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Abstract. The aim of this paper is to derive general Euler-Boole’s and dual Euler-Boole’s for-
mulae. More precisely, we derive formulae of Boole type where the integral is approximated not
only with the values of the function in certain points but also with values of its derivatives up
to (2n — 1) -th order in end points of the interval. Our method produces formulae of arbitrary
degree of exactness. Dual Euler-Boole’s formulae are derived by analogy with Simpson’s and
dual Simpson’s rule, and Simpson’s 3/8 and Maclaurin’s rule. Finally, by analogy with Bullen-
Simpson’s and Bullen-Simpson’s 3/8 inequality, general Bullen-Boole’s inequality for a class of
(2k) -convex functions is derived.

1. Introduction

Extended Euler formulae, obtained in [4], extend the well known formula for the
expansion of an arbitrary function in Bernoulli polynomials (cf. [10]). Namely, for
f :[0,1] — R such that £ *=1 is continuous of bounded variation on [0, 1], for some
n > 1, forevery x € [0, 1] we have

1 1 1
[ rwa=re -t [ B - ng (1)
0 0

n!
1 1 1
[ rwar=se0 -1+ o [ B -0 B @l 12)
0 - JO

where Ty(x) =0 andfor l <m < n

1) = 30 B0 gy e o)) (13)

Using these identities and their appropriate convex combinations one can produce
quadrature formulae of arbitrary high degree of exactness. For example, for f : [0, 1] —
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R such that £ "~ is continuous of bounded variation on [0, 1], for some n > 1, Euler-
Boole’s formulae were derived in [13]:

/Olf(t)dt

% [7f(0) + 32 (1/4) + 127 (1/2) + 32 (3/4) + 7f (1)]

1

~ )+ g | Gat0ar ) (14)
/ O = o [17(0) 4327 (1/4) 4 127 (1/2) + 32 (3/4) +7F (1)
)+ gy [ 16t~ B0, (19
where To(f) =0 andfor 1 <m < n
1) = 30 B[00y - 500)]. (16)

and,for k> 1 and t € R,

Bk = 7Bk(0) + 32By (1/4) + 12B; (1/2) + 32B; (3/4) + 7By (1)
Gi(t) = 14Bf (1 — 1) +32B; (1/4 — 1) + 12B; (1/2 — 1) + 32B; (3/4 —1).

Applying the mean value theorem for integrals (cf. Theorem 2), we can easily
rewrite the remainder in (1.5) and thus obtain classical Boole’s formula (cf. [3]). Notice
that Byy_1 = 0,for k > 1 butalso B, = B, =0.

The aim of this paper is to derive general Euler-Boole’s and dual Euler-Boole’s
formulae. More precisely, we’ll derive formulae of Boole type such that B,, , =
By, = 0 (B are defined by (2.3)), achieving an arbitrary degree of exactness. Dual
Euler-Boole’s formulae will be derived by analogy with Simpson’s and dual Simpson’s
rule, and Simpson’s 3/8 and Maclaurin’s rule (cf. [3]).

For details on Bernoulli polynomials and Bernoulli numbers see [10] or [1].

2. General Euler-Boole’s formulae
Let f : [0 1] — R be such that £ is continuous of bounded variation on [0, 1]

forsome n > 1. Putx =0, 1/4, 1/2, 3/4, 1 in (1.1), multiply by Ay, A2, A3, Ay =
Ay As = )Ll , respectively, with 24; + 2A; + A3 = 1. We obtain:

/f 1)dt — D(0, 1)+T2n(f):m/o Ganr1 (1)df * (1), (2.1)
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where
D(0,1) = A1 - [f(0) +f (V)] + A2 - [f (1/4) +f (3/4)] + A3 - £ (1/2)
T(f) Zi— y—f*&00)], 1<m<2n (2.2)
=2 - [7 Bi(0) + Be(1)] 4+ Ay - [Be(1/4) + Br(3/4)] + As - Bi(1/2), (2.3)
k()=2?t1 ‘Bi(L—1)+ Ay - [Bi(1/4 — 1) + B{(3/4 — )] + A3 - By(1/2 —1).

(2.4)

for k> 1 and r € R.

Since By—1(1 —1) = —Bay_1(t) for k > 1, we have By = 0. Thus, applying
(1.2) instead of (1.1), we would get identity (2.1) again.

Analogously, assuming we have f : [O 1] — R such that £ >~ is continuous of
bounded variation on [0, 1] for some n > 1 from (1.1) we would get:

1
/ £ (t)dt — DO, 1)+T2n(f)—ﬁ /0 Gau(t)df (0, (2.5)

and if £ ?"*1) was continuous of bounded variation on [0, 1], from (1.2) we would get:

1
/ f d[ 0 1) +T2n(f) m/{; F2n+2(t)df(2”+l)(t), (26)

where Fi(t) = Gi(t) — Bx, k > 1. We shall call formulae (2.1), (2.5) and (2.6)
general Euler-Boole’s formulae.
Next, for n > 2, consider the following linear system:

M + 24 + A3 =1, EZn—Z =0, EZn =0.

Using the fact that By (1 —1) = By(t), Bu(1/2) = —(1—2'"2)By and By (1/4) =
27%B,,(1/2), one can easily find the solution of this system:

16*10'4'14’42" 1, = 42;171 e = (4;1710).4n71
B — @ —4) T @ -—n@r—4) TP (@-—n@r -4

These are the coefficients we will work with. Interval [0, 1] is used for simplicity and
involves no loss in generality.

What follows is a lemma that is a key step for all the results in this paper. To prove
it, we will need an analogue of the Multiplication Theorem, stated for periodic functions
By . The Multiplication Theorem for Bernoulli polynomials B, states (cf. [1]):

A=

m—1

k

B, (mx) = m"™! E B, (x—l— —) , nz0, m>1 (2.7)

m
k=0

That (2.7) is true for B} (x) and x € [0, 1/m) is obvious. For x € [j/m, (j+1)/m), 1<
j<m-—1:

B (mx) = B" (m (x — j/m)) = m" IWZIB*< ')_ - IZB*<x+ )
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so the statement is true again. Thus, we have

m—1
B (mx) = m”lzB( >, n=>0, m>1 (2.8)

LEMMA 1. For n =2, Gauy1(t) has no zeros in the interval (0,1/2). The sign
of the function is determined by

(=1)"Gay1(2) > 0, 0<tr<1/2.
Proof. Applying (2.8), we can rewrite G,+1(t) as

—1

Gons1(t) = D@ —4) [B311(41) — 10B3,(21) + 16B5, ., (1)].  (2.9)

4(4m =

There cannotexist 7 € (1/4,3/8) suchthat Gy, (¢) = 0 because B3, (t), —B3,.(21)
and Bj, | (41) have the same signon (1/4,3/8).

Let us assume there exists #; € (0,1/4] such that Gy,41(r;) = 0. Since
G2,11(0) = 0, we conclude there must exist 7, € (0,7,) such that G5, () = 0.
So, we must have

B, (4t;) — 5B;,(21,) + 4B;,(t2) =0,
which is equivalent to
B3, (41) — B, (20)
B3, (202) — B, (12)
since for z € (0,1/2), B3,(2z) = Bj,(z) iff z = 1/3 and that cannot be the case.
Define functions

[ () = B3,(2xn2),  g(x) = By, (xt2),  x € [1,2].

Note that g'(x) # 0 for x € [1,2], since 0 < xt, < 1/2. From Cauchy’s mean value
theorem we know there exists x; € (1,2) such that

B;n(4t2) 7B;n(2t2) :f/(xl) —4
B;,(2n) — B3,(2)  g'(x1)

—4

and from there
B3, (2x11)

=2, forsome 0 <xifp, <1/2. 2.10
CETS <t (210

Next, define a function

h(t) = 2B3,_1(1) = B3, (20).
From (2.10) it follows that A (x;7;) = 0. To obtain a contradiction, we will prove h(t) #
0 for t € (0,1/2). First, assume ¢ € (0, 1/4]. Suppose there exists 3 € (0,1/4] such
that h(r3) = 0. Since A(0) = 0, we conclude there must exist #4 € (0,#3) such that
K'(t4) = 0. But from there it would follow that B3, ,(t4) = B3, _,(2t4) which cannot
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be the case. When ¢ € (1/4,1/2), B;,_,(t) and —B3,_,(2¢) have the same sign, so
our statement follows easily.
Finally, consider the case 7 € [3/8,1/2). We have

B3, 1(41) — 1083, (21) + 16B3,.,(t) = k(1) — 8B, (2t) + 1683, (1),

where

k(1) = By i1 (41) — 2B5,11(20) = 2B5,11(1 = 2t) — B3, [2(1 — 21)].

It follows from the previous proof for the function %(r), that k(¢) doesn’t have zeros on
[3/8,1/2). Furthermore, k(t), —B5,,,(2t) and B3, (r) have the same sign on this
interval. So, in conclusion, the function Gy, () doesn’t have zeros on (0,1/2).

It is clear now that G, (7) doesn’t change sign on (0,1/2). To determine the

sign, it is enough to calculate the value of that function in any point from the interval
(0,1/2),eg. t=1/4. O

The proof of the previous Lemma, compared to the proof of Lemma 2 in [13],
is much more difficult, since we cannot reduce it to the case where we can explicitly
calculate zeros of the function.

COROLLARY 1. For n > 2, (—1)""'Fy,,,(t) is strictly increasing on the interval
(0,1/2) and strictly decreasing on the interval (1/2,1) and

max |Paya()] = 2 iy,
te[ X 2n+2 (4,1 — )(4}1 ) 2n+2
Also,
24— 477)
Gopy1 (1) dt = Fony1(2)|df = Boyial,
/\M ) /| (0= ooy B
45 - |Bapia|
F>, dt = |Byyin| = .
A ‘ 2+2()‘ | 2+2‘ 16(4”71)(4’174)
Proof. Using Lemma 1, from F), ,(t) = —(2n 4 2)G2,11(t) and Fp,2(t) =

Fa,.2(1 — 1), we conclude that (—1)""'F,,,2(¢) is strictly increasing on (0,1/2) and
strictly decreasing on (1/2,1). Moreover, we have Fy,2(0) = Fa,42(1) = 0, so

max;e(o,1] [Fani2(t)| = [Fani2 (1/2)].
Further, using Lemma 1 again and the fact that G}, ,(r) = F5, ,(1), we get

12 1
/ Gony1 (1)dt Fruin <2) ‘ .
0

Since (—1)""1Fa,42(¢) > 0 foreach ¢ € (0, 1), we have

1

1
G (t)|dt = 2
JRL! e

= |32n+2‘-

1 1
/ Fapia(0)] dr = ‘ / Ganat)dt — By
0 0
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THEOREM 1. Assume (p,q) is a pair of conjugate exponents, thatis 1 < p, q <
oo, I/p+1/q=1.1If [f®)P:[0,1] — R is R-integrable for some n > 2, then we
have

K(2n,q) - If *"|l,. (2.11)

/f 1)dt — D(0, 1) + T (f)| <

if [f@ VP2 ]0,1] — R is R-integrable for some n > 2, then we have

/ £ (0)di = DO, 1) + T, (f)| < K(2n + 1.q) - [£ ], (2.12)

if [f@ 2P ]0,1] — R is R-integrable for some n > 2, then we have

/lf(f)dtD(O’ 1) + Toa(f)| < K*(2n+2,9) - I 2, (2.13)
0

where

1
-

/|G th] and K*( /|F,,, |dt]

These inequalities are sharp for 1 < p < co and best possible for p = 1.

Proof. Inequalities (2.11), (2.12) and (2.13) follow immediately after applying
Holder’s inequality to the remainders in formulae (2.5), (2.1) and (2.6). To prove
inequalities are sharp, put

FM(1) = sgnGu(t) - |Gu(2)]/P™V for 1<p<oo and
F™(1) = sgnG,u(t) for p=oo in (2.11) and (2.12),
£ (1) = sgnFu(t) - |[Fu(0)]V?™D for 1<p<oo and
F™(1) = sgnF,(t) for p=oo in (2.13).

The proof that these inequalities are best possible for p = 1 is the same as the proof of
Theorem 2 in [14]. O

REMARK 1. For p = oo, applying Corollary 1, (2.12) and (2.13) turn to:

|Ban2| 4(4-47") (2n+1)
d 0 1 T n . . " 00>
f - )+l < S @2n+2)! (@r—1)@4—4) =l
|Ban 2| 45 (2n+2)
d - 0 1 T n . . " e’}
f 1=D0. 1)+ Tlf)| < S @2n+2) 16(4 — 1) (4" —4) I
For p = 1, applying Corollary 1 again, (2.13) becomes:
|Ban+2| 2(4-47") (2n+2)
)dt — D(0, 1 To, . . " .
[ 0o, 1 )| < P 2ECAD ey,
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Using integration by parts and Lemma 1 from [4], for p = 2 we obtain

/f )dt — 01)+T2,,(f)‘

O [1Bul
S@on@ -4 {<4n>!

/f )dt — 01)+T2,,(f)‘

3 Hf (2n+1) HZ B4n+2
S 44— 1) —4) [(4n+2)!

/f t)dt — D(0,1) + To,(f)
< Hf 2n+2)H2
T 16(2n +2)!1(4n — 1)(4" — 4)

1/2
[(2n+2)!17 5 4 o
W (23 an _ 325 . 21 2 + 4497) ‘B4n+4‘

Next, denote:

1/2
(2374 _25.2172 4 42)} ,

1/2
(2374 —85. 217 4 357)] :

[202532n+2

1
Ronia(f) = — ) /O Fanea () @42 (1)1, (2.14)

(2n+2)!

THEOREM 2. If f : [0,1] — R is such that f?"*?) is continuous on [0, 1] for
some n > 2, then there exists a point 1 € [0, 1] such that

45 - BZn+2

Ron =— F @2 (). 2.15
wi2(f) 16(2n + 2)1(4" — 1) (4" — 4) FEm) (2.15)
Proof. We can rewrite Ry,.2(f) as
(_l)n+l
R n = —J n+2
2+2(f) (2l’l+2)' 2n+2
where |
Jonia = / (= 1) Fopaa (0)f @2 (1) ds. (2.16)
0

The claim follows from Corollary 1 and the mean value theorem for integrals. [

THEOREM 3. If f : [0,1] — R is such that f ®"*?) is a continuous function on

[0, 1], for some n > 2, and does not change sign on [0, 1], then there exists a point
0 € [0, 1] such that

2(4 - 4—n) - Bonio
(2n+2)1(4" — 1)(4" — 4)

Ronea(f) = — [f<2"+1>(1) —remhy] . 217)



294 I. FRANJIC, J. PECARIC AND I. PERIC

Proof. Suppose £ () > 0, 0 <t < 1. If Jy, 5 is given by (2.16), using
Corollary 1, we obtain

1
0< i € (C1 oz (1/2)- [ £ 0,
0
which means that there must exist a point 0 € [0, 1] such that
Jonin = 0. (71)n+1F2n+2 (1/2) [f(ZnJrl)(l) 7f(2n+1)(0) .

When f (2’”2)0) <0, 0 <t < 1, the statement follows similarly. [

REMARK 2. Using Theorem 2 and (2.6), for n = 2 we obtain

/Olf(t)dt - % [7f (0) + 32f (1/4) + 12f (1/2) + 32f (3/4) + 7f (1)]

1

S SO 0 |
1935360/ (M O<m<

which is the classical Boole’s formula. For n = 3 we obtain

/lf(t)dt - ﬁ 217F (0) + 512F (1/4) +432f (1/2) + 512f (3/4) + 217f (1)
0

1 1

+ 555 (1) =1 (0)] Of(8>(n)7 0<n<l

162570240
The second formula obviously has a higher degree of exactness. We call it corrected
Boole’s formula. Term "corrected" was first introduced in [16], where corrected Simp-
son’s formula was derived. We shall call "corrected" every quadrature formula where
in the approximation of the integral, values of the first derivative in the end points of
the interval are involved as well. Notice that

1

L 10-10
1625702400 0-15119- 107

3. General dual Euler-Boole’s formulae

Boole’s formula is a quadrature formula of closed type, and so are the general
Euler-Boole’s formulae. When the value of the function at the end point of the interval
cannot be computed, formulae of closed type cannot be applied. For such functions,
open formulae are much more effective. That is why quadrature formulae are usually
considered in pairs: a closed and a corresponding open one, both with the same degree
of exactness. For example, the well-known Simpson’s rule

/Olf(f)dt_é []C(O)+4f (%) +f(1)} = _ﬁ @WE), 0<E<1 (3.1)
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is sometimes studied in pair with the following formula, also known as dual Simpson’s

formula:
frrow=5 [ () (5) ¢ (3)]
_ ﬁo"m(”)’ 0<n<l. (3.2)

Another such pair of formulae is Simpson’s 3 /8 formula:

/Olf(t)dt% [f(o) +3f (%) +3f (%) +f(1)}

:7641801(@(4’)’ 0<l<1  (33)

and Maclaurin’s formula, also known as dual 3/8 Simpson’s formula:

Lo ()es Q)03
_ ﬁoﬂ“)(ﬁ), 0<o<1.  (34)

Formulae (3.1)-(3.4) are valid for any function f for which f*) is continuous and are
exact for all polynomials of order < 3.

So, now the idea is to derive a formula of open type that will be dual to Boole’s
formula in this sense, or, more generally, open formulae dual to general Euler-Boole’s
formulae. We shall call those formulae general dual Euler-Boole’s formulae.

Using a similar technique as in this paper, formulae (3.1)-(3.4) were considered
and generalized in [5], [6], [8] and [7], respectively. One can easily check that in both of
these cases we have

GP (1) = 2'7*Gr(21) — Gy (1), (3.5)

where G; is obtained in case when a closed quadrature formula is considered and G?
in case of the corresponding dual quadrature formula. We will use this identity as a
definition of dual formula, since from the function G; we can deduce the quadrature
formula. So, using (2.8) and (3.5), we obtain

1
4(4n — 1) (4" — 4) [
+ 4%Br (3/8 —1) + 16B; (1/2 — 1) +4*"B; (5/8 — 1)

— 10-4"B; (3/4 —1) +4*'B; (1/8 —1)], (3.6)

GP(1) = 4By (1/8 —1) —10-4"B; (1/4 —1)

for k> 1 and r € R.
Similarly as in the previous section, take f : [0, 1] — R such that f(*") is contin-
uous of bounded variation on [0, 1] for some n > 2; put x = 1/8, 1/4, 3/8, 1/2,
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5/8, 3/4, 7/8 in (1.1) and multiply by 42", —10-4", 42" 16, 4>, —10-4", 4°",
respectively. Add those formulae and then divide by 4(4" — 1)(4" — 4). We obtain:

[rwa-pon+150) = ot [ oo, 6)
where
D(0,1) = T 1;(4,_4) (42" (1/8) — 10 - 4"f (1/4) + 4°"f (3/8)
+ 167 (1/2) +4%f (5/8) — 10-4°f (3/4) + 47 (7/8)]
L) = ij k,[f" PO =) 1<m<n (3:8)

B = G?(OL k> (3.9)

Once more, B, | = 0 for k > 1, so the identity (3.7) is produced again if (1.2) is
used instead of (1.1).

Assuming we have f : [0,1] — R such that f (2=1) s continuous of bounded
variation on [0, 1] for some n > 2, from (1.1) we would get:

1 1
/ Flde=D0.1) + Th(f) = o / G (), (3.10)

and if f?"*1) was continuous of bounded variation on [0, 1], from (1.2) we would get:

1
/ f dt ) 2n ) = m/ 2n+2( )df (@ +D) ()7 (311)

where FP(t) = GP(t) — B?, k > 2. Formulae (3.7), (3.10) and (3.11) are general
dual Euler-Boole’s formulae.

LEMMA 2. For n >2, G () has no zeros in the interval (0,1/2). The sign
of the function is determined by

(-0 'Gh. (1) >0,  0<t<1/2.

Proof. We have Gpui1(1 — 1) = —Gay11(2), so from Lemma 1 it follows that
G2,11(2t) and —Ga,,41(¢) have the same signon (1/4,1/2) and from (3.5) we conclude
G%,.,(t) cannot have any zeros there.

Next, we can rewrite G5, (1) as

Gg'”rl (t) = 4(4n _ 1_)1(4n _ 4) [B;nJrl (4t - 1/2)
— 10B3,,, (2t —1/2) + 16B3,,, (t — 1/2)] . (3.12)

Using this in the case when 7 € (0,1/4], the proof is completely analogous to the
same part of the proof of Lemma 1. As for the sign of the function, again it is
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enough to calculate the value of the function in any point of the interval (0,1/2), e.g.
t=1/4. O

Notice the analogy of the form of the dual function G, in (3.12) with the form
of the function Gy, in (2.9). One can easily be obtained from the other having this
connection in mind. Therefore, (3.12) can also be used as a definition of the dual
function G5, .

COROLLARY 2. For n > 2, (—=1)"F)_,(t) is strictly increasing on the interval
(0,1/2) and strictly decreasing on the interval (1/2,1) and

204 — 47

P =—— 7 By,
zren(a)l)l( | 2n+2( )| (4" — 1)(4" )‘ 2 +2|

Also,

1 _
204 — 47
dt = Fp dt = Bruio|,
/ |G2n+l )| t A | 2n+l(t)| ! (I’l 1)(411 1)(411 4)‘ 2+2|

45(1 —2721)
Fo (1) dt = = B2l
/(; ‘ 2n+2 ’ 2n+2‘ 16(4” 7 1)(4” — 4)| 2 +2|

Proof. Analogous to the proof of Corollary 1. [

THEOREM 4. Assume (p,q) is a pair of conjugate exponents, thatis 1 < p, q <
0o, 1/p+1/qg=1.If |[f®)]P:]0,1] — R is R-integrable for some n > 2, then we
have

[ 100 b0+ 120)| < KoCna) N G13)
if [f® VP2 [0,1] — R is R-integrable for some n > 2, then we have
[ 500 DO 120 < KoCn s 1) G4
if [f®+2P 2 [0,1] — R is R-integrable for some n > 2, then we have
1 ~
| £s =0, + T50)| < Kpen s 20 r@ R, (13)
0
where
1
1 g
Kp(m / |G2(t)|th] and K} (m,q) / |F)) |th]
0

These inequalities are sharp for 1 < p < co and best possible for p = 1.
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Proof. Analogous to the proof of Theorem 1. [

REMARK 3. For p = oo, applying Corollary 2, (3.14) and (3.15) turn to:

! |Ban+2] 4(4—-47) nt
/0 f(t)dti ) n(f) (2n+2) : (4n — 1)(411 _4) ’ Hf(z I)HOOa
_n—2n—1
/ f dt 0 1) + T2n(f) (zizi:r;) ’ 164(549— 12)(4n _)4) : Hf<2n+2>||oo-

For p = 1, applying Corollary 2 again, (3.15) becomes:

|B2n+2| . 2(4 — 47")

St @-n@=a) IF 42

1
Afmw— +TR()| <

Analogously as in the previous section, for p = 2 we obtain

/f )t — B0, 1) + znﬂ

< Hf B H2 ‘B4ﬂ‘ (2478n —25. 2276}172374}1 + 25. 2172}1 + 42) 2
S @-D@—a) )] ’

/f )t — B0, 1) + znﬂ

IIf @1l Bypio
S 2@ D)@ —4) | @nr2)

/f )t — B0, 1) + znﬂ

1/2
(2278n—85.276n 2374485 2“%357)] :

o Hf (2n+2) Hz [2025( g l)zB
T16(2n+2)1(4" — 1)(4" — 4) 242
1/2
(2n+2)1]% g e i L
= 7 (27" _325.2 no_ n3—dn 325.2 n 4497 Bn )
(nt4)! ( + +4497) |Bapa|
Denote:
1 1 .
Fardl) = Gy /o o (0f 22 (1)dr. (3.16)

THEOREM 5. If f : [0,1] — R is such that f***?) is continuous on [0, 1] for
some n = 2, then there exists a point 1 € [0, 1] such that

45(1 — 2—2n—1) - Bonio

R5wa(f) = 16(2n +2)1(4" — 1)(4" — 4) SO ). (3.17)
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Proof. Analogous to the proof of Theorem 2. [

THEOREM 6. If f : [0,1] — R is such that f ®"*?) is a continuous function on
[0, 1], for some n > 2, and does not change sign on [0, 1], then there exists a point
0 € [0, 1] such that

RD ) _ 2(4 — 4—n) - Bonyo
2 (2n+2)!(4" — 1)(4" — 4)

f(2n+1)(1) —f<2"+1>(0)} . (3.18)

Proof. Analogous to the proof of Theorem 3. [

REMARK 4. Using Theorem 5 and (3.11), for n = 2 we obtain

1
/0 f(t)df*% [16 (7 (1/8) +f (3/8) +f (5/8) +1 (7/8)) = 10(f (1/4) +f (3/4))

31
+f (1/2) = gro3ysg/ O, 0<m<1

This is the dual formula for the classical Boole’s formula. For n = 3 we obtain

/ [ dt*% 256 (F (1/8) +f (3/8) +f (5/8)+f (7/8)) =40 (f (1/4) +f (3/4))

1 127
+f(1/2)] - 504 "(1)=f'(0)] = —Wm)f(8>(n), 0<n<l1

This formula is the dual formula for the corrected Boole’s formula. Notice that

31 127
_1 s 1077 and ————'  ~6.10313- 10,
61931520 = 003331077 and - Seereos07200 - 0-10313- 10

4. General Bullen-Boole’s inequality

The following pair of inequalities is usually referred to in literature as Hadamard’s

inequalities:
(e frowezn

It holds for any convex function f : [0,1] — R. If f is concave, inequalities are
reversed.

In [9], it was shown by a simple geometric argument that for a convex function f
the following inequality is valid :

1 1
0< [ s @ <O | s (42)

An elementary analytic proof of (4.1) and (4.2), but stated on the interval [—1, 1],
was given in [2]. Some other interesting results of similar type were given in that same
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paper. Namely, provided f is 4-convex, we have:

< froa=3fr ()1 () + (3)]
<3PM v (3)+r 0] - [ra (43)

This implies that dual Simpson’s quadrature rule is more accurate than Simpson’s quad-
rature rule. The inequality (4.3) is sometimes called Bullen-Simpson’s inequality and
was generalized for a class of (2k) -convex functions in [12]. Under same assumptions
it was also proved that:

< from=slr(5) <2 () ()]
< 8[f( i+ (5)+y (3)ra| - [rom wa

which implies Maclaurin’s quadrature rule is more accurate than Simpson’s 3/8 quad-
rature rule. The inequality (4.4) is sometimes called Bullen-Simpson’s 3/8 inequality
and was generalized for a class of (2k) -convex functions in [11].

In this section we will derive an inequality of similar type, only this time starting
from general Boole’s formula and its dual formula. We call it general Bullen-Boole’s
inequality.

First, add (2.6) and (3.11) then divide by 2. We get:

/frh DO, 1)+ Tonf) = Romsa(F), (45)

where

D(0,1) = 8@ 1;(4,1_4) {(24"15~4”+8)f(0)+42"f (%)

+ 4"(4" — 10)f (%) +47f (%) + (4" —10-4" + 16)f (%)

+ﬁv(§>+ﬂm"—mv(2)+ﬂ7(%)+u“*—6-ﬂ+8vuﬂ

"=y

VW RO r<m<2n
k=1

. 1

Gilr) = 8(4n — 1)(4" — 4) I
+ 4"(4"—10)B; (1/4—1) +4*"B; (3/8 — 1) +(4*"—10 - 4"+16)B; (1/2—1)
+ 47'B; (5/8 — 1) +4"(4" — 10)B; (3/4 — 1) + 4°"B (7/8 — 1)]

?V‘|Od>
==

42" —10-4" +16)B; (1 — 1) + 4*'B; (1/8 — 1)
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B, = o, By =Gr(0), k=2

(1) =Gi(t) =B, k=1
X 1 b .
Ropa(f) = m/o F2n+2(t)df(2 H)(f)

The function Gy has the property Gi(r + 1/2) = Gi(t) so it is enough to study that
function on the interval (0,1/4).

LEMMA 3. For n > 2, G,y 1(t) has no zeros in the interval (0,1/4). The sign
of the function is determined by

(=1)"Gaus1 (1) >0,  0<t<1/4

Proof. As (3.5) implies that éz,1+1(t) = 272"=1G,,,1(2t), the statement follows
immediately from Lemma 1. [

THEOREM 7. If f : [0,1] — R is such that f***?) is continuous on [0, 1] for
some n = 2, then there exists a point 1 € [0, 1] such that

454773 Boyin

G @ na ) (4.6)

R2n+2(f) = -

Proof. Analogous to the proof of Theorem 2. [

Recall that a function f : [a,b] — R is said to be n-convex, n > 0, on [a, b] iff
for all choices of (n + 1) distinct points in [a, b] the nth order divided difference

[x07~-~7xn]f >0

If this inequality is reversed, then f is said to be n-concave on [a,b]. Also, if f ()

exists, then f is n-convex iff f (n) > 0. For further details on n-convex functions see
[15].

THEOREM 8. Let f : [0,1] — R be such that f*"*?) is continuous on [0,1] for
some n = 2. If f isa (2n+ 2)— convex function, then for even n we have

1
/ £~ D(0.1) + T5() < DO.1) - Talf) - [ fl0ar. (@47)
0
For odd n inequalities are reversed.

Proof. Denote the middle part of (4.7) by LHS and the right-hand side by RHS .
Then
LHS =R%,,(f) and RHS — LHS = —2Ry,5(f).

Now, applying (3.17) and (4.6), we conclude

LHS >0, RHS— LH

S for even n
LHS <0, RHS-—LHS

, foroddn
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and thus the proof is complete. [J

REMARK 5. For n = 2, (4.7) becomes

1
0< [ £ = 166 (1/8) 41 (3/9)+£ (5/8)+1 (1/8)
10 (1/4)+F (3/4) +£ (1/2)
1
< g5 1 00327 (1/4) 127 (1/2)+32f (3/4) +7 (0] = [ F (e

which implies dual Boole’s formula is more accurate than classical Boole’s formula.
For n =3, (4.7) becomes

0< g5 256 (1/8) +7 (3/8)+5 (5/8) 41 (1/8)) ~40(¢ (1/4) + £ (3/4))
+f (1/2)+ gl () =0 = [ Fa

< /lf(t)dt—ﬁ R17f (0)+512f (1/4) +432f (1/2) +512f (3/4) +217f (1)]
0

1 !/ !/
+ 35l = £(0))

Therefore, dual corrected Boole’s formula is more accurate than corrected Boole’s
formula.

For this new quadrature formula (4.5), similar results as those obtained in Section
2 for general Euler-Boole’s and Section 3 for general dual Euler-Boole’s formulae, can
be derived analogously.
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