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ABSTRACT. The tasks involving repeated integral occur from time to time
in technical practice. This paper introduces the research of authors in the field
of repeated integrals within the required class of functions. Authors focus on the
definite integral over repeated integral and they develop a tool for its computation.
It involves two principal steps, analytical and numerical step.

In the analytical step, the definite integral over a repeated integral is decom-
posed into m integrals and then the Cauchy form is used for further
rearrangement. Numerical step involves Gauss type integration slightly modified
by the authors. Several examples illustrating the operation of both analytical and
numerical steps of the method are provided in the paper.

Introduction

Nowadays, with a huge development of computers, the technical analysis tends
towards the numerical computation of its problems including nonlinear differen-
tial equations of higher order. These problems often involve repeated integrals.
Repeated integral is an integral taken multiple times over a single variable:

T T3

Fa) =™ :// m]_lf(xn)dxndxn_l...dxl. (1)
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Further, in the paper, we will use Cauchy form as well, which rearranges the
repeated integral as follows [4]: x

Fla) ™ = / (x — )" F(1)dt. (2)

a

(n—1)!

Motivation—technical example

The deflection of a loaded beam is governed by the differential equation
of the 4th order [3.[6]:
d*w(z)  q(x)

dr? - Ev YAS <07L>7 (3)

where w(x)[m] is the deflection at the point =, g(z)[N/m] distributed load,
a piecewise continuous, in general not continuous function on (0, L), I[m?] is
the second moment of inertia, E[Pa] is the modulus of elasticity. Taking an
interval (a,b) C (0, L), where ¢(z) is continuous, we can express general solution
of [B) on this interval (a,b) as follows:

M, (x—a)? V, (x—a)
Bl 2 EI 6

r T1 T2 I3
1
+ E////q(m)dudxgd@dxl, z € (a,b). (4)
a 00 0

Function w(x) represents the deflection curve of the beam within the interval
(a,b) C (0, L) and the deflection at an arbitrary point p € (a, b) is then
Vo 9°

(p) = wa + ~+M‘”52+
W) =Wa TPl T B9 T BT 6

P 1 x2 T3

1
+ﬁ////q(x4)dx4dx3dx2dx1 with p=p—a. (5)
a 000

w(x) = we + @o(x —a) +

Remark 1. In () and () the integration constants have their physical meaning:
w, = w(a) is the deflection, p, = p(a) ~ tanyp, = dlg;a), the slope of the
beam, ¢, being “sufficiently small”, —V, = —V(a) the shear force and —M, =
—M (a) the bending moment at the point 2z = a. By exploiting the lower order
integral, we keep direct connection with these physical phenomena. It can be
seen in that the deflection curve, the equation (B) involves a definite integral
over a repeated integral. So far no numerical method that resolves this type
of problems is known. We have developed one that is introduced in this paper.
The crucial point of the paper is in the Theorem 1. The formula (7] enables
the decomposition of a definite integral on the interval (a,b) over an n — 1 times
repeated integral into two members. The first member is the sum of n—1 definite

integrals on the interval (0, a) over a repeated integral, where the repetition goes

142



COMPUTATION OF DEFINITE INTEGRAL OVER REPEATED INTEGRAL

from 1 to n—1 and the lower bound is 0. The second member is the definite
integral on the interval (a,b) over an n — 1 times repeated integral, each integral
within the repetition has the lower bound equal to a. All addends can be further
regarded and treated as repeated integrals.

1. Formulation of the problem, the analytical step

DEFINITION 1. Let us have a functional space &4 5,0y of continuous n times in-

tegrable functions of one variable over the interval (min{0, a}, max{0,b}), where
a < b. Functional DE;Z;(]”) : P(apy,0) — R will stand for a definite integral
over n — 1 times repeated integral, n is an arbitrary integer number, n > 2:

MOE /77 m/f (2,)dz, . . . dzaday. (6)

THEOREM 2. If f(x) € P((ap),0), then functional DE;Z;(f) with integer n > 2

can be expressed in the form
Tn—i—1

dxn i...dry+

0 Tn—1

// / f(on)dn . day. (7)
Proof.

The proof for integer n > 2 can be carried out by using mathematical induction:
Base case: n = 2.

DE;,ZSW

When employing function g(x) = of f(t)dt, for n = 2 we can write
Dii(f) = /b / f(t)dt = /b g(e)dz = /b (a)dz + /b (#) — g(a)dz
a 0O a a a
b b T a
:g(a)a/dx +a/ <O/f(t)dt0/f(t)dt dz
a bz
=(b- a)o/f(t)dtJra/a/ f(t)dtdz (8)
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Induction step: (7) being the induction hypothesis, it has to be proven

b x1
Dg_n 1) (// /f Tn41 dxn—i—l .dz > =

f(@n—iz1)dep_ip1 ... das +

3

/b7 /f Tpt1)dTpyr1 ... dzy. (9)

Let us denote g(z,) = fox" f(zpy1)dez, 1. By subsequent using (7)) for g(x,)
we get

n—l LTn—i—1
D(_n 1) = l‘n_i)dl‘n_i coodr+
i=1 b x1 Tn—1
/g(zn)dxn ...dxy, (10)

we can proceed with the sum in ([I0) by using

Tn—i

9(zn—;) = /f(ﬂvn—i+1)d$n—i+1
0

and with the very last integral by using

o) = g(0) = [ Flania)don.
Then from (I0) we get ¢

Tn—i

c.dxy +
// /f Tn+1 d.%'n+1 d.’IJl + // / d.’Ijn . .de’l. (11)
Since -
b—a)” b—a)”
// / a)dx, ...dzy = g(a )< n'a) ( a) /f x1)dzq,
we can append it as the n'” member to the sum in () to get (@). O
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By using Cauchy form (2]) we can proceed with ([7l) by rearranging both its
addends entirely to the single integrals

a

Dfﬁﬁﬁ=§:®iﬂym—;—nt/w_w%vaﬁp%
i=1 0
1 n—1
CR] / (b= f(dt. (12)

a

But since each lower order of repetition in integration leads to a certain physical
phenomenon (because the derivative of deflection yields the slope, the derivative
of the slope yields bending moment, etc.), in technical practice it is worth to

perform a partial rearrangement of ([7):
Tn—i—1

_i)dxp_;...dx; +

/(bt)" Lf)dt. (13)

a

(nfl).

Here we leave the first member unchanged for the sake of further better han-
dling when performing a numerical computation. For example, when a parabolic
differential equation is solved by using the explicit numerical scheme when the
next step is computed directly from the previous one. The validity of Theorem 1
is illustrated in the Example 1 and Example 2.

EXAMPLE 1. Analytically easy solvable definite integral over a repeated integral

7 xr1 T2
4141 . 290 290
I:///(Ax§+3x3+c)dx3dx2dx1 5 At 5 B+5C
3 0 0

can be computed by using (7)) together with (I2]) with n =3,a=3,0=7,

(7— 3)

3
/(Ax% + Bzi + C)dz,
0

I=(7- 3)// Az} + Bzy + C)dzaday +

1 T2

//(Al‘§ + Bzs + C)dl‘gdl‘gdxl
3

3
3
:4/( z)(Az® + Bz + C)dz + 8 [ (Az® + Bz + C)dz
0

o\w

7
4141
{/ —2)*(A2® + Br + O)dw = —=—A+ 2203 2900.
3
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ExaMPLE 2. While solving following integral analytically, we face the singularity
problems since the computation involves 0.Log(0).

7T x1x2

277
/// d.’IJgd.’L’Qd.’Lj:hI;l x4+ (7T—x3)In(7— x3)7x11n7—%

Hovvever7 by employing L’Hospital’s rule we proceed easily to get
I=8/7T+4(In7—1n4) ~ 3,381320295.

Nevertheless, we avoid this singularity by using our method, i.e., by using ()
and (I2) withn =3,a=3,b=171.

3
1= 4/ ( 2)2d$2d$1+
0 3 7
8/ d+1/(7 )zldd—
P ER G
0 3
12 6
4(In7—Ind) - — 4 = + 2~ 3,381320295.

As illustrated in the examples above, the use of (7)) together with (I2) or (I3) is
automatic for suitable function. However, if we want to automate all computation
in order to make it usable and useful for convenient engineer computation, we
face the task - evaluation of definite integral within the bounds a,b and 0, a.
Let us recall that we deal with a class of functions mentioned in Theorem 1. We
start with Newton-Cotes forms. Because these quadratures are not sufficiently
accurate in general, we employ the most efficient tool for numerical integration,
a Gaussian type integration method. It minimizes the number of nodes and
ensures the result of high precision at the same time.

2. Gauss numerical integration used for the computation
over the repeated integrals

As it is known, Gauss quadrature uses the approximation

/f(x)dx Y wif (), (14)

Though that it is set-up for interval (—1,1), with an appropriate linear trans-

formation

(b—a)(x+1)+2a
2

t(x)<azb> — t<a7b> — (15)
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it can be used on arbitrary interval (a, b). The nodal points z; and the weights w;
in (I4) are taken in a such manner that the best possible precision can be
reached [2]. The nodal points are the roots of Legendre polynomials. They are
well-known and commonly used. In Table 4 in the Appendix, we provide these
values for 2, 3, 4, 8 and 16 node approximation used, as collected in [I]. For the
sake of sufficient precision, as required by the technical practice, precision of 20
decimal places is used. Transformation (I3 then redistributes the nodes z; to
the interval (a, b), denoted t§a7b>

Due to the specially taken nodal points, Gauss quadrature is much more effec-
tive tool for the numerical integration than other quadratures, as the rectangle
rule, the trapezoidal rule, Simpson’s method, etc. By using just m + 1 nodal
points Gauss numerical integration yields the exact solution for the numerical
integration of the polynomials up to the degree of 2m + 1, [2].

As it can be seen from above, the computation depends on the length of the
focused interval in the case of higher order integrals. Hence, we will do the next
considerations on the interval of the unit length. Later, whenever needed, all
parameters can be transformed to an arbitrary interval by using (I5). Without
loss of generality, to simplify the derivation of the numerical scheme we consider
the integral on the interval (0, 1).

1
DY () =0+ e ,/ )" f (@) da
0

L) () o

for t§0’1> being the Gaussian nodal points redistributed by (I5]) to interval (a, b)

0,1) _ z41
- 2

and m being the number of these points. By using t¢ we can proceed

with (I6):
m (—1,1) n—1 (—1,1)
1 nw; x; +1 RO x; +1
P (1 2 ) = anﬂf
=1

. n—1
with nw; (1 - xj<-_1’1>>
wn,j = on

Then, using (I7) in (I2)) we can perform

. n—1 b i
( b))<f)%2( i Z)|an mf(

i=1

(17)

o )
- i Wt (107) ()
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It can be seen, ([I8) enfolds both analytical and numerical steps of manipulation
with the definite integral over a repeated integral. It represents the numerical

n)

scheme for computation of DE b) (f) together with all corresponding lower order

a7
integrals. The following examples demonstrate how this approach works; Exam-
ple 3 deals with a function easily analytically integrable, Example 4 shows the
increase of the computational cost, i.e., the consumption of nodes with increas-
ing order of integration n. Finally, in Example 5 the transcendent function is

dealt. In Table 4 in Appendix are the values ws ; provided in the third column.

EXAMPLE 3. By using our analytical-numerical method developed above, let us
find the solution of 7 %1

//x§6x§+2x15dx2dx1.
3 0

We employ (7)) together with the Gauss type numerical integration with three
points, both tools coupled in (I8]).

7 1

//x§6x§+2x25dx2dx1
3 0

- (7T-3)2 &
=(7-3) E wjf<xj<‘073>> + - E wz,jf(x§3’7>)
j=1 j=1

= —159 — 161, 7 = 326, 46
which matches with the exact solution.

EXAMPLE 4. By using (@), (I3) and 4-node Gauss quadrature we compute

DEZ_ Z;gxs’ and all lower order integrals. In each case we compare the solution
with an exact one. All inputs, i.e., nodal points abscissas rescaled to the inter-
val (2,7) and corresponding weights w; — wy; are collected in Table 1. Here we
have to take into account the fact that due to utilization of normalized norm in
the form (I7]) maximal order of Gauss polynomial for exact integration sinks one
order with every increased number of repeated integration, e.g., Gauss quadra-
ture is of order 2m + 1, cubature of the order 2m, the third integral 2m — 1,
etc. It means, as we illustrate in this example that four point Gauss integration
is sufficient in the case up to n = 3, in the case of greater n the error occurs.
Nevertheless, we use the same abscissas for each integral DE; ig (f) as provided
in the very left column in Table 1. Results - both analytical and numerical
solutions are provided in Table 2. Let us recall that the errors are due to Gauss
integration only.

As it was mentioned above, the higher n in DE;Z; (f) requires the higher
number of Gauss nodes. This fact is illustrated on a transcendental function
in the following example. Herein we also show the comparison of two methods
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TABLE 1. Example 4. Gauss quadrature inputs - nodes and weights.

Weights for
Abscissas | [) f(z)dz DA (f) DLA(f) DGR
i in (2,7) | w; w2 4 w3 ; W45
2,34715922 | 0,34785484513 | 0,32370264172 | 0,45184105550 | 0,56062519697
3,65004739 | 0,65214515486 | 0,43693107259 | 0,43910951596 | 0,39226561830
5,34995261 | 0,65214515486 | 0,21521408227 | 0,10653403049 | 0,04687631975
6,65284078 | 0,34785484513 | 0,02415220341 | 0,00251539803 | 0,00023286496

TABLE 2. Results of Example 4. All lower order integrals are provided.

Solution
[, f@da | DI | DA | DL
Numerical 19597,5 19605,119 17156,3839 13351,6589
Exact 19597,5 19605,119 17156,3839 13344,2774
Absolute error 0 0 0 7,38142
Relative error [%] | O 0 0 0,05532

of the Gauss type, The Lobatto and Gauss method and the comparison with
exact solution is provided.

EXAMPLE 5. We use our analytical-numerical method for Dg:i{2ﬂ>(sin x) com-
putation of a transcendental function f(x) = sinz which always yields only
an approximate solution regardless of the number of nodes employed in the
quadrature. To compare, both the Lobatto and the Gauss quadrature was used.
The results for various numbers of nodal points are shown in Table 3 together
with the exact solution for better comparison. The number of nodes in the
Gauss type quadrature determines the accuracy of computation. The Lobatto
and Gauss quadrature can be applied particularly. The comparison, the exact
solution is shown as well.

It is apparent from the results gathered in Table 3 that for achieving required
accuracy it is essential to use sufficient number of nodes in the quadrature.
For example, if we require the precision to one decimal, the sufficient number
of inner nodes is 6 (8 = 6 inner + 2 border nodes in Lobatto quadrature). In
this table, it can be also seen how the number of nodes influences the accuracy
of the computation.

149



KATARINA TVRDA — MARIA MINAROVA

9089650L€9780°LE |  0TFEIT0990FF089T 1769L096.LLLYCT 6 86666666666666°T- 91
0L680LE£9¥80°LE 8€910990FF08°9T €692L096LLLYVCT 6 0000000000000°G- 4!
LTLEITRO LE £29907708°91 9T096LLL¥CT'6 £1000000000°G- 0T | @
98%80°L¢ CSerr08°91 8GLLVCY'6 S%000000°G- g| B
€018 1€8°91 03e7'6 8G000°C- 9| &
05 8T g8 61°C- iZ
GeI- 0L- €'ce- 9'8- 4
20896G0L£9¥80°LE | 0ZFEIT0990FF08 9T ¥$69L096LLLVCT 6 66666666666666°T- 81
3089650LE9780°LE |  00¥E9T0990FF089T 9€69L096LLLYCY 6 66666666666666°T- g1
190LE9780°LE 020990%%08°91 $19L096LLLVCT 6 2100000000000~ 1| §
€79780°LE 8LOFF08°9T 9T6LLLYCT 6 66000000002~ 01 m
T60°L€ 650891 6TLLIOVTT 6 1200002~ 8| g
g 2'S 060°0- 07 i4
m@UOZ
:9jewrrxoaddy
€089650LE9780°LE |  00¥E9T0990FF08 9T 1£692096LLLVEY 6 00000000000000°G- jexy
QVQLQ QVAmLQ QVANLQ zp(z)f M% uonmnjog

‘popraoad st uorpnjos 10exo Ypm uostredwod (dogs [eILIDWNU O} UIYIIM POSh dI8 SPOYPOW SSNer) ay) pue
099eqor 9y} yjog ‘sjutod [epou pasn Jo Iaquunu 9y} uo sduspuadep - uorInios oY) Jo Aoenddy ‘g ojdwrexy ‘¢ A1dv],

150



COMPUTATION OF DEFINITE INTEGRAL OVER REPEATED INTEGRAL

20d 1x9U U0 PINULIUO))

9LT€148668600500°0

092£0629£S8TCT0T 0

09£G5L67958682096°0

T€0657565L809220°0

0FLEESTFFE0TRETTT 0

0L29€1¥LL799996.°0

€OSPTISTRISICHFLO0

0L88LL8SGF990LETE D

062£91660722552S 0

0T69L1990GLLOSTT 0

029€8LEERLERITIE 0

00S9G67CFITETERT 0

0129092922909%12'0

0T9E8LEERLERITIE D

00S9S6¥7CFITEFERT 0-

0TEFITLLESTSTEET 0

0L88LL8GTVI90LETE 0

062£9T6607¢£SSTS 0"

0T.¥L067L3CLLE66T 0

0FLEESFFE018ECCT 0

0LZ9€TVLLV99996L 0~

78G06£79€9815660°0 09L£0659€582G 10T 0 09€5L67998683096°0- | 8
£E8CTVE03ESTHT00 VeV LETCRTERLYE'D €G0V6STTIEIETTIR0
G8LILETR0VITSTIT 0 97GTI8TSTISTTIES9'0 9G878CETOTR66EE 0
T9L06S3L0TE69ET 0 9FGTI/YSTSHTITG90 9G878GETOTR66EE 0-
029VELIVIT0LETE O VSGTLETGTRTERLTE 0 €G0V6STTEIETTINO- | ¥
¢0T81EE9E0TTIZI0 0 eddedeedeededai] 69996SFLL 0
VIRV O 8883388888888 8R‘() 0
GTLEETOTSEVOT6T 0 Heddedeedeededoi] 69996S7LL°0- | €
L8TCOVSGI8FTETIE 0 I 9%968169205€LLE 0
EI8F6SFETSLISRL0 I 9296816920S€LLS°0- | ©
Tm 'm (Vx| w

'$)ySToMm paje[al o) pue (T ‘T—) UIYIIM SOPOU SSNeY) plepue)s '§ AIaVv],

151



KATARINA TVRDA — MARIA MINAROVA

7-9080% TFR80CCTHFEC6S8ET T

G-9CGST60TSLTTF6STCCTIL'T

1-9652£66791667£600768°6

€-9GTLYTILYS6£90005STL T

C-9€98C68LTISE6ECGESTT I

1-9L09LG2ETELOETOGLSTT 6

€-98€080T00L986€L9TE6E 9

C-90T878LT6VCRITTGRETS 6

1-988EFLTE8LIETOTTEISI'S

C-OT06LTELLTOSTSTRIFES T

1-9G0CL8EESGETTLOSTIVT T

1-968££0£005GE80TF0TSS L

COLITE0TSTIIEG0602848'T

T-980T€L9LGIT]8R6S6G6T T

T-9FF8VLEVITOTFITILSLT D

C-980€765S660€LL666E8S T

T-9618€G200S6£6159GT69 T

T-9F€98ELTTLEGILLLITORS

C-OT006LTLT6T67CT80655 9

T-9L888GEC6VF0STIE09ES T

1-9¢TE168686LL0GSE0918°C

COT1STIF66CLTETITEETLS S

1-9829678905S70T905T68'T

C9G8T0TV.LEILE]BOSTTOS 6

[-96TGGG8EETTTV6ESTLED' T

1-982967890GGT0TI0ST68'T

C-9G8TOVFLEILESB0GTTOS 6-

1-9986079665SSG6STTOLT T

T-9L888GET6FF0STFE0ITS T

[-96ZET68506LL0GSE09TS T-

[-988€769007991CGITEET T

T-96T8€5300S6E6TGIST6' T

[-97€98ELTTLGILLLITORS -

1-9968¢STETCRCS6SET0TE T

1-9802€L9LGIT8886G656T T

1-97FSTLEFIT0FFTTILRLT9-

[-9GTRGGICEGLLETTLIEGO T

1-9G0TLREESGGTTLETIVT T

T-9686€0€009GE807F0VSS L-

C-9900¥LLTTRE]TITESCILY'S

C-90T878LT6VCRITTGRETS 6

[-988€TLTE8LREC0TTEISGI'S-

C906£TETE69VLIETE]TE09

C-9€98C68LTISE6ECGESTT I

1-9L09LGCETELOETOGLSGTT 6-

COTTLOTTEES0L0VIGR00L T

G-9CGST60TSLTITF6STCCTLT

[-96G3€66791667£600768'6-

v'Tm,

m

(1)

2bpd snowo.d woif panuruoy) — § 9[qe],

152



COMPUTATION OF DEFINITE INTEGRAL OVER REPEATED INTEGRAL

Conclusion

The paper is devoted to the tasks involving repeated integrals. The main
contribution to the field is in proving the theorem for a decomposition of definite
integral over n—1 times repeated integral to n definite integrals with unified lower
bound. After such a rearrangement, Cauchy theorem for repeated integrals can
be used which reverts these integrals to the sum of single integrals. Such integrals
can be solved by standard numerical methods. Though, e.g., the Newton-Cotes
forms can be used as well, in order to increase the accuracy of the method with
the least computational cost, we have chosen more efficient Gauss type methods.
We have slightly modified Gauss quadrature in sense of weights which were
rescaled to unit interval. The new weights can be prepared prior to the entire
computation. In two examples we have demonstrated the linear decrease of the
accuracy with increasing order of original integral. And this is a justification
of using Gauss type quadrature. In such a way from relatively small number
of values of ordinates provided, one can compute the integrals of several orders
effectively. The table of weights for the first and the second integral are shown
in Table 4.

Both analytical rearrangement and numerical integration were coupled in a
unique formula that enables convenient automation and evaluation by using a
computer. Possible utilization can be seen, e.g., in automation of solving Cauchy
differential equations of the nth order when as initial condition values of deriva-
tives up to (n—1)th order can occur. The method is suitable for explicit solving of
evolutionary differential equation (D’Alembert’s equation). Regarding the pos-
sibility to choose the order of numerical integration, the high accuracy can be
reached with quite a low computational cost.
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