WEIGHTED INTEGRAL INEQUALITIES IN TWO DIMENSIONS

GEORGE HANNA AND JOHN ROUMELIOTIS

ABSTRACT. Weighted (or product) double integral inequalities are developed and extended to produce weighted
cubature rules. The error bounds are of first and second order and rely on the first few moments of the weight.
Various properties of the weight and weight null-spaces are considered. Minimization of the bound produces
coupled non-linear equations whose solution furnish optimal weighted cubature grids. These grids are evaluated
for some of the more popular weight functions.

1. INTRODUCTION

Milovanovié [3] (see also [4]), Barnett and Dragomir [1] and Hanna et al. [2] developed two dimensional
integral inequalities whose error bounds were expressed in Lebesgue norms of the first partial derivatives of
the integrand. In other work, Roumeliotis [7] developed and reviewed weighted one dimensional Ostrowski
type inequalities with a particular emphasis of identifying optimal quadrature grids. These grids, influenced
by the first few moments of the weight function, were evaluated via minimization of the Ostrowski type error
bound. In this paper we combine and extend these results to develop weighted first and second order double
integral inequalities. Particular attention is paid to the influence of the two dimensional weight function on the
error bound and we explore this influence for different weights and weight null-spaces. Furthermore, weighted
second order cubature rules are developed and we devise a method for calculating cubature grids that rely
only on the first two moments of the weight. A method for calculating a priori cubature grids is given.

The work in this paper is presented in the following order. In Section [2, a two variable Taylor expansion
is employed to develop weighted two dimensional integral inequalities. Milovanovié [3| used this method to
extend Ostrowski’s inequality to multiple dimensions. Here we will content ourselves with two dimensions, but
extend the order of the rule to two. We undertake an examination of the error bound and identify parameters
that will minimize the bound. In Section [3, we present a Peano kernel method, based on analogous results
in [1], to derive a second order weighted double integral inequality. Error bounds are expressed in terms of
the L; and Lo, norms of the first mixed partial derivative of the integrand. Particular attention is paid to
minimizing this integrand for different weights and null-spaces. Finally, the results of this section are extended
in Section[5 to develop a weighted cubature formula. Minimizing the error bound furnishes a set of non-linear
coupled equations in the first two moments of the weight whose solution produces a cubature grid influenced
by the weight function. Plots of the grid for various weights are given.

2. TAYLOR’S FORMULA

In 1975, Milovanovié [3] generalised the Ostrowski inequality to multiple dimensions using the multiple
variable Taylor formula. As per the Ostrowski result, the inequality was expressed in terms of the first partial
derivatives of the integrand. We state the two dimensional formula below.

Following [3], let D = {(z1,%2)|a; < ; < b;(i = 1,2)} and let D be the closure of D.

Theorem 1. Let f: R? — R be a differentiable function defined on D and let ’%’ < M; (M; >0; i=1,2)
in D. Then, for every X = (z1,72) € D,

1
(b1 — a1)(by — as

b1 bo
(1) ) /a1 o, f(tl,tz) dtgdtl — f(Il,.TQ)

a1+by 2 as+bo 2
_ a17Th 1 _ as+bs 1
< My(b — an) (M + —) + Ma(ba — a») <M N _) |

(bl — a1)2 4 (bg — a2)2

N

The weighted version of Theorem [1]appears below.

Theorem 2. Let f : R? — R be a differentiable function defined on D and let < M; (M; >0; i=1,2)
in D. Furthermore, let the function X — w(X) be defined, integrable and w(X) > 0 for every X € D. Then

of
ot;
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for every X € D,

f f tlatQ tlatQ) dthtl
f fb2 t17 t2 dtzdtl

1 b1 bo
S / / tl, f,z ‘.131 - t1| dtzdtl
[P [P w(ty, ty) diadty

al a
by bo
+ Mg/ / w(tl,t2)|x2 — t2| dtodty | .
aq a

Theorem [2/ can be extended to higher orders and below we provide such an extension to second order.

(2)

Ty, 2)

Theorem 3. Let f : [a1,b1] X [az,b2] — R be such that all its partial derivatives up to order 2 exist and be

continuous, i.e. at;aft’f <00,i=1,2;5=0,...,ik =i — j. Furthermore, let w: (a1,b1) X (az,b2) — (0,00)

be integrable (i.e. ffwdA < o). Then fO’I“ all (x1,x2) € [a1,b1] X [az,bs] the following second order product
double integral inequality holds

b1 pb2

b1 b2
tl,tQ tl,tg)dthtl (El,.’EQ / / tl,tg dtzdtl

f by b 8f by bo
+ — atl IL’l,ZL'Q / / tl,tg)(l'l 7t1)dt2dt1+ % ZL’l,CEQ / / tl,tg)("ﬂQ*tg)dthtl
|| tz Hlow pbr pba 15 atz Hlow pb1 pbo
/ / tl,tg)(.’rl — tl) dtodt, + / / tl,tz To — tg) dtodty

by ba
/ / t17t2 |.T1 — t1H.’1?2 — t2| dtzdtl
ai

Proof. The two-variable Taylor formula states that

(3)

Hatlatg

(4) fltanta) = flan ) + (b —22) 2 (21,20) + (b2 — ) 2L

at, ot 12
t — 2 82 62 to — 2 32
+%a—t§(gla§2)+(tlxl)(t2 )8t aft ( ( 2 -T2) f

§1,62) + #8—@(&’&)’

where & =t; + 0(z; — t;), i = 1,2, 0 < § < 1. Multiplying (4) by w and integrating produces the identity

b1 bg bl b2
/ / w(tl,tg)f(tl,tg) dtgdtl — f(l‘l,l‘g)/ / w(tl,tg)dtgdtl

a b
8 $1,$2/ / w(ty, ta)(xy — t1) dtadty

8 by bo
$1,$2/ / w(ty, t2)(we — t2) dtadty

b1 ba t 2 92
/al/ wty, t2) " 2 - m)” at§(€17£2)dt2dtl

by bo
/ / w(ty, t2)(ty — 1) (t2 — )8158(;15 (&1,&2) dtadty

b1 pbe _
+/a1 /a2 w(tl,tg)(tz 23:2) 3155(51’52) dtydts.

Taking the modulus of both sides of (5), applying the triangle inequality and then Holder’s inequality on the
right hand side gives (3). O
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Corollary 4. Let the conditions for f be as in Theorem[3. Then the following double integral inequality holds

1
(b1 — a1)(b2 — as)

of ay + by > f
—_— — < || —=
" 2(x1’x2) <x1 2 )’ - H ot

(6)

b1 b2 0 +b
/ f(ti,t2) dtadty — f(xq,22) + a—t{(xlaﬂa) ($1 - %)

(by —a1)? [ (21— MTH)I)Q + 1
00 2 (bl —a1)2 12

92 1y — Gatb 2 1 T — G2tba 2 1
f (b1 — a1)(bs — a2) M+, M+,
8t18t2 00 (bl — a1)2 4 (b2 — a2)2 4
by — a2)2 (332 - az;bQ)z + 1
at2 (by — ag)? 12 )"
Proof. Substituting w(t1,t2) = 1 into (3) and simplifying produces the desired result. O

The point (z1,232), the sample point of the integration rule, is free to be chosen. Often, such points are
chosen to simplify the rule. For example, in @ if we choose the weight mean

f t w tl, tg) dtzdtl .
T; = 1=1,2
f f wty, o) dtadty
then the partial derivative terms vanish. Fortuitously, in this case, this point also minimizes the bound. In
the following sub-section, and indeed this paper, we will not be concerned with simplifying the integration
rule, but instead attempt to determine such parameters (for eg. 1 and x2) in order for the error bound to be
minimized.

2.1. Minimizing the upper bound.

Corollary 5. The bound in equation (2) is minimized at the median point (x1,x2) satisfying

z1  pba b1 pbe
(7) / / ’w(thtg) dtgdtl = / / w(tl, tg) dtzdtl
ai as Tl az
T2 b1 b2 bl
(8) / / w(tl,tg) dtldtQ = / / U)(thtz) dtldtg.
as ay Z2 ai

Proof. Tt is a simple matter to show that

b1 52 bl b2
I(l‘hl‘g) = Ml/ / w(tl,tg)\ml —tlldtgdtl +M2/ / w(fl,tg)ll‘g —t2|dt2dt1
al as ay az

is a convex function. Hence the upper bound in (2) is minimized at the stationary point of I. Evaluating the
first partial derivatives of I produces equations (7) and (8). O

That is, the minimum point is the median of the weight in each direction. This is consistent with first order
rules reported in [7].

Minimization of the second order bound in Theorem [3]is not as simple. It is quite difficult to identify a
minimum point for the upper bound of (3). This bound is comprised of three components; the first and last
are minimized at the mean (in each direction)

f be tlw tl,tg) dtzdtl f sz tgw tl, tg) dtgdtl
) x )
f f w(ty, ta) dtadty 2 f f w(ty, t2) dtadt

while the second is minimized at the root of a median-type expression
T b2 bl b2
(10) / / ‘.ZQ —t2|w(t1,t2)dt2dt1 = / / |l‘2 7t2‘1U(t1,t2) dtgdtl
al as 1 az

and

o b1 b2 bl
(11) / / |£L'1 7t1|w(t1,t2)dt1dt2 = / / ‘Il 7t1|w(t1,t2)dt1dt2.
as al xr2 ay

Of course, for weights in which the solutions of (9) are identical to those of (10) and (11) then identification
of the minimum point presents little challenge. For example if w is a product weight and symmetric about
the midpoint (£, 92452 then the minimum point is the midpoint. That is, if w(t1,t2) = wi(t1)wa(t2)

9) T =
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and w;((a +b)/2 —t) = w;((a +b)/2 4+ ¢) (i = 1,2), then it can be shown that the solution of (9)—(11) is
the mid-point. This is the case when w = 1 and Corollary [4 shows that the upper bound is minimized at
xr; = (ai +bi)/2, 1 =1,2.

The major difficulty with (3) is that the upper bound is comprised of a linear combination of three terms
involving norms of the partial derivative of the integrand. Hence it would be near impossible to find a global
minimum that depends only on the weight and not f. To obtain a global minimum for a general second order
rule will require either simplification of (3) or the derivation of another expression for the bound. The first
point is dealt with in the corollary below, while the second is taken up in the next section.

Corollary 6. Let f and w be as given in Theorem[3. Then for all (x1,x2) € [a1,b1] X [az,bs] the following
second order product double integral inequality holds

b1 b2 bl b2
/ / tl,tg tl,tz)dtgdtl (El,.’EQ / / tl,tQ dtgdtl

f by bao
(21,22 / / w(t,to)(z2 — t2) dtadty

f by b b
+ = ot (w1, 2 / / w(t, to)(z1 — t1) dtadts + —— P

to
||’LUH1 - _a1+b1 +b17a1 2+ 827]8 ||”LUH1 - _a2+b2 bgfag 2
8t2 ! 2 2 oz, 2 2 2 2
an a1 + b1 b1 — a1 as + b2 bg — az
12 — —
(12) i ‘8t18t2 H el [xl 2 | T2 2 2 2 |

where ||w||; = f f w(ty, tay) dtadty is the zero-th moment of the weight.

Proof. The proof involves taking an upper bound of (3) using Holder’s inequality. Thus, consider

bl bz bl bz
/ / w(ty, to)(z1 — t1)? dtadt; < sup (21 —t1) / / w(ty, tz) dtadt
a1 Jas t1€[a1,b1]

= max{(z1 — a1)?, (z1 — b1)*}||w|1

a1+ b b1 —aq 2
1 = ||z, — .
(13) o = 232+ 25 ]
Similarly
by bo 2
az +b by —a
(14) / / w(ty, t2)(m2 — t2)? diadty < [xz -2 5 2|+ -2 5 2} l[wllx
aq as
Finally,

b1 bg
/ / w(tl,tg)lfbl —tlHLIJQ —tgldtgdtl
al a

< sup |71 — ta]|ze — tal[lw]l
(tl tz)G[al,bl]X[ag b2]

= max{z1 — a1,b; — 1} max{xy — as, by — 2 }||w|1

aq +b1 b1 — ay a9 +b2 b2 — a2
1 = .
(15) i R P e !

Making use of (13), (14) and (15) gives (3). O

It is clear that the bound in (12) is minimized at the mid-point of the rectangular region. Unfortunately,
the weight does not influence this minimum point.

Taylor’s theorem is a popular vehicle for developing cubature and higher dimension rules. Stroud [8] uses
Taylor’s expansion to develop cubature rules and recently Qi [5], used this technique to derive weighted Iyengar-
type multiple integrals. The drawback is in the size of the error bound. For two dimensions, an n-th order rule
has a Taylor remainder of n + 1 terms. Minimizing any rule with order greater than one would be extremely
difficult. Thus, in the next section, we turn to the Peano kernel and use the results of [1,[2] to derive a second
order weighted double integral inequality that contains only one term in the upper bound.

1= 2

3. MAIN RESULTS

Lemma 7. Let f : [a1,b1] X [az, ba] — R be bounded and integrable and whose first partial derivatives exist and
are also bounded and integrable. Furthermore, let w : (a1,b1) X (ag,by) — (0,00) be integrable. The following
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identity holds

by bo
(16) I:/ / [ (1, 29) — f (@0, t2) — f (11, 29) + F (b1, t)] w (f1. £) dtadts

by b 2
e 0 f
_ P
/al /ag (t17t2)at1at2 atadha

where x1 € [a1,b1], x2 € [ag, bs] and

ta
/ p(t1,u2) dug, az <ty <,
a
(17) P(t1,t2) = .
/ p(tlaUQ) du27 T2 < t2 S b2a
ba
/ w (ug,tz) duy, ap <ty <@g,
(18) pltrta) = {7
/ w(ul,tg)dul, v <ty <b.

by
Proof. To begin, let I = fabll I dt; and consider I where

b 2
2 0° f (t1,t2)
I, = Pty ty) ———25dt
2 /az ( 1, 2) dt, 0ty 2

@2 O2f (ty,t b2 2 f (t1,t
:/ P(tl,tg)ﬁdthr/ P(tl,tg)ﬁdm

T2 to a2f (tl t2) ba to 32f (tl t2)
= t d — =t t d =t
/az </a2 p(t, uz) Uz) 91,0t 2 +/;1:2 (/@ p(t,uz) uz) 91,00 2
= Iy1 + Iao.

Using integration by parts, we find that

t2 Of (t1,t
Iy =/ p(t1, ug)dus 0f (ty,t2)

2 2 0f (ty,t
_/ Mp(tl,tg)dtg

2 atl 5 8t1

T2 a t , To a t ,t
= /a2 P(thuz)duzf(a—;m) —/a2 %P(t1,t2)dt2
_ [ Of (t1,x2)  Of (t1,t2)
—/a2 p(t17t2)< ot ot dts.

Similarly

b AFf (1, Af (t1,t
Ips =/ P(t17t2)< f(ailm) - ff%l 2)) dts.
2 1

b AFf (t1, OFf (t1,t
12=/ p(tl,tz)( f(a;m - f(Btll 2)> dts

Thus I becomes

and substituting into I gives

b b b
b 2 ! (tl,.TQ) af (t17t2)
1= P(tq,t2) dtadt; = (t1,t — dtadt
/ / 15 2 182 20t /a / 1, 2 ( oty oty 20t

bg b]
[ (2 ),

(19) :/ I3 dts,
where ,
1 of (t1, Of (t1,t
13:/ p(tl,t2)< f(a;m) - fgtll 2)> dt;.

Applying the same treatment to I3 as for I gives

by
I3 = / w(ty, t2)[f (w1, 02) — f(t1, 22) — fw1,t2) + f(t1,t2)] dts.

ai
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Substituting I3 into (19) we find that the identity is thus proved. O

The upper bound of the integration rule will depend on P. Below, we detail some properties of P that will
be subsequently used in analysis of the bound.

Lemma 8. The kernel P : [a1,b1] X [az,b2] — R as defined in Lemma|7 has the following properties:

) P wvanishes on the boundary of the rectangle [a1,b1] X [az, ba],
) P(t1,) : (az,b2) — R is monotonic increasing for all t1 € (ay, 1),
) P(t1,) : (a2,b2) — R is monotonic decreasing for all t; € (xz1,b1),
4) P is positive on (a1,21) X (a2, x2) and (x1,b1) X (x2,bs),
(5) P is negative on (a1,x1) X (x2,b2) and (z1,b1) X (az,x2),
all

fO’F (.’1,‘1,.’172) (al,bl) X (ag,bg).

Proof. These properties are quite simple to prove via inspection of the first partial derivatives of P. O

(1
(2
(3
(

In Figure [1, we plot the surface and contours of (17) for two different weights. The plots exhibit the
properties discussed in Lemma [8] It is obvious that the kernel achieves its maximum deviation on of its
branches at the discontinuous point (x1,x2).

In the following theorem we state the main result by employing the identity in Lemma[7]to produce second
order weighted double integral inequalities. In contrast with the inequalities of the previous section, the upper
bound here is comprised of just one term.

'
' l

oy
‘ “0‘0‘0 '
1335302 9%
::‘. :o:o,o,'ll:

SIS <SS
SRR
S

st
a:::t«:s«:s»‘

FIGURE 1. Surface and contour plots of the Peano type kernels P defined in (I7) for different
weights. (a) w(ti,t2) = —In(t1t2) over the unit square and z1 = z2 = 0.5, (b) w(t1,t2) =
\/t1/to over the unit square and x; = xo = 0.5.

Theorem 9. Let the conditions of Lemma |7 hold. The following double integral inequalities involving the
usual Lebesgue norms of the first mized partial derivative of f hold,

2

1< | od

atlatg

b1 b2
(20) / / |ZII1 —tl‘ |1‘2 —t2|’w(t1,t2)dt1dt2,

2
Zf% S Loo[al,bl] X [ag,bg] and

82
I <
| | - H6t16 to

b
{/ / t17t2 dthtl,/ / w(tl,tg) dtgdth
ay ay Z2
by b1 b2
/ / tl,tg dtgdtl,/ / w(tl,tz) dtgdtl}
T2

if % € Li[ay,b1] X [ag,ba], where I is defined in equation (16).

(21)
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Proof. To prove we begin with Holder’s inequality and then simplify using Lemma

1] = /bl/b2 Pty t2) DIt gy g
- 15 2 atlatQ 1062

by ba
/ / tl, to |dt2dt1
ai
b
= t t dt dt t t dt dt
’8t18t2 </ / 1, 2 20l — / / 1 2 20l
b1 b1 b2
(22) - / / P(tl, tg) dtadt, + / / P(tl, tg) dtzdtl) .
1 as T1 T2

Now each of the terms in (22) can be evaluated via partial integration and simplified using Lemma [7] and
equations (17) and (18). For the first term

T T2
/ / tl,tg dtzdtl = / {(tQ — SCQ)P}ZE—/ (tg — l'g)pdtz} dtl
ai o o asz
—/ / (tQ — JZQ)]? dtldtg
a al
T2 o ]
= 7/ (tQZL’Q){(tl 7$1)p|a17/ (tlxl)ll)dtl}dtg

as ail

IN

' 010t

1) T
(23) = / / (1‘2 — t2)($1 — tl)w(t1, t2) dtldtg.
a al
Employing the same procedure for the other terms we find
T b2 T1 b2
(24) / / P(tl, tg) dtgdtl = / / (:ZJQ — tg)(ml — tl)w(tl, tg) dtldtg,
ay T2 ay 2
b1 T2 b1 2
(25) / / P(t1,t3) dtadty = / / (20 — t2) (1 — t1)w(ty, t2) dt1dts,
1 as x1 a2
b1 b2 bl b2
(26) / / P(tl, tg) dtgdtl = / / (IQ - tg)(.’El — tl)w(tl, tQ) dtldtg.
1 T2 T1 T2

Substituting (23)—(26)) into (22) gives (20). To prove (21) we again begin with Holder’s inequality

b b

I @ (tt2)
Il = P(tq,t dtdt
n=| [ [ P G nr,

IN

sup |P(t1,t2)]
1 (t1,t2)€[a1,b1] x[az,b2]

‘atlatQ , ax{ / / witr, to) dtadhy, / / w(ty, t2) dtadty,
by by pbo
(27) / / UJ(tl,tZ) dtgdth/ / w(tl,tQ)dthtl}.

The last line being computed by appealing to the properties of P as listed in Lemma [8. Thus the theorem is
proved. O

‘ 010t

If the first moments of the weight w are known, as well as the one dimensional integrals
by bo b2 b1
(28) f(t1,z2) / w(ty,t2)dtz | dt; and f(z1,t2) / w(ty, tz)dly | dts
ay az az ai

then @) can form the basis of a cubature formula for the evaluation of the weighted double integral

ffD (t1,t2)w(t1,t2) dA over a rectangular region D. A major drawback is that in most cases the integrals
are unknown. These can be eliminated using the one-dimensional weighted results in [6]. Roumeliotis et
al. [6] showed that for mappings f with bounded second derivative that

170
- 2

b b b b
(29) / w(t) f(t) dt — f(x)/ w(t) dt + f’(x)/ (x —t)w(t)dt / (z — t)%w(t) dt,
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where z € (a,b) and w is a weight function. Thus making use of (29), the following inequalities hold

b1 bz bl b2
(30) f(tl,xg) / (tl,tg) dtg dtl f (El,.’EQ / / tl,tg) dtz dtl
al a
b1 b2 bl b2 )
(El, .’EQ / / (El — tl tl, t2 dtg dtl H 8t2 / / tl, t2 2 dtgdtl
and
b2 b1 bl b2
(31) f(fEl,tQ) / (tl,tQ) dtl dtQ — f (El,.’EQ / / tl,tg) dtg dtl
as

bl b2 bl b2 )
CE1,$2 / / xg — to)w(ty, to) dtadts| < H / / t1,t2 2 dtadty.
ay

It is of interest to note that combining (20), (30) and (31) will produce (3). Thus, in one sense, (20) is more
general than (3) since it is not obvious how one may derive (20) from (3).

One advantage of (20) over (3) is that the upper bound involves one term instead of three. Thus, with (20)
we can find points (z1,z2) that will minimize upper bound in terms of the weight and independent of the
integrand. In the following corollary we will identify points (z1,22) to minimize the bound

b1 b2
(32) j(:l?l,mg) = / / \ml — t1| |l‘2 — tQ‘ w (tl,tQ) dtgdtl.

Corollary 10. J( xl,xg as defined in (32) is minimized at (x7,x3) where 7 and x5 satisfy the equations

bo b1 ba
(33) / / — t2|w tl,tg dtgdtl —/ / — tg‘w tl,tg) dtzdtl

and

x5 pbr bz by
(34) [ [ et = tlutenta) dades = [ [ ot~ (e ) deads
as ay x5 Jay

Proof. Evaluating the partial derivatives of J gives

aj T bz bl b2
(35) ,_7(1) = 8—931(.%'1, LL‘Q) = / / ‘1'2 — t2|w(t1, tg) dthtl — / / |(,C2 — t2|w(t17 tg) dtgdtl,
al as 1 a2

(2) aj o b1 b2 bl
(36) ,_7 = 8—(:31,962) = ‘iL'l - tll’w(tl,tg) dtldtg - |{E1 — t1|w(t17t2) dtldtg.
ZT2 as a r2 Jai

Inspection of (35) reveals that, for fixed x5, 7 is monotonic increasing and 7 (a1, z3) = —J @ (b1, x5) < 0.
J @) also exhibits similar properties and hence there exists a unique point (x},z3) that is the zero of (35) and
(36) and minimizes J. O

The behaviour of (32) is very dependant on the behaviour of the weight. In Figure [2] contours of J are
plotted for different weight functions. In each case, the minimum point is readily observed and its location
depends on the weight and weight null-space.

In the following section, properties of the minimum point of J are identified for various conditions on w.

4. MINIMIZING THE BOUND

Solution of equations and provide the point that minimizes the bound (32). The equations are
non-linear and two dimensional, thus, in most cases, require numerical treatment. In this section we identify
solutions or simplifications to (33) and (34) for specific weight types. Some of these weights are of importance
since they appear in the important areas of integral transforms and integral equations.

With functions of two or more variables it is common that an identifiable relationship between the variables
is observed. That is, w(t1,t2) = w(¢(t1,t2)) for some ¢. For singular weights, the null-space of ¢, {(t1,t2) :
@(t1,t2) = 0}, may be of interest since this may furnish the singularity structure of the integral. Below, we
explore the properties of J for ¢ being the difference mapping on a square and generalise to more general
null-spaces in other corollaries.

Corollary 11 (Difference weight). Let w : (a,b) — (0,00) be integrable and let a < x1,29 < b. Then the
bound

j(xl,l‘g) / / |£L'1 7t1 \x27t2|w|t1 7t2|dt2dt1

is minimized at the midpoint x1 = o = a+b
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FIGURE 2. Contour plots of the J(z1,22) given by (32) for various weight functions. (a)
w(tl,tg) = —ln(tltg), (tl,tg) S (071) X (0,1), (b) w(t17t2) = —1Il|t1 —tQ‘, (t1,t2) S
(071) X (071)7 (C) w(tlatQ) = *1H|t1 - t%|7 (t17t2) € (071) X (071) and (d) w(tth) -
e~ /T, (t1,t2) € (0,4) x (0,1).

Proof. As stated in Corollary [10, J is minimized at the root of equations (33) and (34). Substituting the
midpoint in (33) gives

(a+b)/2 b b b b b
/ / at _t2 w|t1 _tQ‘dthtl — / / at _tQ w|t1 —t2|dt2dt1
a a 2 (a+b)/2 Ja 2
b b b b
b b
:/ / at —v|w|u —v|dvdu — / at — to| wlty — to| dtadty
(a+by/2Ja | 2 (a+b)/2Ja | 2

where u = a+b—t; and v = a+ b — t5 are integral substitutions. The same treatment on (34) shows that the
midpoint minimizes the bound O

The following two corollaries show that the simultaneous equations and (34) may be decoupled under
certain conditions for the weight.

Corollary 12 (Separable weight). Let the conditions in Corollary[10 hold. Furthermore, let w be separable,
that is w(ty,t2) = wy(t1)wa(t2), where w; are themselves weight functions defined on [a;,b;], i=1,2. Then J
is minimized at the median of each weight

i i

Proof. Substituting w(ty,t2) = wi (t1)wa(t2) into (33) and (34) and simplifying produces the result. O

Corollary 13 (Symmetric weight). Let the conditions in Corollary[10 hold and let w : (a,b) X (a,b) — R be
symmetric, that is, w(ty,ta) = w(ta,t1). Then the minimum point is at x1 = 2.
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Proof. With the above conditions, the two equations in Corollary [10] are
3J T b b b
(37) —(@1,72) = / / |y — to|w(ty, ta) dtadt; — / / |y — to|w(ty, ta) dtadty,
8xl a a x1 Ja
3J T2 b b b
(38) —(l‘l,l‘g) = / / |$1 —t1|w(t1,t2) dtldtg — / / |.731 —t1|w(t1,t2)dt1dt2.
8x2 a a T2 v a

Beginning with (37) we have

8j T b b b
871.1(1'1,‘%2) = / / ‘mg — t2|w(t1,t2) dtzdtl — / / |I2 — tglw(tl,tg) dtzdtl
a a z1 Ja

Xy b b b

= / / ‘mg — t1|w(t2, tl) dtldtg — / / |£C2 — t1|w(t2, tl) dtldtg
a a x1 Ja
T b b b

= / / ‘mg — t1|w(t1, tg) dtldtg — / / |I2 — t1|w(t1, tg) dtldtg
a a x1 Ja

- 8_‘7(33 1)
- 31‘2 2,41 )
Thus the solution of
0 0
8—;71(301,562) =0 and 8—52(301, To) =0,
is identical to
0 0
6—i(x2,x1) =0 and a—i(xl,xg) =0,
and hence the solution occurs at z; = xs. ([l

In Corollary[11 we showed that if a weight has a “difference” null-space on a square then the bound (32) is
minimized at the centre of the square. The following corollary will generalise this result and we will consider
a null space of the form t; = ¢(t2) where ¢ is anti-symmetric on a rectangle.

Corollary 14. Let w: (—a,a) X (—A, A) — (0,00) be a weight function of the form w(ty,ta) = wlt; — P(t2)],
where ¢ : (—A,A) — (—a,a) is surjective and odd, for some a, A > 0, that is ¢(—t) = —¢(t). Then J as
defined in (32) is minimized at the origin.

Proof. We need to show that

0 A a A
(39) / / |t2|w\t1 - ¢(t2)| dtgdtl = / / |t2|w|t1 — ¢(t2)| dthtl
—aJ—A 0 —A

and

0 a A a
(40) / / |t1\w|t1 - ¢(t2)| dtldtz = / / |t1|w\t1 — ¢(t2)| dtldtg.
—AJ—a 0 —a

Making the substitution t; = —u and t2 = —v in the first integral of (39) we have

0 A " A
[u, /—A [talwlts = G(t2)| dtzdts = /0 /,A [v|wlu — ¢(v)| dvdu.

0 ra A
/_A /_a [t1w[ty — ¢(t2)| dtrdts :/0 /_a lulw|u — ¢(v)| dudv.

Hence, the corollary is proved. O

Similarly

5. CUBATURE AND GRID GENERATION

Theorem [9 can form the basis of a cubature formula for weighted double integrals. That is, we can form a
mesh and apply equation (20) to each grid rectangle. The minimum point of each rectangle would be given
by (33) and (34). The question that would remain is how would such a grid be “optimally” constructed? For
example, for four grid rectangles, as shown in Figure[3, how would &; and & be chosen?

Let us consider a partition a; < & < b; of the interval [a;,b;], with x;1 € [a;,&] and z;2 € [&,bi], for
i = 1,2. In addition, define D to be the rectangular region [a1,b1] X [ag,b2] and define the sub-regions
D11 = [a1,&] X [ag, &), D12 = [€1,b1] X [ag, &), Doy = [a1,&1] X [€2,b2] and Dy o = [£1,b1] X [€2,b2]. A sketch
of this partition is shown in Figure /3.
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)
22 4+ Do D5
&2
Z210 4+ D1y Do
az : :

ai r1,1 & T1,2 b1

FIGURE 3. A partition of the rectangular region D = [a1,b1] X a2, ba] showing the sub-regions
Di,ja Za] = 172

Theorem 15. Let the conditions in Theorem19 hold. Given the partition defined above, the following double
integral inequality holds

(41) ‘/ . flty, t2)w(ty, ta) dt1dte — i(// fz14,ta)w(te, t2) dt1dts

D1 ,i+Da2,i
_// Ftr, z2i)wlty; t2) dtldt2) +sz 1,55 T2, // w(ty,te) dtrdts
Di1+D;j 2 =1 =1
t —t t to) dt1dt
HatlatQ OOL_ZIZI// ‘xll 1||$27J 2|U} 1, 2) 1 9.

The bound is minimized at the points x; ;,&, (i,j = 1,2) satisfying

z11 &2 x1,1 b2
/ / |I271 — t2|w(t1, t2) dtgdtl + / / |I272 — tg‘w(tl, tg) dtgdtl
al as ai 2

(42) &1 &2 &1 b2
= / / |l‘2’1 — t2|w(t1, tg) dtgdtl + / / |CE2’2 — t2|w(t1, tg) dtgdtl,
xr1,1 Jaz 1,1 2
1,2 &2 1,2 ba
/ / |£L‘2’1 — t2|w(t17 tg) dtzdt1 + / / |!E2’2 — tg‘ﬂ)(fl, tg) dtgdtl
1 az 1
(43) b1 & b2
/ / |.Z‘2 1 — t2|w(t1, tg dtgdtl + / / |.T2 2 — t2|w(t1, tg) dtgdth
1,2 1 2
1 & 1 rh
/ / |$1,1 — t1|w(t1, t2) dtldtg + / / |l‘172 — tl\w(tl, tz) dtldtz
al 1
(44) &2 &1 &2 b1
/ / |$1 1 — t1|w(t1, tg dti1dts + / / |CU1 9 — t1|w(t1, tg) dtqdts,
z2,1
2 & 2 b1
/ / |£C1’1 — 151|’Ll)(t17 t2) dt1dts + / / |{E1’2 — tl\w(tl, tg) dt1dts
2 a 2 1
(45) b2 &1 ba b1
= / / |.Z‘171 - t1|w(t1, tg) dt1dt2 + / / |I1,2 - t1|w(t1, tQ) dtldtQ,
T2,2 Ja 2,2 1
(46) g = TLt T o2 ;”“*Q and & = 211722 ;“’2.

Proof. To obtain (4I), it is a simple matter of applying equation (20) of Theorem [9 to each region D, ;
(1,5 = 1,2), summing and finally employing the triangle inequality.
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To show equations (42)—(46), we calculate the stationary point of the bound

(47) J = ZZ// |z1,; — t1]|xe,; — to|w(ts, t2) dtidts.

=1 j=1

For z 1,

0T 0 (<

b z1,1 &2
= {/ / (w11 —t1)|w21 — ta|w(ty, ta) dtadt,
61’1)1 a1 as
&1 &2
+ / / (tl — $171)|I’2’1 — t2|w(t1, tg) dtgdtl
T1,1

ba
+/ / x1,1 — t1)|z2,2 — ta|w(ts, ta) dtadty
ay &2

&1 b2
+ / / (tl — .’1?171)‘.%2’2 — t2|w(t1,t2) dtgdtl}
1,1 2

11 &2 ISR P
= / / ‘1‘2}1 — t2|w(t1, tg) dtgdtl — / / |$2’1 — t2|w(t1, tg) dtzdtl
al as T1,1 Y a2

Z1,1 b2 &1 b2
+ / / |CC2’2 - t2|w(t1, tg) dthtl — / / |$2’2 — tg‘w(tl, tg) dtgdtl.
ay 2 1,1 2

Setting the last expression to zero gives (42) and the same process can be used to show equations (43)—(45).
To show (46), observe that

8j &2 &2
% (& —a11)|w21 — talw (6, ta) dtz — / (w12 = &1)|w2,1 — tofw(S1, t2) dia
as az
b2 b2
+/ (&1 — z1,1)|T2,2 — ta|w(&r, ta) dta — / (1,2 — &1)|z21 — ta]w(&n, t2) dia
2 &2
&2 T11+x
= 2/ (51 - %) |z2,1 — ta|w(&y, t2) dta
az
ba
r11+x
+ 2/ (51 - %) |z2,2 — ta|w(&1, t2) dta,
2
which obviously has a root at (46);. Similarly, we can show (46),. (]

We now proceed to a full weighted cubature formulae.
Define the following partitions of the intervals [a;, b;]

Iitai=8&0<&1 << &n=by,
and let Tij € [5,’73'_1,51‘71‘] for ¢ = 1,2 and j = 1,2, e, n. Furthermore, let Di7j = [fl,i_1,§17i] X [527]'_1’527]']’

D= Up—; Dix and Dgz) =Up_; Dk, for i, j=1,2,...,n
Consider the weighted cubature formula

(48) A(f7w711a12;£a$)

= </ o f(l'l)i,tg)w(tl,tg) dtldtQ + // . f(t1,$2’i)w(t17t2) dtldt2>
i—1 D; D;

_sz 1’1 l;x2j // tl,tQ dtldt2

=1 j=1

Using the above assumptions, we can write the following theorem.

Theorem 16. Let f : [a1,b1] X [a2,b2] — R and w : (a1,b1) X (az,ba) — (0,00) be as in Theorem[9 and
I, 15, &, x be given above. The following weighted cubature formula holds

b1 b2
(49) / f(tlatQ)w(tlvt2)dt2dt1 :A(fawvjla-[%ga:c)+R(f7w7]1a-[2,£a$)a
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FIGURE 4. Grid generated from the solution of equations (51)- (53) for the weight w(t1,t2) =
\/ta/t1 over [0,1] x [0,1] and n = 10. The solid lines indicate the composite grid; in each grid
square there is one function evaluation (dot) and two single integral evaluations (dashed lines).

where

62 n n
(50) |R(f,w, I1,I,& )| < HWBftgH ZZ//D” |z1: — t1‘|$2,j — to|w(ty, t2) dtidts.

00 =1 j=1

The bound (50) is minimized when x and &satisfy

n T1,i €25 n §1,i r&2,j
(51) Z/ / |.7327j — t2|w(t1, tg) dtgdtl = Z/ / |$27j — tg‘w(tl,tg) dtgdtl
j=1 13 Jj=1

1,i—1 2,5—1 T1,i §2,5-1
n T2, &1,j n §2,i 1,5
(52) Z/ / |.7317j — t1|w(t1, tg) dtldtg = Z/ / |111’j - tl\w(tl, fg) dtldtz
j=17€2i-1 €1,5-1 =172, 1,51
(53) gk,l:%, Jori=1,...m l=1,....n—1, k=1,2.
Proof. The proof follows that of Theorem [16. O

To find the 4n — 2 unknowns
i1 <& < T2 < &1 < Ty,

for i = 1,2, we need to solve the 4n — 2 coupled non-linear equations (51), (52) and (53). These equations are
easily solved iteratively with a uniform grid as the starting point. With this method of solution all variables
are fixed apart from the parameter of interest. Thus for example if £ = 1 and we fix i, then equation may
be considered as a function of x; ; only; say F'(z1,). It is easy to see that

n €25
F,(Il,i) = 22/ |$27]‘ - t2|w(z17i,t2) dtQ Z 0
j=

i—1/82,5-1

and F(&1,-1) <0, F(&,;) > 0. Thus F has a unique root and the bisection algorithm would be an appropriate
numerical technique to produce the solution.

In Figures [4][5,[6 and [7] the grid obtained via numerical solution of (51)—(53) is plotted for various weight
functions and n. We can see that the grid clustering reflects the weight behaviour.
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FIGURE 7. Grid generated from the solution of equations (51)— (53) for the weight w(tq,t2) =
e " /\/ta over [0,4] x [0,1] and n = 15. The solid lines indicate the composite grid; in each
grid square there is one function evaluation (dot) and two single integral evaluations (dashed
lines).
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