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In this paper, the partly-boundary elements as a version of the indirect near-boundary
element method has been considered. Accuracy and effectiveness of their using for 2D
problems of potential theory have been investigated. It is shown that using of partly-
boundary elements for objects of canonical shape (circle, square, rectangle, ellipse) and
arbitrary polygons allows us to achieve the solution accuracy, which is comparable with
the accuracy of the indirect near-boundary element method, and its order of magnitude is
higher than in the indirect boundary element method. In this case, the computation time
is reduced by 2 — 2.5 times than in the near-boundary element method case. The software
of the proposed approach has been implemented in Python. Practical testing was carried
out for the tasks of electrical profiling and vertical electrical sounding in the half-plane
with inclusion as a polygon. The recommendations for application of the partly-boundary
elements in geophysical practice have been given.

Keywords: boundary element method, near-boundary element method, partly-boundary
elements, piecewise-homogeneous medium, electrical profiling, vertical electrical sounding,
two-dimensional problem of potential theory.
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1. Introduction

In exploration of geophysics, the researchers want to obtain information about the local inclusions inside
the geological environment based on the data of stationary fields of various physical nature (electrical,
magnetic, thermal, gravitational, etc.) being measured on its surface. Interpretation of the obtained
data involves finding solutions of inverse problems, which is often based on multiple solving of direct
problems of potential theory due to the sequential search of the physical and geometric characteristics
of the object components. This, in turn, requires getting the most accurate solution of the direct
problem of potential theory in the shortest possible time at each step. Similar problems arise in other
fields of science and technology — non-destructive testing [1|, materials science, nanophysics [2, 3],
technical diagnostics, medicine, etc.

Three-dimensional (3D) modeling of the geological environment produces more reliable results,
closer to real ones, but requires considerable computational cost (processing time) and higher quali-
fication of the researcher due to more complex interpretation of the obtained results for their further
using. Two-dimensional (2D) modeling gives a chance to get numerical results much easier, faster
and more convenient than 3D modeling, which is a significant advantage when we estimate express
information under production conditions. The result of 2D modeling is a flat image, that is easily
reproduced on low-power computers. In doing so, attention should be paid to the accuracy of the
obtained solutions and to the limits of applicability of 2D models.

One of the modern methods of solving the direct problems of potential theory in piecewise-
homogeneous media is mathematical modeling, which is based on the construction of high-precision
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2 Zhuravchak L. M., Zabrodska N. V.

numerical methods for finding solutions of elliptic equations systems with appropriate boundary con-
ditions and contact conditions at the interface. To date, one of the most effective methods for solving
direct problems of potential theory is the method of fictitious sources. It is based on the ideas of
boundary integral equation methods developed in the works of S. H. Mikhlin [4], N.'Y. Mushelishvili [5],
V.D. Kupradze [6]. Its discrete analogues are the indirect boundary element (BEM) and near-boundary
element (NBEM) methods. Their basics are described in [7-11] and [12].

Indirect BEM and NBEM are used in complex geometry of component boundaries at their different
physical characteristics and ways of setting field perturbation sources. They make it possible to improve
the accuracy of calculations by changing the number of discretization elements. Unlike BEM, NBEM
has additional parameters (near-boundary domain thickness and near-boundary element shape) that
can be used to improve accuracy without increasing the computation time. In [13-15], the following
types of near-boundary elements have been considered: two-dimensional — polygons (which fully or
non-fully covered the near-boundary domain and even have been intersected with each other), sets
of one-dimensional (families of curves), and zero-dimensional (multiple points) elements. It has been
shown that the shape of the elements and the near-boundary domain thickness significantly affect the
accuracy of the problem solution.

In [16,17] the theoretical foundations of partly-boundary elements (PBE) composed of a boundary
section and segments located in the near-boundary domain are described. But the approbation of this
approach and comparison of speed and accuracy of numerical results with known methods were not
performed. Therefore, the development of effective numerical-analytical approaches to solving these
problems is of considerable applied interest in engineering practice in various applications of both
geophysics and other branches.

Since theoretical considerations suggest a reduction in computation time when using partly-
boundary elements, in this paper the peculiarities of solving two-dimensional problems of potential
theory under this approach have been investigated. The efficiency and accuracy of the suggested so-
lutions with similar solutions obtained by the methods of boundary and near-boundary elements (in
polygon shape) have been compared.

2. Mathematical model for a homogeneous isotopic medium

Let a homogeneous isotropic solid of arbitrary shape occupy a domain Q € R? with a boundary 02
in the Cartesian coordinate system x,x9. In every point = (z1,z2) the vector of an outer uniquely
determined normal n = (ny,n2) to 9Q is known. Then the potential field is described by the Laplace

equation
Pu  0%u
Au=A|=—+—==5]=0 1
= * 53 ®
and boundary condition
u=u"(z), x €0, (2)

where A is a constant describing some physical characteristics of the media (coefficient of thermal
conductivity, electrical conductivity, etc.)

3. Construction of a discrete-continuous model using partly-boundary elements

For finding a solution of the given problem (1), (2) in an izotropic homogeneous medium, we use the
near-boundary element method (NBEM) [12]. We consider extended domains B C R?, which Q C B,
OB N o = &. We discretize the boundary 92 on boundary elements (BE) T',, and a near-boundary
domain G = Q\B on near-boundary elements (NBE) G, such that UY_,T', = 9Q, I; NT; = &,
uv_,G, =G, G;n Gj=@,i+#j,1,7=1,V. In the near-boundary domain G we introduce curves or
lines G, G so that the beginning of G} is the beginning of I';,, and the beginning of G}, is the ending
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of T'y. A union G, UT, UG} = G we mark as a partly-boundary element [13]. Then we introduce
onto each element v, = [[',, Gy, GL] a fictitious source of unknown intensity gj (£) and approximate it
by constant dj. Using fundamental solution (FS) of Laplace equation for a half-plane

1

r
In
T 2mA

E(z,§) =

we write integral representation of solution to determine potential

§jm Bl ) (0) + C (3)

To find intensities of the unknown sources we use the collocation technique, that is, we satisfy the
boundary condition (2) in the middle of each boundary element. After substitution (3) in (2) we obtain
the following SLAE:

z:d7 E(z,&)dv,(§)+C=u"(x), v=1V. (4)

Since in (3) due to the logarlthmlc singularity of F'S at infinity an unknown constant C' appears,
the system of equations (4) must be supplemented by the condition — the total power of all sources
at an infinitely distant point must be equal to zero:

Zd’Y d% )=0, v=1,V. (5)

If (4), (5) rewrite as A-d = b, where d = {dy, ...,dy,C}, then elements of matrix A are determined
the following way:

Ay = E (z*,¢) dl'y, (§), when we use BE,
Ty

Ay = E (z¥,€) dG, (§), when we use NBE,

Gy

Gy

Aw= [ B9 dGE© + [ B dG; (¢)
Gy
+

E (z¥, &) dly (&), w,v= 1,V, when we use PBE,
Iy

Avite = / dv(€), Avviny =1, Apsnwsny =0, by=2ay, w=1V, by =0.

v

As we can see, it is three times longer to calculate the integral on PBE than on the BE.
After finding the vector of unknown d as the solution of SLAE (4), (5), the required potential is
calculated by the formula (3).

4. Numerical studies of the computational capabilities of the PBE

To compare the computational properties of the developed approach with BEM and NBEM the problem
(1), (2) for four canonical form domains has been solved. Four canonical domains Q with physical
characteristics A = 1 are considered, the extended domains B are chosen as:
a) asquare Q = {(r1,72): —1< 23 <1,-1<mg <1},

B:{(xl,xg) —1—-—h< x1<1+h—1—h<x2<1+h}
b) a circle Q = { x1,T2): T +:17% < 1}, B = { x1,%2): :171 —|—:172 1+h}
c) arectangle Q = {(x1,22): —4 <21 <4,-2 < 2y <2},

B={(z1,z2): —4—h<z1<4+h,—2—-h<22<2+h},

Mathematical Modeling and Computing, Vol. 8, No. 1, pp. 1-10 (2021)
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: z2 z2 z2 22
d) an ellipse Q = {(xl,wg): 2= 1}7 B = {(3017%2)2 W + (2+Z)2 — 1}7

where h is the thickness of the near-boundary domain.

Each of the boundary of the square and the circle were divided into 16 boundary elements of equal
length, and each of the boundary of the rectangle and the ellipse — into 20 elements. On the boundary
elements there were constructed near-boundary elements, which completely covered the near-boundary
domain: trapezoids (for square and rectangle) and curved quadrilaterals (for circle and ellipse). At the
domain boundary the condition of the first kind, that is, the value of potential u*(z) = x2, has been
given.

In the near-boundary domain G at each BE the PBE has

I been constructed. The G, G were chosen as segments with
G r N A a length [, and an angle of inclination a,, to the boundary
L ° T * N element. Fig.1 shows the form of PBE, built on part of the
Fig. 1. Partly-boundary element geome-  reéctangle boundary, and Fig. 2 illustrates the construction of
try for the rectangle. partly boundary elements for four canonical domains.
T2 x2
1.5 1
1.0+
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0.5
0.5
0.0- Q 0.0-
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Fig. 2. PBE for four canonical domains.
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The functions v (z) = {u®(z),u" (), u®" } were calculated by formula (3) at 100 points on the first
quarter of the boundary, i.e. x1 € [0, 1], 3 > 0 for the circle and the square and z1 € [0,4], 2 > 0 for
the rectangle and the ellipse. The values (as a percentage) of absolute errors

07 =100 |u* — u”| (6)

depending on the thickness h of the near-boundary domain and parameters a,, and [,, were studied.
For numerical integration Gaussian formulae of four nodes for near-boundary elements and of three
ones for boundary and partial boundary elements are used.

Fig.3 shows the errors of the potential function calculated by formula (3) when problem (1), (2)
has been solved for the square (Figs.3a, 3b) and the circle (Figs. 3¢, 3d). Figs.3a, 3¢ show the error
dependence on the angle oy, of inclination, which varied from 45 to 135 degrees for the constant length
ly = 1, and Figs. 3b, 3d show the error dependence when [,, changing from 1 to 5 for three constant
values o,.

0, %

—— BEM

—e— NBEM
129 g = 45

== aqy = 90
101 == aw = 135

84

0.5 |

0.0
00 01 02 03 04 05 06 07 08 09 1071 10 14 18 22 26 30 34 38 42 46 50lw, B

c d

Fig. 3. Comparison of absolute errors of potential function for circle and square using boundary (solid curves),
two-dimensional near-boundary (solid curves with symbols), and partly-boundary (dashed, dotted, dashed and
dotted curves) elements.

As it can be seen from the above graphs, the maximum error of calculation (with the same number
of elements) in BEM reaches 12% for a square and 8% for a circle, in NBEM it is 2.5% for a square
and 0.3% for a circle. When using partly-boundary elements it is within the range from 1% to 3.5%.

Similar dependencies have been obtained for rectangle and ellipse. They allow us to conclude: as a
result of increasing the size of element along one axis, the maximum error in all approaches increases
by 2 — 3 times. The highest error in NBEM and BEM is observed when approaching the angles of a
square and a rectangle. For the PBE it is more evenly distributed over the study area, that is, the
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proposed approach avoids the smoothing of angles. Table 1 provides a comparison of the computation
time for different variants of the domain shape when using BEM, NBEM, PBE.

Table 1. The graphs and the table above show that the
accuracy of the NBEM calculation is the highest, but
the calculation time is 3 times longer than when using
the PBE. However, in the case of PBE, the accuracy
can be adjusted with two parameters (o, and ),
which allows you (with the help of a software module)
to select automatically a couple of parameters with a predetermined accuracy (for example, such as in
NBEM) and thus significantly reduce (by 2 — 2.5 times) computation time.

Software implementation of the proposed approaches is implemented by the modern powerful
Python programming language, since it is distributed free of charge, has a large number of additional
libraries, such as NumPy, SciPy, Matplotlib and others. Their use greatly accelerates and facilitates
the writing of programs that allow you to control visually the processes of formation of the geometric
area of study, its discrete model, and the computational process as a whole. Based on the proposed
approach, Python has created an automated computer module that builds optimally accurate partly-
boundary elements in the form of sections of the given length with an arbitrary angle of inclination for
polygons and ellipses.

Square | Circle | Rectangle | Ellipse
BE 0.28s | 0.30 s 0.31s 0.39 s
NBE | 345s | 4.04 s 3.38 s 4.48 s
PBE | 0.85s | 0.88 s 1.08 s 1.37 s

5. Mathematical model for a piecewise homogeneous isotropic half-plane

Let a boundary 9Q of a half-plane Q = R?~ is electrically insulated. Current sources — supply
electrodes A and B of intensity g4 and gp are located at the points A(x4,0) and B(zp,0). The half-
plane contains an inclusion €; that is in ideal contact with the domain Q¢ = Q\Q;. To find electrical
potentials ug, u1 in the domains g, 21, we obtain the following boundary value problem:

Aug = Ao (8;—;%0 + E?;;g) =0, z¢€Q, (7)
)\1<%2—;%1+a;—;§>:0, e (8)
LB ). zeon, )
uo(z) = ur(z), Ao 8;20 - Ala;zl, x € 990 (10)

Here gap(x) = gaxa+9BXB, XA, XB are characteristic functions of points A and B; A\g,A; are physical
characteristics of the domains g, 1.

To solve the problem (7)—(10) in an isotropic piecewise-homogeneous half-plane, in addition to
the FS for inclusion, we use the special FS of the Laplace equation for €2y which exactly satisfies the
electrically insulation condition (9) at the half-plane boundary, and a derivative F*(z, &) of it along a

normal 1 to 9
Ef(z,&) =~ ! In
’ 21 Ao ’

_6E+($7£) — (ylnl + y2n2) + (ylnl + yén2) (11)
on 27?2 27’2 '

7,/

To

To

+ In

F+(‘T7§) =

Here 7J2 = y% +yé27 Yi = Ty — 517 1= 1727 yé = T2 +£2
Due to the use of SFS (11), only the boundary 9 is discretized into boundary elements. Then
near-boundary Gg, and partly boundary va, v =1,V elements for the domain )y are introduced in
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the domain Gg C By C Rg, and for the domain €7 in the G C B; C R%. Here G5 = B\, s = 1,2,
O0Bs N 0N = @; R2, R? are planes which have such properties as: RZNR3 = 98, RZNR? = Q4 U,
(REURYH) N R?2 =QuUoQ [12].

After entering the unknown sources and approximating them by constants, the integral represen-
tations of the solutions will look like:

Zd 5 (,€) dyou (&) + ga(x) B (v,24) + gp(x) ET (2, 2p), (12)
Zd 5 E(z,&) dy1,(§) + C1, (13)
a“ﬁff) = 05, + Z o | F 7 dr0n(€) 4 9(3) (0 20) + 950 F (0 2), (1)
2u) _ g 5qaq, + Zd [ o), (15)

where x4 (z) =1 for x € Ty, xo(z) = 0 for & & T, i.e. they are characteristic functions of T',.
SLAE for finding the vector of unknowns (s = 1,2) is obtained by substituting (11)—(15) in (10)
and adding a condition similar to (5):

Zd | ano-o

Y1v

6. Practical implementation of the proposed approaches in modeling direct current
prospecting problems for the piecewise-homogeneous half-plane

The methods of electrical profiling and vertical electric sounding (VES) [18] at the half-plane boundary
have been modeled. An inclusion in the form of a heptagon was chosen, the supply electrodes had the

intensity g4 = —0.5 and g = 0.5, the current force was chosen equal to 1. The measuring electrodes
are located at points M and N within the segment AB (Fig. 4).

The inclusion boundary was divided into 17 A M N B
elements of approximately the same length. The e SR

automatically determined parameters of the
partly-boundary elements at which the high-
est accuracy (3%) is achieved were as follows:
Q= 102, 1, = 2.

In the case of the electrical profiling method,
the supply electrodes were positioned at points , . : . . . . . .
A(—21.0) and B(21.0), and the distance be- 20 -5 -0 -5 05 10 15 20
tween the measuring electrodes N and M was Fig. 4. Geometry of a heptagonal inclusion.
chosen MN = 0.1AB. N and M are moved along the line (—21,21) with 0.1 step. In the case of VES,
the distance between the measuring electrodes was the same one, but they were stationary and are
located above the center of the inclusion, the length AB was varied according to the law of geometric
progression AB = 0.4 - p* where, p = 1.6, k = [1,...,13].

The time of finding the solution and its accuracy were investigated.

Initially, for verification of the software complex, the conductivities in the domains Qg and €2, were
chosen the same ones and we estimated the absolute error of the apparent resistivity (a value is in
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inverse relation to the coefficient of electrical conductivity):
6 =100-[p" —p"], (16)

where "
o7 = o (@) - (@)

)

1 1 1 1 \!
ky = 2m — — +
Inrap  Inray Inrgy  Inrgy

is the installation coefficient [18]; r¢p = \/(3:10 —aP)2 4 (2§ — 2P)2; 2¢ = (2, 2§) are coordinates
of a point C'. It is clear that the apparent resistivity p* of a homogeneous half-plane is equal to one at
each point.

6, %

0, %

1 051

H 04

0.3 1

024

0.1 4

001

15I,m 2

Fig.5. Comparison of the calculation accuracy of the apparent resistivity in a homogeneous plane for the
methods of electrical-profiling (a) and VES (b).

Fig. 5 presents the errors of the apparent resis-
tivity calculated by the formula (16) for problem
(7)—(10) for electrical profiling and VES over the
homogeneous half-plane.

Fig. 6 shows the similar results for the method
of electrical profiling over the heptagonal inclusion
with different resistivity p; = 0.001, 0.5, 2, 5, 10.

As it can be seen from Figs.5a, 5b, the accu-
racy of the calculations using the PBE is higher
than BEM and lower than NBEM. The calcula-
tion time of one curve of the apparent resistivity by
Fig.6. Investigation of' the i'nﬂuence of the resis- 1,0 method of electrical profiling in BEM is 2.73s,
tance of the heptagonz}l 1nclu51c?n by the method of in NBEM is 26.64s, by using PBE is 7.47s, and

electrical profiling. by method of VES is 3.09s, 33.62s, 8.69s, respec-
tively.

-15 -10 -5 0 10 15 2

7. Conclusions

Conducted numerical experiments have indicated the feasibility and effectiveness of the PBE for solving
the problems of the potential theory, because they automatically adjust the parameters to achieve high
accuracy (0.3 —5%) much faster than in the NBEM with the same number of elements (which defines
the dimension of the matrix) and the degree of approximation of the unknown functions. In particular,
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the accuracy of the solution obtained by using the PBE is commensurate with the accuracy of the
NBEM, and is 8 — 10 times higher than in the BEM. However, the time for solving the problem with
the PBE is 2 — 2.5 times shorter than in the NBEM.

At the same time, the use of PBE requires, as in BEM, a higher qualification of the researcher due

to the appearance of integrals in the Cauchy sense in determining the derivative of the potential. In
BEM, to achieve the given accuracy, it is necessary to increase the number of elements, which leads
to an increase in computation time. In NBEM, you can change the thickness of the near-boundary
domain, which does not affect the solution time.
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BVIKOpI/lCTaHHSI HaCTKOBO-TpaAHUN4YHUNX esieMeHTIB fK BapiaHTy
Henpsimoro metToany npmrpaHN4YHuUX eJjieMeHTIB npn MmogenroBaHHI
noTeHulaabHMUX nosais

Kypasuax JI. M.', Ba6poncopka H. B.2

! Haygonanrvruti ynisepcumem “JIveiecvra noaimexmixa’,
eyn. C. Bandepu, 12, 79013, Jlveis, Yxpaina
2 Kapnamcoke siddinenns Incmumymy eeodisury im. C. I Cybbomina HAH Yxpainu,
eys. Hayxrosa, 3-B, 79060, JIveis, Ykpaina

Y cTaTTi pO3IISHYTO YACTKOBO-TPAHUIHI €JIeMEHTH K BapiaHT HEIPSMOTO METOY IpH-
rpaHnYHEX ejeMeHTiB. Ha mpukiaml ABOBUMIpHUX 3329 TeOpil MOTEHIHATY JIOCTLIZKEHO
TouHiCTD Ta eeKTUBHICTH IX BUKopucranHs. s 06’ekriB kanoniuuol popmu (Kpyr, KBaJI-
paT, MPSIMOKYTHHK, €JIIC) Ta JOBLIPHUX GAraTOKYTHUKIB MOKA3AHO, MO0 BAKOPUCTAHHSI
9aCTKOBO-TPAHUIHUX €JIEMEHTIB JO3BOJISIE JOCATHYTH TOYHOCTI PO3B 3Ky, CIIIBBUMIPHOI 3
TOYHICTIO METO/Ty IPUTPAHNIHIX €JIEMEHTIB, 1 Ha IOPSJIOK BUITOL, Hi?K Y METOJI TPAHTTHIX
estlemenTiB. [Ipu bomy 3Menmeno y 2 — 2.5 pa3u 1ac 009nCIeHb, HiXK Y METO/Il TPUTDAHIYI-
HuxX ejneMmeHTiB. [IporpaMuy peasiizariiro 3aIpoOHOBAHOTO Tiaxomy 3iiticaeno uHa Python.
3i{fiCHEHO NpaKTUYHY alpobaliiio sl 33124 eJeKTPOIpo@iIoBaHHs Ta BEPTUKAJIBHOIO
€JIEKTPUYHOI'O 30H/yBAHHS y IIiBILIOIINH] 3 OaraToKyTHUM BKJtodeHHsAM. HaBesieno peko-
MEeH/IAIli] M0/I0 3aCTOCYBaHHS YACTKOBO-TPAHUYIHUX €JIEMEHTIB y reodi3uaHiil MpaKTHUIL.

Kntouosi cnoBa: memod 2panuvHuT eAemenmis, Memod NPUuPaGHUNHULT EAEMEHMIE,
YACMKO-2PAHUNHE eAeMENMU, KYCKOB0-00HOpidHe cepedosuuie, eaekmpuyre npoPialoeam-
M, BEPMUKGNLHE CAEKMPUYHE 30HIYEAHHA, 0808UMIPHA 3G044%aA MEOPIT MOMERUIANY.
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