
and
B (_1)71 (b_a)a+5+1
A 20 ) B(a+1,5+1)
o (1 n T J+2 ‘
F|-n 1,0¢+1,a+ﬂ+277b ; CE - Aj(z)

Using the same integral calculations similar results can be obtained under the
conditions of Theorem 4 and Theorem 5.
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