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Preface

Recently, the applications of wave processes modelling have created tremendous
interest among researchers and practitioners in many areas of science and tech-
nology for intelligent decision-making. Examples of computer simulation using
intelligent grid-characteristic method and decision-making in geophysics, seismic
prospecting, global seismic, medicine, aircraft and railway industry are included in
this book. Grid-characteristic method is a numerical method for solving hyperbolic
systems of equations (for example, the elastic and acoustic wave equations). This
method allows to calculate the wave processes in heterogeneous media accurately
and physically correctly. Grid-characteristic method permits to use the correct
boundary and interface conditions in integral regions. Problems of seismic
prospecting, earthquake stability, global seismic on Earth and Mars, medicine,
railway ultrasonic non-destructive testing, aircraft composites modelling, and other
applications had been reported using the developed grid-characteristic method in
the last 10 years.

We are grateful to the researchers for inventing numerical methods, parallel
algorithms, physical correct problems statements and performing computer simu-
lation for research and development reported in this book. Our thanks are due to
Springer-Verlag for the opportunity to publish our book.

The book is directed to the students, researchers, practitioners and professors
interested in numerical mathematics, computer science, computer simulation,
high-performance computer systems, unstructured meshes, interpolation, seismic
prospecting, geophysics, medicine, non-destructive testing and composite materials.

Moscow, Russia Alena V. Favorskaya
January 2018 Igor B. Petrov
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Chapter 1 ®)
Theory and Practice of Wave Processes e
Modelling

Alena V. Favorskaya and Igor B. Petrov

Abstract This chapter presents a brief description of chapters devoted to the innova-
tions in wave processes modelling and decision making (grid-characteristic method
and applications). Grid-characteristic method is a direct finite-difference numeri-
cal method for obtaining full-wave solution of hyperbolic systems of equations.
One can use different types of grids such as the regular, triangular, tetrahedral,
and nested grids. This method is often used for modelling of the acoustic and
isotropic/anisotropic elastic waves in heterogeneous media. Also, the original analyt-
ical algorithms for interpolation on the unstructured triangular and tetrahedral meshes
are developed. The study of wave processes might be used in different applied areas,
e.g. geophysics, non-destructive testing of different objects and materials, ultrasonic
testing, seismic stability investigation, and ultrasonic operations modelling. Origi-
nal investigation of composite materials delamination and non-destructive testing is
done. The geological faults zones study is performed. Also, the migration techniques
of acoustic and elastic fields are developed.

Keywords Interpolation - Computer simulation - Full-wave modelling
Wave processes « Acoustic waves - Elastic waves  Anisotropy
Finite-difference method + Numerical mathematics + Seismic prospecting
Migration - Composite material
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1.1 Introduction

As high-performance computer systems are developed, the physical laboratory
experiments are replaced by numerical modelling. A feature of numerical simulation
is not only its cheapness but also the possibility of a more detailed study of physical
processes and phenomena. However, the results of computer modelling always
contain some inconsistencies. Therefore, in order to make it possible to conduct
the numerical experiments, it is necessary to develop the high-precision numerical
methods that will allow to model the physical processes under consideration.
Investigation of wave processes in complex heterogeneous media is applicable for
solving a large number of applied problems in such areas as medicine, construction
industry, oil and gas industry, aircraft industry, among others.

1.2 Chapters Included in the Book

The main purpose of this book is to describe the crucial issues of the proposed
innovative approach for applied study of wave processes.

Chapters 2—4 are closely related to each other. They disclose the process of inter-
polation on unstructured triangular (Chap. 2) and tetrahedral (Chaps. 3 and 4) grids.
Chapters can be valuable to all researchers who use these types of meshes. Since these
Chapters include analytical algorithms, the software implementation of these analyt-
ical formulae and algorithms allows to reduce the amount of computing operations
spent on the application of these types of grids significantly. The process of interpo-
lation on unstructured grids has a significant number of applications. It can be used
independently in the process of rebuilding grids. For example, the process of restruc-
turing unstructured mesh into an unstructured one and the process of restructuring
the unstructured grid into a structured one are solved by applying the interpolation
discussed in Chaps. 2—4. The interpolation can also be used as an algorithmic stage
in the numerical method using transformable or adaptive unstructured grids. In addi-
tion, the interpolation is closely related to the family of grid-characteristic methods
discussed in the Book. Because the adaptation of the grid-characteristic method to
unstructured grids is reduced to the interpolation problem [1-3]. Chapters 2 and 3
give ready to use analytical expressions for polynomial interpolation from 1 to 5
orders inclusive. Also, the algorithms for piecewise linear interpolation into arbitrary
shaped triangular and tetrahedron are considered in Chaps. 2 and 4, respectively. In
addition, Chaps. 2 and 3 describe methods of hybrid interpolation and interpolation
with different limiters. Also nested unstructured triangular and tetrahedral meshes are
discussed in Chaps. 2 and 3, respectively. There are a lot of ready to use analytical for-
mulae in Chaps. 2—4. These analytical formulae can significantly reduce the amount
of high-performance computer system power and time needed for simulations.

Chapter 5 outlines the crucial points of a family of grid-characteristic methods
[4-13]. This family of direct finite-difference method is well suited for full-wave


https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_4
https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_3
https://doi.org/10.1007/978-3-319-76201-2_4
https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_4
https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_3
https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_4
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simulation of acoustic and isotropic/anisotropic elastic wave propagation in complex
heterogeneous environments with apparent selection of boundaries and interfaces
[14].1tis possible to use different types of grids: structured, hexahedral, unstructured,
nested, and mixed. It is also possible to combine the grid-characteristic method and,
for example, a Smoothed Particles Hydrodynamics (SPH) method during the same
calculation [15]. These features of a family of grid-characteristic methods allow
to solve a large class of applied problems. Systems of equations describing wave
processed in anisotropic elastic, isotropic elastic, and acoustic media are considered.
Also, the mathematical statements and implementation of various boundary and
interface conditions for 2D and 3D cases are presented in Chap. 5. The condition of
complete continuity of velocity and traction, free sliding, non-reflecting boundary
conditions, boundary conditions with a given traction, with a given velocity of the
interface, mixed boundary conditions, interface conditions between the elastic and
acoustic media are discussed in this chapter.

Chapter 6 presents the results of numerical modeling of delamination of composite
materials [16] with a complex heterogeneous structure, as well as some approaches
to the development of methods for non-destructive testing of their state. The wave
processes of a complex nature are also played a key role in both studies. Difficul-
ties arise even at the stage of creating a mathematical model for the delamination
of composite material. Nowadays, none of these delamination mathematical mod-
els is consistent with the laboratory experiments. Composite materials are being
actively developed and used in a wide range of applied fields. The complex struc-
ture of composite materials ensures their high strength at low weight. This feature
allows to consider them well applicable in the aircraft industry. However, to do this,
it is necessary to develop fast and effective methods for non-destructive testing of
composite materials for the presence of destructions in them. The testing methods
suitable for homogeneous media are not suitable for composite materials in princi-
ple. Because the methods of nondestructive testing are closely related to the wave
processes occurring within the material under investigation. The wave processes in
a composite material are arranged essentially differently in comparison with homo-
geneous materials. Therefore, the development of methods for testing composite
materials is closely related to the study of wave processes. To study the wave pro-
cesses today, a full-wave simulation is the best suited approach discussed in Chap. 6.

Chapter 7 demonstrates that the grid-characteristic method is applicable for direct
modelling of the seismic prospecting process on typical seismogeological models,
such as Marmousi and SEG/EAGE Salt Model. The actual problems of the oil indus-
try, as well as the problems of detection and investigation of geological faults, are
considered. In Chap. 7, the application of full wave modelling of seismic waves
arising in the process of seismic exploration of these fractured zones is discussed.
The possibility to predict effects on seismograms by analyzing spatial wave patterns
for a specially developed series of numerical experiments is demonstrated. Since
other techniques of observing spatial dynamic wave processes arising in geological
environments are not possible, these spatial wave fields can be obtained only by
full-wave numerical simulation. However, the specificity of the problem imposes the
special demands on both the numerical methods used and development of a series of


https://doi.org/10.1007/978-3-319-76201-2_5
https://doi.org/10.1007/978-3-319-76201-2_6
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problem statements for numerical experiments. Features of this innovative approach
are set out in Chap. 7. It was also shown in this Chapter that typical analytical tests
cannot guarantee that software gives an opportunity for the geologist to develop right
conclusions. This problem can be solved only by understanding the physical basis
of the phenomena under consideration and the peculiarities of the operation of the
difference methods used in the software, simultaneously. This suggests the method
called Wave Logica, fragments of which are also given in the Chap. 7.

Chapter 8 discusses the methods of seismic migration [17]. Seismic migration
is actively used in seismic surveys to detect contrast interfaces between different
geological rocks based on field seismograms. In Chap. 8, the difference between
the acoustic wave and elastic wave approaches is demonstrated using the example of
adjoint operator [17, 18] and Born approximation [ 19-24]. The detailed description of
the relevant analytical expressions is given in this Chapter. The types of interfaces that
are equally displayed by the migration of acoustic fields and the migration of elastic
fields are considered in detail. Also, types of interfaces have been identified, which
reveal better a migration of elastic fields. The application of migration of elastic fields
for seismograms obtained during the use of equipment for single-component seismic
exploration of the Earth’s interior is considered. Even for this case, the advantage of
the migration of elastic fields is shown in comparison with the migration of acoustic
fields.

Chapter 9 deals with seismic migration in a case of an elastic wave field. Formu-
lae for seismic migration are obtained on the basis of the corresponding integrals of
Rayleigh and Kirchhoff [17]. In Chap. 9, one can find a comparison of the results
obtained with the help of Rayleigh integrals and grid-characteristic method. The
meaning of such comparison is that the grid-characteristic method is finite-difference,
while the Rayleigh-based method is predominantly analytical. That means that all
calculations are related to the calculation of analytic expressions for integrals and
derivatives, respectively. Due to the fact that these methods are two qualitatively
different approaches, their comparison is of interest. Also, in this Chapter the mul-
tiple interfaces that are necessary for applying migration based on the Rayleigh and
Kirchhoff formulae for the elastic case are described in detail. The possibility of ana-
Iytically predicting the position of these interfaces on the obtained migration images
is considered, what further can give a chance of their elimination using, for example,
image recognition methods [25-29].

1.3 Conclusions

The chapter has provided a briefly description of eight chapters with original inves-
tigations of wave processes. All included Chapters provide the latest achievements
in numerical methods and their applications.

A key feature of the numerical methods outlined in the Chapters is a focus on
solving applied problems of various fields, such as seismic, seismic prospecting,
investigation of composite materials, study of the human body, ultrasound and laser
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operations on the human body, etc. Also, the investigation of associated wave pro-
cesses allows to develop new engineering solutions with following testing. Thus, the
approaches for computer modelling proposed in this book are developed as a more
perfect, convenient, efficient and cheaper alternative to laboratory and field research
and testing. Also, a method of purposeful development of higher-quality engineering
solutions based on the analysis of wave processes is proposed in this book.
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Chapter 2 ®)
Interpolation on Unstructured i
Triangular Grids

Alena V. Favorskaya

Abstract The chapter develops the analytical formulae for high-order interpolation
on the unstructured triangular grids, such as the polynomial interpolation, piecewise
linear interpolation, and hybrid interpolation. The interpolation might be used during
the creation of new unstructured triangular or regular gird instead of previous ones as
an element of numerical method for finding 2D solutions on the unstructured triangu-
lar grids and visualization of some 2D field, as well as during the images’ creation or
converting. Also the hierarchical nested unstructured triangular grids are discussed
in this chapter. This type of grids can be used as an element of numerical method on
the unstructured triangular grids for the visualization, creation, and transformation
of 2D images. The more the numerical mathematicians work, the faster the soft-
ware executes and the lesser hardware resources are needed for obtaining the same
solution. Analytical formulae reduce the recourses needed, for example the software
operation time and amount of dynamic computer memory. In this chapter, one can
find the analytical expressions ready for use. The deduced analytical expressions and
formed tables help to achieve the huge numerical modelling results in a case of the
hardware resources’ deficiency.
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2.1 Introduction

Interpolation on the unstructured triangular and tetrahedral grids [1] makes it pos-
sible to perform a full-wave modelling in order to minimize the risks of different
nature and allows to describe the complex geometric shapes. The interpolation plays
a fundamental role in studying the causes of seismogram pattern [2—4], destruction
in buildings under the intensive dynamic loads from the earthquakes or man-made
nature actions [5], causes of the integrity of the tissues of the human body [6—8] in the
conduct of ultrasonic operations, ultrasonic diagnostics, and injuries of the human
body parts including the influence of implants, and modelling of non-destructive
control [9] of various designs and materials including the composite materials [10],
and other examples of studying of dynamical wave processes, called Wave Logica.
Very often, 2D analysis is sufficient for the research of dynamic wave processes and
identification of the reasons for formation of the certain regularities. Thus, interpo-
lation on the triangular grids is not less relevant than interpolation on the tetrahedral
grids.

The problem for obtaining the solutions of systems of equations is in that the
computers do not deal with the continuity, continuous values and fields; the computers
deal only with the discrete values. Thus, computers provide the solutions only in finite
points. However, one needs to know a solution in any point of space. This problem
is solved using interpolation. In this chapter, the interpolation on the unstructured
triangular meshes is discussed. There are two reasons for such discussion. The first
reason is due to the fact that a lot of problems contain only some 2D physical
effects and do not contain any 3D effect. Also the interpolation technique on the
unstructured triangular and tetrahedral grids can be used for the images’ construction
and transformation. The second reason to discuss the interpolation on the unstructured
triangular grids is a complicity of the interpolation technique on the unstructured
tetrahedral meshes. Therefore, it is simpler to understand these techniques using
two-dimensional triangular grids with the following investigation on the unstructured
tetrahedral grids.

The interpolation on the unstructured triangular and tetrahedral grids has several
applications. For example, the interpolation can be used for creation of a new
unstructured triangular, tetrahedral, or regular grid instead of previous one. The
interpolation is applied as an element of numerical method for finding 2D solutions
and 3D solutions on the unstructured triangular and tetrahedral meshes [1], for
example a grid-characteristic method [1-10]. Also, the interpolation is useful during
visualization of some space fields.

The problem of diminishing the value of mistake is secondary. The purpose of
development of the software should not be forgotten. The problem of increasing the
order of approximation and convergence is tertiary. The purpose of development of
the numerical method should not be forgotten. The primary problem is the problem
of obtaining the mathematically and physically correct and detailed solutions. The
high-order approximation schemes and methods are tested qualitatively and detailed
in a one-dimensional case on the structured uniform grids, with known solutions,
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and without vast amount of complex interface and boundary conditions. However,
these problems have not interest of practice because the analytical solutions of them
are well known. Also, the criteria of approximation, stability, and convergence are
not perfect. The real order of approximation and convergence could be much smaller
than the mathematically investigated one. And nobody knows could these high-order
schemes and methods provide the correct results and solutions of real problems and
how less the real order of approximation and convergence will be regarding the
theoretical order. The high-order schemes are usually tested only for inner points,
but the order of approximation and convergence or non-physical oscillations are
decreased on the boundaries and interfaces. Usually the practical problems contain
the numerous complex boundaries and interfaces and differ from the models by this
vast amount of boundaries and interfaces.

Remember that the problem of obtaining the mathematically and physically cor-
rect and detailed solutions is primary. There are two ways to solve this primary
problem. The first way is to increase the order of approximation and convergence.
The second way is the use of more detailed grids. The real alternative to increas-
ing of the order of approximation and convergence is to use more detailed meshes.
The advantages of this alternative solution are the guarantee of absence of the non-
physical oscillations not only for the model problems but also for practical ones.

In a case of the unstructured grids, it is hard to use the second way due to
two reasons. The first reason is a long time to create more detailed unstructured
grid. The second reason is a long time to find the nearest point for the point under
consideration. The material in Chaps. 2—4 eliminates both of these two reasons.

There is an initial polynomial interpolation function. In a case of high-order
interpolation, this function can have the erroneous oscillations. The hybridization
is used to eliminate these oscillations. There are two stages of hybridization. The
first stage is to select the situations, where the hybridization is needed. The second
stage is to apply the hybridization. Also there are two ways of hybridization. The
first way is to increase the order of interpolation and the second one is to use more
detailed unstructured grid and smaller order of interpolation. The both ways and their
mixing are discussed in Chaps. 2—4.

The problem of interpolation arises because the object and result of numerical
modelling of physical processes are continuous dynamic spatial physical quantities
although it is necessary to operate with their discrete counterparts during computing.
Thus, it is necessary to restore the value of function at any point of space-time from
its values in a given discrete coordinate range and in the discrete set of reference
points. This process is called interpolation. The importance of this issue is so great
that the regular researches and developments in this field are conducted. A series of
crucial recent researches are reviewed below.

Interpolation of rational matrix functions was discussed by Ball et al. [11]. Lama
and Kwon proposed new interpolation method based on the combination of discrete
cosine transform and wavelet transform [12]. A review of spatial interpolation meth-
ods applied in the environmental sciences was done in [13]. Three dimensional image
reconstruction using interpolation of distance and image registration was discussed
in [14]. Image interpolation based on sparse representation with nonlocal autoregres-
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sive modelling was presented in [15]. Multi patch B-spline interpolation was applied
for Kirchhoff-Love space rod in [16].

Efficient algorithm for numerical approximation of metrics used for the
anisotropic mesh adaptation on the triangular meshes with finite element compu-
tations was suggested in [17]. Wen et al. [18] suggested fast Fourier transformation
based on the triangular self-convolution window interpolation as an efficient algo-
rithm for power system harmonic estimation, which can eliminate the errors caused
by spectral leakage and picket fence effect. Triangular Shepard interpolation was
discussed in [19]. Hydrostatic atmospheric dynamical core based on the triangular
C-grids using relatively small discretization stencils for interpolation was proposed
in [20].

Note that interpolation on the unstructured grids meets the special difficulties. A
significant version of the unstructured grids is the triangular grids. The triangular
grids are regularly used due to Delaunay triangulation algorithm [21], which is very
comfortable for programming and using in the hardware implementation. The tri-
angular and tetrahedral grids are often used in solving of some applied problems,
especially medical ones [6-8] and seismic prospecting and exploration of hydro-
carbons, oils, and gas [2—4]. Unfortunately, the computational mathematicians and
programmers have to abandon the use of the unstructured triangular and tetrahedral
grids because such type of interpolation is mathematically complex. At the same
time, the mathematically simplified versions do not allow to achieve the accuracy of
calculations sufficient for carrying out the research saving the requirements of high
computer costs. The analytical expressions and tables represented in this chapter suc-
cessfully solve this problem. Also, a software library was developed on this basis.
The designed library implements the presented algorithms and is actively used for
the practical solution of the above-mentioned applied problems [1-10].

More the numerical mathematician work, faster the software will execute and
lesser of hardware resources will be needed for obtaining the same solution. Analyti-
cal formulae reduce the recourses needed, i.e. the software operation time and amount
of dynamic computer memory. Thus, in this chapter one can find a vast amount of
equations and tables specially developed to create the analytical algorithms.

Note that in this chapter only the case of scalar field u (?) is considered but one
can use the same expressions for vector field u (?) if these expressions are applied

to the components of vector field u; (7), Uy (?), U3 (?), Us (7), ... one by one.

Also note that all formulae in this chapter are true for triangles of arbitrary shape
despite on the rectangular triangles are drew in all figures of this chapter. The similar
formulae for tetrahedrons of arbitrary shapes are discussed in Chaps. 3 and 4.

The chapter’s structure is as follows. In Sect. 2.2, the analytical expressions for
polynomial interpolation on the unstructured triangular grids for orders from 1 to 5
inclusive are discussed. In Sect. 2.3, the analytical formulae for piecewise interpo-
lation on the unstructured triangular grids divided into small triangles are presented.
Using this type of interpolation one can obtain the continuous piecewise linear inter-
polation and construct different types of hybrid interpolation on the unstructured
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Fig. 2.1 Reference points in Cc
a triangle for polynomial 001
interpolation with order 1

Ao o0B

triangular grids or use the hierarchical nested unstructured triangular grids discussed
in Sect. 2.4. Section 2.5 with the conclusions finalizes the chapter.

2.2 Polynomial Interpolation

In this section, the analytical formulae for polynomial interpolation on the unstruc-
tured triangular grids are considered. Using this type of interpolation, one can obtain
the continuous piecewise polynomial field and continuous differentiable in each
triangle [1]. The proposed method for obtaining these analytical formulae for any
given polynomial degree is discussed in Sect. 2.2.1, while the lists with the analyt-
ical formulae for degrees N from 1 to 5 inclusive are given in Sects. 2.2.2-2.2.6,
respectively.

2.2.1 Obtaining the Analytical Formulae

In order to determine a polynomial field with degree N, which depends on x and y,
the values at several points called reference points should be known. The amount of
these reference points is equal to w

The following method of arranging the reference points is suggested. The lines
parallel to the sides of a triangle ABC, which divide each of its sides into N equal
parts, are drawn within a triangle. The reference points are numbered in the way
shown in Figs. 2.1, 2.2, 2.3, 2.4 and 2.5. These lines divide a triangle into similar
smaller triangles.

The interpolation polynomials for finding some scalar field u (?) in the triangle
can be written as Eq. 2.1.

Fig. 2.2 Reference points in C
a triangle for polynomial 002
interpolation with order 2
101 i
AZ% 710 020 B
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Fig. 2.3 Reference points in
a triangle for polynomial
interpolation with order 3

Fig. 2.4 Reference points in
a triangle for polynomial
interpolation with order 4

Fig. 2.5 Reference points in
a triangle for polynomial
interpolation with order 5
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C
003
iz 012
021
201 =
A3zt 210 120 2308
004
b 013
022
202 -
031
d 211 121
A400 310 220 130 040 B
005
104 014
023
203 13
032
30 Fil 122
041
40 31 221 731
As5o 410 320 230 140 0508

u (?) = Zuijxiyj
iJ

2.1

Assume that values of the field in the reference points are known and defined by

Eq.2.2.
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Ughe = U (?abc) = Z uijx;bcyjbc (22)
iJj

One can write the solution of the system of linear Eq. 2.2 as follows:

ujj = Z a;én,uabc. (2.3)

a,b,c

Thus, one can determine the weights of the reference points w. ( ) using Eq. 2.4
Wabe ( ) Zaabcx y/ 2.4)

and rewrite Eq. 2.1 in more applicable form:

( ) Zwabc( )”ubc (2.5)

a,b,c

The field in the point R with radius-vector 7 into the triangle ABC should be
found. Also 3 triangles BCR, CAR, and ABR are considered. One can find areas of
these triangles using Egs. 2.6-2.9.

$1.(F) = Swer = 5 [Fe — a7~ 74] 26
Sp (?) :SCAR:%[rA—?C,?—7c] @.7)
Sc (F) = Sasr = % [Fo=rast =74l 2.8)

S = Sypc = % (7o = Fasic =7 2.9)

Also one can find the relative areas using Eq. 2.10, where T = A, B, C.

sy (?) o SG) (2.10)

The relative areas have several properties. Their sum is equal to 1 (Eq. 2.11).

sA<)+sB()+sc()_1 2.11)

If a point R is one of the reference points with indices abc, then for any b and any
c Eq. 2.12 is true:
SA (?abc) =

, (2.12)

z|=
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for any a and any ¢ Eq. 2.13 is true:
- b
SB <rabc) = N, (2.13)

and for any @ and any b Eq. 2.14 is true:

sc (?abc) = % (2.14)

The weights wyp, (7) of the reference points are written in a view of Eq. 2.15.

o (7) = (0 25)

- I, (ST,» (7abc> - %)

In Eq. 2.15, the letter-indices 7; = A, B, C and natural numbers n; should be
founded from Eq. 2.16.

(2.15)

Wabe (Far ) = Buar Oy Bec (2.16)

2.2.2 Weights of Reference Points for N = 1

Consider some example of finding the letter-indices and natural numbers in Eq. 2.15
for the case N = 1. In this case, 3 reference points 100, 010, and 001 exist. These
points are represented in Fig. 2.1.

Firstly, the weight wgg (?) should be found using Eq. 2.17.

Wi00 (7) = m (2.17)

STy ("100) —ni

Suppose that 7 = 7¢g;. Then Eq. 2.18 is obtained.

STy (?001>—n1 SA (7001)—111 0—ny 0—-0
5T, (7100> —np sa (7100) L

Thus, the weight in reference point 100 is found using Eq. 2.19.

w100 <7> =S54 (7) (2.19)

0=

54 (7001) (2.18)
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Similarly, one can find the weights woio (?) and woo; (?) provided by
Egs. 2.20-2.21.

Wo10 <?) = sp (?) (2.20)
Wool (7) =sc <7> (2.21)

Therefore, the formula for linear interpolation in a triangle can be written in the
form of Eq. 2.22.

u <7) =54 (7) Uipo + Sp (7) up1o + Sc (7) U1 (2.22)

2.2.3 Weights of Reference Points for N =2

In the case of N = 2, the weights of reference points represented in Fig. 2.2 are
defined using Eqs. 2.23-2.28, respectively.

W0 (F) =54 (7) (2sA (?) - 1) (2.23)
Wozo (?) = sp (?) (2s3 (?) - 1) (2.24)
Wooz (?) = s¢ (?) (2sc (?) _ 1) (2.25)

Wit (? (2.26)

) =41 () (")
worr (7) = 45 (7) sc (F) 2.27)
) =c(7)0 ()

Wiol (? (2.28)

2.2.4 Weights of Reference Points for N = 3

In the case of N = 3, the weights of reference points represented in Fig. 2.3 are
computed using Eqs. 2.29-2.38, respectively.

Wit (?) ~ L (?) <3sA (?) - 1) (3sA (?) - 2) (2.29)
Waso (?) = —sp (?) <3s3 (?) _ 1) (3s3 ( (2.30)
Woo3 (7) = Zs¢ (7) <3sc (7) - 1) (3sc (7) - 2) 2.31)

S
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2.3 Piecewise Linear Interpolation
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271

(2.72)

(2.74)

Let us consider the analytical formulae for the piecewise interpolation on the unstruc-
tured triangular grids divided into small triangles [1]. Using this type of interpolation,
one can obtain the continuous piecewise linear interpolation and construct different
types of the hybrid interpolation on the unstructured triangular grids. Consider the
piecewise interpolation on N2 small triangles discussed in Sect. 2.2 and formed by
reference points for polynomial interpolation with degree N varied from 2 to 5. One
can find these small triangles in Figs. 2.6, 2.7, 2.8 and 2.9. They are numbered using

grey color.

Note that in this Sect. 2.3 only the case is considered, when a point under consider-
ation lays in the big triangle ABC and relative areas discussed in Sect. 2.2. Therefore,
the following inequalities for these points are always satisfied:

(s €[0,1D A (sp € [0, 1] A (s¢ € [0, 1]) beforethevaluesinreference.

Fig. 2.6 Small triangles
based on reference points for
polynomial interpolation
with order 2

Fig. 2.7 Small triangles
based on reference points for
polynomial interpolation
with order 3
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Fig. 2.8 Small triangles (2
based on reference points for 004
polynomial interpolation
with order 4
103 013
022
202 112
031
= 21 121
Azt 310 220 130 00 B
Fig. 2.9 Small triangles
based on reference points for 005
polynomial interpolation
with order 5 104 014
203 = 023
032
30 Z1 122
041
409 311 221 131
Aswn 210 320 230 740 0508

All mathematical expressions for N =2 and N = 3 are adduced in Sects. 2.3.1
and 2.3.4, respectively. In order to diminish the amount of mathematical expressions,
four types of tables are determined in Sect. 2.3.2. These tables for N varied from 2
to 5 are adduced in Sects. 2.3.3, 2.3.5-2.3.7, respectively.

2.3.1 Algorithms and Analytical Formulae for N = 2

Let us consider degree N = 2. 4 small triangles are numbered in Fig. 2.6.
The algorithm includes the following steps:
Step 1. If the relative area satisfies the inequality:

254 > 1, (2.76)

then all the relative areas satisfy the following inequalities:
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2sp € (1,2) A (2sg € [0, 1]) A (2s¢ € [0, 1]), 2.77)

and, therefore, the point under consideration lays in the small triangle 200, 110,
101 numbered 1 in Fig. 2.6 and one can determine a value of the piecewise linear
interpolation using Eq. 2.78.

u (7) = (254 — 1) uopo + 251110 + 25c U101 (2.78)

Note that the coefficients before the values in reference points u,;. (Eq. 2.78)
and, hereinafter, in Sect. 2.3 mean the relative areas (Eq. 2.10) that were discussed
in Sect. 2.2, but for the relatively small triangle. For example, the relative areas for
small triangle 200, 110, 101 numbered 1 in Fig. 2.6 can be found on the basis of the
relative areas for the initial big triangle 200, 020, 002 using Eqs. 2.79-2.81.

(54)200,110,101 = 2 (54)200,020.002 — 1 (2.79)
(58)200,110,101 = 2 (58)200,020,002 (2.80)
(5¢)200,110,101 = 2 (5¢)200,020,002 (2.81)

Step 2. If the relative area satisfies the inequality:
2sp > 1, (2.82)
then all the relative areas satisfy the following inequalities
(254 € [0, 1D A (2sg € (1,2]) A (2s¢ € [0, 1]), (2.83)
and, therefore, the point under consideration lays in the small triangle 110, 020,
011 numbered 2 in Fig. 2.6 and one can determine a value of the piecewise linear
interpolation using Eq. 2.84.
u (?) = 2sau110 + (253 — 1) ugpo + 25cutorn (2.84)
Step 3. If the relative area satisfies the inequality:
2s¢ > 1, (2.85)
then all the relative areas satisfy the following inequalities:
(254 € [0, 1D A (25 € [0, 1]) A 2s¢ € (1, 2]), (2.86)
and, therefore, the point under consideration lays in the small triangle 101, 011,

002 numbered 3 in Fig. 2.6 and one can determine a value of the piecewise linear
interpolation using Eq. 2.87.
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Table 2.1 Inequalities for No 254 2sp 2s¢
finding the small triangle, in
which the point under 1 >1 - -
consideration lies for N = 2, 2 - >1 -
table of the first type 3 — _ >1
4 - _ _
u (?) = 2sAu101 + 2S3u011 + (2SC — 1) upo2 (287)

Step 4. If all the inequalities 2.76, 2.82, and 2.85 are false, then all the relative
areas satisfy the following inequalities:

(2s4 € [0, 1) A (2sp € [0, 1]) A (2s¢ € [0, 1]), (2.88)

and, therefore, the point under consideration lays in the small triangle 011, 101,
110 numbered 4 in Fig. 2.6 and one can determine a value of the piecewise linear
interpolation using Eq. 2.89.

! (f) = (1 =2sa) uon + (1 = 2sp) uro1 + (1 = 2s¢) uno (2.89)

2.3.2 Types of Tables and Their Description

In order to summarize the information in Sects. 2.3.1 and 2.3.4 and to diminish the
amount of mathematical expressions in the cases of N =4 and N =5, four types of
tables are defined. The lines in the tables help to catch the topological similarity of
the formulae and due to this it is suitable to search for errors and misprints in the
program code developed based on these tables and appropriate analytical formulae.

Tables of the first type contain the inequalities for finding the small triangle.
Table 2.1 in Sect. 2.3.3, Table 2.5 in Sect. 2.3.4, Table 2.9 in Sect. 2.3.6, and Table
2.13 in Sect. 2.3.7 are the tables of the first type.

In order to obtain an inequality based on the filled cell in row I and in column
J from the table of the first type, one can take the relative area in the zero row and
column J and put it before the condition in the cell 1J. For example, the inequality
based on the cell (3, 3) in Table 2.1 could be written as follows:

2s¢ > L. (2.90)

In order to obtain a logical expression based on the row I in the table of first type,
one can write the conjunction of all inequalities based on the cells in this row. For
example, the logical expression based on the row 9 from Table 2.13 could be written
as follows:
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Table 2.2 Logical No 254 € 2sp € 2sc €
expressions being true if the
point under consideration lies 1 (1,2] (0, 1] (0, 1]
into the small triangle for 2 [0, 1] (1, 2] [0, 1]
N =2, table of the second type 3 [0, 1] [0, 1] (1,2]

4 [0. 1] [0, 1] [0, 1]
Table 2..3 The vertices of the No A B c
small triangles for N = 2,
table of the third type 1 200 110 101

2 110 020 011

3 101 011 002

4 011 101 110

5sg < 1) A (Sve > 3). 2.91)

Tables of the second type contain the logical expressions that are being true if
the point under consideration is into the small triangle with number in the zero
column. Table 2.2 in Sect. 2.3.3, Table 2.6 in Sect. 2.3.4, Table 2.10 in Sect. 2.3.6,
and Table 2.14 in Sect. 2.3.7 are the tables of the second type.

In order to obtain a logical expression based on the cell in row I and in column
J from the table of the second type, one can take the relative area in the zero row
and column J and put it before the segment in the cell /. For example, the logical
expression based on the cell (2, 3) in Table 2.2 could be written as follows:

2s¢ € [0, 1]. (2.92)

In order to obtain a logical expression based on the row 7 in the table of the second
type, one can write the conjunction of all logical expression based on the cells in this
row I. For example, the logical expression based on the row 3 in Table 2.2 could be
written as follows:

(254 € [0, 1D A (2sp € [0, 1) A (2s¢ € (1,2]). (2.93)

Tables of the third type contain the reference points corresponding to the vertices
of the small triangles. Table 2.3 in Sect. 2.3.3, Table 2.7 in Sect. 2.3.4, Table 2.11 in
Sect. 2.3.6, and Table 2.15 in Sect. 2.3.7 are the tables of the third type.

Tables of the fourth type contain the formulae for relative areas corresponding to
the appropriate vertices of the small triangles. Table 2.4 in Sect. 2.3.3, Table 2.8 in
Sect. 2.3.4, Table 2.12 in Sect. 2.3.6, and Table 2.16 in Sect. 2.3.7 are the tables of
the fourth type.

Note that only the values Ns4, Nsg, Ns¢ are used in all types of tables.
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Table 2.4 Formulae for No

. . Sa’ S’ Sc
relative areas corresponding
to the appropriate vertices of 1 254 — 1 258 2sc
the small triangles for N = 2, 2 254 2sp — 1 2sc
table of the fourth type 3 254 258 25¢ — 1
4 1 —2s4 1 —2sp 1 —2s¢

2.3.3 Tables and Algorithms for N = 2

If all of the logical expressions corresponding to the rows 1, 2, ..., I — 1 in Table 2.1
are false and the logical expression corresponding to the row I in Table 2.1 is true, then
the logical expression corresponding to the row / in Table 2.2 is true and, therefore,
the point under consideration lies into the small triangle / with vertices given in
Table 2.3. One can find the relative areas for its vertices in Table 2.4.

2.3.4 Algorithms and Analytical Formulae for N = 3

Let us consider degree N = 3. 9 small triangles are numbered in Fig. 2.7.
The algorithm includes the following steps:
Step 1. If the relative area satisfies the inequality:
354 > 2, (2.94)
then all the relative areas satisfy the following inequalities:
(354 € (2,3D) A (Bsp €10, 1D A (Bsc € [0, 1]), (2.95)
and, therefore, the point under consideration lays in the small triangle 300, 210,
201 numbered 1 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.96.
u (7) = Gsa — 2 g0 + 3spuang + Iscuon (2.96)
Step 2. If the relative area satisfies the inequality:
35 > 2, 2.97)

then all the relative areas satisfy the following inequalities:

(B3sa €[0,1D) A Bsp € (2,3) A (Bsc €10, 1]), (2.98)
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and, therefore, the point under consideration lays in the small triangle 120, 030,
021 numbered 2 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.99.
u (?) = 3sau10 + (3SB — 2) Uz + 3scuoi (299)
Step 3. If the relative area satisfies the inequality:
3s¢ > 2, (2.100)
then all the relative areas satisfy the following inequalities:
(3s4 € [0,1]) A (3sg € [0, 1]) A (Bs¢c € (2,3]), (2.101)
and, therefore, the point under consideration lays in the small triangle 102, 012,
003 numbered 3 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.102.
" (?) = 3541100 + 385012 + Bsc — 2) oo (2.102)
Step 4. If the inequality 2.94 is false and the following inequalities are true:
Bsg <D AQBsc < 1), (2.103)
then all the relative areas satisfy the following inequalities:
(Bsa €[1,2D) A (Bsp € [0, 1)) A (Bsc € [0, 1)), (2.104)
and, therefore, the point under consideration lays in the small triangle 111, 201,
210 numbered 4 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.105.
u(F) = @=3sayum + (= 3sm) ua0r + (1 = 350) w20 (2.105)
Step 5. If the inequality 2.97 is false and the following inequalities are true:
Bsa <D AQBsc < 1), (2.106)

then all the relative areas satisfy the following inequalities:

(Bsa €10, 1)) A(Bsp €[1,2]D) A (Bsc €10, 1)), (2.107)
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and, therefore, the point under consideration lays in the small triangle 021, 111,
120 numbered 5 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.108.
u (?) =({1- 3SA) Up21 + (2 — 3SB) ui+ (1 — 3Sc) U120 (2.108)
Step 6. If the inequality 2.100 is false and the following inequalities are true:
Bsa <D AQ@Bsp < 1), (2.109)
then all the relative areas satisfy the following inequalities:
(Bsa €10, 1)) A (3sp €0, 1)) A(Bsc € [1, 2]), (2.110)
and, therefore, the point under consideration lays in the small triangle 012, 102,
111 numbered 6 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.111.
u(7) = (1 =3s0) o2 + (1 = 3sp) w2 + @ = 3sc) @.111)
Step 7. If the inequalities 2.97, 2.100, 2.106, and 2.109 are false and
354 < 1, (2.112)
then all the relative areas satisfy the following inequalities:
(Bsa € [0, 1)) A Bsp €[1,2]) A(Bsc €[1,2]), (2.113)
and, therefore, the point under consideration lays in the small triangle 111, 021,
012 numbered 7 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.114.
u (?) = 35411 + Bsg — 1) ooy + Bse — 1) on (2.114)
Step 8. If the inequalities 2.94, 2.100, 2.103, and 2.109 are false and
3sp < 1, (2.115)

then all the relative areas satisfy the following inequalities:

(Bsa €[1,2D) A (Bsp € [0, 1)) A Bsc € [1,2)]), (2.116)



26 A. V. Favorskaya

Table 2.5 Inequalities for finding the small triangle, in which the point under consideration lies
for N =3, table of the first type

No 3SA 3SB 3SC No 3SA 3SB 3SC No 3SA 3SB 3SC
1 >2 - - 4 - <1 <1 7 <1 - -

- >2 - 5 <1 - <1 8 - <1 -
3 - - >2 6 <1 <1 - 9 - - -

and, therefore, the point under consideration lays in the small triangle 201, 111,
102 numbered 8 in Fig. 2.7 and one can determine a value of the piecewise linear
interpolation using Eq. 2.117.

u (?) = (3SA — l) U1 +3SBM111 + (SSC — l)u102 (2117)
Step 9. If the inequalities 2.94, 2.97, 2.103, and 2.106 are false and

3s¢ <1, (2.118)

then all the relative areas satisfy the following inequalities:
(Bsa € [1,2D) A (Bsp € [1,2]) A(Bsc € [0, 1]), (2.119)
and, therefore, the point under consideration lays in the small triangle 210, 120,
111 numbered 9 in Fig. 2.7 and one can determine a value the of piecewise linear

interpolation using Eq. 2.120.

” (?) — (3sa — Dtz + Gsp — 1) urao + 3scurns (2.120)

Note that, when all the inequalities 2.94, 2.97, 2.100, 2.103, 2.106, 2.109, 2.112,
and 2.115 are false, the inequalities 2.119 are true and one can also use Eq. 2.120.

2.3.5 Tables and Algorithms for N = 3

If all of the logical expressions corresponding to the rows 1, 2, ..., I — 1 in Table 2.5
are false and the logical expression corresponding to the row / in Table 2.5 is true, then
the logical expression corresponding to the row / in Table 2.6 is true and, therefore,
the point under consideration lies into the small triangle / with vertices given in
Table 2.7. One can find the relative areas for its vertices in Table 2.8.
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Table 2.6 Logical expressions being true if the point under consideration lies into the small triangle
for N =3, table of the second type

No 3s4 € |3spe |3sc e |No 3s4 € |3sp€ |3sc € |No 3s4 € |3spe |3sc e
(2,31 |[0,1] |[0,1] |4 [1,2] |[0,1) |[0,1) |7 [0,1) |[1,2] |[1,2]
2 [0,11 |(2,3] |[0,1] [0,1) |[1,2] |[0,1) |8 [1,2] |[0,1) |[1,2]
[0,11 |[0,1] |(2,3] |6 [0,1) |[0,1) [[1,2] |9 [1,2] |[1,2] |[O,1]

W

Table 2.7 The vertices of the small triangles for N = 3, table of the third type

No A B o4 No Al B c No |4 B C’

1 300 210 201 4 111 201 210 |7 111 021 |012
120 030 021 5 021 111|120 |8 201 | 111 | 102

3 102 012 003 6 012 102|111 |9 210 120 111

Table 2.8 Formulae for relative areas corresponding to the appropriate vertices of the small trian-
gles for N = 3, table of the fourth type

No| sy Sp' scr No| sy Sp' Sc No| sy Sg' sc

354 —2 | 3sB 3sc 4 |2—3s4|1—=3sg|1—3s¢c|7 |3sa 3sg—1|3s¢—1
2 | 3s4 3sp—2 | 3s¢ 5 |1—3s4|2—3sp | 1—=3s¢c|8 |3s4—1|3sp 3s¢c—1
354 3sp 3s¢c =216 |1—3s4|1—=3sg|2—3s¢|9 |3s4—1|3sg—1|3s¢c

Table 2.9 Inequalities for finding the small triangle, in which the point under consideration lies
for N = 4, table of the first type

No 4dsp 4sp 4sc No 4sy 4sp 4sc No sy 4sp 4sc
1 >3 - - 7 <1 - >2 13 <1 - -

2 - >3 - 8 - <1 >2 14 - <1 -

3 - - >3 9 >2 <1 - 15 - - <1
4 - <1 <1 10 >2 - <1 16 - - -

5 <1 - <1 11 - >2 <1

6 <1 <1 - 12 <1 >2 -

2.3.6 Tables and Algorithms for N =4

Let us consider degree N = 4. 16 small triangles are numbered in Fig. 2.8.

If all of the logical expressions corresponding to the rows 1, 2, ..., I — 1 in
Table 2.9 are false and the logical expression corresponding to the row 7 in Table 2.9
is true, then the logical expression corresponding to the row I in Table 2.10 is true
and therefore the point under consideration lies into the small triangle / with vertices
given in Table 2.11. One can find the relative areas for its vertices in Table 2.12.

For example, [ = 2. If

(454 < 1) A (4sp > 3), (2.121)
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Table 2.10 Logical expressions being true if the point under consideration lies into the small
triangle for N = 4, table of the second type

No 4sp € |4spe |4sc € |No 4s4 € |4sp € |4sc € |No 4sq € |4sp € |dsc €
1 (3,4] |[0,1] |[0, 1] 7 [0,1) |[1,2] |(2,3] |13 [0,1) [[1,2] | [1,2]
2 [0,1] |(@3,4] |[0,1] 8 [1,2] |[0,1) [(2,3] |14 [1,2] [0, 1) | [1,2]
3 [0,1] |[0,1] |(3,4] 9 (2,3] [[0,1) |[1,2] |15 [1,2] |[1,2] | [0, 1)
4 [2,3] |[0,1) |[0,1) |10 (2,31 |[1,2] |[0,1) |16 [1,2] |[1,2] | [1,2]
5 [0,1) |[2,3] |[0,1) |11 [1,2] |(2,3] |[0,1)

6 [0,1) |[0,1) [[2,3] |12 [0,1) |(2,3]|I1,2]

Table 2.11 The vertices of the small triangles for N = 4, table of the third type
No A B o4 No Al B C No Al B c

1 400 310 301 7 112 022 |013 13 022 112 121
2 130 040 031 8 202 112 103 14 112 {202 |211
3 103 013 004 9 301 211 202 15 121 211 220
4 211 301 310 10 310 220 |211 16 211 121 112
5 031 121 130 11 220 130 121

6 013 103 112 12 121 031 022
then

(4s4 € [0, 1) A (4sp € (3,4]) A (4sc € [0, 1]) (2.122)

and, therefore, the point under consideration lies into the small triangle with the
number 2 and vertices 110, 020, 011 and one can find a value of the piecewise linear
interpolation using Eq. 2.123.

u (?) — 4, (?) o + (4s3 (?) — 3) oo + 4sc (?) ot (2.123)

2.3.7 Tables and Algorithms for N =5

Let us consider degree N = 5. 25 small triangles are numbered in Fig. 2.9.

If all of the logical expressions corresponding to the rows 1, 2, ..., I — 1 in
Table 2.13 are false and the logical expression corresponding to the row  in Table 2.13
is true, then the logical expression corresponding to the row [ in Table 2.14 is true
and, therefore, the point under consideration lies into the small triangle / with vertices
given in Table 2.15. One can find the relative areas for its vertices in Table 2.16.

For example, I = 12. If all of the logical expressions corresponding to the rows 1,
2,3,4,5,6,7,8,9, 10, and 11 in Table 2.13 are false, and
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Table 2.13 Inequalities for finding the small triangle, in which the point under consideration lies
for N =5, table of the first type

No 554 S5sp 5s¢ No S5s4 Ssp S5s¢ | No 554 Ssp 5s¢
1 >4 - - 10 - >3 <1 19 <1 - >2
2 - >4 - 11 <1 - >3 20 >2 <1 -

3 - - >4 12 >3 <1 - 21 - >2 <1
4 - <1 <1 13 >2 >2 - 22 >2 - -

5 <1 - <1 14 - >2 >2 23 - >2 -

6 <1 <1 - 15 >2 - >2 24 - - >2
7 >3 - <1 16 >2 - <1 25 - - -

8 <1 >3 - 17 <1 >2 -

9 - <1 >3 18 - <1 >2

Table 2.14 Logical expressions being true if the point under consideration lies into the small
triangle for N =5, table of the second type

No S5sqa € |5spe |5s¢c € |No S5sq4 € |5sp € |5sc e |No S5sq € |Ssp € |Ssc €
4,5] [[0,1] |[0,1] |10 [1,2] |(3,4] |[0,1) |19 [0,1) [[1,2] | (2,3]
[0,11 |(4,5] |[0,1] |11 [0,1) |[1,2] |(3,4] |20 (2,31 110,1) |[1,2]
[0,1] |[0,1] |(4,5] |12 (3,4] [[0,1) |[1,2] |21 [1,2] | (2,3] |[0, 1)
[3,4] |[0,1) [[0,1) |13 (2,3] (2,31 /[0,1] |22 (2,3] |11,2] |[1,2]
1
]

[0,1) |[3,4] [[0,1) |14 [0,11 |(2,3] |(2,3] |23 [1,2] | (2,3] |[1,2]
[0,1) |[0,1) |[3,4] |15 (2,3] |[0,1] |(2,3] |24 [1,2] |[L,2] |(2,3]
(3,4] |[1,2] |[0,1) |16 (2,3] |[1,2] |[0,1) |25 [1,2] |[1,2] |[1,2]
[0,1) |(3,4] |[1,2] |17 [0,1) |(2,3]|[1,2]
[1,2] |[0,1) |(3,4] |18 [1,2] |[0,1) | (2, 3]

O| 0| Q| || | W[ —

Table 2.15 The vertices of the small triangles for N = 5, table of the third type

No A’ B’ c’ No A’ B’ C’ No A’ B’ C’
1 500 410 401 10 230 140 131 |19 023 | 113 122
2 140 050 041 11 113 023 014 |20 212|302 311
3 104 014 005 12 401 311 302 |21 131|221 | 230
4 311 401 410 13 320 230 221 |22 311|221 | 212
5 041 131 140 14 122 032 023 |23 221|131 |122
6 014 104 113 15 302 212 1203 |24 212|122 | 113
7 410 320 311 16 221 311 320 |25 122|212 | 221
8 131 041 032 17 032 122|131

9 203 113 104 18 113 203 | 212
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Ssa>3)AGsp<1), (2.124)

then
(5sa € 3,4 A (5sp € [0, 1)) A (5sc €1, 2]) (2.125)

and, therefore, the point under consideration lies into the small triangle with the
number 12 and vertices 401, 311, 302 and one can find a value of the piecewise
linear interpolation using Eq. 2.126.

u (7) = (SSA (7) — 3) Uaor + 55p (7) Uz + (SSC (?) — 1) U300 (2.126)

2.4 Several Approaches for Hybrid Interpolation

In this section, several approaches for the hybrid interpolation on the unstructured
triangular grids [1] are considered. Using algorithms for the piecewise linear inter-
polation discussed in Sect. 2.3, one can obtain the hierarchical nested unstructured
triangular grids described in Sect. 2.4.1. In Sect. 2.4.2, the recurrent formulae for
recalculation of the local reference points’ indices to the global reference points’
indices are discussed. In Sect. 2.4.3, an example of hybridization called the hybrid
parabolic—linear interpolation is considered. In Sect. 2.4.4, another example of
hybridization based on a limiter is discussed. In Sect. 2.4.5, an example of approach
based on both hierarchical nested unstructured grids and hybridization called
parabolic interpolation on the reference points for interpolation of fourth order is
offered.

2.4.1 Hierarchical Nested Unstructured Triangular Grids

Using algorithms for the piecewise linear interpolation discussed in Sect. 2.3, one
can obtain the hybrid hierarchical unstructured grids. The application of these types
of grids allows to avoid the resources’ spending like time of software execution for
the detailed unstructured triangular grid. This result is achieved due to the analytical
expressions given in Sect. 2.3 and allows to understand, in which triangle the point
under consideration lies without using the search algorithms. One can use the hierar-
chical nested unstructured triangular grids applying the following algorithm for the

point under consideration 7:
Step 0. Firstly, the relative areas s4 (?), sp (7), and s¢ (?) corresponding to the

big triangle ABC should be calculated using Eqs. 2.6-2.10, respectively.
Step 1. For the first level of hybridization with N using the algorithms discussed
in Sect. 2.3, one can find the reference points associated with the big triangle ABC
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forming the small triangle A;B;C, and calculate the corresponding relative areas
s4,1(54), 5,1 (), and s¢ 1 (S¢).

Step 2. For the second level of hybridization with N, using the algorithms dis-
cussed in Sect. 2.3, one can find the reference points associated with the triangle
A B, C| forming the small triangle A, B,C, and calculate the corresponding relative
areas 542 (s4.1), 58,2 (58,1), and sc 2 (sc.1)-

Step 3. For the third level of hybridization with N3 using the algorithms discussed
in Sect. 2.3, one can find the reference points associated with the triangle A,B,C>
forming the small triangle A3B3;C5 and calculate the corresponding relative areas
sa3 (54.2), 583 (s52), and sc 3 (sc.2).

Step k. For the k level of hybridization with Ny using the algorithms discussed in
Sect. 2.3, one can find the reference points associated with the triangle Ay Bx—1Cr—1
forming the small triangle A B;Cy and calculate the corresponding relative areas
sak (Sak—1)s 5.k (s8.4k-1)> and scx (scu—1)-

Note that one can find the coordinates of the reference point abc associated with
the triangle ABC using Eq. 2.127.

N . N b /. N N
rabc:%(I‘A—rc)+ﬁ(}"3—rc)+rc (2127)

Figure 2.10 shows a visualization of this algorithm.

2.4.2 Formulae for Recalculation from Local to Global
Indices

In order to diminish the amount of calculations, the values of radius-vectors corre-
sponding to the reference point into the big triangle ABC of the hierarchical nested
unstructured triangular grid are defined using the recurrent formulae for recalculation
from local reference points’ indices to global reference points’ indices. One can use
this recurrent formulae before calculations and save the non-recurrent formulae for
recalculation from local to global reference points’ indices as a table and then use
Eq. 2.127 with global three-digital index abc and N = NN, ... Ng.

There are MV reference points into the triangle if the appropriate order
is equal to N. One can determine the rule for recalculation from serial reference

points’ index I € [1, W] into three-digital index abc introduced in Sect. 2.2
(Eq. 2.128) and vice versa (Eq. 2.129).

/e [1’ (N+1)2(N+2)

{ae[0,N],be[0,N],ce[0,N]l,a+b+c=N}+— I(a,b,c) (2.129)

]H{a(]),b(l),c([)} (2.128)

The steps of this algorithm are mentioned below.
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Fig. 2.10 Use of the hierarchical nested unstructured triangular grid

Step 1. N} small triangles A; B;C; with the serial indices J; € [1, N{] are known
into the initial triangle ABC. The set of the three-digital indices is defined as:

a(a, ) b(a,Jy) c(a,Jy) (2.130)
a,Ji) b, J) c(b,Jy) (2.131)
a(c,J1) b(c, J1) c(c,Jr) (2.132)

relatively the initial triangle ABC for all of the three vertices A; (Eq. 2.130), B
(Eq. 2.131), and C; (Eq. 2.132) of each of the triangles A B;C; with the serial
indices J; € [1, N}] are known and represented into the tables of the third type in
Sect. 2.3.

Step 2.0. All steps starting from Step 2 are carried out for each of the small
triangles A; B, C, with the serial indices J; € [1, N{].

Step 2.1. For each of the small triangles A; B;C; with the serial indices J; €
[1, N 12], the local indices of w reference points into the small triangle
A B|C; are known. For each of these reference points with the serial indices

L, e [1, (N”UZM], one can calculate the three-digital indices a; (1), by (1),

and c; (1) relatively the small triangle A B;C; with the serial index J; € [1, N ,2]
using Eq. 2.128 for N,.
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Thus, for each of these reference points with the serial indices I,
one can calculate new three-digital indices relatively the initial triangle ABC using
Eqgs. 2.133-2.135.

(No+1)(N2+2)
2

a(l, ) =a(h)a(a, 1) +b(I)a (b, J))+ci(I)alc, i) (2.133)
b(l, 1) =ai ()b (a, J1)+b (1) b(D, J1) +c1 (1) b(c, J1) (2.134)
c(lr, J1) = a1 () c(a, J1) +b1 (I2) c (b, J1) +c1 (I2) ¢ (¢, J1) (2.135)
Step 2.2 Into each of the small triangles A; B;C; with the serial indices J; €

[1, NZ], N7 small triangles A, B,C, with the serial indices J> € [1, N7 ] are known.
The set of the three-digital indices:

ai (Cl, Jz) bl (a, Jz) (o] (a, Jz) (2136)
a) (b, Jz) bl (b, Jz) C1 (b, Jz) (2137)
ag (C, Jz) bl (C, Jg) C1 (C, Jz) (2138)

relatively the small triangle A; B;C, with the serial index J, € [1, N 12] for all of
the three vertices A, (Eq. 2.136), B, (Eq. 2.137), and C; (Eq. 2.138) of each of the
triangles A, B,C, with the serial indices J, € [1, N22] independent on J; are known
and represented into the tables of the third type in Sect. 2.3.

Thus, one can find the set of the serial indices I, € [1, (N”DZM] for all of

the three vertices A, (Eq. 2.139), B, (Eq. 2.140), and C; (Eq. 2.141) of each of the
triangles A, B, C, with the serial indices J, € [1, N22] using Eq. 2.129 for N,.

L(a, ;) = L(a(a, J»), b (a, h),ci(a, ]r)) (2.139)
L (b, o) = L (ay (b, J2), by (b, J2),c1 (D, J2)) (2.140)
L (c, ) =L (a(c, J2),bi(c, ), c1(c, J2)) (2.141)

Therefore, using calculations carries out during Step 2.1 the set of the three-digital
indices:

a(a,Ji,r) b(a,Ji,hr) c(a,Ji,Jr) (2.142)
a (b, .]1, J2) b (b, .]1, J2) c (b, J], .12) (2143)
a(c,Ji, o) b(c,Ji,h) c(c, Ji,h) (2.144)

relatively the initial triangle ABC for all of the three vertices A, (Eq. 2.142), B,
(Eq. 2.143), and C, (Eq. 2.144) of each of the triangles A,B,C, with the serial
indices J, € [1, N3] are known. For example, using Eq. 2.133 one can find:

b, Ji, ) =b(r(a,r), ). (2.145)
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Step 3.0. All steps starting from Step 3 are carried out for each of the small
triangles A, B, C, with the serial indices J, € [1, N22]

Step 3.1. For each of the small triangles A, B,C, with the serial indices J, €
[l, sz], the local indices of w reference points into the small triangle
Ay B,C, are known. For each of these reference points with the serial indices

I; € [1, M;N;ﬂ)], one can calculate the three-digital indices a; (I3), by (I3),

and ¢, (I3) relatively the small triangle A, B,C, with the serial index J, € [1, N22]
using Eq. 2.128 for N;.

Thus, for each of these reference points with the serial indices I3
one can calculate new three-digital indices relatively the initial triangle ABC using
Egs. 2.146-2.148.

(N3+D)(N3+2)
2

a3, Ji, h) =ay(z)a(a, Ji, ) +by(I3)a (b, Ji, J»)+c2(I3)a(c, Ji, Jo)
(2.146)

b(I3,Ji1,J2) =ay (I3)b(a, Ji, o) + by (I3) b (b, J1, J2) +c2 (I3) b (c, J1, J2)
(2.147)
c(3, J1, b)) =ax(3)c(a, Ji, o) + by (I3) c (b, J1, o) + 2 (I3) ¢ (¢, Ji, Ja)

(2.148)
Step 3.2. Into each of the small triangles A, B,C, with the serial indices J, €

[1, NZ], N§ small triangles A3B3C3 with the serial indices J3 € [1, N7 ] are known.
The set of the three-digital indices:

ay (Cl, J3) b2 (Cl, J3) C (a, J3) (2149)
ar (b, J3) b2 (b, J3) C (b, J3) (2150)
ar (C, J3) b2 (C, J3) (&) (C, J3) (2151)

relatively the small triangle A, B,C, with the serial index J, € [1, N7] for all of
the three vertices Az (Eq. 2.149), B3 (Eq. 2.150), and C3 (Eq. 2.151) of each of the
triangles A3 B3C3 with the serial indices J; € [1, N3] independent on J; and J, are
known and represented into the tables of the third type in Sect. 2.3.

Thus, one can find the set of the serial indices I3 € [1, W] for all of

the three vertices Az (Eq. 2.152), B3 (Eq. 2.153), and C3 (Eq. 2.154) of each of the
triangles A3 B3C3 with the serial indices J3 € [1, N3] using Eq. 2.129 for Ns.

I;(a, J3) = (a2 (a, J3), b (a, J3), ¢z (a, J3)) (2.152)
I3 (b, J3) = I (ax (b, J3), by (b, J3) , c2 (b, J3)) (2.153)
I (c, J3) =L (ax (c, J3), bz (c, J3), 2 (¢, J3)) (2.154)
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Therefore, using calculations carries out during Step 3.1 the set of the three-digital
indices:

a(a,Ji, o, J3) b(a, i, ), J3) cla,Ji, 2, J3) (2.155)
ab, 1,2, J3) b(b,Ji, )2, J3) c(b, i, )2, J3) (2.156)
a(c, Jla JZa J3) b(C, le J27J3) C(Cv JI’J27J3) (2157)

relatively the initial triangle ABC for all of the three vertices A3 (Eq. 2.155), Bs
(Eq. 2.156), and C3 (Eq. 2.157) of each of the triangles A3;B3;C; with the serial
indices J3 € [1, N32] are known. For example, using Eq. 2.146 one can find:

b(a, Ji, J2, J3) =b(I3(a, J3), Ji, J2). (2.158)

Step k.0. All steps starting with k are carried out for each of the small triangles
Ay—1B_1Cy_y with the serial indices J;_; € [1, N2, ].

Step k.1. For each of the small triangles Ay By—;Cx—; with the serial indices
Ji—1 € [1. NE,]. the local indices of w reference points into the small
triangle Ay_ Bx—1 Cix—1 are known. For each of these reference points with the serial

indices [; € [1, W], one can calculate the three-digital indices az—; (Iy),

br—1 (I}), and ¢y (Iy) relatively the small triangle A;_;By—;Cyx—1 with the serial

index Ji—1 € [1, N2, ] using Eq. 2.128 for N;.

Thus, for each of these w reference points with the serial indices I

one can calculate new three-digital indices relatively the initial triangle ABC using
Eqgs. 2.159-2.161.

a(ly, 1, Ly ..., Jic) = a1 () a(a, Ji, Joy ..oy Jiz1)

+bhi_1 () ab, Ji, Ja, ..., Jic1)

+cepy () a(e, i, Jay ooy k1) (2.159)
by, Ji, Joy .., i) = a1 (L) b (a, Jv, Ty ...y Ji21)

+b_1 (L)b b, J1, Jo, ..., Jil1)

+ci1 (L) b (e, iy, Jay ooy Jiz1) (2.160)
c(li, Ji, Loy ..., Jim) = a1 () e (a, J1, Joy ooy Ji1)

+b_1 (L) cb, Ji, Jay ..., Jk_1)

+cr () ele, Ji, Jay ooy i) (2.161)

Step k.2. Into each of the small triangles A;_; Bx_1Cyx—; with the serial indices
Ji—1 € [1, Nszl], Nk2 small triangles Ay B C; with the serial indices J; € [1, Nkz]
are known. The set of the three-digital indices:

ar—1(a, Jy) by (a, Jy) cr—1 (a, i) (2.162)
ax—1 (b, Ji) br—1 (b, Jk) cx—1 (b, Jy) (2.163)
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a1 (¢, J)  br—1(c, Jy)  cr—1(c, i) (2.164)

relatively the small triangle Ay_;By_Cy— with the serial index J;—; € [1, N2 ]
for all of the three vertices Ay (Eq. 2.162), By (Eq. 2.163), and C; (Eq. 2.164) of
each of the triangles Ay By Cy with the serial indices J; € [1, Nkz] independent on J,
Ja,..., Jr—1 are known and represented into the tables of the third type in Sect. 2.3.
Thus, one can find the set of the serial indices I, € [1, W] for all of

the three vertices A (Eq. 2.165), By (Eq. 2.166), and C; (Eq. 2.167) of each of the
triangles Ay By Cy with the serial indices J; € [1, Nkz] using Eq. 2.129 for Ng.

I (a, Ji) = Iy (ak—1 (a, Ji) , br—1 (a, Ji) , ck—1 (a, Ji)) (2.165)
Iy (b, Ji) = Ix (ax—1 (b, Ji) , b1 (b, Ji) , ck—1 (b, Ji)) (2.166)
Ii (¢, Ji) = I (k-1 (¢, Ji) , br—1 (¢, Ji) , cx—1 (¢, Ji)) (2.167)

Therefore, using calculations carries out during Step k.1 the set of the three-digital
indices:

a(a,]l,Jz,...,Jk) b(a,]l,Jz,...,Jk) c(a, Jl,.]z,...,]k) (2168)
a(b, Jl,Jz,...,Jk) b(b, J],Jz,...,.]k) C(b, Jl,Jz,...,Jk) (2169)
a(e, i, Jayo s ) b, T, Joy. s J) (e, iy Jay ey Ji) (2.170)

relatively the initial triangle ABC for all of the three vertices Ay (Eq. 2.168), By
(Eq. 2.169), and Cy (Eq. 2.170) of each of the triangles Ay B;C; with the serial
indices Jy € [1, N7] are known. For example, using Eq. 2.159 one can find:

ba,Ji, o, ..., ) =bk(a, ), J1, J2..., Jr_1). (2.171)

Step K—1.0. All steps starting with K—1 are carried out for each of the small
triangles A x> Bx_,C— with the serial indices Jx_» € [1, N3 _,].

Step K—1.1. For each of the small triangles Ax_»Bx_»Ck_» with the serial
indices Jx_» € [1, N12<72]’ the local indices of L&=tDWNVk-142) poference points into
the small triangle Agx_,Bg_»Ck—_» are known. For each of these reference points

1 (Ng—1+1)(Ng_1+2)
’ 2

with the serial indices Ix_| € [ ], one can calculate the three-

digital indices ax —» (Ix—1), bx—>» (Ix—1), and cx —» (Ix 1) relatively the small trian-
gle Ax_»Bg_»Ck—» with the index Jx_» € [1, N12<72] using Eq. 2.128 for Ng_;.

Thus, for each of these w reference points with the serial indices
Ik, one can calculate new three-digital indices relatively the initial triangle ABC

using Eqgs. 2.172-2.174.

a(g, 1, 2, ..., Jk2) =axk o2k a(a, Ji, Jo, ..., Jg_2)
+bg 2 (Ugk-1)a(b, Ji, J2, ..., Jk2)
+cxk2Ug-1a(c, Ji,J2, ..., Jg2) (2.172)
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bk, Ji, Ja, .., Jxk—2) =ak_2Ux_1) b(a, Ji, Jo, ..., Jk—2)
+bx2Ugk-1)b(b, J1, Jo, ..., Jk—2)

+cxrUg_1)b(c, J1, o, ..., xk_2) (2.173)
cg, Ji, 2, .. Jk2) =ag 2 (Ig-1)c(a, Ji, oy .. Jk—2)

+bg_r(Uxk_1)c(b, i, o, ..., Jk_2)

texa (g ) e (e, JiJo, s Tk ) (2.174)

Step K—1.2. Into each of the small triangles Ax_,Bg_>Ck—» with the serial
indices Jx_» € [1, N3_,], N3_, small triangles Ag_jBg_;Cg_; with the serial
indices Jx—_; € [1, N3_, ] are known. The set of the three-digital indices:

agx2(a,Jxk-1) bxa(a,Jxk-1) ck-2(a,Jx_1) (2.175)
ax—r (b, Jg—1) bx_o(b,Jxk—1) cg—2(b,Jg_1) (2.176)
ax—2 (¢, Jgk—1) bg_a(c,Jxk-1) cgx—2(c, Jxk-1) (2.177)

relatively the small triangle A _» Bk —» C g —» with the serial index Jx_, € [1, N,2< 72]
for all of the three vertices Ax —; (Eq.2.175), Bx—1 (Eq.2.176),and Cg_; (Eq.2.177)
of each of the triangles Ax_ Bx_Cx_; with the serial indices Jx_; € [1, N}_,]
independent on Ji, J,..., Jx—» are known and represented into the tables of the third
type in Sect. 2.3.

Thus, one can find the set of the serial indices Ix_; € [1, W] for
all of the three vertices Ax_; (Eq. 2.178), Bx—;1 (Eq. 2.179), and Cx_; (Eq. 2.180)
of each of the triangles Ax_; Bx_1Ck—; with the serial indices Jx_; € [l, N,z(fl]
using Eq. 2.129 for Nk _;.

Ix_1(a, Jg—1) = Ix_1 (ak—2 (a, Jgk—1) , bx—2 (a, Jxk—1) , cx—2 (a, Jk—1))
(2.178)

Ix—1 (b, Jk—1) = Ix—1 (ak—2 (b, Jk—1) , bxk—2 (b, Jk—1) , ck—2 (b, Jk—1))
(2.179)
Ix—1 (¢, Jk—1) = Ix—1 (ak—2 (¢, Jk—1) , bx—2 (¢, Jk-1) , ck—2 (¢, Jk—1))
(2.180)
Therefore, using calculations carries out during step K—1.1 the set of the three-
digital indices:

aa,Ji, o, ..., xk—1) b(a,Ji,Ja,.... k1) c(a,Ji, Do, ..., Jk—1)
(2.181)
a, i, Jo,....Jk-1) b, Ji,Jo....Jk=1) c(b,Ji,Ja, ..., Jk-1)

(2.182)
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a(e,Ji, o, ..., Jk—1) b(c,Ji, o, ..., Jgk—1) c(c,Ji,Jo, ..., Jk—1) (2.183)

relatively the initial triangle ABC for all of the three vertices Ax_; (Eq. 2.181), Bx_,
(Eq. 2.182), and Ck—; (Eq. 2.183) of each of the triangles Ag | Bx_Ck—; with the
serial indices Jx_; € [1, N3_,] are known. For example, using Eq. 2.172 one can
find:

b(aa le 127 e JK*I) =b (IK71 (Cl, JK*I) ) le J2 D) JK*Z) . (2184)

Step K.0. All steps K are carried out for each of the small triangles
Ak—1Bg_1Cx_ with the serial indices Jx_; € [1, N3_,].

Step K.1. For each of the small triangles Ax_; Bx—1 Cg—; with the serial indices
Jk_1 € [1, N12<71]’ the local indices of (NKHEM reference points into the
small triangle Ag_;Bx_1Ck—1 are known. For each of these w refer-
ence points with the three-digital indices ax_1bg—1ckx—; relative the small triangle
Ag_1Bg_1Ck—1 with the serial index Jg_;, one can calculate new three-digital

indices relatively the initial triangle ABC using Eqgs. 2.185-2.187.

a(ax—1bgx_icx—1,J1, Jo, ..., Jg—1) = ag_ja(a, Ji, Jo, ..., Jg—1)
+bxk_1a (b, Ji, S, ..., Jk—1)
+CK_1(1(C, J],Jz,...,JK_l) (2185)
b(ag_1bx_icx—1, J1, o ..., Jk—1) = ax_1b(a, Ji, Jo, ..., Jk—1)
+bg_1b (b, Ji, 2, ..., Jk—1)
+CK_1b(C, J1,J2,...,JK_1) (2186)
clagx—1bg_icx—1,,J1, Jo, ..., Jg_1) = ag_ic(a, Ji, Jo, ..., Jk—1)
+bK71C (bs le J2a ceey JK*])
+CK_1C(C, Jl,Jz,...,JK_l) (2187)

Note that the algorithms on Steps 1 and K differ from the algorithm on steps 2,
3,...,K—1.

Therefore, if the local three-digital index akx_bx_jcx—; relative the triangle
Ag_1Bg_1Ck—1 with the serial index Jg_; of the reference point under consid-
eration, and the set of the indices of the small triangles J, J5, ..., Jx—1, Jy € N 2
in which this reference point under consideration lies are known, one can find the
global three-digital index relative the initial triangle ABC using Eqs. 2.185-2.187.

Consider an example: K = 2, Ny = N, = 2. The indices of the vertices of the
triangle with the index J; = 2 are 110, 020, 011 relative the initial triangle. Thus, the
global index of the reference point with the local index 110 relative the small triangle
with the index J; = 2 will be 130 and can be calculated using Egs. 2.188-2.190.

a=1-1+1-0+0-0=1 (2.188)
hb=1-1+1-2+0-1=3 (2.189)



2 Interpolation on Unstructured Triangular Grids 41

c=1-0+1-0+0-1=0 (2.190)

2.4.3 Hybrid Parabolic Linear Interpolation

In this Section, a hybrid parabolic linear interpolation method is proposed. This
interpolation method combines the monotonicity of a piecewise-linear function in
some small triangles with the second order of the quadratic function in other small
triangles, where this does not lead to the formation of additional extremes that do
not coincide with the reference points. The resulting function ought to remain the
continuous, when passing from one triangle to another one. Such hybrid interpolation
provides the numerical method with the property of monotonicity and avoids the non-
physical oscillations of the solution.

The reference points 200, 020, 002, 110, 011, and 101 for the polynomial interpo-
lation of the second order are used. The algorithm for restoring a monotone function
in a grid triangle is as follows:

Step 1. Define the trial function using the normal polynomial interpolation of the
second order.

Step 2. Determine the values in the centers of the edges as follows. If the trial
function has not extremum on this edge, then take the value of the test function;
otherwise use the linear interpolation on the given edge. Therefore, if there are values
ua and up into the vertices of the edge of the grid triangle and the value uap in the
middle of this edge, then one can use the following inequalities. If uap € [ua, ug]
or uag € [ug, ual, then uﬁgw = uag. In another case, MRIEW = (up + uB)/Z.

This procedure should be performed for all the central-edge reference points 110,
011, and 101. If the central-edge reference point is 110, then the vertices of the edge
are 200 and 020. If the central-edge reference point is 011, then the vertices of the
edge are 020 and 002. If the central-edge reference point is 101, then the vertices of
the edge are 200 and 002.

Step 3. Determine the final value of the interpolant using the normal polynomial
interpolation of the second order with new values in the centers of the edges defined
on Step 2.

2.4.4 Interpolation Using Min—-Max Limiter

Algorithm for constructing an interpolant with a limiter on triangular grids based on
interpolation by a polynomial of order N involves the following steps:

Step 1. The value of test function to the given point 7 using the polynomial
interpolation of order N is determined. Let it be equal to u (?)

Step 2. The small triangle, in which the point r falls, should be determined.
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Step 3. Then uy (?) should be compared with the minimum m and maximum M
values at the vertices of this small triangle, in which the point falls.
Step 3.1. If m < uy (7) < M, then the value of interpolant at the point r is

taking equal to uy (?)
Step3.2. ifuy (?) < m, then the value of interpolant at the point 7 is equal to m.

Step 3.3. If uy (?) > M, then the value of interpolant at the point 7 is equal to M.

The use of interpolation with a Min-Max limiter makes it possible to eliminate the
non-physical oscillations of polynomials arising in the presence of discontinuities in
the interpolated functions.

2.4.5 Parabolic Interpolation on Reference Points
Jor Interpolation of Fourth Order

Consider a triangle ABC with the area S and 15 reference points 400, 040, 004, 310,
031, 103, 130, 013, 301, 220, 022, 202, 211, 121, and 112 into this triangle for N =4.
One can divide this triangle ABC into 4 small triangles with areas S/4 using a set of
6 reference points in the Table 2.17 for N = 2.

One can use the algorithm discussed in Sect. 2.4.1 in order to understand, in which
of the 4 small triangles the point under consideration lies. Then one can apply the
formulae for the parabolic interpolation discussed in Sect. 2.2.3 and use the Table 2.18
containing the congruence of three-digital indices for N = 4 and three-digital indices
for N =2 for each of the 4 small triangles.

Table 2.17 Congruence of three-digital indices of reference points for N =2 in order to divide the
initial triangle into 4 small triangles and initial three-digital indices for N = 4

Index to divide, N =2 200 020 002 110 011 101
Initial index, N =4 400 040 004 220 022 202

Table 2.18 Congruence of three-digital indices of reference points for N =2 and initial three-digital
indices for N = 4 for each of the 4 small triangles

Small triangle No 200 020 002 110 011 101

1 400 220 202 310 211 301
2 220 040 022 130 031 121
3 202 022 004 112 013 103
4 022 202 220 112 211 121
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2.5 Conclusions

The analytical formulae for high-order interpolation techniques on the unstructured
triangular grids, such as the polynomial interpolation, piecewise linear interpola-
tion, hybrid parabolic linear interpolation, interpolation using Min-Max limiter, and
parabolic interpolation on reference points for interpolation of fourth order are sug-
gested in this chapter. The cases of order from 1 to 5 inclusively are considered.
These interpolation techniques can be used during creation a new unstructured tri-
angular or regular gird instead of previous one as an element of numerical method
for finding 2D solutions on the unstructured triangular meshes, as well as during
the visualization of some 2D field and images creation or transformation. Also, the
hierarchical nested unstructured triangular grids and formulae for recalculation from
local to global indices are discussed. This type of grids can be used also as an element
of numerical method on the unstructured triangular grids and for the visualization,
creation, and transformation of 2D images. These formulae for recalculation indices
are used to decrease the amount of calculation and software operation time. In this
chapter, one can find a vast amount of analytical expressions ready for use. These
analytical expressions and tables help to achieve huge numerical modelling results
in a case of the deficiency of hardware resources.
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Chapter 3 ®)
Interpolation on Unstructured i

Tetrahedral Grids

Alena V. Favorskaya

Abstract Analytical expressions for polynomial interpolations of high-orders are
discussed in the chapter. Also in this Chapter several approaches for hybrid interpo-
lation are discussed. Using algorithms for the piecewise linear interpolation one can
obtain the hierarchical nested unstructured tetrahedral grids. The recurrent formulae
for recalculation of the local reference points’ indices to the global reference points’
indices are discussed in the chapter as well. An example of hybridization called
hybrid parabolic—linear interpolation is considered. Another example of hybridiza-
tion based on a limiter is considered as well. An example of approach based on
both hierarchical nested unstructured grids and hybridization called parabolic inter-
polation on the reference points for interpolation of fourth order is offered in the
chapter.
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3.1 Introduction

In this Chapter the interpolation on unstructured tetrahedral grids is discussed. The
main applications of the interpolation are discussed in Chap. 2. The main aspects
of using tetrahedral interpolation as an element of grid-characteristic method [1-10]
are discussed in Sect. 2.1 as well.

Due to the question of interpolation is very difficult there are a lot of recent
works in this area [11-16]. More detailed review of these works [11-16] is given
in Chap. 2. A family of conforming mixed finite elements for linear elasticity on
tetrahedral grids using Scott-Zhang interpolation operator is presented by Hu and
Zhang [17]. A novel consecutive-interpolation 4-node tetrahedral element for heat
transfer analysis was proposed by Nguyen et al. [18]. An interpolation operator on
unstructured tetrahedral meshes that satisfies the properties of mass conservation
was suggested by Alauzet [19]. A geometric representation of a tetrahedral mesh
that is solely based on dihedral angles was presented by Paille et al. [20]. Nikitin
et al. provide a description of numerical schemes with the use of adaptive moving
grids for nonstationary problems of fluid and gas mechanics and mechanics of a
deformable solid in the paper [21].

Tetrahedral grids are topologically qualitatively different from triangular ones.
For example, the Delaunay triangulation algorithm [22] does not work for them.
Therefore, the analytical expressions presented in this Chapter and Chap. 4 for inter-
polation on tetrahedral grids are so important.

Notice that in this Chapter only the case of scalar field u (?) is considered but
one can use the same expressions for vector field u (?) if apply these expressions

to the components of this vector field (?) , U (?) , U3 (?) ) Ua (?) , ...oneby

one. Also notice that all formulae in this Chapter are true for tetrahedrons of arbitrary
shape despite on in all figures in this Chapter regular tetrahedrons are drawn. The
analogical formulae for triangles of arbitrary shapes are discussed in Chap. 2.

Chapter has the following structure. In Sect. 3.2, a polynomial interpolation on
the unstructured tetrahedral grids is presented. In Sect. 3.3, several approaches for
hybrid interpolation on the unstructured tetrahedral grids are discussed. Section 3.4
concludes the chapter.

3.2 Polynomial Interpolation

In this section, the analytical formulae for polynomial interpolation on the unstruc-
tured tetrahedral grids are considered. Using this type of interpolation, one can obtain
the continuous piecewise polynomial field and continuous differentiable in each
tetrahedron [1]. The method for obtaining these analytical formulae for any given
polynomial degree and list the analytical formulae for degrees from 1 to 5 inclusive
is considered.


https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_2
https://doi.org/10.1007/978-3-319-76201-2_4
https://doi.org/10.1007/978-3-319-76201-2_2
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In Sect. 3.2.1, one can find the description of a way to obtain the analytical
expression for the polynomial interpolation. One can find these analytical expressions
for the polynomial interpolation on the tetrahedral grids with degree from 1 to 5
inclusively in Sects. 3.2.2,3.2.3,3.2.4, 3.2.5, and 3.2.6, respectively.

3.2.1 Obtaining the Analytical Formulae

In order to determine a polynomial field with degree N, which depends on x, y, and
z, the values at w reference points should be known.

The following method of arranging reference points in the tetrahedron is sug-
gested. The planes parallel to the faces of the tetrahedron ABCD, which divide each
of its edges into N equal parts, are drawn within the tetrahedron. In Figs. 3.1, 3.2,
3.3, 3.4 and 3.5 one can see the faces of tetrahedron ABCD and lines obtained, when
the planes cross the corresponding face. On these faces, there are the numbered

N(N2+2)
3

octahedrons. The case of octahedron is discussed

smaller tetrahe-

reference points. These planes divide the tetrahedron into

drons similar to it and w

circumstantially in Sect. 3.3.1.
The interpolation polynomials for finding some scalar field u (?) in the tetrahe-

dron can be written in the form of Eq. 3.1.
u(r) =Y wpx'y'zt (3.
ijk

Note that values of the field in the reference points are known:

> i J k
tapca = 1 (Favea) = Y Wiik¥opeaVipeaZomea- (3.2)
i,j.k

One can write the solution of the system of linear Eq. 3.2 as Eq. 3.3.

Fig. 3.1 Reference points in
the tetrahedron for 0019 0010
polynomial interpolation
with order 1

(o]
(o]

Aiogo—ot00B Botoo oo01D

A1000__01008 [)00ot 00100

0001

1000
2 A
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0020 0020
1010: 0110} 0110 0011
AZo00 1100 oz2008 Bozoo o101 oo0zD
AZOOB 1100 DZI]DB DOOOZ 0011 UUZUC
10010701
1001 1010
0002
2000

Fig. 3.2 Reference points in the tetrahedron for polynomial interpolation with order 2

oosuc couso
1020, 0120 0120 0021
2010, 1110 0210 0210 111 0012
A3t00 2100 1200 os0B Bosoo o201 0102 o003 D
A3000__2100 1200 03008 [)2003 0012 0021 0030
2001 1101 0201
1002 1020
10025, 0102
0003

Fig. 3.3 Reference points in the tetrahedron for polynomial interpolation with order 3
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CICIIWC c0040
1030, 0130 0130 0031
2020 1120 0220 0220 0121 0022
3010 2110 1210 0310 0310 0211 0112 0013
A4000 3100 2200 1300 040 B B 400 0301 0202 0103 0004 D

A 4000 3100 2200 1300 04008 DOOCM 0013 0022 0031 0040 c

3001 2101 1201 0301

1003 1012 1021 1030

2002 1102 0202

1003 0103]

0004
D

Fig. 3.4 Reference points in the tetrahedron for polynomial interpolation with order 4

ijk
Ujjk = E AgpeqUabed (3.3)
a,b,c,d

Thus, one can determine the weights of the reference points wypcq (?) as follows:

- ik ik
Wabcd (V) = Zaabcd-xlyjz (3.4)
i,j.k

and write the Eq. 3.1 in more applicable form:

u (7> = Z Wabcd (7> Uabed - (3.5)

a,b,c,d
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0050C Cooso
0140 0041
0230 0131 0032
221 0122 0023
110 l 0410 1 11 212 11 0014
4100
A5G0 410 3200 2300 1400 osoo B B0%00 o0s01 0302 0208 0104 0005 D
AS000__4100 3200 2300 1400 0500 [)O%0s 0014 0023 0032 0041 0080
4001, 3101/~ 2201]~_ 1301]~_ 0401
1004 013 022 031 1040
30025 210 7202~ 0302
2003 T103[~_ 0203
1004%,_ 0704
0008,
D

Fig. 3.5 Reference points in the tetrahedron for polynomial interpolation with order 5

The field in the point R with radius-vector 7 into the tetrahedron ABCD should
be found. Also, four tetrahedrons BCDR, CDAR, DABR, and ABCR are considered.
One can find volumes of these tetrahedrons using Egs. 3.6-3.10.

Vy=

Va

Ve =
Vp =

=) L) o)

%((V—Vc) [(Fp —7c), (s —To)])
é((F—VD) [(Fc =7p). (Fa —7p)])
é(@—m (Go —Fs). G~ 7))
(=70 [ —T0). Ga o))

(3.6)
(3.7)
(3.8)
(3.9)

(3.10)

One can find the relative volumes using Eq. 3.11, where T = A, B, C, D.
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- (?) - VT‘S?) 3.11)

The relative volumes have several properties. Their sum is equal to 1 (Eq. 3.12).

va (?) +vg (?) +ve (?) +vp (?) 1 (3.12)

If the point R is one of the reference points with indices abcd, then for any b, any
¢, and any d the following expression is true:

VA (7abcd> = %, (3.13)

for any a, any c, and any d the following expression is true:

VB (ﬁbm) = %, (3.14)

for any a, any b, and any d the following expression is true:

- c
vc (rahcd) = N (3.15)
and for any a, any b, and any c the following expression is true:
- d
o (Faea) = - (3.16)

The weights wypeq (7) of the reference points can be written by Eq. 3.17.

- L (v (7) - %)

Wabed <V —
[T (v (Fonea) = %
i=1 \VT; \""abcd N

In Eq. 3.17, letter-indices 7; = A, B, C, D and natural numbers n; should be
founded for the following expression to be true:

(3.17)

Wabcd (Fa’h’c’d’) = 6aa’8bb’6c‘c’8dd’~ (318)

3.2.2 Weights of Reference Points for N = 1

Consider some example of finding the letter-indices and natural numbers in Eq. 3.17
for the case of N = 1. In this case, 4 reference points: 1000, 0100, 0010, and 0001
are. These points are represented in Fig. 3.1.
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Firstly the weight wygoo (?) using Eq. 3.19 should be found.

A) - m (3.19)

W1000 (V N
VT, (7’1000) —n

Let us consider 7 = rogo;

0=

vry (Voom) —nip  va (70001) —n 0—pn, 0-0 .
= = = =4 (70001) .
= _ = _ l—n 1-0
vy \F1000 ) =71 va(T1o000 ) — 1

(3.20)

Thus, the weight in a view of Eq. 3.21 should be found.

W1000 (7) =Va (7) (3.21

Similarly, one can find the weights wojoo (?), W0010 (?), and wogo; (7) using
Egs. 3.22-3.24.

Wo100 <7> = VB (V) (3.22)
Woo10 (?) =sc (?) (3.23)
w0001 (7) =Sp (7> (3.24)

Thus, the formula for linear interpolation in the tetrahedron can be written in the
form of Eq. 3.25.

u (7> =4 <7> U1000 + VB <7> up100 + Ve (7> Uoo10 + VD <7> 10001 (3.25)

3.2.3 Weights of Reference Points for N =2

In the case of parabolic interpolation, when N = 2, the weights of reference points
represented in Fig. 3.2 one can find using Eqgs. 3.26-3.35.

()= (1))
wooo (7) = vs (7) (2v8 (7) = 1) (3.27)
Wooo (?) = ve (?) (2vc (?) — 1) (3.28)
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Wi (?) — 256, (?) - (?) Ve (?) VD (?) (3.90)

Note that the reference point 1111 is not drawn in Fig. 3.4 because this reference
point does not lie on any of the faces of the tetrahedron ABCD.

3.2.6 Weights of Reference Points for N =5

In the case of N = 5, the weights of reference points represented in Fig. 3.5 are
computed using Egs. 3.91-3.146.

v (7) = g0 (7) (500 (7) = 1) (504 (7) =2) (504 (7) =3) (504 (7) -4)

(3.91)
wosoo (7) = 2]—41;3 (7) (505 (7) = 1) (5v8 (F) —2) (508 (¥) = 3) (5v8 (¥) - 4)
(3.92)
o (7) = g0 (7) (5ve (7) =1) (v (7) =2) (5ve () =3) (0¢ (7) - 4)
(3.93)
s (7) = 5300 (7) (590 (7) =1) (300 (7) =2) (500 (7) =3) (500 () =4)
(3.94)
i (7) = o (7) v (7) (501 (7) ~1) (501 (7) ~2) (504 (7) =3)  399)
woso (7) = v (F) ve (7) (svs (7) = 1) (598 () —2) (508 (F) =3)  3.96)
Woo41 (?) - gvc (?) VD (?) (svc (‘) - 1) (svc (7) - 2) (Svc (7) - 3) (3.97)
s (7) = 2o (7) va (7) (500 (7) 1) (300 (7) =2) (500 (7) ) 399)
w1400 (7) = ;vza (7) VA (7) (SVB (?) - 1) (5u3 (?) - 2) (5vB (7) - 3) (3.99)
Wo140 (?) - i—ivc (?) Vg (?) <5vc (?) - 1) <5vc (?) - 2) (51)(; (?) - 3) (3.100)
s () = B0 ()36 () 00 (7) 1) (550 () -2) o () -5) - 3200
waoon (7) = i—im (7F) vo (7) (sva (7) = 1) (504 (7) = 2) (50 (F) -3)  3.102)
waono () = gm (F)ve (7) (50 (F) =1) (504 (7) = 2) (504 (7) =3) ~ (3.103)
woun (7) = i—ivt; (7)vo (7) (505 (7) 1) (svs () —2) (5vs (7) =3)  (3.104)
wioo (7) = Zve (7 s () (3¢ (7) 1) (sve (7) ~2) (5w (7) —3) 3109
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a0 (7) = e (7)o (7) v (7) (o0 () - ) (s () 1) @13
wor (7) = v (7)ve (7)o (7) (svs (7) = 1) (sve (F) —1)  (3.132)
i (7) = 2o (7)o (7)os (7) (e (7)) (o0 (F) - 1) G139
wan () = %w (F)va (7) v (7) (500 (7) = 1) (504 (7) - 1) (3.134)
wia (7) = 142 s (7F)ve (F)va (7) (5vs (7) = 1) (Sve (F) 1) (3.139)
woin (7) = ?w (7) oo (7) ve (7) (5ve (7) = 1) (590 (7) - 1) (3.136)
s (7) = 2o (7Y on (7)o (7) (o0 () 1) (s (F) - 1) @1
wnon (7) = $VA () vs (7) oo (7) (504 (7) 1) (5v8 (7) 1) (3.138)
wao (7) = 2oy (F)ve (7) v (7) (504 () =1) (5o (7) 1) (3.139)
woua (7) = $UB (7)o (7) ve (7) (5vs (7) 1) (500 (7) = 1) (3.140)
i (7) = Zoc (7)oa (7)vo (7) (3¢ (7) — 1) Goa (F) = 1) 314
winn (7) = %vl) (F)vs (7) va (7) (500 (7) = 1) (58 (7) - 1) (3.142)

wan (F) = ?m (7)vs (F) ve (F) vo (7) (504 (7) 1) (3.143)

win (7) = %UB (7) ve (7) oo (7) va (7) (v (7) - 1) (3.144)

wion (7) = L (F) oo (F) s (7) vs (7) (53¢ (7) = 1) (3.145)

win () = %ug (7) va (7) va (7) ve (7) (sv0 (7) - 1) (3.146)

Note that the reference points 2111, 1211, 1121, and 1112 are not drawn in Fig. 3.5
because these reference points do not lie on any of the faces of the tetrahedron ABCD.

3.3 Several Approaches for Hybrid Interpolation

Consider several approaches for hybrid interpolation on the unstructured tetrahedral
grids [1]. Using algorithms for the piecewise linear interpolation discussed in Chap.
4, one can obtain the hierarchical nested unstructured tetrahedral grids described
in Sect. 3.3.1. In Sect. 3.3.2, the recurrent formulae for recalculation of the local
reference points’ indices to the global reference points’ indices are discussed. In
Sect. 3.3.3, an example of hybridization called hybrid parabolic—linear interpolation
is considered. In Sect. 3.3.4, another example of hybridization based a limiter is
discussed. In Sect. 3.3.5, an example of approach based on both hierarchical nested
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unstructured grids and hybridization called parabolic interpolation on the reference
points for interpolation of fourth order is offered.

3.3.1 Hierarchical Nested Unstructured Tetrahedral Grids

Using algorithms for the piecewise linear interpolation discussed in Sect. 3.3, one
can obtain hybrid hierarchical unstructured grids. The use of these types of grids
allows to avoid spending resources like execution time of software during building
the detailed unstructured tetrahedral grid. This result is achieved due to the analytical
expressions given in Chap. 4 and allows to understand, in which tetrahedron the point
under consideration lies without using the search algorithms.

One can use the hierarchical nested unstructured tetrahedral grids applying the

following algorithm for the point under consideration r:

Step 0 Firstly, the relative volumes v 4 (?), Vg (?), ve (?), andvp (?) correspond-
ing the big tetrahedron ABCD should be calculated using Egs. 3.6-3.11 given
in Sect. 3.2.1.

Step 1 For the first level of hybridization with N using algorithms discussed in
Chap. 4, one can find the reference points associated with the big tetrahedron
ABCD forming the small tetrahedron A B; C1 D and calculate corresponding
relative volumes v4 1 (va), vg.1 (vB), vc,1 (ve), and vp 1 (Vp).

Step 2 For the second level of hybridization with N, using algorithms discussed
in Chap. 4, one can find the reference points associated with the tetra-
hedron A;B;C{D; forming the small tetrahedron A,B,C,D, and calcu-
late corresponding relative volumes va 2 (va.1), va.2 (vs.1), ve2 (ve,1), and
VD2 (VD,])-

Step 3 For the third level of hybridization with N3 using algorithms discussed
in Chap. 4, one can find the reference points associated with the tetra-
hedron A;B,C,D, forming the small tetrahedron A3B3C3D; and calcu-
late corresponding relative volumes va 3 (va2), va3 (vs.2), ve3 (ve2), and
VD3 (VD,Z)-

Step k For the k level of hybridization with N, using algorithms discussed in
Chap. 4, one can find the reference points associated with the tetrahedron
Aj_1By—1Cy_ Di_ forming the small tetrahedron Ay By Cy Dy and calculate
corresponding relative volumes vax (vax—1), vax (vak—1)s ver (vex—1),
and VD k (VD,k—l)-

Note that one can find coordinates of the reference point abcd associated with the
tetrahedron ABCD using Eq. 3.147.

Tabed = %<?A—?D>+%(7B —?D>+%<?C—?D)+?D (3.147)


https://doi.org/10.1007/978-3-319-76201-2_4
https://doi.org/10.1007/978-3-319-76201-2_4
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https://doi.org/10.1007/978-3-319-76201-2_4
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3.3.2 Formulae for Recalculation from Local to Global
Indices

In order to diminish the amount of calculations, the values of radius-vectors corre-
sponding to the reference point into the big tetrahedron ABCD in the hierarchical
nested unstructured tetrahedral grid are defined using the recurrent formulae for
recalculation from local reference points’ indices to global reference points’ indices.
One can use these recurrent formulae before calculations and save the non-recurrent
formulae for recalculation from local to global reference points’ indices as a table
and then use Eq. 3.149 with global four-digital index abcd and N = N|N, ... Ng.
There are DWWV poference points into the tetrahedron if the appropriate
order is equal to N. One can determine the rule for recalculation from serial refer-

ence points’ index I € [1, w] into four-digital index abcd introduced
in Sect. 3.2 (Eq. 3.148) and vice versa (Eq. 3.149).

I e [1, (N”)(N”)(N”)}H a (). b(I).c).dI))

6
{a € [0,N],b € [0,N],c € [0,N],d € [0,N], (3.148)
a+b+c+d=N}|— I(a,b,c,d) (3.149)

The steps of this algorithm are mentioned below.

Step 1 N; small tetrahedrons A B;C D with the serial indices J; € [1, N}] are
known into the initial tetrahedron ABCD. The set of the four-digital indices:

a(a, i) b(a, ) c(a, i) da,Jr) (3.150)
a (b, J1) b(b, 1) c(b, Jy) c(b, 1) (3.151)
a(c, ) b(c, 1) c(c, J1)d(c, J1) (3.152)
ad, )b, J1)cd,J1)dd,J) (3.153)

relatively the initial tetrahedron ABCD for all of the four vertices A; (Eq. 3.150),
By (Eq. (3.151), C; (Eq. 3.152), and D, (Eq. 3.153) of each of the tetrahedrons
A1 B, C; Dy with the serial indices J; € [1, N f] are known and represented into the
tables of the third, fifth, and sixth types in Chap. 4.

Step 2.0 All steps starting with 2 are carried out for each of the small tetrahedrons
A} B;C, Dy with the serial indices J; € [1, N7 ].

Step 2.1 For each of the small tetrahedrons A By C D with the serial indices J; €
[1, Nf], the local indices of M;MM reference points into the

small tetrahedron A; B; C D are known. For each of these reference points

1. PatDWNo+2)(N2+3)
’ 6

with the serial indices I, € [ ], one can calculate the

four-digital indices a; (1), b1 (I2), c1 (I»), and d; (I,) relatively the small
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tetrahedron Ay B, Cy D; with the serial index J; € [1, N;'] using Eq. 3.148
for N,.

Thus, for each of these reference points with the serial
indices I, one can calculate new four-digital indices relatively the initial
tetrahedron ABCD using Eqs. 1.154-1.157.

(Np+1) (N2 +2) (Nr+3)
6

a(l, 1) =a1()a(a, 1) +by (I)a (b, J1)+

+ Cy (Iz)a(c, J])+d1 (Iz)a(d, J]) (3154)
by, 1) = a1 ()b (a, J1) +b1 (I2) b (b, J1)+

+c1(L)b(c, J1)+d (Ih)b(, Jy) (3.155)
c(, 1) =ai () c(a, J1) +by (1) c (b, J1)+

+cy (12)0 (C, Jl) +d1 (12) c (d, Jl) (3156)
d(lr, J1) =a1(b)d (a, J1) +b (I))d (b, J1) +

+Cy (Iz)d(c, J1)+d| (Iz)d(d, J]) (3157)

Step 2.2 Into each of the small tetrahedrons A;B;C;D; with the serial
indices J; € |1, N ,3 s N23 small tetrahedrons A, B,C» D, with the serial
indices J, € [1, N3] are known.

The set of the four digital indices:

aj (a, b) by (a, J») by (a, J») dy (a, J») (3.158)
ay (b, ) by (b, J,) by (b, o) dy (b, J>) (3.159)
ai (c, J») by (c, J») c1 (¢, o) di (c, ) (3.160)
ar(d, L) by d, ) c1(d, J2) di (d, J2) (3.161)

relatively the small tetrahedron A; B;CD; with the serial index J; € [1, Ni] for
all of the four vertices A, (Eq. 3.158), B, (Eq. 3.159), C, (Eq. 3.160), and D,
(Eq. 3.161) of each of the tetrahedrons A, B,C, D, with the serial indices J, €
[1, N23] independent on J; are known and represented into the tables of the third,
fifth, and sixth types in Chap. 4.

Thus, one can find the set of the serial indices I, € |1, w for all of

the four vertices A, (Eq. 3.162), B, (Eq. 3.163), C, (Eq. 3.164), and D, (Eq. 3.165)
of each of the tetrahedrons A, B,C, D, with the serial indices J, € [1, N23] using
equation (Eq. 3.149) for N,.

L(a, ;) = L(a(a, J»), b (a, )),ci(a, J2),d(a, J2)) (3.162)
L (b, b)) = L (a1 (b, J2), b1 (b, J2), c1 (b, J2),dy (b, J2)) (3.163)
I (c, ) =L (a(c, J2),b1 (c, ]2),c1(c, J2),di(c, J2)) (3.164)

Ld, Jh)y=5Lad, h),bi(d J),cd, Jp),d d, J)) (3.165)


https://doi.org/10.1007/978-3-319-76201-2_1
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Therefore, using calculations carries out during Step 2.1 the set of the four-digital
indices:

a(a,Ji, h) b(a, Ji, ) c(a, J\, J») d(a, Ji, J2) (3.166)
a (b, Ji, ) b(b, J1, ) c(b, Jy, o) d (b, Ji, Jr) (3.167)
al(c, i, ) b(c, Ji, r) c(c, J1, o) d(c, J1, J2) (3.168)
a(d,Ji, )b, Ji,J)cd, Ji,)r)dd, Ji, J2) (3.169)

relatively the initial tetrahedron ABCD for all of the four vertices A, (Eq. 3.166), B,
(Eq. 3.167), C, (Eq. 3.168), and (Eq. 3.169) of each of the tetrahedrons A, B,C,D;
with the serial indices J, € [1, N; ] are known. For example, using Eq. 3.162 one
can find:

ba,Ji, ) =b(r(a, r), ). (3.170)

Step 3.0 All steps starting with Step 3 are carried out for each of the small tetrahe-
drons A, B,C, D, with the serial indices J> € [1, N3 ].

Step 3.1 For each of the small tetrahedrons A, B, C, D, with the serial indices J, €
[1, N3], the local indices of MDD reference points into the

small tetrahedron A, B, C, D, are known. For each of these reference points

1. WatDWVs+2)(N3+3)
’ 6

with the serial indices I3 € ], one can calculate the

four-digital indices a, (13), by (I3), ¢z (I3), and d, (I3) relatively the small
tetrahedron A, B, C, D, with the serial index J, € [1, N23 ] using Eq. 3.148
for N3.

Thus, for each of these reference points with the serial
indices I3, one can calculate new four-digital indices relatively the initial
tetrahedron ABCD using Egs. 3.171-3.174.

(N3+1)(N3+2) (N3+3)
6

a3, Ji, b)) =a, ()a(a, Ji, )+ by (I3)a (b, Ji, J)) +

+ey()ale, Ji, h)+dy(I)ad, Ji, Jp) (3.171)
b3, Ji, ) =ay(I3)b(a, Ji, J») + by (I3) b (b, J1, J») +

+er(l)b(c, Ji, ) +da(I3)b(d, J1, Jr) (3.172)
c(3, Ji, h)=ay(3)c(a, Ji, o) +by (I3) c (b, Ji, o)+

+cy(I3)c(c, 1, o) +dy (I3)c(d, Ji, Jo) (3.173)
d (I3, Ji, o) = ay (I3)d (a, Ji, J») + by (I3)d (b, Jy, Jo) +

+cy () d (¢, Ji, h)+dr (I3)d (d, Ji, J») (3.174)

Step 3.2 Into each of the small tetrahedrons A, B, C, D, with the serial indices J, €
1, N3], N3 small tetrahedrons A3 B;C3D; with the serial indices J; €
1, N33 are known.
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The set of the four-digital indices:

ar (a, J3) by (a, J3) c2(a, J3) d (a, J3) (3.175)
ay (b, J3) by (b, J3) c2 (b, J3) d» (b, J3) (3.176)
ax (¢, J3) by (¢, J3) 2 (¢, J3) da (¢, J3) (3.177)
ar(d, J3) br(d, J3) c2(d, J3) d> (d, J3) (3.178)

relatively the small tetrahedron A, B,C, D, with the serial index J, € [l, N; ] for
all of the four vertices Az (Eq. 3.175), B3 (Eq. 3.176), C3 (Eq. 3.177), and D3
(Eq. 3.178) of each of the tetrahedrons A3 B3;C3D3; with the serial indices J;3 €
[1, N3] independent on J;, J> are known and represented into the tables of the third,
fifth, and sixth types in Chap. 4.

Thus, one can find the set of the serial indices I3 € |1, w for all of

the four vertices A3 (Eq. 3.179), B; (Eq. 3.180), C3 (Eq. 3.181), and D5 (Eq. 3.182)
of each of the tetrahedrons A3 B;C3 D5 with the serial indices J3 € [l, N33 ] using
Eq. 3.149 for Ns.

Ii(a, J3) = I (ax (a, J3) . ba(a, J3), c2(a, J3) . da (a, J3)) (3.179)
I3 (b, J3) = I3 (ax (b, J3) , by (b, J3) , 2 (b, J3) , da (b, J3)) (3.180)
I3 (¢, J3) = l(ax (¢, J3) , b2 (¢, J3) , 2 (¢, J3) , da (¢, J3)) (3.181)
Ld, ) =15(ax(d, J3),ba(d, J3),c2(d, J3),dr(d, J3)) (3.182)

Therefore, using calculations carries out during Step 3.1 the set of the four-digital
indices:

al(a,Ji, o, J3) b(a, Ji, o, J3) c(a, Ji, Jo, J3) d (a, Ji, J2, J3) (3.183)

a (b, Jv, 2, J3) b(b, J1, J2, J3) ¢ (b, v, 2, J3) d (b, J1, J2, J3) (3.184)

a(c, Ji, J2, J3) b(c, Ji, 2, J3) c(c, J1, J2, J3) d (c, Ji1, J2, J3) (3.185)

a (d’ le -127 J3) b(ds le J2, J3) C(d, le J2a J3) d (dv le ]23 ]3) (3186)

relatively the initial tetrahedron ABCD for all of the four vertices A3 (Eq. 3.183),

B3 (Eq. 3.184), C3 (Eq. 3.185), and D3 (Eq. 3.186) of each of the tetrahedrons

A3 B3;C3 D5 with the serial indices J;3 € [1, N;] are known. For example, using
Eqg. 3.171 one can find:

b(a, .11,.]2, J3) :b(13 (a,./3),./1,12). (3187)

Step k.0 All steps starting with Step k are carried out for each of the small tetrahe-
drons Ay Bi_iCi—1 Di—y with the serial indices Ji_; € [1, N}_,].
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Step k.1 For each of the small tetrahedrons Aj_;Bx_1Cix—1Dy—; with the serial
indices Jy_; € [1, N,ffl], the local indices of MJZ)(M reference
points into the small tetrahedron Ay_; Bx—Cy—1 Dy—; are known.

For each of these reference points with the serial indices I, €
1, W], one can calculate the four-digital indices a1 ({}), br—1 (Ix),
ck—1 (Ix), and di—; (1) relatively the small tetrahedron Ay Bx—1 Cx—1 Dx— with the
serial index J;_; € [1, Nk371] using Eq. 3.148 for N;.

Thus, for each of these w reference points with the serial indices
I one can calculate new four-digital indices relatively the initial tetrahedron ABCD
using Egs. 3.188-3.191.

a(lx, Ji, ..., Ji—1) = aj—1 (Ix)a(a, Jq, ..., Jk—1) +br—1 (Ix)a (b, Jq, ..., Jr—1)+

+ck—1 (Ix)a(c, Ji,..., Jk—1) +di—1 (Ix)a(d, Jq, ..., Ji—1) (3.188)
by, J1,...,Jk—1) =ar—1 (I)b(a, J1, ..., Jxk—1) +bi—1 (Ix) b (b, Jq, ..., Jr—1)+
+er—1 () b(e, iy oy k) +de—y ()b, J1, ..., k1) (3.189)

e, Ji,....Jk—1) = a1 ) c(a, Ji, ..., k1) + by () c (b, J1, ..., Jk—1) +
+o—1 ) ele, Ji, oo e +do1 () ed Iy -, ke (3.190)
dU, J1, ..., k) = a1 ) d (a, Ji, oo Je—) + b1 () d (b, Ty, ooy Ji—1) +

+cep—1 (Id (e, Jy, ..., Jr—1) +dk—1 Ip)d d, J1, ..., Jk—1) (3191)

Step k.2 Into each of the small tetrahedrons Ay_; By—;Cyx— Dy—; with the serial
indices Jy—; € [1, N} ;]. N7 small tetrahedrons A;BCyDy with the
serial indices J; € [1, N;/| are known. The set of the four-digital indices:

ax—1 (a, Jy) bx—1 (a, Jx) ck—1 (a, J) di—1 (a, Ji) (3.192)
ar—1 (b, Ji) be—1 (b, Ji) cx—1 (b, Jx) dx—1 (b, Ji) (3.193)
ax—1 (¢, Ji) br—y (¢, Ji) cx—1 (¢, Ji) di—1 (¢, Ji) (3.194)
ak—1 (d, Jy) bx—1 (d, Jy) cx—1 (d, Ji) di—1 (d, Ji) (3.195)

relatively the small tetrahedron Ay_; By_;Cyx— Dy with the serial index J;_; €
[1, NZ_,] for all of the four vertices Ay (Eq. 3.192), By (Eq. 3.193), Cy (Eq. 3.194),
and Dy (Eq. 3.195) of each of the tetrahedrons Ay B, C) D, with the serial indices
Ji € [1, N}]independent on Jy, J, ..., Ji—; are known and represented into the
tables of the third, fifth, and sixth types in Chap. 4.

Thus, one can find the set of the serial indices I;, € [
the four vertices Ay (Eq. 3.196), By (Eq. 3.197), Cy (Eq. 3.198), and Dy, (Eq. 3.199)

of each of the tetrahedrons Ay B, C; D, with the serial indices J;, € [l, N,? ] using
Eq. 3.148 for Ni.

1, BerDAEDNED | for al] of

Ii (a, Ji) = I (ar—1 (a, Ji) . by (a, ) cr—1 (a, Ji) s di1 (a, Ji)) - (3.196)
I (b, Ji) = Iy (ar—1 (b, Ji) , by—1 (b, i), ck—1 (b, Ji) , di—1 (b, Ji))  (3.197)
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Iy (¢, Jk) = I (ag—1 (¢, k) , b1 (¢, Ji) , cr—1 (¢, Ji) s di—1 (¢, Jk))  (3.198)
I d, i) = Iy (ak—1 (d, Ji) , b1 (d, Ji) s cr—1 (d, Ji) s de—1 (d, J)) - (3.199)

Therefore, using calculations carries out during Step k.1 the set of the four-digital
indices:

aa,Ji,....J))ybGa, Ji,...., k) c(a, Ji,...,Jx)d@a, Ji,..., Jy) (3.200)
ab, Ji,...., ) bb, Ji,.... ) cb, Ji,.... k) d (b, Ji,..., k) (3.201)
ale, Ji,...., )b, Ji,.... ) c(e, Jiy.... ) d(c, Ji,....Jr)  (3.202)
ad,h,....,Jbd, h,....x)cd, J1,.... 1) dd, J1,...,Jr) (3.203)
relatively the initial tetrahedron ABCD for all of the four vertices Ay (Eq. 3.200),
B (Eq. 3.201), Cy (Eq. 3.202), and Dy (Eq. 3.203) of each of the tetrahedrons

Ay B Cy Dy with the serial indices J; € [1, N}] are known. For example, using
Eq. 3.188 one can find:

b(a,\, Jo, ..., k) =bUx(a, Jy), J1, J2..., Jr—1). (3.204)

Step K—1.0 All steps starting with Step K—1 are carried out for each of the small
tetrahedrons Ax_»Bx_»Ck_»Dg_, with the serial indices Jx_, €
[1. Nk ]

Step K—1.1 For each of the small tetrahedrons Ax_,Bx_»Cg_2Dg_» with

the serial indices Jx_, € [1,Nj_,], the local indices of
(Ng_1+D)(Ng— |+2)(NK 1+3)

reference points into the small tetrahedron

Ag_»Bg_ 2C x—2Dg_» are known. For each of these reference points
1 (N1 +D)(Ng_1+2)(Ng_1+3)
’ 6

with the serial indices Ix_; € ], one

can calculate the four-digital indices ax_» (Ix—1), bx—> (Ix—1),
cx—2 (Ig—1), and dg_p (Ig—;) relatively the small tetrahedron
Agx_2Bx »Cx_»Dg_» with the index Jx_, € [1,N13<72] using
Eq. 3.148 for Ng_;.

(Ng—1+D)(Ng— 1+2)(N1< 1+3)

Thus, for each of these reference points with the serial
indices Ix_; one can calculate new four-d1g1ta1 indices relatively the initial tetrahe-
dron ABCD using Eqs. 3.205-3.208.

allg-1, N1,...,Jk=2) =ax—2Ux-1)a(a, Ji,...,Jxk-2)
+bx_rUg_1)a®b, Ji, ..., k1)
+cx2Ug_1)al(c, Ji,...,Jx-2)

+dxoUx-1)ad, Ji,...,Jxk-2) (3.205)
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b(Ug—1,J1,....Jxk2) =ax2Ug_1)b(a, Ji, ..., Jg_2)
+bxk o Uxk-1)b (b, J1,...,Jg-2)

texk2Uk-1)b(c, J1, ..., Jk-2)

+dg ,(Ixk_1)b, Ji,...,Jgk_2) (3.206)
cUg-1,J1,-.., Jgk2) =axk2Uk-1)c(a, Ji, ..., Jg2)

+bg 2 (g 1)c(b, Ji, ..., Jk2)

+cx—2Ug-1)c(c, Ji, ..., Jg-2)

tdkr (g1 e(d, Ty, .. Txa) (3.207)
dUg-1,J1,...,Jk2) =ag2Ux-1)d(a, Ji, ..., Jg2)

+bg 2 (g 1)d (b, J1,...,Jk2)
+cxk2Uk-1)d(c,J1, ..., Jxk-2)
+dK_2 (IK_l)d(d, le--wJK—Z) (3208)

Step K—1.2 Into each of the small tetrahedrons Ag Bk >Ckx_2Dg_» with
the serial indices Jx—, € [1,N3_,], Ni_, small tetrahedrons
Ak _1Bg_1Ck_1Dg_y with the serial indices Jx_; € [1, Ny_,] are
known. The set of the four-digital indices:

ax— (a, Jxk—1) bx_2 (a, Jxk—1) cxk—2(a, Jxk—1) dx—2 (a, Jk—1) (3.209)
ag 2 (b, Jxk_1) bk 2 (b, Jxk-1) ck—2 (b, Jk—1) dx 2 (b, Jk 1) (3.210)
ax—> (¢, Jxk—1) bx—2 (¢, Jxk—1) ck—2 (¢, Jxk—1) dx—2 (¢, Jg—1) (3.211)

a2 (d, Jg1) bx 2 (d, Jxk-1) ck2(d, Jx—1) dx 2 (d, Jg 1) (3.212)

relatively the small tetrahedron Ax _» Bx —»Cg_» Dk _» with the serial index Jx_, €
[1, N3 _,] for all of the four vertices Ax_; (Eq. 3.209), Bx_; (Eq. 3.210), Cx_;
(Eq.3.211),and Dg_; (Eq. 3.212) of each of the tetrahedrons Ax 1 Bx_1Cx -1 Dk —1
with the serial indices Jx_; € [1, N13<71] independent on Jy, J5,..., Jx—» are known

and represented into the tables of the third, fifth, and sixth types in Chap. 4.
1 (NK—1+I)(NK6]+2)(NK—]+3)

Thus, one can find the set of the serial indices Ix_; € [

for all of the four vertices Ax_; (Eq. 3.213), Bx_; (Eq. 3.214), Cx_; (Eq. 3.215),
and Dk _; (Eq. 3.216) of each of the tetrahedrons Ag_;Bx_1Ckx—1Dg—1 with the
serial indices Jx_; € [l, Ni%@l] using Eq. 3.148 for Ng_;.

Ix_1(a, Jg—1) = Ix—1 (ak—2(a, Jxk_1) , bx—> (a, Jk—1) ,
ck—2(a,Jxk-1),dg—2(a, Jxk_1)) (3.213)

Ix_1 (b, Jxk—1) = Ig_1 (ax—2 (b, Jx—1) , bx 2 (b, Jk—1) ,
cx—2 (b, Jxk—1) ,dg—2 (b, Jk_1)) (3.214)
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Ig_1 (¢, Jg—1) = Ix—1 (ag—2 (¢, Jk—1) , bk -2 (¢, Jg—1) ,

cx—2(c,Jgk—1),dg—2 (c, Jx_1)) (3.215)
Ix_1(c, Jg—1) = Ix_1 (agk—2(d, Jg—1) , bx2(d, Jg_1),
cxk—2(d, Jg—1),dxk—>(d, Jgk_1)) (3.216)

Therefore, using calculations carries out during Step K—1.1 the set of the four-
digital indices:

a(a,Ji,....,Jk- )b, Ji,....Jxk-1)c(a, Ji,....,.Jxk-1)d(a, Ji,..., Jk-1)
(3.217)

a(b, Jl, ey JKfl) b(b, J1,..., JK,1) C(b, J], ey JKfl) d(b, Jl,..., JK,1)

(3.218)
a(e, Ji,....,Jk—) b(c, Ji,....,Jxk—1) c(c,J1,...., Jx—1) d(c, J1, ..., Jk—1)

(3.219)
a(d, Jl, cony JK—I) b(d, J], cevs JK—l) C(d, Jl,..., J[(_l) d(d, Jl,..., J[(_l)

(3.220)

relatively the initial tetrahedron ABCD for all of the four vertices Ax_; (Eq. 3.217),
Bk _1(Eq.3.218),Ck - (Eq.3.219),and Dk _; (Eq. 3.220) of each of the tetrahedrons
Ag_1Bg_1Ck_1Dk_y with the serial indices Jx_; € [1, Nj_,] are known. For
example, using Eq. 3.205 one can find:

b(a,Ji, Jay ooy Jx—1) =bUg_1 @, Jx—1), J1, Jo e J—2). (3.221)

Step K.O All Steps K are carried out for each of the small tetrahedrons
Ak _1Bg_1Cg_1Dg_y with the serial indices Jx_; € [1, Ny_,].

Step K.1 For each of the small tetrahedrons Ag_; Bx_1Ck—_1 Dg—1 with the serial
indices Jx_1 € [1,Ng_], the local indices of w
reference points into the small tetrahedron Agx_;Bx_1Cx_1Dg_; are
known. For each of these w reference points with the

four-digital indices ag_1bg_jcx—_1dg— relative the small tetrahedron

Ax_1Bx_1Cg_1Dg_1 with the serial index Jg_;, one can calculate

new four-digital indices relatively the initial tetrahedron ABCD using

Egs. 3.222-3.225.

a(ag_1bg_icx—1,J1, ..., Jk—1) = ag—a(a, Ji, ..., Jxk—1)
+bg_1a (b, Ji, ..., Jk-1)
+cx—1a(c, Ji, ..., Jxk—1)

+dK_1(1 (d, J],...,JK_I) (3222)
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b(ak—1bg_ick—1, J1, ..., Jk—1) =ax—1b(a, Ji, ..., Jg_1)
+bx_1b(b, Jy, ..., k1)

+cg_1b(c, Ji, ..., Jgk-1)

+d1(,1b(d, Ji,....Jk-1) (3.223)
c(ax—1bx—icx—1, J1, ..., Jxk—1) = ag—ic(a, Ji, ..., Jk—1)

+bg_1c(b, Ji, ..., Jk-1)

+cx-ic(e, Ji, ..o, Jk—1)

+dK,1C(d, Jl,...,JKfl) (3224)
d(agx_1bxk_icx—1,J1, ..., Jxk—1) =ax—d(a, Ji, ..., Jg_1)

+bx_1d (b, Ji,..., k1)
+CK71d (C9 Jls R JK*I)
+dg_d(d, Jy, ..., k_1) (3.225)

Note that the algorithms on Steps 1 and K differ from the algorithm on Steps
2,3,...,K—1.

Therefore, if the local four-digital index ax bk —jcx—1dk -1 relative the tetrahe-
dron Ag_Bg_1Ck—1 Dk with the serial index Jg_; of the reference point under
consideration and the set of the indices of the small tetrahedron J, J, ..., Jx_1,
Jr € N,f’ , in which this reference point under consideration lies are known, one
can find the global four-digital index relative the initial tetrahedron ABCD using
Egs. 3.222-3.225.

Consider an example: K = 2, Ny = N, = 2. The indices of the vertices of
the tetrahedron with the index J; = 2 are 1100, 0200, 0110, and 0101 relative the
initial tetrahedron. Thus, the global index of the reference point with the local index
1100 relative the small tetrahedron with the index J; = 2 will be 1300 and can be
calculated using Eqs. 3.226-3.229.

a=1-1+41-0+0-0+0-0=1 (3.226)
b=1-1+1-24+0-1+0-1=3 (3.227)
c=1-0+1-0+0-1+0-0=0 (3.228)
d=1-0+1-0+0-0+0-1=0 (3.229)

3.3.3 Hybrid Parabolic Linear Interpolation

In this Section, a hybrid parabolic linear interpolation method is proposed. This inter-
polation method combines the monotonicity of a piecewise-linear function in some
small tetrahedrons with the second order of the quadratic function in other small
tetrahedrons, where this does not lead to the formation of additional extrema that
do not coincide with the reference points. The resulting function ought to remain
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continuous, when passing from one tetrahedron to another one. Such hybrid interpo-
lation provides the numerical method with the property of monotonicity and avoids
the non-physical oscillations of the solution.

The reference points 2000, 0200, 0020, 0002, 1100, 0110, 0011, 1001, 1010, and
0101 for the polynomial interpolation of the second order are used. The algorithm
for restoring a monotone function in a grid tetrahedron is as follows:

Step 1 Define the trial function using the normal polynomial interpolation of the
second order.

Step 2 Determine the values in the centers of the edges as follows. If the trial
function has not extremum on this edge, then take the value of the test
function; otherwise use a linear interpolation on the given edge. Therefore, if
there are values u 4 and ug into the vertices of the edge of the grid tetrahedron
and the value usp in the middle of this edge, then one can use the following

inequalities. If uag € [ua,up] or uap € [ugp, ual, then uigw = upg. In
NEW
another case, u, 5" = (ua +ug)/2.

This procedure should be performed for all the central-edge reference points
1100, 0110, 0011, 1001, 1010, and 0101. If the central-edge reference point
is 1100, then the vertices of the edge are 2000 and 0200. If the central-edge
reference point is 0110, then the vertices of the edge are 0200 and 0020. If
the central-edge reference point is 0011, then the vertices of the edge are
0020 and 0002. If the central-edge reference point is 1001, then the vertices
of the edge are 2000 and 0002. If the central-edge reference point is 1010,
then the vertices of the edge are 2000 and 0020. If the central-edge reference
point is 0101, then the vertices of the edge are 0200 and 0002.

Step 3 Determine the final value of the interpolant using the normal polynomial
interpolation of the second order with new values in the centers of the edges
determined on Step 2.

3.3.4 Interpolation Using Min—Max Limiter

Algorithm for constructing an interpolant with a limiter on tetrahedral grids based
on interpolation by a polynomial of order N involves the following steps:

Step 1 The value of the test function to the given point 7 using polynomial inter-

polation of order N is determined. Let it be equal to uy (7)

Step 2 The small tetrahedron or octahedron, in which the point r falls, should
be determined. If the point falls into the octahedron, then one of the three
possible variants can be chosen. The axis is dividing this octahedron into
four tetrahedral, each of them has a volume being equal to the volumes of
other small tetrahedra, but not being similar to them. Next, one of these four
tetrahedral, in which of them the point falls into, should be determined.



70 A. V. Favorskaya

Step3 Then uy (?) should be compared with the minimum m and maximum M
values at the vertices of this small tetrahedron, in which the point falls.
Step3.1 If m < uy (7) < M, then the value of the interpolant at the point 7 is

taking equal to uy (?)

Step3.2 Ifuy (?) < m, then the value of the interpolant at the point 7 is equal to
m.
Step 3.3 Ifuy (?) > M, then the value of the interpolant at the point 7 is equal to

M.

The use of interpolation with a Min-Max limiter makes it possible to eliminate
the non-physical oscillations of polynomials arising in the presence of discontinuities
in the interpolated functions.

3.3.5 Parabolic Interpolation on Reference Points for
Interpolation of Fourth Order

Consider a tetrahedron ABCD with the volume V and 35 reference points 4000,
0400, 0040, 0004, 3100, 0310, 0031, 1003, 1300, 0130, 0013, 3001, 3010, 0301,
1030, 0103, 2200, 0220, 0022, 2002, 2020, 0202, 2110, 1210, 1120, 0211, 0121,
0112,2101, 1201, 1102, 2011, 1021, 1012, and 1111 into this tetrahedron for N = 4.

One can divide this tetrahedron ABCD into 8 small tetrahedrons with volumes
V/8 using a set of 10 reference points in the Table 3.1 for N = 2.

One can use the algorithm discussed in Sect. 3.3.1 to understand, in which
of the 8 small tetrahedrons the point under consideration lies. Then one can use the
formulae for the parabolic interpolation discussed in Sect. 3.2.3 and use the Table 3.2
containing the congruence of four-digital indices for N = 4 and four-digital indices
for N = 2 for each of the 8 small tetrahedrons.

Table 3.1 Congruence of four-digital indices of reference points for N = 2 in order to divide the
initial tetrahedron into 8 small tetrahedrons and initial four-digital indices for N = 4

Index to divide, | 2000 | 0200 | 0020 |0002 | 1100 |0110 [0011 | 1001 | 1010 |0101
N=2
Initial index, 4000 | 0400 | 0040 | 0004 |2200 | 0220 |0022 |2002 |2020 |0202
N=4
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3.4 Conclusions

The analytical formulae for high-order interpolation on unstructured tetrahedral
grids, such as the polynomial interpolation, hybrid parabolic linear interpolation
on the unstructured tetrahedral grids, interpolation on the unstructured tetrahedral
grids using Min-Max limiter, and parabolic interpolation on the reference points for
interpolation of fourth order are suggested in this Chapter. The cases of order from
1 to 5 inclusively are considered. These interpolation techniques can be used during
creation new unstructured tetrahedral or regular gird instead of previous one as an
element of numerical method for finding 3D solutions on the unstructured tetrahedral
grids and during visualization of some space field and images’ creation or transfor-
mation. Also, the hierarchical nested unstructured tetrahedral grids and formulae for
recalculation from local to global indices are discussed in this Chapter. This type of
grids can be used also as an element of numerical method on the unstructured tetra-
hedral grids and for the visualization, creation, and transformation of images. These
formulae for recalculation indices are used to decrease the amount of calculation and
software operation time.
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Chapter 4 ®)
Piecewise Linear Interpolation on oo
Unstructured Tetrahedral Grids

Alena V. Favorskaya

Abstract This chapter develops analytical expressions for piecewise linear interpo-
lation on unstructured tetrahedral meshes. These expressions are crucial because most
of the arithmetic operations are performed analytically and these operations no longer
need to be repeated during using the software. So, these expressions allow to perform
the supercomputer calculations with less amount of resources as dynamic computer
memory. The interpolation on unstructured grids plays a key role for numerical solv-
ing of last amount of problems in seismic exploration of oil and gas, non-destructive
testing of different up-to-date complex materials, investigation of seismic stability
of different complex objects like nuclear power plants, and especially for summation
of injuries of human bodies for medicine.

Keywords Interpolation + High-order interpolation * Unstructured grids

Tetrahedral grids + Polynomial interpolation + Piecewise interpolation + Hybrid
interpolation

4.1 Introduction

In this chapter, analytical expressions for piecewise linear interpolation on
unstructured tetrahedral grids is discussed. Other analytical expressions for the
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interpolation on unstructured tetrahedral grids are considered in Chap. 3. The crucial
issues of reasons for using an interpolation on the unstructured meshes are discussed
in Chap. 2. For example, a piecewise linear interpolation can be used as an element
of grid-characteristic method [1-9]. The issues of interpolation require very specific
mathematical approaches, so there are a lot of recent works in this area [10—19].
More detailed review of the works [10—15] is given in Chap. 2. More detailed review
of the works [16—19] is done in Chap. 3.

In this chapter, only the single case is considered, when the point under consider-
ation lays in the big tetrahedron ABCD and the relative volumes discussed in Sect.
3.2 for this point under consideration exist. Therefore, the following inequalities are
always satisfied:

va €0, 1D A (vp €0, 1) A (ve €10, 1)) A (vp € [0, 1]). 4.1)

In order to diminish the amount of mathematical expressions, six types of tables
are determined in Sect. 4.3 and adduce these tables for different N in Sects. 4.4—4.7,
respectively.

The chapter is structured as follows. In Sect. 4.2, a case of octahedron is discussed.
In Sect. 4.3, the types of the tables are introduced. In Sects. 4.4—4.7, the tables for
different amount of reference points and appropriate algorithm are presented. The
conclusions are given in Sect. 4.8.

4.2 Case of Octahedron

The planes discussed in Sect. 3.2.1, divide the big tetrahedron ABCD into
N(N=1)(N+1)
6

N(N?*42)
3

small tetrahedrons and octahedrons. The volume of the big tetrahedron
ABCD is equal to V. Then the volume of every small tetrahedrons is equal to V /N3,
All of these small tetrahedrons are similar to the big tetrahedron ABCD. The volume
of every octahedron is equal to 4V /N3. One can draw an axis in every octahedron
by one of three ways. This axis will divide the octahedron into 4 different small
tetrahedrons. The volume of every of these different tetrahedrons is equal to V /N3 as
well. However, they are not similar to the big tetrahedron ABCD. In order to simplify
our discussion let us consider degree N = 2. In this case, 4 smaller tetrahedrons and
1 octahedron are drawn in Fig. 4.1. The vertices of these 4 small tetrahedrons are
written in Table 4.1 from Sect. 4.4 and the vertices of this octahedron are written in
Table 4.2 from Sect. 4.4. Note that if the axis is determined for each of w
octahedrons, the total amount of small tetrahedrons into the initical tetrahedron will
be equal to N°3.

These different tetrahedrons for all 3 ways of drawing the axis into the octahedron
for N =2 are shown in Figs. 4.2, 4.3 and 4.4 respectively.

Thus, N3 small tetrahedrons of two types are. The small tetrahedrons of the first
type are similar for the big one. The small tetrahedrons of the second type are not


https://doi.org/10.1007/978-3-319-76201-2_3
https://doi.org/10.1007/978-3-319-76201-2_2
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Fig. 4.1 Octahedron based
on reference points for
polynomial interpolation
with order 2

Table 4.1 The vertices of the No A B c’ D

small tetrahedrons for N = 2,

table of the third type 1 2000 1100 1010 1001
2 1100 0200 0110 0101
3 1010 0110 0020 0011
4 1001 0101 0011 0002

Table 4.2 The vertices of the octahedron for N = 2, table of the third type
No A B C’ D' E F
5 1100 0110 0011 1001 1010 0101

Fig. 4.2 Small different
tetrahedrons in the case of
using the first way of
drawing axis in the
octahedron based on
reference points for
polynomial interpolation
with order 2: a the first small
different tetrahedron, b the
second small different
tetrahedron, ¢ the third small
different tetrahedron, d the
fourth small different
tetrahedron

similar to the big one. But they have the same volume as small tetrahedrons of the first
type. Also each octahedron contains from four small tetrahedrons of the second type.
And there are three different ways to delete the octahedron by four small tetrahedrons
of the second type.
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Fig. 4.3 Small different tetrahedrons in the case of using the second way of drawing axis in the
octahedron based on reference points for polynomial interpolation with order 2: a the first small
different tetrahedron, b the second small different tetrahedron, ¢ the third small different tetrahedron,
d the fourth small different tetrahedron

Fig. 4.4 Small different tetrahedrons in the case of using the third way of drawing axis in the
octahedron based on reference points for polynomial interpolation with order 2: a the first small
different tetrahedron, b the second small different tetrahedron, ¢ the third small different tetrahedron,
d the fourth small different tetrahedron



4 Piecewise Linear Interpolation on Unstructured Tetrahedral Grids

79

Table 4.3 Inequalities for finding the small tetrahedron or the octahedron, in which the point under
consideration lies for N = 2, table of the first type

No 2vA 2VB 2Vc 2vD No 2vA 2VB 2Vc 2vD

1 >1 — - - 4 - — - >1
— >1 . — 5 - - - -

3 — - >1 —

Table 4.4 Logical expressions being true if the point under consideration lies into the small tetra-
hedron or into the octahedron for N = 2, table of the second type

No 2vae |2vgpe |2vce |2vpe |No 2va € |2vpe |2vce |2vpe
1, 2] [0, 1] [0, 1] [0,11 |4 [0, 1] [0, 1] [0, 1] (1, 2]

2 [0, 1] (1, 2] [0, 1] [0, 1] 5 [0, 1] [0, 1] [0, 1] [0, 1]
[0, 1] [0, 1] 1,2] [0, 1]

Table 4.5 Formulae for relative volumes corresponding the appropriate vertices of the small tetra-
hedrons for N = 2, table of the fourth type

No % Vg Ve Vo
1 2vq — 1 2vp 2ve 2vp
2 2va 2vg — 1 2ve 2vp
3 2va 2vp 2ve — 1 2vp
4 A 2vp 2ve 2vp — 1

Table 4.6 Axis points for each of 3 ways to draw them for the octahedron and corresponding
expressions for v and v, for N = 2, table of the fifth type

No Axisno |A’ B’ Vi V2

5 1 0110 [ 1001 |(2va +2vg —2vec —2vp)2 | (2va +2ve — 2vp — 2vp)/2
2 1010 | 0101 | (2va +2vg — 2ve — 2vp)/2 | v +2ve — 2vp — 2v4)/2
3 1100 | 0011 | Q2vp +2ve — 2vp — 2v4)/2 | Qvg +2ve — 2vp — 2vp)/2

4.3 Types of Tables and Their Description

In order to diminish the amount of mathematical expressions, six types of tables are
defined. The lines in the tables help to catch the topological similarity of the formulae
and due to this it is suitable to search for errors and misprints in the program code.

Tables of the first type contain the inequalities for finding the small tetrahedron
or the octahedron. Tables 4.3 and 4.7 in Sect. 4.4, Table 4.11 in Sect. 4.5, Table 4.18
in Sect. 4.6, and Table 4.25 in Sect. 4.7 are the tables of the first type.

In order to obtain an inequality based on the filled cell in row I and in column J
from the table of the first type, one can take the relative volume in the zero row and
column J and put it before the condition in the cell 1J. For example, the inequality
based on the cell 3, 3 in Table 4.3 could be written as follows:
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eration lies, table of the first type

A. V. Favorskaya

No 141 %)

1 >0 >0
2 >0 -

3 - >0
4

Table 4.8 Logical expressions being true if the point under consideration lies into the different

small tetrahedron, table of the second type

No V] € vy €
1 0, 1] ©, 1]
2 O, 1] [—1,0]
3 [—1,0] 0, 1]
4 [—1,0] [—1,0]

Table 4.9 The vertices C’, D’ of the different small tetrahedrons and the formulae for relative
volumes corresponding the appropriate vertices A’, B’ of the different small tetrahedrons for N = 2,

table of the sixth type
No Axis no Small C’ D Var Vg
tetrahedron
no
5 1 1 1100 1010 1 —2vy 2vp
2 1100 0101 2ve 1 —2vp
3 0011 1010 2vp 1—2v¢
4 0011 0101 1—2vp 2v4
2 1 1100 0110 1 —2vp 2vp
2 1100 1001 2ve 1—2v4
3 0011 0110 2v4 1 —2vc
4 0011 1001 1—2vp 2vp
3 1 0110 1010 1 —2vc 2vp
2 0110 0101 2v4 1—2vp
3 1001 1010 2vp 1 —2vy
4 1001 0101 1—-2vp 2ve

Table 4.10 Formulae for relative volumes corresponding the appropriate vertices C’, D’ of the
different small tetrahedrons, table of the fourth type

Small tetrahedron no

ve Vo
1 1 V2
2 V1 )
3 -V Vv
4 —v1 —V2
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Table 4.13 The vertices of the small tetrahedrons for N = 3, table of the third type

No A B c D’ No A B c’ D’

1 3000 2100 2010 2001 7 1011 0111 0021 0012
2 1200 0300 0210 0201 8 2001 1101 1011 1002
3 1020 0120 0030 0021 9 2010 1110 1020 1011
4 1002 0102 0012 0003 10 1101 0201 0111 0102
5 2100 1200 1110 1101 15 0111 1011 1101 1110
6 1110 0210 0120 0111

2ve > 1. 4.2)

In order to obtain a logical expression based on the row [ in the table of first type,
one can write the conjunction of all inequalities based on the cells in this row. For
example, the logical expression based on the row 9 from Table 4.25 can be written
as follows:

(Bva > 1) A (Svg > 3). 4.3)

Tables of the second type contain the logical expressions being true if the point
under consideration is into the small tetrahedron or into the octahedron with number
in the zero column. Tables 4.4 and 4.8 in Sect. 4.4, Table 4.12 in Sect. 4.5, Table 4.19
in Sect. 4.6, and Table 4.26 in Sect. 4.7 are the tables of the second type.

In order to obtain a logical expression based on the cell in row / and in column J
from the table of the second type, one can take the relative volume in the zero row
and column J and put it before the segment in the cell 1J. For example, the logical
expression based on the cell 2, 4 in Table 4.4 can be written as follows:

2vp €10, 1]. 4.4

In order to obtain a logical expression based on the row [ in the table of the second
type, one can write the conjunction of all logical expression based on the cells in this
row I. For example, the logical expression based on the row 3 in Table 4.4 can be
written as follows:

2va € [0, 1D A 2vp € [0, 1) A 2ve € (1,2]) A 2vp € [0, 1]). 4.5)

Tables of the third type contain the reference points corresponding to the vertices of
the small tetrahedrons or the octahedrons. Tables 4.1 and 4.2 in Sect. 4.4, Tables 4.13
and 4.14 in Sect. 4.5, Tables 4.20 and 4.21 in Sect. 4.6, and Tables 4.27 and 4.28 in
Sect. 4.7 are the tables of the third type.

Tables of the fourth type contain the formulae for relative volumes corresponding
to the appropriate vertices of the small tetrahedrons. Tables 4.5 and 4.10 in Sect. 4.4,
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Table 4.15 Formulae for relative volumes corresponding the appropriate vertices of the small
tetrahedrons for N = 3, table of the fourth type

No Var vy Ve vy No V! vy Ve Vo

1 3va —2 | 3vp 3ve 3vp 3va 3vp 3ve—1|3vp—1
2 3va 3vg—2|3vc 3vp 8 3va —1|3v 3ve 3vp—1
3 3va 3vp 3ve—2|3vp 9 3va —1|3vp 3ve—1|3vp

4 3vy 3vp 3ve 3vp—2110 3vy 3vg—1|3vc 3vp —1
5 3va—1|3vg—1|3vc 3vp 15 1—=3vs |1 —=3vg|1—=3vc|1-3vp
6 3va 3vg—1|3vc—1|3vp

Table 4.16 Axis points for each of 3 ways to draw them for all of the octahedrons and corresponding
expressions for v and v, for N = 3, table of the fifth type

No |Axis |[A’ B’ Vi V)
no

11 1 1110 {2001 | Bvg +3vg —3ve — 3vp — 1)/2 | Bva +3ve — 3vg — 3vp — 1)/2
2 2010 | 1101 | (3va +3vp —3ve —3vp — /2 | Bvg +3ve — 3vp — 3va + 1)2
3 2100 | 1011 | Bvg+3ve —3vp —3va + 1)/2 | Bva +3ve — 3vg — 3vp — D2

12 1 0210 | 1101 | (3va +3vg —3ve — 3vp — 1)/2 | (Bva +3ve — 3vg — 3vp + 1)/2
2 1110 [ 0201 | (Bva +3vg —3ve —3vp — 1)/2 | Bvg +3ve — 3vp — 3vg — 12
3 1200 (0111 | (Bvg +3ve —3vp — 3va — 1)/2 | Bva +3ve — 3vg — 3vp + 1)/2

13 1 0120 (1011 | (3va +3vp —3ve —3vp + 1)/2 | Bva +3ve — 3vg — 3vp — 1)/2
2 1020 | 0111 | (Bva +3vg —3ve —3vp + 1)/2 | Bvg +3ve — 3vp — 3va — 1)/2
3 1110 | 0021 | (Bvg +3ve —3vp —3va — /2 | (Bva +3ve — 3vg — 3vp — 1)/2

14 1 0111 1002 | (3va +3veg —3vec —3vp + 1)/2 | (Bva +3ve — 3vg — 3vp + 1)/2
2 1011 | 0102 | (Bva +3vg —3ve —3vp + 1)/2 | Bvg +3ve — 3vp — 3va + 1)/2
3 1101 | 0012 | (Bvg +3ve —3vp — 3va + 1)/2 | Bva +3ve — 3vg — 3vp + 1)/2

Table 4.15 in Sect. 4.5, Table 4.22 in Sect. 4.6, and Table 4.29 in Sect. 4.7 are the
tables of the fourth type.

Tables of the fifth type contain the axis points for each of 3 ways to draw them
for all of the octahedrons and corresponding to expressions for v; and v, defined to
diminish the amount of calculation. Table 4.6 in Sect. 4.4, Table 4.16 in Sect. 4.5,
Table 4.23 in Sect. 4.6, and Table 4.30 in Sect. 4.7 are the tables of the fifth type.
Note that a number of the ways for drawing the axis is called the axis number.

The sixth type is composed of the third and the fourth ones. Table 4.9 in Sect. 4.4,
Table 4.17 in Sect. 4.5, Table 4.24 in Sect. 4.6, and Table 4.31 in Sect. 4.7 are the
tables of the sixth type.

Note that the 4 different small tetrahedrons lied into one octahedron always have
the vertices A’ and B’ from the corresponding table of the fifth type and coincides
with the axis points. Other two vertices C’ and D’ can be found in appropriate line
in the corresponding table of sixth type. For example, the vertices of third different
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Table 4.17 The vertices C’, D’ of the different small tetrahedrons and the formulae for relative
volumes corresponding the appropriate vertices A’, B’ of the different small tetrahedrons for N = 3,

table of the sixth type
No Axis no Small (o4 D' var vg
tetrahedron
no
11 1 1 2100 2010 2 —3vy 3vp
2 2100 1101 3ve 1 —3vp
3 1011 2010 3vp 1—-3vc
4 1011 1101 1-3vp 3vqg — 1
2 1 2100 1110 1 —3vp 3vp
2 2100 2001 3ve 2 —3vy
3 1011 1110 3vg — 1 1 —3vc
4 1011 2001 1—-3vp 3vp
3 1 1110 2010 1 —-3vc 3vp
2 1110 1101 vy — 1 1—-3vp
3 2001 2010 3vp 2 —3va
4 2001 1101 1-3vp 3ve
12 1 1 1200 1110 1 —3vy 3vp
2 1200 0201 3ve 2 —3vp
3 0111 1110 3vp — 1 1-3vc
4 0111 0201 1-3vp 3va
2 1 1200 0210 2 —3vp 3vp
2 1200 1101 3ve 1 —3vy
3 0111 0210 3va 1-3vc
4 0111 1101 1-3vp 3vg — 1
3 1 0210 1110 1 —-3vc 3vp
2 0210 0201 3va 2 —3vp
3 1101 1110 3vg — 1 1 —3vy
4 1101 0201 1—3vp 3ve
13 1 1 1110 1020 1 —3vy 3vp
2 1110 0111 3ve — 1 1—-3vp
3 0021 1020 3vp 2 —3vc
4 0021 0111 1—3wp |3
2 1 1110 0120 1 —3vp 3vp
2 1110 1011 3ve — 1 1—3vy
3 0021 0120 3va 2 —3vc
4 0021 1011 1-3vp 3vp
3 1 0120 1020 2 —3vc 3vp
2 0120 0111 3va 1 —3vp
3 1011 1020 3vp 1—3vy
4 1011 0111 1-3vp 3ve — 1

(continued)
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Table 4.17 (continued)

No Axis no Small C’ D’ Var vy
tetrahedron
no
14 1 1 1101 1011 1 — 3w, 3vp — 1
2 1101 0102 3ve 1 —3vp
3 0012 1011 3vp 1 —3vc
4 0012 0102 2 —3vp 3v4
2 1 1101 0111 1 —3vg 3vp — 1
2 1101 1002 3ve 1 —3vy
3 0012 0111 3va 1 —3v¢c
4 0012 1002 2 —3vp 3vp
3 1 0111 1011 1 —-3vc 3vp — 1
2 0111 0102 3va 1—-3vp
3 1002 1011 3vp 1 —3vy
4 1002 0102 2 —3vp 3ve

small tetrahedron into the octahedron with number 18 for N =5 and the second way
for drawing the axis are 1310, 0401, 0311, and 0410.

Note that the formulae for the relative volumes for the vertices C" and D’ of all of
the 4 different small tetrahedrons are always given in the Table 4.10 in Sect. 4.4. The
relative volumes for the vertices A’ and B’ are given in the appropriate table of the
sixth type. For example, the relative volumes of the third different small tetrahedron
into the octahedron with the number 18 for N = 5 and the second way for drawing
the axis are given by Eqs. 4.6-4.9.

vy = 5va 4.6)
vg =1 —=5v¢ “4.7)
Vo = —Vi 4.8)
Vp = Vo 4.9)

Note that only the values Nv4, Nvg, Nv¢, and Nvp are used in all types of tables.

4.4 Tables and Algorithms for N =2

If all of the logical expressions corresponding to the rows 1,2, ..., I — 1 in Table 4.3
are false and the logical expression corresponding to the row / in Table 4.3 is true, then
the logical expression corresponding to the row I in Table 4.4 is true and, therefore,
the point under consideration lies into the small tetrahedron I with vertices given in
Table 4.1 or into the octahedron / with the vertices given in Table 4.2. If it is the
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Table 4.23 Axis points for each of 3 ways to draw it for all of the octahedrons and corresponding
expressions for vi and v, for N = 4, table of the fifth type

No |Axis |A’ B v V2
no
17 |1 2110 | 3001 |(4vg +4vpg —4ve —4dvp — 2)/12 | (4vg + dve — dvg — dvp — 2)12
2 3010 | 2101 | (4va +4vg —4ve —dvp — 2)/2 | (dvp +4dve — dvp — dvg +2)/2
3 3100 |2011 | (4vp +4ve —4dvp —4va +2)/2 | (4vg +4ve — dvpg — dvp — 2)/2
18 |1 0310 | 1201 | (4va +4vg — dve — dvp — 2)/2 | (4vg +4ve — dvg — 4vp + 2)12
2 1210 | 0301 | (4vq +4vp — dve —4dvp — 2)12 | (dvp +4ve — dvp — dvy — 2)12
3 1300 | 0211 |(4vp +4ve —4vp —dvg — 2)/12 | (4va +4ve — dvpg — dvp +2)/2
19 |1 0130 | 1021 | (4vg +4vp —4ve —4vp +2)/2 | (4va +4ve — 4vp — dvp — 2)/2
2 1030 | 0121 |(4va +4vp —dve —dvp +2)/12 | (4vp +4ve — dvp — dva — 2)/2
3 1120 | 0031 | (4vp +4ve —4vp — dva — 2)/2 | (4va +4dve — 4vpg — dvp — 2)12
20 |1 0112 | 1003 | (4vq +4vg —dve —dvp +2)/12 | (4va +4ve — 4vpg — dvp + 2)/2
2 1012 | 0103 | (4va +4vp —4ve —dvp +2)12 | (dvp +4ve — dvp — dvga +2)/2
3 1102 | 0013 | (4vp +4ve —4vp —dva +2)/12 | (4va +4ve — dvg — dvp + 2)/2
25 |1 1210 | 2101 | (4va +4vp —dve — dvp — 2)/2 | (4vg + dve — 4vp — 4vp)/2
2 2110 | 1201 |(4va +4vp —dve —dvp — 2)12 | (4vp +dve — dvp — 4vy)/2
3 2200 | 1111 | (4vp +4dve — 4vp — 4va)/2 (4va +dve — 4vp — dvp)I2
26 |1 0220 | 1111 | (4vq +4vpg — dve — dvp)/2 (4vp +dve — dvg — 4vp)I2
2 1120 | 0211 | (4va + 4dvg — dve — dvp)/2 (4vp +4ve —4vp — dvg — 2)12
3 1210 | 0121 |(4vp +4ve —4vp —dvg — )12 | (4vg +4ve — dvp — 4vp)/2
27 |1 0121 | 1012 | (4va +4vg —dve —dvp +2)/2 | (4vg +4ve — 4vg — 4vp)/2
2 1021 | 0112 | (4vpa +4vp — 4ve — dvp +2)/12 | (dvg +dve — dvp — 4vy)/2
3 1111 | 0022 | (4vg +4ve — 4vp — 4va)/2 (4va +dve — 4vg — dvp)I2
28 |1 1111 | 2002 | (4va +4vg — dve — dvp)/2 (4vg +4dve — dvg — 4vp)I2
2 2011 | 1102 | (4vg +4vp — dve — 4vp)/2 (dvp +4dve —dvp —dvg +2)12
3 2101 | 1012 | (4vp +4ve — 4dvp — 4va +2)/12 | (4va + dve — 4vp — dvp)/2
29 |1 1120 | 2011 |(4va +4vpg — dve — dvp)/2 (4vg +dve — dvp — dvp — 2)12
2 2020 | 1111 | (4vg +dvp — 4ve — dvp)/2 (4vp +4dve — dvp — 4dva)l2
3 2110 | 1021 | (4vg +4ve — 4vp — 4va)/2 (4vg +dve — dvg — dvp — 2)12
30 |1 0211 | 1102 | (4vs +4vp — dve — 4vp)/2 (4va +4ve — 4vg — dvp +2)/2
2 1111 | 0202 | (4va +4vpg — dve — dvp)/2 (4vp +4ve — dvp — 4vy)I2
3 1201 | 0112 | (4vp +4ve — 4vp — 4va)/2 (4va +4ve — 4vg — dvp +2)/2

tetrahedron I, one can find the relative volumes for its vertices in Table 4.5. If it is the
octahedron /, one of 3 ways for drawing the axis into it should be chosen. Then one
can calculate the appropriate v; and v, using the suitable formulae given in Table 4.6.
One can use the Table 4.7 to find a number of the different small tetrahedron into this
octahedron /. If all of the logical expressions corresponding to the rows 1, ...,J — 1
in Table 4.7 are false and the logical expression corresponding the row J in Table 4.7
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Table 4.24 The vertices C’, D’ of the different small tetrahedrons and the formulae for relative
volumes corresponding the appropriate vertices A’, B’ of the different small tetrahedrons for N = 4,

table of the sixth type
No Axis no Small (o4 D' var vg
tetrahedron
no
17 1 1 3100 3010 3 — 4y 4vp
2 3100 2101 dve 1 —4vp
3 2011 3010 4vp 1 —4ve
4 2011 2101 1 —4vp 4vg —2
2 1 3100 2110 1 —4vp 4vp
2 3100 3001 4ve 3 —4vy
3 2011 2110 4vg —2 1 —4ve
4 2011 3001 1 —4vp 4vp
3 1 2110 3010 1 —4ve 4vp
2 2110 2101 4vpg —2 1—4vp
3 3001 3010 4vp 3 —4vy
4 3001 2101 1 —4vp 4ve
18 1 1 1300 1210 1 —4dvy 4vp
2 1300 0301 4ve 3 —4vp
3 0211 1210 4vp —2 1 —4ve
4 0211 0301 1 —4vp 4vy
2 1 1300 0310 3 —4dvp 4vp
2 1300 1201 4ve 1 —4vy
3 0211 0310 4vp 1 —4ve
4 0211 1201 1 —4vp 4vp —2
3 1 0310 1210 1 —4ve 4vp
2 0310 0301 4vp 3 —4vp
3 1201 1210 4vp —2 1 —4vy
4 1201 0301 1 —4vp 4ve
19 1 1 1120 1030 1 —4vy 4vp
2 1120 0121 4ve —2 1—4vp
3 0031 1030 4vp 3 —4ve
4 0031 0121 1—dvp | 4w,
2 1 1120 0130 1 —4vp 4vp
2 1120 1021 4ve —2 1—4vy
3 0031 0130 4vp 3 —4dve
4 0031 1021 1 —4vp 4vp
3 1 0130 1030 3 —4dve 4vp

(continued)
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Table 4.24 (continued)

95

No Axis no Small c’ D vy vy
tetrahedron
no
2 0130 0121 4vy 1—4vp
3 1021 1030 4vp 1 —4vy
4 1021 0121 1 —4vp |dve—2
20 1 1 1102 1012 1 —4vy 4vp — 2
2 1102 0103 4ve 1 —4vp
3 0013 1012 4vp 1 —4ve
4 0013 0103 3—4vp 4vy
2 1 1102 0112 1 —4vp 4vp — 2
2 1102 1003 4ve 1 —4vy
3 0013 0112 4vp 1—4ve
4 0013 1003 3 —4vp 4vp
3 1 0112 1012 1 —dve |dvp—2
2 0112 0103 4va 1—4vp
3 1003 1012 4vp 1 —4vy
4 1003 0103 3—4vp 4ve
25 1 1 2200 2110 2 —4vy 4vp
2 2200 1201 4ve 2 —4vp
3 1111 2110 4vp — 1 1—4vc
4 1111 1201 1 —4vp 4vp — 1
2 1 2200 1210 2 —4vp 4vp
2 2200 2101 4ve 2 —4vy
3 1111 1210 4vp — 1 1 —4vc
4 1111 2101 1 —4vp 4vp — 1
3 1 1210 2110 1 —4ve 4vp
2 1210 1201 4vp — 1 2 —4vp
3 2101 2110 4vp — 1 2 —4vy
4 2101 1201 1 —4vp 4ve
26 1 1 1210 1120 1 —4vy 4vp
2 1210 0211 4ve — 1 2 —4vp
3 0121 1120 4vp — 1 2 —4vc
4 0121 0211 1 —4vp 4vy
2 1 1210 0220 2 —4vp 4vp
2 1210 1111 4ve — 1 1 —4vy
3 0121 0220 4vp 2 — dve
4 0121 1111 1 —4vp 4vp — 1

(continued)
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No Axis no Small c’ D vy vy
tetrahedron
no
3 1 0220 1120 2 —4vc 4vp
2 0220 0211 4va 2 —4vp
3 1111 1120 dvg — 1 1 — 4wy
4 1111 0211 1 —4vp 4ve —1
27 1 1 1111 1021 1 —4vyg 4vp — 1
2 1111 0112 4ve — 1 1—4vp
3 0022 1021 4vp 2 —4ve
4 0022 0112 2—dvp |4y
2 1 1111 0121 1 —4vp 4vp — 1
2 1111 1012 dve — 1 1 — 4wy
3 0022 0121 4va 2 —4vc
4 0022 1012 2 —dvp | 4vg
3 1 0121 1021 2 —4ve 4vp — 1
2 0121 0112 4vp 1 —4vp
3 1012 1021 4vp 1 —4vy
4 1012 0112 2 —4vp 4ve — 1
28 1 1 2101 2011 2 —4vy 4vp — 1
2 2101 1102 4ve 1 —4vp
3 1012 2011 dvg 1 — dve
4 1012 1102 2 —4vp 4vg — 1
2 1 2101 1111 1 —4vp 4vp — 1
2 2101 2002 4ve 2 —4vy
3 1012 1111 4vpg — 1 1 —4ve
4 1012 2002 2—v 4vp
3 1 1111 2011 1 —4vc 4vp — 1
2 1111 1102 4vp — 1 1—4vp
3 2002 2011 4vp 2 —4vy
4 2002 1102 2 —4vp 4ve
29 1 1 2200 2110 2 —4vy 4vp
2 2200 1201 4ve — 1 1 —4vp
3 1111 2110 4vp 2 —4vc
4 1111 1201 1 —4vp 4vg — 1
2 1 2110 1120 1 —4vp 4vp
2 2110 2011 4ve — 1 2 —4vy
3 1021 1120 4vp — 1 2 —4vc

(continued)
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Table 4.24 (continued)

No Axis no Small C’ D’ Var vy

tetrahedron
no
4 1021 2011 1 —4vp 4vp

3 1 1120 2020 2 —4dve 4vp
2 1120 1111 4vy — 1 1 —4vp
3 2011 2020 4vp 2 —4vy
4 2011 1111 1—4vp 4ve — 1

30 1 1 1201 1111 1 —4dvy 4vp — 1

2 1201 0202 4ve 2 —4vp
3 0112 1111 4vp — 1 1 —4ve
4 0112 0202 2 —4vp 4vy

2 1 1201 0211 2—dvg  |dvp—1
2 1201 1102 dve 1 —4vy
3 0112 0211 4vp 1 — dve
4 0112 1102 2 —4vp 4vp — 1

3 1 0211 1111 L —dve |dvp—1
2 0211 0202 4vy 2 —4vp
3 1102 1111 4vp — 1 1 —4vy
4 1102 0202 2 —4vp 4ve

is true, then the logical expression corresponding the row J in Table 4.8 is true and,
therefore, the point under consideration lies into the different small tetrahedron with
the number J. One can find its vertices in Tables 4.6 and 4.9 and corresponding
relative volumes in Tables 4.9 and 4.10.

For example, I =2. If

2va =D A Qvp > 1), (4.10)

then
2va € [0, 1D A Qv € (1,2]) A Rvc € [0, 1]) A 2vp € [0, 1]) (4.11)
and, therefore, the point under consideration lies into the small tetrahedron with the

number 2 and vertices 1100, 0200, 0110, and 0101. The result of piecewise linear
interpolation can be determined using Eq. 4.12.

M(F) =2vy (7)M1 100 + (2\/3 (7) - 1)“0200 + 2v¢ (7>M01 10+ 2vp (?>M0101
4.12)
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Table 4.25 Inequalities for finding the small tetrahedron or the octahedron, in which the point
under consideration lies for N = 5, table of the first type

No Sva Svp Sve S5vp No Sva Svp Sve S5vp
1 >4 — — — 34 >1 >2 — >1
2 — >4 — — 35 >1 >1 - >2
3 — - >4 — 36 >2 - >1 >1
4 — - - >4 37 >1 - >2 >1
5 >3 >1 — — 38 >1 - >1 >2
6 — >3 >1 - 39 >2 >1 - -
7 — - >3 >1 40 — >2 >1 —
8 >1 - — >3 41 — - >2 >1
9 >1 >3 — — 42 >1 — — >2

10 — >1 >3 — 43 >1 >2 — —

11 - - >1 >3 44 - >1 >2 -

12 >3 - - >1 45 — - >1 >2

13 >3 - >1 - 46 >2 - - >1

14 — >3 — >1 47 >2 - >1 —

15 >1 - >3 — 48 — >2 - >1

16 — >1 — >3 49 >1 - >2 —

17 >3 - — — 50 — >1 — >2

18 — >3 - — 51 >2 - - -

19 — - >3 — 52 — >2 - —

20 - - - >3 53 - - >2 -

21 >2 >2 - - 54 - - — >2

22 — >2 >2 - 55 - - <1 <1

23 - - >2 >2 56 <1 - - <1

24 >2 - - >2 57 <1 <1 - —

25 >2 - >2 — 58 — <1 <1 —

26 — >2 — >2 59 — <1 — <1

27 >2 >1 >1 - 60 <1 - <1 -

28 >1 >2 >1 - 61 <1 - - -

29 >1 >1 >2 — 62 — <1 — —

30 — >2 >1 >1 63 — - <1 -

31 — >1 >2 >1 64 — — — <1

32 — >1 >1 >2 65 — — — —

33 >2 >1 — >1

4.5 Tables and Algorithms for N =3

Consider degree N = 3. 11 smaller tetrahedrons and 4 octahedrons are. If all of the
logical expressions corresponding to the rows 1, 2, ..., I — 1 in Table 4.11 are false
and the logical expression corresponding to the row I in Table 4.11 is true, then the



99

4 Piecewise Linear Interpolation on Unstructured Tetrahedral Grids

(panunuoo)
[1 ‘0l [1 ‘0l [1 ‘0l €D I5Y [1 ‘0l [1 ‘ol [+ °¢) [1 ‘ol 81
€D [1 0] [z [1 0] 0S (10l [1“0l [1 0l [t “€) Ll
[1 ol €D [1 ‘ol [cD 67 ¥ O (1 ol D (1ol 91
2D [1 ‘0l €D [1 ‘ol 14 [1 ‘0l [+ ‘©) [1 ‘0] [2D SI
[1 0l [z [1 0l [€ D) LY (2D [1“0l [¥ ‘¢ [1“0] 14!
2D [1 ‘0] [1 0l €D i4 [1 ‘0l [zD [1 ‘0l [t ‘©) €l
€D [zD [1 ‘0] [1°0] Sy (D [1 0] (1 ‘ol ¥ *¢) 4!
[1 ‘0l €D 2D [1°0] 44 [¥‘©) [zD [1 ‘0l [1 0] 11
[1 ‘0l [1 ‘ol €D [zD 1974 [1 ‘0] [+ °©) [cD [1 ‘0l 01
€D [1 0] [1 ‘0l [zD [4% (1 ‘0l [1 0] [¥‘©) [zD 6
[T'D [€D) [1 0l [1 0] 184 [¥ “€) [1“0l [1 0l [z 8
[1 0l [2D €D [1 0] oy 2D [+ ‘©) [1 ‘0l [T “0] L
[1 ‘0l [1°0] [cD €D 6¢ (1 ‘0l [cD v ©) (1ol 9
€D [2D [1 ‘0l [2D 8¢ [1 ‘0l [1 ‘ol 2D [t ‘©) S
2D [eD [1 ‘0l [z LE [S D) [1*0l (10l [1*0] 14
[cD [zD [1 ‘0l €D 9¢ (1 ‘0l [Sv) (1 ‘0l [1°0] €
€D [1°0] [cD [zD 43 (1 ‘0l [1 0] (S v [1 0] 4
2D [1 ‘0l €D [2D 143 [1 ‘0l [1 ‘ol [1 ‘0] [sp) 1
> dag 3 Jag > dag > Vag ON > dag > J4ag > dag > Vag ON
2d(

puodas ayj Jo 21qvy ‘G = N 10J UOIPAYEIO0 A} 0JUT JO UOIPIYEIIQ) [[BUIS dY) OJUTI SII| UOTIRIOPISU0d Jopun jutod oy J1 ony Sureq suorssaidxa [e01S0T 97°p dqeL



A. V. Favorskaya

100

D [1 ol [cD €D 33
[z1] [z°1] [z 1] [z°1] S9 €D [cD [cD [1 0l [43
(1ol 1] [c°1] 1] 9 D e D (1ol 1€
[z1] (10l [z1] [z°1] €9 [cD [zD €D [1 0l 0¢
[c°1] 1] (1ol 1] 29 (1 0l D D [cD 6T
[z1] [z°1] [z1] (1ol 19 (1 ‘0l [cD €D [zD 8¢
[c°1] (1ol [z°1] (10l 09 (1 0l [cD D €D LT
(10l [z°1] (1ol [z°1] 6S €D [1 0l €D [1 0l 9¢
[c°1] (10l (10l 1] 8¢S (1 0l D (1 ol D Y4
[c°1] [z°1] (10l (1 0] LS €D (1 0l (1 ol €D vT
(10l [z°1] [z1] (10l 9¢ €D €D (1 ‘ol [1 0] €C
(1 ‘0l (10l [z1] [z°1] SS (10l D €D [1 -0l C
€D [1°0] (1 ol [1 0] S (1 0l (10l €D €D 1T
(10l €D [1°0l [1 0] (39 ¥ ‘©) [1 0l (1 ‘0l [1 0] 0¢
(10l [1°0l [cD [1 0l (%S (10l v © (10l [1°0l 61
3 dag 3 Jag 3 dag 3 Vag ON > dag > 246 > dag > Vag ON

(PonUNUOd) 97°p QL



101

4 Piecewise Linear Interpolation on Unstructured Tetrahedral Grids

LT1¢C 0cIc 01¢c 011¢ LT
418! 1Tl [RK4! I11¢ <9 €020 Cleo 00 0¢Cl 9¢
Let [{\q! 411! 120 09 120¢ 0€0¢ 0CI¢ 020¢ S¢
0CIc 111¢ 120¢ 1211 6S £00C (4144 01¢ 200¢ ¥C
I11c 01¢C Cl0¢ 443! 8¢ €200 €00 Clo <0l €C
[X41! 454! <0l cClo LS 1220 0€C0 02€0 0ccl C
0cel 11¢H (41! 1220 9¢ 10¢¢ 0lce 00€¢ 00ce 1
0lce 10¢¢ I11c 11¢H 59 010 14814 €020 €011 91
411! €011 €101 €110 ¥S 1€01 0r01 0cll 0€0T Sl
0cI1 1Tl 1€01 1€10 €S 20€0 [1€0 10¥0 10¢1 4!
oret 10€1 Let 11€0 [43 110€ 020¢ Ol1¢ 010% !
0r1e 101¢€ 110€ 111¢ IS 200¢ 110€ 101¢ 100v Cl
€101 0l 413! (414 8¢ 100 £200 €110 €101 I
<0l 1€01 41! 10T LE 1€10 orio 0€20 0¢IT 0l
(41014 10T I11c 110€ 9¢ 10¢1 0I¢t 00¥1 00€T 6
€011 443! 0l 0l1¢c 33 001 €101 €011 £00¢ 8
9! 314! 10¢1 10CC 143 €00 1700 I€10 1€01 L
01¢ I11¢ 10CT 101¢ €€ 11€0 02e0 01+0 0r¢tr 9
€ro Cl0 [440) 484! [43 101¢ 0r1e 00¢E 001v S
Cl0 1€10 1220 [141! I S000 100 010 Y001 4
[41y40) 1220 11€0 11¢H 0¢ 1700 0500 0r10 0101 €
111 0¢ll 0ccl 0Clc 6¢ 10%0 01¥0 0050 00¥1 [4
Lel ocel oret 01¢e 8¢ 100¥% 010¥ 001+ 000s !
a o) A N4 ON Aa e A n4 ON

adqy parys ay1 Jo 21qp1 ‘G = N 10J SUOIPIYLII3] [[BWIS S} JO SIONIA YL, LT'b dqeL



102 A. V. Favorskaya

Table 4.28 The vertices of

No A B’ c’ D' E' F

the octahedrons for N = 5,

table of the third type 17 4100 3110 3011 4001 4010 3101
18 1400 |0410 0311 1301 1310 | 0401
19 1130 |[0140 | 0041 1031 1040 | 0131
20 1103 0113 0014 1004 1013 0104
39 3200 2210 2111 3101 3110 |2201
40 1310 {0320 |0221 1211 1220 | 0311
41 1121 0131 0032 1022 1031 0122

42 2102 1112 1013|2003 |2012 1103
43 2300 1310 1211 2201 2210 1301

44 1220 | 0230 |0131 1121 1130 | 0221
45 1112|0122 | 0023 1013 1022|0113
46 3101 2111 2012|3002 | 3011 2102
47 3110 |2120 | 2021 3011 3020 | 2111
48 1301 0311 0212 1202 1211 0302
49 2120 1130 1031 2021 2030 1121
50 1202|0212 |0113 1103 1112 0203
61 1211 0221 0122 1112 1121 0212

62 2111 1121 1022|2012 | 2021 1112
63 2201 1211 1112|2102 | 2111 1202
64 2210 1220 1121 2111 2120 1211

logical expression corresponding to the row / in Table 4.12 is true and, therefore,
the point under consideration lies into the small tetrahedron / with vertices given
in Table 4.13 or into the octahedron / with the vertices given in Table 4.14. If it is
the tetrahedron /, one can find the relative volumes for its vertices in Table 4.15. If
it is the octahedron I, one of 3 ways for drawing the axis into it should be chosen.
Then one can calculate the appropriate v and v, using the suitable formulae given in
Table 4.16. One can use the Table 4.7 in Sect. 4.4 to find a number of different small
tetrahedron into this octahedron /. If all of the logical expressions corresponding to
the rows 1, ..., J — 1 in Table 4.7 are false and the logical expression corresponding
to the row J in Table 4.7 is true, then the logical expression corresponding to the
row J in Table 4.8 in Sect. 4.4 is true and, therefore, the point under consideration
lies into different small tetrahedron with the number J. One can find its vertices in
Tables 4.16 and 4.17 and corresponding relative volumes in Table 4.10 in Sect. 4.4
and in Table 4.17.

For example, I = 11. If all of the logical expressions corresponding to the rows 1,
2,3,4,5,6,7,8,9,and 10 in Table 4.11 are false and

3va > 1, 4.13)

then



103

4 Piecewise Linear Interpolation on Unstructured Tetrahedral Grids

dag [ — 245 [ — dag T — Vag LT
[ — dag [ — 246 [ — dag [ —Vag <9 7 — dag a6 ¢ — dag vag 9¢
dag — ¢ 246 — 1 dag — ¢ vag —1 09 dag T — 246 dag ¢ —Vag ST
aag —1 246 — ¢ dag — 1 vag —¢ 6S ¢ — dag ag dag T — Vag ¥C
dag —¢ 246 — T dag — | vag —¢ 8¢S ¢ — dag 7 — d4g dag vag €C
dag — ¢ 246 — ¢ dag — 1 vag —1 LS dag T — J4g ¢ —dag vag (44
dag — 1 246 — ¢ dag — ¢ Vag — 1 9¢ dag 246 7 —dag 7 —Vag 1C
dag — 1 246 — 1 dag —¢ vag —¢ Y ¢ — dag 2ag [ — dag vag 91
dag — ¢ 246 — | dag — 1 vag —1 123 dag € — 24g dag [ — Vag Sl
dag — 1 246 — ¢ dag — 1 Vag — 1 39 [ — dag a6 ¢ — dag vag 14!
dag —1 246 — 1 dag — ¢ vag — 1 49 dag [ — 245 dag € — Vag €l
dag — 1 246 — | dag — | vag — ¢ 1S [ — dag a6 dag ¢ — Vag Cl
¢ — dag [ — J4g dag [ — Vag 8¢ ¢ — dag [ — 24g dag vag I
[ — dag T — 246 dag [ —Vag LE dag € — 24g [ — dag vag 01
[ — dag [ —24g dag T — Vag 9¢ dag dag ¢ — dag [ — Vag 6
¢ — dag 24g 1 —dag [ — Vag S¢ ¢ — dag a6 dag [ — Vag 8
[ — dag 24g 7 — dag 1 —Vag 143 [ — dag € — 24g dag vag L
[ — dag 2ag [ — dag T — Vag €€ dag [ — 248 ¢ — dag vag 9
7 — dag [ — 246 [ — 4ag vag [43 dag 246 [ — dag ¢ — Vag S
1 — dag T — 246 1 —dag vag 1£3 ¥ — dag 246 dag vag ¥
[ — dag [ —24g ¢ — dag vag 0¢ dag ¥ — 248 dag vag €
dag T — 46 [ — dag [ —Vag 6¢ dag a6 ¥ — dag vag 4
dag [ — 24g ¢ —dag [ — Vag 8¢C dag 246 dag ¥ — Vag I
en o4 Aa Va ON Ada ors Aa Va ON

ad(q yanof oy Jo 2)q; ‘G = N 10} SUOIPAYEIID) [[EWS Ay} JO $ao1IaA djeridordde oy) Supuodsoriod SOWN[OA SANE[AI J0J QR[NUIO] 6T} qEL



104

A. V. Favorskaya

Table 4.30 Axis points for each of 3 ways to draw them for all of the octahedrons and corresponding
expressions for vi and v, for N =5, table of the fifth type

No |Axis |A’ B’ Vi V2
no
17 |1 3110 [ 4001 |(5v4 +5vp — Sve — Svp — 3)/2 | (S5v4 + 5ve — Svg — Svp — 3)12
2 4010 |3101 | (5v4 +5vg — 5ve — Svp — 3)/2 | (Svp + 5ve — 5vp — Sva + 3)12
3 4100 |3011 | (5vg +5ve — Svp — 5va +3)/2 | (5v4 + 5ve — 5vg — Svp — 3)12
18 |1 0410 | 1301 | (5v4 + 5vg — 5ve — 5vp — 3)/2 | (5v4 + Sve — 5vg — Svp + 3)12
2 1310 | 0401 | (5v4 +5vg — Sve — 5vp — 3)/2 | (Svg + Sve — Svp — 5v4 — 3)/2
3 1400 | 0311 | (5vg +5ve — S5vp — 5va — 3)/2 | (5v4 + 5ve — Svg — Svp +3)/2
19 |1 0140 | 1031 | (5v4 +5vg — 5ve — 5vp +3)/2 | (5v4 + 5ve — 5vg — Svp — 3)12
2 1040 | 0131 | (5va +5vg — Sve — 5vp +3)/12 | (5vg + 5ve — Svp — 5v4 — 3)2
3 1130 | 0041 | (5vp +5vec — Svp — 5va — 3)/2 | (5va + 5ve — Svg — S5vp — 3)12
20 |1 0113 | 1004 | (5v4 +5vp — 5ve — 5vp +3)/2 | (5v4 + 5ve — 5vg — Svp + 3)/2
2 1013 | 0104 | (5va +5vg — Sve — 5vp +3)12 | (5vp + 5ve — Svp — 5va4 +3)/2
3 1103 | 0014 | (5vp +5vc — Svp — 5va +3)/12 | (5va + Sve — Svp — Svp +3)/2
39 |1 2210 | 3101 | (5v4 +5vg — 5ve — S5vp — 3)/2 | (5v4 + 5ve — Svg — Svp — 12
2 3110 | 2201 | (5va +5vg — Sve — 5vp —3)/2 | (5vp + 5ve — Svp — 5va + /2
3 3200 | 2111 | (5vg +5ve —5vp —5va + 1)/2 | (5va + 5ve — Svg — 5vp — 12
40 |1 0320 | 1211 | (5v4 +5vg — 5ve — Svp — 1)/2 | (S5vg + Sve — 5vg — Svp + 1)/2
2 1220 | 0311 | (5va +5vg — Sve — 5vp — 1)/2 | (5vp + 5ve — Svp — 5v4 — 3)12
3 1310 | 0221 | (5vg +5vec — 5vp — 5va — 3)/2 | (5va + 5ve — Svg — S5vp + 1)/2
41 1 0131 [ 1022 | (5v4 +5vg — Sve — Svp +3)/2 | (5va + 5ve — Svg — Svp — 1)/2
2 1031 | 0122 | (5v4 +5vg — Sve — S5vp +3)/2 | (S5vg +5ve — Svp — Svqa — 12
3 1121 | 0032 | (5vg +5vec — 5vp — 5va — 1)/2 | (5va + 5ve — Svg — 5vp — 12
42 |1 1112 | 2003 | (5va +5vg — Sve — Svp + 1)/2 | (5v4 + 5ve — Svp — Svp + 1)/2
2 2012 | 1103 | (5vq +5vg — S5ve — Svp + 1)/12 | (5vp + 5ve — S5vp — Sva + 3)/2
3 2102 | 1013 | (5vg +5ve — 5vp — 5va +3)/2 | (5va + 5ve — Svg — 5vp + 1)/2
43 |1 1310 | 2201 | (5va +5vg — Sve — 5vp — 3)/2 | (5va + 5ve — Svg — 5vp + 1)/2
2 2210 | 1301 | (5v4 +5vp — S5ve — Svp — 3)/2 | (S5vg + 5ve — Svp — Svqg — D2
3 2300 | 1211 | (Svg +5ve — S5vp — 5va — 1)/2 | (5v4 + 5ve — Svg — Svp + 1)/2
44 |1 0230 | 1121 | (5v4 +5vg — 5ve — 5vp + 1)/2 | (5v4 + 5ve — 5vg — Svp — 1)/2
2 1130 | 0221 | (5v4 +5vg — Sve — 5vp + 1)/2 | (5vg + 5ve — Svp — 5v4 — 3)2
3 1220 | 0131 | (5vp +5vec — Svp — 5va — 3)/2 | (5va + Sve — Svp — S5vp — 1)/2
45 |1 0122 | 1013 | (5v4 +5vg — 5ve — 5vp +3)/2 | (5v4 + 5ve — 5vg — Svp + 1)/2
2 1022 | 0113 | (5va +5vg — Sve — 5vp +3)12 | (5vg + 5ve — Svp — 5va + /2
3 1112 10023 | (5vp +5vec — Svp — 5va + 1)/2 | (5va + 5ve — Svp — Svp + 1)/2

(continued)
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No |Axis |A’ B’ v vy
no
46 |1 2111 |3002 | (5va +5vp — Sve — Svp — 1)/12 | (5v4 + Sve — Svg — Svp — 1)/2
2 3011 | 2102 | (5va +5vg — Sve — 5vp — 1)/2 | (5vp + 5ve — Svp — 5va +3)/2
3 3101 2012 | (Svg +5ve — Svp — 5va +3)/2 | (5v4 + 5ve — Svg — Svp — D2
47 |1 2120 | 3011 | (5vq +5vg — 5ve — Svp — 1)/2 | (5v4 + 5ve — Svg — Svp — 3)/2
2 3020 | 2111 | (5v4 +5vg — Sve — 5vp — 1D/2 | (5vp + 5ve — Svp — 5va + 1)/2
3 3110 | 2021 | (5vg +5ve — 5vp —5va + 1)/2 | (5va + 5ve — Svg — 5vp — 3)12
48 |1 0311 | 1202 | (5v4 +5vg — S5ve — Svp — 1)/2 | (S5va + Sve — S5vg — Svp + 3)/2
2 1211 {0302 | (5vq +5vg — Sve — Svp — D2 | (Svp + 5ve — Svp — Svq — 1)/2
3 1301 | 0212 | (5vg +5vec — 5vp — 5va — 1)/2 | (5va + 5ve — Svg — 5vp +3)/2
49 |1 1130 | 2021 | (5v4 +5vp — Sve — Svp + 1)/2 | (5v4 + 5ve — Svg — Svp — 3)2
2 2030 | 1121 | (5v4 +5vg — S5ve — Svp + 1)/2 | (5vg + 5ve — Svp — Svqg — D2
3 2120 | 1031 | (5vg +5ve — 5vp — 5va — 1)/2 | (5va + 5ve — Svg — 5vp — 3)12
50 |1 0212 | 1103 | (5v4 +5vg — 5ve — 5vp + 1)/2 | (5v4 + 5ve — 5vg — Svp + 3)12
2 1112 0203 | (5v4 +5vg — Sve — S5vp + 1)/2 | (Svg + 5ve — Svp — 5va + 1)/2
3 1202 | 0113 | (Svg +5ve — Svp — Sva + 1)/2 | (5v4 + Sve — Svg — Svp +3)/2
61 |1 0221 1112 | (5v4 +5vg — 5ve — 5vp + 1)/2 | (5v4 + 5ve — 5vg — Svp + 1)/2
2 1121 | 0212 | (5va +5vp — S5ve — Svp + 1)/12 | (Svp + 5ve — Svp — Sva — 1)/2
3 1211 | 0122 | (S5vg +5ve — S5vp — 5va — 1)/2 | (5v4 + S5ve — Svg — Svp + 1)/2
62 |1 1121 | 2012 | (5va +5vg — Sve — 5vp + 1)/2 | (5v4 + 5ve — Svg — 5vp — 12
2 2021 | 1112 | (5va +5vg — Sve — 5vp + 1)/12 | (5vg + 5ve — Svp — 5va + 1D/2
3 2111 1022 | (Svg +5ve — S5vp — 5va + 1)/2 | (5v4 + 5ve — Svg — Svp — D2
63 |1 1211 {2102 | (5va +5vp — Sve — Svp — 1)/2 | (5v4 + Sve — Svg — Svp + 1)/2
2 2111 | 1202 | (5va + 5vg — Sve — 5vp — 1D/2 | (5vp + 5ve — Svp — 5va + 1)/2
3 2201 | 1112 | (Svg +5vec — Svp — Sva + 1)/2 | (5v4 + 5v¢ — 5vp — Svp + 1)/2
64 |1 1220 | 2111 | (5v4 +5vg — Sve — Svp — 1)/2 | (5v4 + 5ve — Svg — Svp — 12
2 2120 | 1211 | (5v4 +5vg — Sve — 5vp — 1)/2 | (5vp + 5ve — Svp — 5vq — 12
3 2210 | 1121 | (5vg +5ve — 5vp — 5va — 1)/2 | (5va + 5ve — Svg — 5vp — D2

Bva e (1,2D) ABvp €10, 1) A Bve € [0, 1) A Bvp € [0, 1])

(4.14)

and, therefore, the point under consideration lies into the octahedron with the number
11 and vertices 2100, 1110, 1011, 2001, 2010, and 1101. If the third way for drawing
the axis is chosen, one can calculate v; and v, using Egs. 4.15-4.16.

Vi

V) =

_3vB+3vC—3vD—3vA+1

2

_3VA+3VC—3VB—3VD—1

(4.15)

2

(4.16)
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Then if, for example,
vi >0 A(n>0), “4.17)
then the following logical expression is true
(v € (0, 1) A (v2 € (0, 1]), (4.18)

and, therefore, the point under consideration lies into the first different small tetra-
hedron 2100, 1011, 1110, 2010 and one can find the result of piecewise linear inter-
polation using Eq. 4.19.

u(?) = (1 —3ve <7>)u2100 +3vp (7>u1011 + v (7)141110 + VZ(F)I/QOIO 4.19)

4.6 Tables and Algorithms for N =4

Consider degree N = 4. 24 smaller tetrahedrons and 10 octahedrons are. If all of the
logical expressions corresponding to the rows 1, 2, ..., I — 1 in Table 4.18 are false
and the logical expression corresponding to the row / in Table 4.18 is true, then the
logical expression corresponding to the row / in Table 4.19 is true and, therefore,
the point under consideration lies into the small tetrahedron / with vertices given
in Table 4.20 or into the octahedron / with the vertices given in Table 4.21. If it is
the tetrahedron /, one can find the relative volumes for its vertices in Table 4.22. If
it is the octahedron I, one of 3 ways for drawing the axis into it should be chosen.
Then one can calculate the appropriate v; and v, using the suitable formulae given in
Table 4.23. One can use the Table 4.7 in Sect. 4.4 to find a number of different small
tetrahedron into this octahedron /. If all of the logical expressions corresponding to
the rows 1, ..., J — 1 in Table 4.7 are false and the logical expression corresponding
to the row J in Table 4.7 is true, then the logical expression corresponding to the
row J in Table 4.8 in Sect. 4.4 is true and, therefore, the point under consideration
lies into different small tetrahedron with the number J. One can find its vertices in
Tables 4.23 and 4.24 and corresponding relative volumes in Table 4.10 in Sect. 4.4
and in Table 4.24.

4.7 Tables and Algorithms for N =5

Consider degree N = 5. 45 smaller tetrahedrons and 20 octahedrons are. If all of the
logical expressions corresponding to therows 1,2, ..., I — 1 in Table 4.25 are false and
the logical expression corresponding to the row I in Table 4.25 is true, then the logical
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Table 4.31 The vertices C’, D’ of the different small tetrahedrons and the formulae for relative
volumes corresponding the appropriate vertices A’, B’ of the different small tetrahedrons for N = 5,
table of the sixth type

No Axis no Small (o4 D' var vg
tetrahedron
no
17 1 1 4100 4010 4 — Svy Svp
2 4100 3101 5v¢ 1—5vp
3 3011 4010 Svp 1 —5vc
4 3011 3101 1 —5vp Sva —3
2 1 4100 3110 1 —5vp 5vp
2 4100 4001 Sve 4 —5Svy
3 3011 3110 Svg =3 1 —5vc
4 3011 4001 1—5vp 5vp
3 1 3110 4010 1 —5vc 5vp
2 3110 3101 Svg =3 1 —5vp
3 4001 4010 5vp 4 — Svy
4 4001 3101 1—5vp Sve
18 1 1 1400 1310 1 —5vy Svp
2 1400 0401 Sve 4 — Svp
3 0311 1310 5vp =3 1 —5vc
4 0311 0401 1 —5vp 5v4
2 1 1400 0410 4 — 5Svp Svp
2 1400 1301 Sve 1—5v4
3 0311 0410 5v4 1 —5vc
4 0311 1301 1—5vp Svg—3
3 1 0410 1310 1 —5ve 5vp
2 0410 0401 5v4 4 — 5vp
3 1301 1310 Svg —3 1 —5va
4 1301 0401 1 —5vp Sve
19 1 1 1130 1040 1 —5vy 5vp
2 1130 0131 Sve =3 1 —5vp
3 0041 1040 Svp 4 —Svc
4 0041 0131 1 —5vp 5v4
2 1 1130 0140 1 —5vp 5vp
2 1130 1031 Sve =3 1 —5va
3 0041 0140 Sva 4 —Svc
4 0041 1031 1—5vp 5vp
3 1 0140 1040 4 —5Svc 5vp

(continued)
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No Axis no Small c’ D vy vy
tetrahedron
no
2 0140 0131 S5va 1—>5vp
3 1031 1040 Svp 1—5w4
4 1031 0131 1—5vp Sve — 3
20 1 1 1103 1013 1 —5v4 Svp — 3
2 1103 0104 Sve 1—5vp
3 0014 1013 5vp 1 —5ve
4 0014 0104 4 —5Svp Sva
2 1 1103 0113 1 —5vp Svp —3
2 1103 1004 Sve 1 —5vy
3 0014 0113 Sva 1->5vc
4 0014 1004 4 —5Svp Svp
3 1 0113 1013 1 —5vc Svp—3
2 0113 0104 S5va 1 —5vp
3 1004 1013 Svp 1—5v4
4 1004 0104 4 —5vp Sve
39 1 1 3200 3110 3—5m, 5vp
2 3200 2201 Sve 2 —5Svp
3 2111 3110 Svp—1 1 —5vc
4 2111 2201 1—5p | Svy—2
2 1 3200 2210 2 — Svp Svp
2 3200 3101 Sve 3 —5v4
3 2111 2210 Sva—2 |1 5vc
4 2111 3101 1—5vp Svp — 1
3 1 2210 3110 1 —>5vc Svp
2 2210 2201 Sva —2 2 —5Svp
3 3101 3110 S5vp —1 3—5m
4 3101 2201 1 —>5vp Sve
40 1 1 1310 1220 1 —5v4 Svp
2 1310 0311 Sve — 1 3 —5vp
3 0221 1220 Svp—2 2 —5Svc
4 0221 0311 1—>5vp Sva
2 1 1310 0320 3 —5vp 5vp
2 1310 1211 Sve —1 1 —5va
3 0221 0320 S5va 2 —5vc
4 0221 1211 1—5p | Svg—2

(continued)
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No Axis no Small c’ D vy vy
tetrahedron
no
3 1 0320 1220 2 —5v¢ 5vp
2 0320 0311 5va 3—5vp
3 1211 1220 Svp—2 1 —5va
4 1211 0311 1 —>5vp Sve — 1
41 1 1 1121 1031 1—5v | Swp—1
2 1121 0122 S5ve —2 1 —5vp
3 0032 1031 Svp 3 —5vc
4 0032 0122 2—5vp Sva
2 1 1121 0131 1—5p |Svp—1
2 1121 1022 Sve —2 1 —5va
3 0032 0131 5va 3—5vc
4 0032 1022 2 —5vp Svp
3 1 0131 1031 3 —5vc Svp — 1
2 0131 0122 S5va 1—5vp
3 1022 1031 5vp 1—5w4
4 1022 0122 2—5vp Sve =2
42 1 1 2102 2012 2 —5v4 Svp —2
2 2102 1103 Sve 1 —5vp
3 1013 2012 5vp 1—5vc
4 1013 1103 3—5vp Svqa — 1
2 1 2102 1112 1 —5vp Svp —2
2 2102 2003 Sve 2 — 5wy
3 1013 1112 Svg — 1 1 —5vc
4 1013 2003 3—5vp Svp
3 1 1112 2012 -5 | Swp—2
2 1112 1103 Svg — 1 1—5vp
3 2003 2012 Svp 2 —5v4
4 2003 1103 3—5vwp Sve
43 1 1 2300 2210 2 —5v4 S5vp
2 2300 1301 Sve 3 —5vp
3 1211 2210 Svp —2 1->5vc
4 1211 1301 1—5p | Sva—1
2 1 2300 1310 3 —5vp Svp
2 2300 2201 Sve 2 —5v4
3 1211 1310 Sva — 1 1—->5vc

(continued)
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No Axis no Small c’ D vy vy
tetrahedron
no
4 1211 2201 1—>5vp Svp —2
3 1 1310 2210 1 —35ve S5vp
2 1310 1301 Svg — 1 3 —5vp
3 2201 2210 Svp —2 2 —5v4
4 2201 1301 1 —>5vp Sve
44 1 1 1220 1130 1 —5vs 5vp
2 1220 0221 Sve —2 2 —5vp
3 0131 1130 S5vp —1 3—5vc
4 0131 0221 1—>5vp Sva
2 1 1220 0230 2 — Svp Svp
2 1220 1121 Sve —2 1 —5va
3 0131 0230 5va 3 —5vc
4 0131 1121 1—5vp Svp — 1
3 1 0230 1130 3 —5v¢ Svp
2 0230 0221 5va 2 —5vp
3 1121 1130 Svp—1 1 —5v4
4 1121 0221 1 —>5vp Sve =2
45 1 1 1112 1022 1 —5v4 Svp —2
2 1112 0113 Sve — 1 1—>5vp
3 0023 1022 Svp 2 —5vc
4 0023 0113 3—5vp 5va
2 1 112 0122 1—5p | Swp—2
2 1112 1013 Sve —1 1 —5va
3 0023 0122 S5va 2 —5vc
4 0023 1013 3—5vwp Svp
3 1 0122 1022 2 —5ve Svp —2
2 0122 0113 S5va 1 —5vp
3 1013 1022 5vp 1 —5v4
4 1013 0113 3-5vp Sve —1
46 1 1 3101 3011 3 —5va Svp — 1
2 3101 2102 Sve 1—>5vp
3 2012 3011 5vg 1—5vc
4 2012 2102 2—5vp Sva —2
2 1 3101 2111 1 —5vp Svp — 1
2 3101 3002 Sve 3—5wm

(continued)
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No Axis no Small c’ D vy vy
tetrahedron
no
3 2012 2111 Sva —2 1->5vc
4 2012 3002 2 —-5vp Svg
3 1 2111 3011 1 —5vc Svp — 1
2 2111 2102 Sva —2 1—5vp
3 3002 3011 Svg 3—5wm
4 3002 2102 2—5vp Sve
47 1 1 3110 3020 3 —5v4 Svp
2 3110 2111 Sve —1 1 —5vp
3 2021 3020 Svg 2 —5v¢
4 2021 2111 1—5vp Svqa —2
2 1 3110 2120 1 —5vp Svp
2 3110 3011 Sve — 1 3—5wm
3 2021 2120 Svg —2 2 —5vc
4 2021 3011 1 —>5vp Svp
3 1 2120 3020 2 —5v¢ 5vp
2 2120 2111 5v4 — 2 1—5vp
3 3011 3020 Svp 3—5v4
4 3011 2111 1—>5vp Sve — 1
48 1 1 1301 1211 1—5v | Svp—1
2 1301 0302 Sve 3 —5vp
3 0212 1211 Svp —2 1—->5vc
4 0212 0302 2 —5vp 5va
2 1 1301 0311 3 —5vp Svp — 1
2 1301 1202 Sve 1—5v4
3 0212 0311 5va 1—5vc
4 0212 1202 2—5vp Svg —2
3 1 0311 1211 1 —5vc Svp — 1
2 0311 0302 5va 3 —5vp
3 1202 1211 Svg—2  |1—5w
4 1202 0302 2 —5vp Sve
49 1 1 2120 2030 2 —5v4 Svp
2 2120 1121 Sve —2 1—5vp
3 1031 2030 5vp 3 —5ve
4 1031 1121 1—>5vp Sva —1
2 1 2120 1130 1 —5vp Svp

(continued)
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No Axis no Small c’ D vy vy
tetrahedron
no
2 2120 2021 Sve —2 2 —5v4
3 1031 1130 S5va — 1 3 —5vc
4 1031 2021 1—5vp Svp
3 1 1130 2030 3 —5v¢ Svp
2 1130 1121 Sva — 1 1—>5vp
3 2021 2030 5vp 2—5w
4 2021 1121 1 —>5vp Sve =2
50 1 1 1202 1112 1 —5v4 Svp —2
2 1202 0203 Sve 2 —Svp
3 0113 1112 Svp—1 1—->5vc
4 0113 0203 3—5vp Sva
2 1 1202 0212 2—5v  |Svp—2
2 1202 1103 5ve 1 —5va
3 0113 0212 S5va 1->5vc
4 0113 1103 3—-5vp Svp —1
3 1 0212 1112 1 —35ve Svp —2
2 0212 0203 S5va 2 —5Svp
3 1103 1112 Svp—1 1 —5v4
4 1103 0203 3—5vwp Sve
61 1 1 1211 1121 1 —5va Svp — 1
2 1211 0212 Sve —1 2 —5vp
3 0122 1121 Svg—1 |2 —5vc
4 0122 0212 2—5vp S5va
2 1 1211 0221 2 —5vp Svp — 1
2 1211 1112 Sve —1 1—5v4
3 0122 0221 5va 2 —5ve
4 0122 1112 2—>5vp Svp — 1
3 1 0221 1121 2 —5v¢ Svp — 1
2 0221 0212 S5va 2 —5vp
3 1112 1121 Svp —1 1 —5va
4 1112 0212 2—>5vp Sve — 1
62 1 1 2111 2021 2 —5v4 Svp — 1
2 2111 1112 Sve —1 1 —5vp
3 1022 2021 Svp 2 —5vc
4 1022 1112 2—5vp  |Sva—1

(continued)
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Table 4.31 (continued)
No Axis no Small c’ D vy vy
tetrahedron
no
2 1 2111 1121 1 —5vp Svp — 1
2 2111 2012 Sve — 1 2 —5vu
3 1022 1121 Sva —1 2 —Svce
4 1022 2012 2 —5vp Svp
3 1 1121 2021 2 — 5Sv¢ Svp — 1
2 1121 1112 Sva —1 1—5vp
3 2012 2021 Svp 2 —5Svy
4 2012 1112 2 —5vp Sve —1
63 1 1 2201 2111 2 — 5vy Svp — 1
2 2201 1202 Sve 2 —5Svp
3 1112 2111 Svp —1 1—5vc
4 1112 1202 2 —5vp Svg — 1
2 1 2201 1211 2 —5Svp Svp —1
2 2201 2102 Sve 2 —5Svy
3 1112 1211 Svg — 1 1—5vc
4 1112 2102 2 —5vp Svp —1
3 1 1211 2111 1 —5v¢c Svp —1
2 1211 1202 Svg — 1 2 — 5Svp
3 2102 2111 Svp—1 2 — 5vy
4 2102 1202 2 —5vp Sve
64 1 1 2210 2120 2 — 5Sva Svp
2 2210 1211 Sve — 1 2 —5Svp
3 1121 2120 Svg —1 2 —Svc
4 1121 1211 1—5vp Svg — 1
2 1 2210 1220 2 —5vp Svp
2 2210 2111 Sve =1 2 —5vy
3 1121 1220 Sva—1 2 —Sve
4 1121 2111 1 —5vp Svp—1
3 1 1220 2120 2 —5vce Svp
2 1220 1211 Sva—1 2 —5Svp
3 2111 2120 Svp—1 2 —5Svu
4 2111 1211 1—5vp Sve — 1
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expression corresponding to the row 7 in Table 4.26 is true and, therefore, the point
under consideration lies into the small tetrahedron / with vertices given in Table 4.27
or into the octahedron / with the vertices given in Table 4.28. If it is the tetrahedron /,
one can find the relative volumes for its vertices in Table 4.29. If it is the octahedron
I, one of 3 ways for drawing the axis into it should be chosen. Then one can calculate
the appropriate v; and v, using the suitable formulae given in Table 4.30. One can
use the Table 4.7 in Sect. 4.4 to find a number of the different small tetrahedron into
this octahedron /. If all of the logical expressions corresponding to the rows 1, ...,
J — 1in Table 4.7 are false and the logical expression corresponding to the row J in
Table 4.7 is true, then the logical expression corresponding to the row J in Table 4.8
in Sect. 4.4 is true and, therefore, the point under consideration lies into different
small tetrahedron with the number J. One can find its vertices in Tables 4.30 and
4.31 and corresponding relative volumes in Table 4.10 in Sect. 4.4 and in Table 4.31.

4.8 Conclusions

The analytical formulae for piecewise linear interpolation on the unstructured tetra-
hedral grids are suggested in this chapter. The cases of reference points used for
the polynomial interpolation discussed in Chap. 3 for order from 1 to 5 inclusively
are considered. These interpolation techniques can be used during the creation of a
new unstructured triangular or regular gird instead of previous one (as an element
of numerical method for finding 3D solutions on unstructured tetrahedral grids),
visualization of some space field, and pictures’ creation or converting. Also an ele-
ment for applying the hierarchical nested unstructured tetrahedral grids and formulae
for recalculation from local to global indices are discussed in Chap. 3. Analytical
formulae reduce the computational recourses, i.e. the software operation time and
amount of dynamic computer memory. In this chapter, one can find a vast amount of
analytical expressions joint into convenient tables ready for using. These analytical
expressions and tables help to achieve the great numerical modelling results in a case
of the deficiency of hardware resources.
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Chapter 5 ®)
Grid-Characteristic Method Chack or

Alena V. Favorskaya and Igor B. Petrov

Abstract In this chapter, a family of grid-characteristic methods for numerical sim-
ulation is considered. These methods are developed and used to solve a wide range
of applied problems: traumatology, ultrasound studies of the human body, ultra-
sonic operations, seismic exploration of oil and gas, seismic resistance of residential
and industrial facilities, non-destructive testing of railways and innovative materi-
als including composites, development territories with complex natural conditions,
shock effects on complex-shaped structures, and global seismic of various planets of
the solar system. The methods allow to simulate the wave processes in heterogeneous
media of complex topology and dynamic process of destruction of these media. Also
these methods help to investigate clearly small heterogeneous features that repre-
sent breaks in the integration domain. Grid-characteristic methods are used to solve
the hyperbolic systems of equations describing the wave processes. In this chapter,
the elastic waves in isotropic and anisotropic cases and acoustic waves are consid-
ered. The method is well paralleled and actively implemented in software using the
high-performance computing systems.
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Horizontally transversal anisotropy + Boundary conditions * Interface conditions
Non-reflecting conditions

5.1 Introduction

Grid-characteristic method (GCM) [1-11] is widely used for numerical investigation
of dynamic wave processes, called Wave Logica [1-5], in heterogeneous anisotropic
[1, 2], isotropic elastic, and acoustic environments using regular [3, 4], tetrahedral
[5], triangular [6], and curvilinear [6, 7] meshes, different solutions schemes [8], and
direct modelling of the fractures [1] and their growth [3]. This family of numerical
methods is based on the grid-characteristic method [11], which is a finite-difference
method for the numerical solving of direct methods.

LeVeque provided a comprehensive overview of numerical modelling of hyper-
bolic systems of equations [12]. Direct methods, integral-equation methods, and
asymptotic methods applying for oil and gas seismic exploration problems were dis-
cussed by Carcione et al. [13]. In works [14—18], Nikitin et al. obtained averaged
effective models of layered and block media with varying degrees of accuracy and
various contact conditions on interlayer (interblock) boundaries for elastic, viscous,
and viscoplastic media and proposed numerical schemes for their solution. The study
of the dispersive behavior of spectral element method was done by Ainsworth and
Wajid [19]. Also, Ainsworth et al. studied the discontinuous Galerkin finite element
methods for the second-order wave equation [20]. Alford investigated the accuracy
of finite-difference modelling of the acoustic wave equation [21]. The accuracy of
heterogeneous staggered-grid finite-difference modelling of Rayleigh seismic waves
was improved by Bohlen and Saenger [22]. A 27-point scheme for a 3D frequency-
domain scalar wave equation based on an average-derivative method was suggested
by Chen [23]. Numerical methods for transient acoustic, elastic, and electromag-
netic waves were considered by Cohen and Gaunaurd [24]. Numerical dispersion of
spectral element methods of arbitrary order for the isotropic elastic wave equation
in two and three dimensions was studied by Seriani and Oliveira [25]. Saenger et al.
discussed a propagation of the elastic waves using a modified finite-difference grid
[26]. The accuracy of the finite-difference and finite-element schemes with respect
to P-wave to S-wave speed ratio was investigated by Moczo et al. [27]. A compre-
hensive introduction to finite-difference technique and its applications to earthquake
motion were provided by Moczo et al. [28]. Nonreflecting boundary conditions for
the wave equation were proposed by Hagstrom et al. [29-31] and independently by
Appeld and Kreiss for elastic waves [32].

The conventional approach of numerical modelling used in the reviewed above
papers includes the following items.

e First, the system of equations is chosen to solve.
e Second, the numerical method is chosen to solve this system.
e Third, the software is developed using the chosen method.
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There is the alternative approach for numerical experiments and investigation,
called grid-characteristic approach, which contains the following steps:

e First, the main physical effects are chosen to study in the numerical investigation.

e Second, the numerical method is chosen and applied to describe the main physical
effects.

e Third, the software is developed using this method that describes the main physical
effects.

The main difference between the grid-characteristic and conventional approaches
is in different targeting of a numerical method. In a case of conventional approach,
a numerical method is chosen to solve the system of equation. In a case of grid-
characteristic approach, a numerical method is chosen to describe the physical effects
having meaning in the investigation under consideration.

The grid-characteristic approach was used by Prof. Petrov and his scientific group
at Moscow Institute of Physics and Technology (MIPT) during last 30 years. Petrov
was a student of Prof. Belotserkovskii [33]. Also Petrov used a grid-characteristic
method for solving the practical problems as a student of Kholodov [11]. Thus, the
elaboration of this grid-characteristic method was directed by the needs of practical
investigations in different areas [1-10]. The main principles of the family of grid-
characteristic methods are discussed in this chapter. The comparison of the grid-
characteristic method and other forward modelling techniques was discussed by
Khokhlov et al. [6].

In Sect. 5.2, the widely used systems of equations are considered, i.e. the system
of equations describing the state of an infinitesimal volume of a continuous linear-
elastic medium in isotropic [3, 4] and anisotropic [1, 2, 34-37] cases and a system
describing the acoustic field [38]. Numerical modelling of the solutions of these
systems makes it possible to solve problems of a wide class mentioned in Chap.
2 and in this Chapter. Also these systems of equations are used during solving the
problems of seismic prospecting and exploration of oil and gas [1, 4] including the
shelf zones [4]. The solution of the system of equations describing a linear-elastic
media is calculated for describing the wave processes in rocks, soils, ice, and in
some cases in the oil-containing reservoirs. The system describing an acoustic field
is solved for modelling wave processes in water using approximation of an ideal fluid
[38] and in some cases in the oil-containing reservoirs. Also, a numerical solution
of the system of equations describing a linear-elastic medium in an isotropic case
enables to simulate seismic stability of ground and underground structures [3] and
ultrasonic non-destructive testing of railway track elements [39]. The solution of the
system of equations describing a linear-elastic medium in isotropic and anisotropic
cases makes it possible to investigate composite materials as shown in Chap. 6.

In Sect. 5.3, a family of grid-characteristic numerical methods for the solution
of hyperbolic systems of equations is considered. This family of numerical methods
can be applied on different structured [3, 4] and unstructured (triangular [6] and
tetrahedral [5]) meshes. Also, this family of numerical methods might be used to
solve different system of equations, including the systems describing the state con-
tinuous linear-elastic medium [1-10, 13], including an anisotropic case [1, 34-37],
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and acoustic field [38]. It should be noted that adding a heterogeneous structure and
taking into account dynamic delamination allows to describe quite accurately a wide
class of natural phenomena with a linear-elastic case [1-10, 39]. One can see some
examples in Chap. 6. The study on approximation of this family of grid-characteristic
methods on the unstructured triangular and tetrahedral grids is given in [8]. The study
on stability of solution schemes, into which this family of methods is transformed in
the a one-dimensional case, is done in [8] as well.

In Sect. 5.4, the boundary and interface conditions preserving the order of the
difference scheme that is used for calculating interior points are considered. Bound-
ary conditions of given traction, given velocity, mixed and non-reflecting boundary
conditions, the boundary conditions using imaginary points [3], interface conditions
of continuity of the velocity and traction, free sliding interface conditions, inter-
face conditions of dynamic friction [9] might be used during solving the system of
equations that describes elastic wave including an anisotropic case.

Boundary conditions with a given normal projection of the boundary velocity and
given pressure are considered for a case of the acoustic field. The interface conditions
are also considered. The contact conditions on the interface between the elastic and
acoustic layers are discussed in [4]. The contact conditions at the boundaries of the
transition between hierarchical grids with different fineness might be used as well
[5]. The contact conditions at the interface of the sub-domain, in which the grid-
characteristic method is used, and the sub-domain, in which a Smoothed Particles
Hydrodynamics (SPH) method is used are discussed in [10]. They are called as a
contact condition for the combined GCM-SPH method [10].

Section 5.5 concludes of the Chapter.

5.2 Systems of Equations Describing Wave Processes

In this Section, the systems of equations describing the wave processes used to solve
the problems mentioned above are considered. The general case of anisotropic elas-
tic waves, orthorhombic anisotropy, vertical-transversal anisotropy, and horizontal-
transversal anisotropy are discussed in Sects. 5.2.1-5.2.4, respectively. Two last types
of anisotropy are widely used for modelling the seismic waves into geological media
and composite materials. In Sect. 5.2.5, a system of equations describing elastic
waves is considered, while the acoustic waves are discussed in Sect. 5.2.6.

5.2.1 System of Equations Describing Anisotropic Elastic
Waves

The condition of an infinitesimal volume of the continuous linear-elastic anisotropic
medium is described by the Eqs. 5.1, and 5.2 [1, 34-37].
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p(x,y,2)0v; (x,y,2,1) = Z 0jo;; (x,y,2,1) (5.1
J
301 (6, 3,2, 0) = Y > Cijua (6,3, 2) (v (x, 3, 2, 1) + v (x, ¥, 2, 1)) (5.2)
ko1

In Egs. 5.1, and 5.2 and further d;a (x, y, z,t) = W is the partial derivative

of the field a (x, y, z, t) with respect to . In Egs. 5.1, and 5.2, the indices near

components of vectors and tensors are varied from 1 to 3. In Eqs. 5.1, 5.2 and further,

t is the time, x, y, z are the coordinates, p (x, y, z) is the density of the material,

v (x, v, z,t) is the velocity of motion, ¢ (x, y, z, t) is the symmetric Cauchy stress

tensor, Cjj 1 (x, y, z) is the tensor of elastic constants of the fourth rank given by
Eq.5.3.

3 3
Cijxi = Ci k8o + E Ci.m+30ij |E€mut] + E Cms3.k |Emif| Ot

m=1 m=1
3 3

+ Z Z Cm+3,n+3 |8mij | |8nkl|

m=1 n=1 (53)

In Eq. 5.3 and further, §;; are the components of a unit tensor of the second rank,
&mij are the components of an absolutely antisymmetric unit tensor of the third rank.

The coefficients of the fourth-rank elastic constants tensor are often written in a
view of matrix 6 x 6 provided by Eq. 5.4.

C11 C12 €13 C14 C15 Ci6
C12 €2 €23 €24 (25 C26
C13 €23 €33 €34 €35 C36
Cl14 C24 C34 C44 C45 C46
C15 C25 C35 C45 C55 Cs56
C16 C26 €36 C46 C56 Cob

54

The correspondence between the coefficients of the structure given by Eq. 5.4 and
the tensor in Eq. 5.3 can be written by Eqgs. 5.5-5.13, where the numbers from the
structure (Eq. 5.4) are written on the left side and the pairs of indices of the tensor
(Eq. 5.3) are written on the right side.

1< 11 (5.5)
222 (5.6)
333 (5.7)
4 <23 (5.8)

432 (5.9)
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513 (5.10)
531 (5.11)
6< 12 (5.12)
6 < 21. (5.13)

5.2.2 Case of Orthorhombic Anisotropy

Let OXY be a plane of symmetry. Then the components of the tensor of elastic
constants ¢4, €15, C24, C25, C34, C35, C46, C56 given in this Cartesian coordinate system
OXYZ are equal to zero as written in Eq. 5.14.

Cl4 = C15 = C24 = C25 = C34 = €35 = C46 = C56 = 0 (5.14)

A structure given by Eq. 5.4 in accordance with Eq. 5.14 is written in a view of
Eq. 5.15.

ciicraey 00 ¢
cpenen 0 0 e
cizcncsz 00 c36
0 0 0 Ca4 C45 0
0 0 0 C45 Cs55 0
ci6C6c36 0 0 ces

(5.15)

In a case of orthorhombic anisotropy, three mutually perpendicular axes of sym-
metry can be distinguished. If the Cartesian coordinate system, in which the tensor
of elastic constants is written, coincides with these axes, then the components of the
elastic constant tensor cj4, €15, C24, C25, C34, C35, Ca6, C56, Cl6, C26, C36, Cas Will be
equal to zero in accordance with Eq. 5.16.

Cla = C15 = C24 = €25 = (34 = C35 = C46 = C56 = C16 = C26 = C36 = C45 = 0
(5.16)

The structure given by Eq. 5.4 in accordance with Eq. 5.16 in this Cartesian
coordinate system will be strongly sparse and is written by Eq. 5.17.
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ciicezes 0
crpexncs 0
ci3escezs 0
0 0 0 Ca4
0 0 0 O Cs5 0
0O 0 0 0 O Ce6

0
0
0 (5.17)
0

oS o O O

5.2.3 Case of Vertical-Transversal Anisotropy

A particular case of orthorhombic anisotropy is the vertical-transversal anisotropy.
In a case of vertically transversal anisotropy, the components of the tensor of elastic
constants ci4, C15, C24, €25, C34, C35, C46, C56,C16, C26, C36, C45 A€ being equal to zero
in accordance with Eq. 5.18.

Cl4 = C15 = €24 = €25 = €34 = €35 = Cu46 = C56 = C16 = C26 = C36 = €45 = 0
(5.18)

The components of the elastic tensor ¢y, ¢, ca4, Cs5, C6, C12, C13, C23 are related
by Egs. 5.19—-5.22.

c11=c2n (5.19)
C13 =3 (5.20)
C44 = Cs5 (5.21)
C1o =11 — 2¢66 (5.22)

The structure given by Eq. 5.4 in accordance with Eqgs. 5.18—5.22 is written by
Eq. 5.23.

i ci1 —2ce6c13 0 0 0
C11 — 2066 C11 C13 0 0 0
0 0O

€13 C13 €33 (5.23)
0 0 0 Ca4 0 0
0 0 0 0 Ca4 0

0 0 000066
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5.2.4 Case of Horizontal-Transversal Anisotropy

Another particular case of orthorhombic anisotropy is the horizontal-transversal
anisotropy. In a case of horizontally transversal anisotropy, the components of the
tensor of elastic constants ci4, 15, €25, C34, C35, C46, C56, C165 C26, C36, C45 are equal to
zero in accordance with Eq. 5.24.

Cl4 = C15 = C24 = (€25 = C34 = (€35 = C46 = C56 = C16 = C26 = C36 = C45 = 0
(5.24)

The components of the elastic tensor ¢y, €33, Ca4, Css, Ce6,C12, C13, C23 are related
by Eqgs. 5.25-5.28.

cn = ¢33 (5.25)
Cl2 =Ci3 (5.26)
C55 = Ce6 (5.27)
€23 = € — 2cy (5.28)

The structure given by Eq. 5.4 in accordance with Eqs. 5.24—5.28 is written by
Eq. 5.29.

cii ci2 c12 0 00
cz  cxn  cm—2c4 0 0 0
Ci2 ¢ — 2044 2 0 00 (5.29)
0 0 0 cae 0 0
0 0 0 0 Cs5 0
0 0 0 0 0 Cs5

5.2.5 System of Equations Describing Isotropic Elastic Waves

The system of equations describing the state of an infinitesimal element of the linearly
elastic medium is considered and given by Egs. 5.30-5.31.

P (X, 9,29V (x,y,2,0) = (V-0 (x,y,2,1)" (5.30)
0,0 (x,v,z,t) =A(x,y,2) (V v (x, Y, 2, t)) |

+u(x, Y, 2) ((v Y, 2, t)) + (v T, 2, t))T) (5.31)



5 Grid-Characteristic Method 125

Equation 5.30 is a local equation of motion. In Eqgs. 5.30-5.31 and further, V is
the vector-gradient given by Eq. 5.32.

é})

V=29, (5.32)

Equation 5.31 is obtained by differentiating the Hooke law with respect to time.
In Eq. 5.31, A and u are the Lame parameters that define the elastic properties of
the material, I is the unit tensor of the second rank. Equations 5.30-5.31 in a 2D
case take the same form but one should use the dependence from x and y instead of
dependence from x, y, and z. All 3D vectors and tensors of rank 2 should be changed
to 2D vectors and tensors of rank 2 as well.

It should be noted that the physical characteristics of a linearly elastic medium
are always described by two parameters, between which there is a one-to-one corre-
spondence. One can use Lame parameters. One can use the Poisson’s ratio and the
Young’s modulus. The speeds of longitudinal waves (P-waves) and transverse waves
(S-waves) can be used. These speeds are most convenient for describing geological
environments in the interests of seismic exploration of oil and gas.

In Eq. 5.31 and further, a : b is the tensor product of vectors a and b. The
components of this tensor product can be calculated using Eq. 5.33.

— ij .
(a:b> —alb/ (5.33)

The speed of P-waves in a linear-elastic medium can be found from Eq. 5.34.

rt2
= |1 H (5.34)
o

The S-waves’ speed is calculated in accordance with Eq. 5.35.

s = \/E (5.35)
Jo

Notice that Egs. 5.30, and 5.31 one can obtain from Egs. 5.1, and 5.2 using the
structure from Eq. 5.4 in the form given by Eq. 5.36.
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A+2u A A 000

A A+20 A 000
Y A A+21 000

(5.36)
0 0 0 w00
0 0 0 0uo
0 0 0 00p

Also, Eq. 5.31 may be represented in the form given by Eq. 5.37 using Egs. 5.34,
and 5.35. This form is more convenient for wave processes modelling.

0,0 = (pclz, — 2pc§) (V . ﬁ) I+ pcé <<V : 3) + (V : §)T> (5.37)

5.2.6 System of Equations Describing Isotropic Acoustic
Waves

A system of equations describing the acoustic field is given by Egs. 5.38-5.39. These
formulae describe the acoustic pressure field p (x, y, z, t) and the velocity vector field
v (x, y, z,t). This system of equations might be used for the numerical simulation
of the liquid in the approximation of an ideal fluid [38].

p(xﬂyvz)at;(-xayszvt)z_Vp(-xvyaz7t) (538)
Op(x,y,z,1) =—p(x,y,2)c(x,y,2)° (V v(x,y, 2, t)) (5.39)

In Eq. 5.39, the speed of sound in an ideal fluid is denoted by c (x, y, z). Equa-
tions 5.38-5.39 in a 2D case take the same form but one should use the dependence
from x and y only instead of dependence from x, y, and z. All 3D vectors and tensors
of rank 2 should be changed to 2D vectors and tensors of rank 2 as well.

Notice that Egs. 5.38-5.39 can be obtained from Eqs. 5.1 to 5.2 using the structure
from Eq. 5.4 in the form given by Eq. 5.40.

AAA000
AAA000
AAA000
000000
000000
000000

(5.40)
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Also notice that Eqgs. 5.38, and 5.39 are derived from Egs. 5.30, and 5.31 using
the formulae given in Eqs. 5.41—5.43 for a 3D case and Eqs. 5.41, 5.42, and 5.44 in
a 2D case.

op = c (5.41)
cs =0 (5.42)
—p/3 0 0
o=| 0o —p;3 o0 (5.43)
0 0 —p/3
o= <_p/2 0 ) (5.44)
0 —p/2

5.3 Grid-Characteristic Method Describing

The main aspects of the software algorithm for grid-characteristic method are dis-
cussed at Sect. 5.3.1. The general statements of grid-characteristic methods are
presented in Sect. 5.3.2. In the general case, the grid-characteristic methods for
anisotropic linear-elastic media are described in Sect. 5.3.3. Grid-characteristic
method for a case of orthorhombic anisotropic elastic waves is discussed in
Sect. 5.3.4. The method for the isotropic case of linear-elastic media is considered
in Sect. 5.3.5. The method for a case of acoustic waves one can find in Sect. 5.3.6.

5.3.1 Scheme of the Algorithm for Grid-Characteristic
Method Using

In order to diminish the amount of Random Access Memory (RAM) needed for
calculations, two layers of coordinate mesh are used. Denote them as Array0 and
Arrayl. Array0 is also called n time layer. Arrayl is also called n + 1 time layer.
One can use the following algorithm to perform the calculations. One step of this
algorithm is called “time-step”. It is characterized by a time moment # varying from
0 to T using time step t.

Time step 0. ¢ = 0.

0.0. The initial conditions giving unknown values at the zero time moment in all
region of integration are used to fill Array0.

0.1. Array0 might be written to the hard disk as unknown values for (x, y, z, 0).

Time step 1. = 7.

1.0. The data in the Arrayl are calculated for the X-direction in the inner points
using the data in the Array0.
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1.1. The data in the Arrayl are corrected in the points placed at the boundaries and
interfaces for the X-direction using information about boundary conditions, interface
conditions, and non-zero external force.

1.2. Array0 = Arrayl.

1.3. The data in the Arrayl are calculated for the Y-direction in the inner points
using the data in the Array0.

1.4. The data in the Array] are corrected in the points placed at the boundaries and
interfaces for the Y-direction using information about boundary conditions, interface
conditions, and non-zero external force.

1.5. Array0 = Arrayl.

1.6. The data in the Arrayl are calculated for the Z-direction in the inner points
using the data in the Array0.

1.7. The data in the Arrayl are corrected in the points placed at the boundaries and
interfaces for the Z-direction using information about boundary conditions, interface
conditions, and non-zero external force.

1.8. Array0 = Arrayl.

1.9. Array0 might be written to the hard disk as unknown values for (x, y, z, 7).

Time step n. t = nr.

n.0. The data in the Arrayl are calculated for the X-direction in the inner points
using the data in the Array0.

n.1. The data in the Arrayl are corrected in the points placed at the boundaries and
interfaces for the X-direction using information about boundary conditions, interface
conditions, and non-zero external force.

n.2. Array0 = Arrayl.

n.3. The data in the Arrayl are calculated for the Y-direction in the inner points
using the data in the Array0.

n.4. The data in the Arrayl are corrected in the points placed at the boundaries and
interfaces for the Y-direction using information about boundary conditions, interface
conditions, and non-zero external force.

n.5. Array0 = Arrayl.

n.6. The data in the Arrayl are calculated for the Z-direction in the inner points
using the data in the Array0.

n.7. The data in the Arrayl are corrected in the points placed at the boundaries and
interfaces for the Z-direction using information about boundary conditions, interface
conditions, and non-zero external force.

n.8. Array0 = Arrayl.

n.9. Array0 might be written to the hard disk as unknown values for (x, y, z, nt).

The 2D case algorithm is developed similar to 3D case.

One can use different source mechanisms like boundary conditions, external force,
or initial conditions.



5 Grid-Characteristic Method 129

5.3.2 General Statements of Grid-Characteristic Methods

At each time step the arbitrary directions (&, &, &) in a 3D case or (&1, &) in a 2D
case, the basis are chosen in a case of unstructured triangular or tetrahedral grids.
These new coordinate systems make it possible to ensure the isotropy of the numerical
method. Note that these new directions coincide with OX, OY, and OZ axes in a 3D
case or with OX and OY axes in a 2D case using the regular or curvilinear hexahedral
meshes.

A system of hyperbolic type for a two-dimensional case in this new coordinate
system is given by Eq. 5.45.

4, +APq., +A g, =0 (5.45)

A system of hyperbolic type for a three-dimensional case in this new coordinate
system is given by Eq. 5.46.

4, +A{ g, +A g, +APg, =0 (5.46)

Further splitting in two or three directions is carried out. One can obtain the system
given in Eq. 5.47 for each direction.

4 +A1ge, =0 (5.47)

Equations 5.48, 5.49 are valid for 2D and 3D cases, respectively, for the system
of equations given by Eq. 5.47.

1
G e+ =Y X" (6 - g) (5.48)
i=l1

1

i@ a6 =Y X (a-Pnasr) (549

i=1

In Eq. 5.47 and further,A is the matrix A?P for a 2D case and matrix A3P fora 3D
case, respectively. In Eq. 5.48, X?D‘l are the matrices expressed in terms of the matrix
A2P components and given further for all considered systems of equations, cizD ! are
the eigenvalues of the matrix A3P. In Eq. 5.49, X?D’l are the matrices expressed in
terms of the matrix AfD components and given further for all considered systems
of equations, C?D ‘I are the eigenvalues of the matrix AfD. In Eqgs. 5.48, 5.49, I is
a number of matrix A eigenvalues. Let the matrix A; have a set of I positive
eigenvalues, a set of /™ negative eigenvalues, and a set of 1° zero ones.

For the matrix X/ represented both matrices X?D’ land X?D’ ! the following relation
given by Eq. 5.50 is satisfied.
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I
X! =1 (5.50)
i=1

Thus, one can express the matrices X! corresponding to zero eigenvalues using
the following Eq. 5.51.

doXI=1-) X/ -) X] (5.51)

iell iel0 iel~

Taking into account Eqgs. 5.48, 5.49, their equivalents are obtained and given by
Egs. 5.52, 5.53, respectively.

(€ e+ =@ 00+ Y XD (G (8- nea) - g6 e)
ieltUul~

(5.52)
q 61,6, 86,1+1)=q (1,6, 8.1)
+ 3 X (q(8 - ) — @6 6D)

iel*UI~

(5.53)

The matrix A has a set of eigenvectors. Thus, it can be represented as Eq. 5.54.
Al=(2)7'A'Q (5.54)

In Eq. 5.54, (Sll)fl is the matrix composed of eigenvectors of the matrix A, A
is the diagonal matrix, whose elements are the eigenvalues of the matrix A;.
Formulae 5.52 and 5.53 can also be divided into three stages. At the first stage,

a multiplication of all unknown values g (£, &, t) or g (£, &, &3, t) stored on the n
time layer by the matrix Q' is performed using Eqs. 5.55, 5.56.

® (&, 6,1 =R'q (51,6, 1) (5.55)

@ (&1, 62,63, 1) = R'q (€1, 6, 83,1) (5.56)

At the second stage, the following expressions given by Eqs. 5.57, 5.58 for the
2D and 3D cases, respectively, should be carried out.

6@ a D =0E. a0+ Y o(8-'nar) -0 68
iel*Ul~

(5.57)
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@(§Is§2s§31t+f)ZCT)(EI»&,&J)
+ Y o(a-Prnesa)-o@ a0 (559

iel*Ul~

At the third stage, a multiplication of all unknown values g (&1, &,,1) or

g (&1, &, &, 1) stored on the n + 1 time layer by the matrix ' is performed using
Eqgs. 5.59, 5.60. Thus, 1.0 stage of the algorithm discussed in Sect. 5.3.1 is done.

qG.6.6.0=(R) @ E. &.86.0 (5.59)
§ G650+ = () 0E. & 6.1 +T) (5.60)

The use of Egs. 5.59, 5.60 is equivalent for solving the following independent
transport equations given by Eq. 5.61.

(@), +¢} (@)g, =0 (5.61)

Using a high order interpolation on the unstructured triangular or tetrahedral grids
(Chaps. 2-4) into Eqgs. 5.57, 5.58, respectively, one can compete the stage n.0 apply-
ing the unstructured meshes. Using the regular grids, one-dimensional independent
transport Egs. 5.61 are solved to perform the stage n.0. The stages n.3 and n.6 are per-
formed similarly. For example, in order to solve Eq. 5.61 in a case of regular meshes
one can use the numerical scheme given by the Eq. 5.62 for positive eigenvalues c}
and by the Eq. 5.63 for negative eigenvalues cil.

1c!
()™ = ()" + 8% (6 @)y =3 (@) =2 (@) — (@)0_5)
1 cl.lr 2 ; . .
+ 5 <T) ((a)i)m—l -2 (a)l)m + (wi)m+l)
1 cilr 3 ) . i )
* 6 (T) ((wi)m_z o 3 (a)i)m_l + 3 (wl)m - (wi)m+]) (562)
lc!
(wi)zrl = (wi)zl + gClh_T (6 (wi)nm+1 -3 (wz):; -2 (wi)zz—l - (a)i);‘Hz)
1 (clt 2 . . )
+ 5 (T) ((a),‘)mﬂ -2 (wi)y, + (wi)mq)
1 cilT ’ n n n n
+ 5 <7) ((a)i)m+2 =3 (W) +3 (i), — (i mfl) (5.63)

In Egs. 5.62, 5.63, an index n corresponds to time coordinate ¢. Index m and step
h correspond to spatial coordinate &;.
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5.3.3 Grid-Characteristic Methods for Anisotropic Elastic
Waves in the General Case

The vector of unknowns appearing in Eq. 5.46 is given by Eq. 5.64.

Vi
V2
V3

R O11

q = v = 0722
o

033

023
013
o112

In the Eq. 5.46 the matrices A, A,, A3, are given by Egs. 5.65—5.67.

o

[0 0 010000
00 000000

0 00 0000%

C11 6‘166‘1500000
Cla 500000
C13C3663500000
6‘146‘466‘4500000
C15C56C5500000
C16066C5600000

A

O O O O O O O =

[0 0 000000

=

0 00 0%0000

0 00 000%00

C16C12C14000000
C26C226‘24000000
c36¢23¢3000000
C46C24C44000000
6566‘25C45000000

C66C26C46000000

(5.64)

(5.65)

(5.66)
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00 00000%0_
0 0 oooo%oo

0 0 ooo%ooo

_ C15 C14 6‘13000 000 (567)
Cc5C4¢3000000
C35C34C33000000
C45C44C34000000
C55C45C35000000

Cs56 Ca6 36000000

Aj

It can be shown that for each pair of selected directions three types of waves can
be distinguished. It was proved that in order to find the eigenvalues of the matrix A
given by Eq. 5.65 it is necessary to solve the cubic Eq. 5.68.

1
2 2 2
E (61165(, +¢55C16 + C66C15 — C11C55C66 — 2615616056>

1 1
2 2 2 2, g3
2 (011055 +C11C66 + €55C66 — Cis — Cl6 — 6'56) B— » (cr1+css+cee) B7+ 87 =0

(5.68)
Also, it was proved that Eq. 5.68 has three real positive roots denoted as 811, B12,

and B3. The eigenvalues of the matrix A; given by Eq. 5.65 are represented by the
following set given in Eq. 5.69.

{\/Hv _\/Ev \/E» _\/ﬁTv \/Es _\/ﬂTs 07 09 0} (569)

It was shown that for each pair of selected directions it is possible to distinguish
three types of waves. It was proved that to find the eigenvalues of the matrix A, given
by Eq. 5.66 it is necessary to solve the following cubic Eq. 5.70.

1
2 2 2
; <022646 +C44Chg + C66C34 — €22€44C66 — 2024626046>

1 1
2 2 2 2, 03
+ e <622644 + €22C66 + C44C66 — Co4 — Co6 — 646) B— > (co2+cag +ce6) B°+ B =0

(5.70)

It was proved that Eq. 5.70 has three real positive roots. Denote them as Sy,
B2, and B3. The eigenvalues of the matrix A, from Eq. 5.66 are represented by the
following set given in Eq. 5.71.

{VBor, ~V/Bar. VVBra. =Bz V/Bas, =23, 0,0, 0} (5.71)
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It was shown that for each pair of selected directions, three types of waves can be
distinguished. It was proved that to find the eigenvalues of the matrix A3 given by
Eq. 5.67 it is necessary to solve the following cubic Eq. 5.72.

1
o 2 2 ec 2 g e
E (633645 +C44C35 + C55C34 — €33C44C55 — 2634£35645>
1 2 2 2 1 2,830
+ ps] €33C44 + C33C55 + C44C55 — €34 — C35 — Cys | B — ;(033 +caq+cs5)BT+ B =

(5.72)

Also it was proved that Eq. 5.72 has three real positive roots. Denote them as 31,
B2, and Bs3. The eigenvalues of the matrix Aj given by Eq. 5.67 are represented by
the following set provided by Eq. 5.73.

{VBit. ~VBar VB —VBoz Bz —/B.0.0.0)  (573)

5.3.4 Grid-Characteristic Methods for Orthorhombic
Anisotropic Elastic Waves

For the elastic constants tensor given by Eq. 5.15 with the coincidence of the
selected axes of the orthorhombic anisotropy with the axes of the coordinate system
(&1, &, &), the matrices A, Ay, Aj appearing in Eq. 5.46 take the following form
given by Eqgs. 5.74—5.76. Also, the topology of the eigenvalues of the matrix for this
case will be considered in detail. It should be noted that if the axes do not coincide
with the axes of symmetry, the structure and the eigenvalues will return to the form
of an arbitrary form given in Sect. 5.3.3.

0 0 0%00000
0 0 000000%
0 0 00000%0
A= cp1 0 0000000 (5.74)
cp 0 0000000
c;3 0 0000000
00 0000000
0 0c5s000000
| 0 c6 0 00000 0 |
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0 00000%'

0 0%0000

000000
%) 000000
c3 0000000
0 cas000000
0000000
0000000 ]

0
0

0 0000500
cr2 0
0

Ay = — (5.75)

SO oo oo o o o

)
=)
=)

00000%0‘

(= = )

oooo%oo
0 oooﬁooo

0c3000000
0 c3000000
03000000
0 cay 0000000
¢ss 0 0000000
L0 0 0000000

(5.76)

SO O o o o O

The eigenvalues of the matrix A (given by Eq. 5.74), A, (given by Eq. 5.75), A3
(given by Eq. 5.76) are given by the following sets represented by Eqs. 5.77, 5.78,
5.79, respectively.

n _ jen _ s JLes L8 g 0,0 (5.77)
p p p 'V oo p

=)

22

[z _ 2 66 _ [ 0.0,0 (5.78)
P o’ P

—[%2.0.0,0 (5.79)
0

In Fig. 5.1, the interpretation of all wave propagation speeds in a case of
orthorhombic anisotropy is presented. Three mutually perpendicular axes of sym-
metry 1, 2 and 3 are presented. These axes also define a Cartesian coordinate system,
in which the elastic constants tensor presented by Eq. 5.15 is given.

Three cases of wave propagating are considered in this Section:

ﬁ
m

ﬁﬁﬁ
ng
NI

o
.p

o
%

€33 Ca4

I

5

o |

o’

1. Along the 1-direction. The longitudinal waves propagate with the speed /ﬂ.

The transverse waves propagate with the speed “"" , the motion of medium in
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Fig. 5.1 The speeds of propagation of various types of seismic waves in a medium with orthorhom-
bic anisotropy

which is directed along the direction 2. The transverse waves propagate with the
speed %, the motion of medium in which is directed along the direction 3.

2. Along the 2-direction. The longitudinal waves propagate with the speed /%.

The transverse waves propagate with the speed /%, the motion of medium in
which is directed along the direction 3. The transverse waves propagate with the
speed ‘%, the motion of medium in which is directed along the direction 1.

3. Along the 3-direction. The longitudinal waves propagate with the speed /%.

The transverse waves propagate with the speed /%, the motion of medium in
which is directed along the direction 1. The transverse waves propagate with the
speed %, the motion of medium in which is directed along the direction 2.

In the case, when the axes of the coordinate system (&, &, £3) do not coincide
with the distinguished axes of the orthorhombic anisotropy under consideration,
the case of orthorhombic anisotropy will pass to the general case of anisotropy.

Vectors (E 1, €2, E3) denote the basis of unit vectors directed along the coordinate
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axes (&1, &, &3). Vectors (5 1, az, 53> denote a basis of unit vectors directed along
the distinguished axes of the orthorhombic anisotropy.
Let the following relations given by Egs. 5.80, 5.81 hold for the vector 7.

? = rfEl +r§22 +7’523 (580)

r=ria;+rya, +rias (5.81)

The following Eq. 5.82 is true in these conditions.

T r
r; | =H|r (5.82)
3 3

In Eq. 5.82, H is the transition matrix having components given by Eq. 5.83.

hiy hio his
H = | hy h hy (5.83)
h31 h3 h33

Let the elastic constants tensor be given by Eq. 5.15 in the coordinate system with

unit vectors (51, as, 53). This tensor can be written by Eq. 5.84 in the coordinate

system (&1, &, &) with unit vectors (El, e, 23).

3 3 3 3
s
Cap ZZZthm: n@), i1 pB) kg B).1Cy G jyv kD) (5.84)

i=1 j=1 k=1 I=1

Let the tensor be given by Eq. 5.3 in the general case. Let the structure be given by
Eq. 5.4 in the general case. Under these assumptions, the functions of the transition
in Eq. 5.84 from the indices of the components of the tensor to the indices into the
structure and back are given in accordance with Eqs. 5.5-5.13. Thus, Eq. 5.84 can
be expanded as written in Eq. 5.85.
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Ciity = (hiihijhichy) e + (haihajhaha) ¢ + (haihajhachar) 33
+ (haihsjhochs + hoihsjhachy + haihajhochs + haihajhacha) cas
+ (h1ihsjhichs + highsjhachy + haihyjhichs + haihy jhaghy) css
+ (h1ihojhikhy + hiihojhoghy + haihy jhigchy + haihy jhaoghy) ces
+ (h1ihyjhoxhy + haihojhichy) ez + (hiihy jhachs + haihsjhichy) o3
+ (haihojhskhs + hsihsjhocha) c23
+ (hiihyjhochsr + hyihy jhacho + hoihsjhichy + haihajhichy) cis
+ (hyihyjhichsr + highyjhachy + hyghsjhichy + haihyjhichy) s
+ (hyihyjhacho + hyghyjhochy + hyghojhychy + hoihy jhichy) cie
+ (haihajhokhs + hyihajhschayy + hyihsjhoghay + haihajhogha) 24
+ (h1ihsjhaxhy + haihojhichs + hoihajhagchy + haihy jhoghy) c2s
+ (h1ihajhokhao + hoihy jhocho + hoihajhichy + hoiha jhoghy) 26
+ (haihsjhschs + haihajhachs + haihsjhochs + haihsjhacha) cas
+ (h1ihsjhschs + haihyjhachs + haihsjhichs + haihsjhachy) css
+ (h1ihajhschs + hoihy jhachs + haihsjhicho + haihsjhochy) c36
+ (h1ihsjhochs + hyihsjhachy + hoihsjhichs + hoihsjhachy + haihy jhochs
+ h3ihyjhacho + haihajhichs + haihajhachy) cas
+ (h1ihajhochs + hiihajhachy + hoihy jhoghs + hoihy jhachy + hoihsjhycho
+ hoihsjhoghy + hsihojhichy + hsihojhoghy) cag
+ (hiihajhichs + hyihojhschy + hyhsjhicho + highsjhochy + hoihy jhichs
+ hoihyjhschy + hsihy jhgchy + hsihy jhoghy) ese (5.85)

5.3.5 Grid-Characteristic Methods for Isotropic Elastic
Waves

Consider the direction & for definiteness. Let the vector 1 be directed along the chosen
direction and the vectors n; and 1, (or only the vector 7 in a two-dimensional case)

form the Cartesian coordinate system with this vector n. The following symmetric
tensors of the second rank are introduced by Eq. 5.86.

N;j = = (n;®n; +n;®n;) (5.86)

N =

In Eq. 5.86, vector ng means the vector n. The vector of unknowns is given by
Eq. 5.64 for a three-dimensional case and by Eq. 5.87 for a two-dimensional case.
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(} = |:V:| = O11 (587)
(02

The action of the matrix A on the vector of unknowns can be written by Eq. 5.88
both for 2D and 3D cases.

R % (o . ﬁ)
A |:":| = — (5.88)
o A (i 9) L (nev + ven)
Matrices A, A3P, A3P have the same set of eigenvalues provided by Eq. 5.89.
{cp, —cp, cs, —cs, cs, —cs, 0, 0, 0} (5.89)
Matrices A?”, A3P also have the same set of eigenvalues given by Eq. 5.90.
{ep, —cp, cs, —cs, 0} (5.90)

The action of the matrix £, on the vector of unknowns can be represented by
Egs. 5.91, 5.92 in 2D and 3D cases, respectively.

| .
v ——Ng+0
n-v chNOO
@1 n-v+-—-Ny=+o
cpp
w7 N
v - = 1 .
ws | =& |: :| = ny-v-— CS_/’NOI -0 591
o
(O} N N | N
v+ —Np +0
ws ny-v+ o5 Noi
Nij — 2Ny ) ~o
11 20 00 ) —~
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w1 pP
w) ﬁ] ; — CSLPNOI -0
w3

-5 1 .
wy ; nl-v+cs—pN0176
ws | = - e iNee (5.92)

n . V _—— —_—
g o 2 cgp 02
@7 ;lz v+ Cs;pNoz -0
ws
Wy N12 -0

(N1t —=Np) + 0
2X .
<N11 + N — mNoo) -0

In a two-dimensional case, the action of the matrix (SZl)*1 on the vector w can be
represented by Eq. 5.93.

N =@ '
(3

_ 1 @ +o)n+ (@ +w)n
2| (@2 — 1) (p (cp — ¢3) Noo + pesD) + 2pes (ws — w3) Nop + 2ws (I — Noo)
(5.93)

In a three-dimensional case, the action of the matrix (£,)~' on the vector » can
be represented by Eq. 5.94.

|:;i| =@) o
o

1 (01 + W) 1+ (w3 + wg) Ny + (s + we) N2
=5 | (@2 =) ((cp = c3) Noo + c31) +2¢50 (04 — w3) Noy
+2csp (ws — ws) Nop + 4w7N12 + wg (N1 — Noo) + w9 (I — Noo)
(5.94)

In Eqgs. 5.93, 5.94, the quantity c3 is denoted in Eq. 5.95 and in Sect. 5.4.3.

A
A+2u

cp. (5.95)
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5.3.6 Grid-Characteristic Methods for Acoustic Waves

Also for definiteness, the direction &; is considered. The vector of unknowns for a
three-dimensional case can be written by Eq. 5.96.

Vi

- [Z} _ Z (5.96)
p

N Vi
g = |:V:| = V2 (597)
p P

The action of the matrix A; on the vector of unknowns can be written by Eq. 5.98
both for 2D and 3D cases.

HE
Ay = (5.98)

cp (ﬁ . 3)
Matrices A?D R AgD , A*;D have the same set of eigenvalues:
{c, —c,0,0}. (5.99)
Matrices A%D , A%D also have the same set of eigenvalues:
{c, —c,0}. (5.100)

In a two-dimensional case, the action of the matrix §; on the vector of unknowns
can be represented by Eq. 5.101.

(5.101)

g e
RS
[l
Q
1
<l
1
Il
S
<l
|
Sk Sk

In a three-dimensional case, the action of the matrix £; on the vector of unknowns
can be represented by Eq. 5.102.



142 A. V. Favorskaya and 1. B. Petrov

n-v+2Z
w1 ?
- nov_ 2

@2l _qglv|=|""V " (5.102)
w3 p P
o ny-v

In a two-dimensional case, the action of the matrix (521)’1 on the vector w can be
represented by Eq. 5.103.

; — 527167) — l (wl +(1)2) ﬁ +w3ﬁ1 (5103)
P 2 cp (w1 — @)

In a three-dimensional case, the action of the matrix (£2;) ' on the vector » can
be represented by Eq. 5.104.

; — 9—16) — l (a)l + wZ)?l + 603;11 + 0)4722 (5104)
p 2 cp (w1 — w)

5.4 Boundary and Interface Conditions

The family of grid-characteristic methods both on structured and unstructured tri-
angular and tetrahedral grids allows us to apply the most correct computational
algorithms on the boundaries and interfaces into the integration domain.

In this Section, main cases of boundary and interface conditions are discussed.
Other cases one can find in works [3-5, 9, 10]. The general propositions for boundary
and interface conditions calculation are discussed in Sect. 5.4.1. Calculation of the
boundary and interface conditions for a case of anisotropic elastic waves equations is
discussed in Sect. 5.4.2. The case of isotropic elastic waves is proposed in Sect. 5.4.3.
The case of acoustic waves is represented in Sect. 5.4.4.

5.4.1 General Provisions of Boundary and Interface
Conditions

Suppose that the boundary conditions are written by Eq. 5.105 in a matrix form.

Dg (5,5, 6,t+1)=d (5.105)
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Fig. 5.2 The right side of the region of integration for the direction &

In Eq. 5.105, g (&1, &, &, t + T) are the values of velocity components and stress
tensor at the next step of integration at the boundary point.

For each matrix A, there are zero, positive, and negative eigenvalues. For each
direction there will be two types of correctors: for the left and right borders. This
means that in cases of anisotropic and isotropic elastic wave equations, 3 scalar values
and 2 scalar values given at the boundaries should be set for a three-dimensional case
and a two-dimensional case, respectively. In the cases of acoustic wave equations, 1
scalar value given at the boundaries should be set for both three-dimensional and two-
dimensional cases. In the cases of anisotropic and isotropic elastic wave equations,
6 scalar values given at the interfaces should be set for a three-dimensional case and
4 scalar values given at the interfaces should be set for a two-dimensional case. In
the cases of acoustic wave equations, 2 scalar values given at the interfaces should
be set for both three-dimensional and two-dimensional cases.

Suppose along the direction &; the characteristics corresponding to negative eigen-
values of the matrix go outside the region of integration. This side is called the right
side of the region of integration for the direction & in accordance with Fig. 5.2.

Suppose along the direction &; the characteristics corresponding to positive eigen-
values of the matrix go outside the region of integration. This side is called the left
side of the region of integration for the direction & in accordance with Fig. 5.3.

For definiteness, consider one of the sides of the region of integration and one
of directions (&1, &, &;) for a 3D case and one of directions (&, &) in a 2D case.
Suppose that along the direction &; the characteristics corresponding to negative
eigenvalues of the matrix go outside the region of integration. This side is called the
right side of the region of integration. Then, at the stage of calculating the internal
points in accordance with Egs. 5.52, 5.53, the following vectors given in Egs. 5.106,
5.107 will be calculated.
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Fig. 5.3 The left side of the region of integration for the direction &;

G681+ =4 60+ X" (q (8 - n ) —d @ 8)
iel*

(5.106)
q 1,6, 86,1+1)=q (&1,6,8,1)
£ XP (g (8 - M) — G @6

iel*

(5.107)

The matrix 2*°*' is composed of eigenvectors corresponding to negative eigen-
values. The action of the corrector at the boundary point is performed by the following

Eq. 5.108, where 73 is the given point at the boundary.
G(Fot+7) =Fg (Fo.r+7)+@d (5.108)

The condition given in Eq. 5.105 is satisfied with the same order of convergence as
the method used for solving systems of equations under consideration. This method
is given by Eqs. 5.48, 5.49 into the inner points of the modelling domain (region
of integration) and, accordingly, is using for finding values in Eqs. 5.52, 5.53. In
Eq. 5.108, the matrices @ and F are calculated from the following Eqgs. 5.109-5.110.

@ = @~ (DQ*)~! (5.109)
F=1-&D (5.110)

In Eq. 5.109, the matrix (DSZ”‘*”‘”)_1 is calculated in order the Eq. 5.111 to be
true.
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(DQ*,out)71 DQ* o — 1. (5.111)

5.4.2 Boundary and Interface Conditions for Anisotropic
Elastic Waves

The boundary corrector with a given traction is considered. In this case, the condition
given by Eq. 5.105 takes the form represented in Eq. 5.112.

o-p=f (5.112)

In Eq. 5.112, } is the traction also called as the density of external forces and

being a given vector, p is the outer normal to the boundary here and below. The
matrix D from Eq. 5.105 can be written by Eq. 5.113.

000p; 0 O O p3 ps
D={0000 p 0 ps 0 p :D(,S) (5.113)
0000 0 pspap1 O

The vector d from Eq. 5.105 can be written by Eq. 5.114.

d=| f =f=d<0 (5.114)
/3

The boundary corrector with the given boundary velocity is considered. In this
case, the condition in Eq. 5.105 takes the form represented by Eq. 5.115.

V=V (5.115)

In Eq. 5.115, V is the velocity of the boundary being a given vector. The matrix
D from Eq. 5.105 can be written by Eq. 5.116.

100000000
D=|(010000000 (5.116)
001000000

The vector d from Eq. 5.105 can be written by Eq. 5.117.
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d=|V, | =d(V)=V (5.117)

The boundary corrector of mixed boundary conditions with the given normal
projection of the boundary velocity and the non-zero given tangential component
of the traction is considered. In this case, the Eq. 5.105 takes the form given by
Eqgs. 5.118, 5.119.

(5.118)

<

V-

NN

o-p= (5.119)

In Eq. 5.119, £ is given by Eq. 5.120.
f= ?f+((?—?,) ~ﬁ>ﬁ (5.120)

In Eq. 5.118, V, is the projection of the boundary velocity on the normal being

a given scalar. In Eq. 5.120, ;‘T is the non-zero tangential component of the traction
being a given vector. The matrix D from Eq. 5.105 can be written by Eq. 5.121.

si8s2s;3 0 0 0
D =D <ff, p) =] 0 0 0 s11531 S12532 513533
0 0 0 s11521 512522 513523

0 0 0
$12833 + S13832 $11533 + 513531 S11532 + 512831 (5.121)
§12823 + 813822 11523 + 513521 S11522 + 512521

The vector d from Eq. 5.105 can be written by Eq. 5.122.

VP
d=1| 0 :Zz(v,,,}f,;a> (5.122)
Jr

In Eq. 5.121, the designation introduced in Eqs. 5.123—5.131 is used.

S11 = pi (5.123)
S12 = p2 (5.124)
S13 = P3 (5.125)



5 Grid-Characteristic Method 147

e % ~ VG (J:z)z ()] o120
“T % O (JZ)Z () e
e JJC:: ~ VG (JZ)Z F (o) o
RV friiﬁl(;t;]?( Fop T oE
P2 — P2 fui — $115% — S1Sa1 (5.131)

S =
P G+ (o) + ()

The boundary corrector of mixed boundary conditions with the given normal
projection of the boundary velocity and zero tangential component of the traction is
considered. In this case, the Eq. 5.105 takes the form of Eqgs. 5.132, 5.133.

vep=V, (5.132)
o-p=F (5.133)

In Eq. 5.133, f is given by Eq. 5.134.
f= <? : ﬁ) p (5.134)

In Eq. 5.132, V,, is the projection of the boundary velocity on the normal being a
given scalar. The vector d from Eq. 5.105 can be written by Eq. 5.135.

d=| o |=d(v) (5.135)

A view of the matrix D depends on the vector of the normal. If p; # 0, then this
matrix takes the form represented by Eq. 5.136.
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pipaps O 0 0
DZD(ﬁ) =000 —-pppipr O
000 —pips 0 pips
0 0 0
)2V D2p3 (p1p1 — p2p2) (5.136)
pip2 (p1p1 — p3p3) pP2p3

If p, # 0, then the matrix D takes the form represented by Eq. 5.137.

pip2ps O 0 0
D=D<13>= 000 pp—pip2 O
000 0 —pap;paps

0 0 0
—p1P3 p2p3 (p2p2 — p1p1) (5.137)
(p2p2 — p3p3) P1P2 —P1P3

If p3 # 0, then the matrix D takes the form represented by Eq. 5.138.

pip2ops 0 O 0
D=D(f’) =100 0pps 0 —pips
000 0 paps—pap3

0 0 0
—p1P2 (p3p3s — p1p1) P2p3 (5.138)
(p3p3 — p2p2)  —pip2 Pip3

The non-reflective boundary corrector is considered. Then the differences of the
values along the characteristics that go beyond the boundaries of the integration
region must be zero. Thus, the matrix D from Eq. 5.105 takes the form represented

by Eq. 5.139 and vector d from Eq. 5.105 can be written by Eq. 5.140.

D= Q™ (5.139)

d=0 (5.140)

In Eq. 5.139, 2 is the matrix composed of columns of the matrix £ correspond-
ing to the outgoing characteristics. Equations 5.109, 5.110 take the following form
given by Eqgs. 5.141, 5.142.

P = Sz*,out (Qautsz*,out)—l (5141)
F — I _ ﬂ*,oul (Qout ﬂ*,(mt)_] ﬂ(ml (5142)
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Let here and further for the cases of interface correctors there is a medium a and
amedium b, p is the external normal to the boundary of the medium a.
The interface corrector of continuity of velocity and traction is considered. These
interface conditions are written by Egs. 5.143, 5.144.
_a _b -
v =v =V (5.143)
b

f=—Ff (5.144)
The matrix P is introduced by Eq. 5.145.

p1 0 0 0 p3 ps
P=|0p0p;0 p (5.145)

0 0 p3ppp1 O

The matrices ®¢, F¢ for the medium a are obtained in accordance with Egs. 5.109,
5.110. For the medium b, the matrices ®°, F® are obtained in accordance with the
analogues of Eqs. 5.109, 5.110 for the positive outgoing characteristics. In Egs. 5.109,
5.110 and their analogs, the matrix D is used for the boundary corrector of the given
velocity in accordance with Eqs. 5.115-5.117. On the basis of these matrices, 4 new
matrices @47, F¢°, "7 F>9 can be introduces. New 6 x 9 matrices F*?, F>° can
be found using Eqgs. 5.146.

Fiy1 Fao -~ Fyo
Fs; Fsp --- Fso

L (5.146)
Fo; Fop - -- Foo

New 6 x 3 matrices ®%°, ®”? can be found using Eq. 5.147.

D, Py P43
@5, D5y P53
®° = o (5.147)
Dy Py Do
The 3 x 3 matrix given by Eq. 5.148 is considered as well.
P (2" — &) (5.148)

The matrix (P (<I>h"’ — <I>“"’))71 should be calculated using Eq. 5.149.
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(P (877 — ) (P (®"7 — %)) =1 (5.149)

The following Egs. 5.150, 5.151 set new designations I'* and T,
r“ = (P (" — 7)) PF*° (5.150)

I’ =—(P(®" — &))" PF*° (5.151)

Using these new designations one can find % by Eq. 5.152.

— _.a,in N _b,in N
V =T (z, rB) + T (r, rB) (5.152)

Then one can use the corrector of the given boundary velocity with d =V for
two different media a and b in accordance with Eqs. 5.153, 5.154.

i (t +1, ?B) —peg " (r, ?B) + oY (5.153)
b R bgb,in N b
g (z +1, rB) — ¥ (z, rB) +o'V (5.154)

Let us consider the free sliding interface corrector. The conditions are given by
Eqgs. 5.155-5.157.

Vo p=Vp-p=V, (5.155)
f=—f (5.156)
fi=r= (5.157)

The matrix-row P given by Eq. 5.158 is used.

P= [(pl)2 (p2)* (p3)* 2p2p3 2p1p3 21?1172] (5.158)

The matrices ®“, F¢ for the medium a are obtained in accordance with the
Egs. 5.109, 5.110. For the medium b, the matrices ®”, F” are obtained in accor-
dance with the analogues of Egs. 5.109, 5.110 for the positive outgoing characteris-
tics. In Egs. 5.109, 5.110 and their analogs, the matrix D is used for the boundary
corrector of mixed boundary conditions with the given normal projection of the
boundary velocity and with zero tangential component of the traction in accordance
with Egs. 5.132-5.138. This boundary corrector is used with the normal p for the

medium a and the normal — p for the medium b. The direction of the normal should
be taken into account into Eqs. 5.132-5.138.

On the basis of these matrices, 4 new matrices ®*°, F7, ®"° F>° can be
introduced. New 6 x 9 matrices F*°, F* can be found using Eq. 5.146 but 6 x 1
matrices ®°, ®° should be calculated using Eq. 5.159.
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Dy
@5
7 = . (5.159)
@y,
For a given interface corrector the expression P (<I>b - <I>“) is scalar. The following
notation is introduced by Egs. 5.160, 5.161.
r“=—(P(®°+9")) " PF* (5.160)
I’ = (P (o + @) PF’ (5.161)
Then the projection of the velocity on the normal V), is found from Eq. 5.162.

_a,in N _bjin N
V, =T (z, rB) +Thg (z, rB) (5.162)

Next, the boundary corrector of mixed boundary conditions with the zero tangen-
tial projection of the traction is applied using Eqgs. 5.163, 5.164.

a Vp
d =] 0 (5.163)
0
b _VP
d = 0 (5.164)
0
Then one can apply Egs. 5.165, 5.166.
Z]a (f +7, FB) = F”Z]a'm (t, ?B> + ®d (5.165)
_b - _bin / _ _b
7 (r +1, rB> — g (z, rg) s (5.166)

5.4.3 Boundary and Interface Conditions for Isotropic
Elastic Waves

The boundary corrector with the given traction is considered. In this case, Eq. 5.105
takes the form of Eq. 5.112. In the case, when the normal pis collinear to the direction
of splitting n, Eq. 5.167 is true for the right boundary.
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p=n (5.167)

Equation 5.168 is true for the left boundary.

p=—n (5.168)

The case, when the normal p is collinear to the direction of splitting 1, is realized
during using the regular meshes. In the case of unstructured triangular or tetrahedral
grids, the normal might not being collinear to the split direction.

If the normal is collinear to the direction of splitting, then the boundary corrector
will act according to Egs. 5.169, 5.170.

_n+l _in 1 . 1 1 1 2\ o
v =v ——z+—|——-— (zn)n (5.169)
pCs P \C Cp
o™ = gi" + (2®ﬁ +ﬁ®z) + 2 GT=200+ ) Noo) (5.170)
A+2u

In Egs. 5.169, 5.170 and further, the upper sign corresponds to the left boundary
of the integration region and the lower sign corresponds to the right boundary. The
following value is denoted by Eq. 5.171.

zzzp(oi" -ﬁ) 7 (5.171)

If the normal is not collinear to the direction of splitting, then the boundary
corrector will act according to Egs. 5.172, 5.173.

_n+l _in 1 N o=\ . =
v+ =v :I:—(a)ln—<n~b>n+b> (5.172)
0
o =g — <(Cp —c3) w) — 2cs <ﬁ . B)) Noo — czo I — ¢y (ﬁ@B + E@ﬁ)
(5.173)

In Egs. 5.172, 5.173, values b and w; depend on 7z given by Eq. 5.174 according
to Egs. 5.175, 5.176.

Z=06¢".-p—f (5.174)

2(1.1) (5-9) - (52
e o-8) =l

b= W (2 . w1c3,3) (5.176)

(5.175)

w)] =
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The boundary corrector with a given boundary velocity is considered. In this case,
Eq. 5.105 takes the form of Eq. 5.115. The boundary corrector acts in accordance
with Eqgs. 5.177, 5.178.

n+l in

vo=v 7=V (5.177)
0" =" % p ((27) (tep — 2e5 — e Nog + esD) + cs (4@ + 2@0) ) (5.178)

In Egs. 5.177, 5.178, 7 is given by Eq. 5.179.
Z=v -V (5.179)

The boundary corrector of the first mixed conditions with given normal projection
of the boundary velocity and the tangential component of the traction is considered.

In this case, Eq. 5.105 takes the form of Egs. 5.118-5.120. Note that ;‘r is scalar in
a 2D case. In the case, when the normal is collinear to the direction of the splitting,
the traction can be calculated from Eq. 5.180.

f=7f. +n (:chPvp + (:F (cin . ﬁ) _ pCp§m> : ﬁ) (5.180)

Then this traction is substituted into Egs. 5.169-5.171 for calculation of the bound-
ary corrector with the given traction.

If the normal is collinear to the direction of the splitting, then the force density is
computed using Eq. 5.181.

=1+ fop (5.181)

Further, this traction is substituted into Eqs. 5.172-5.176 for calculation of the

boundary corrector with the given traction. In Eq. 5.181, the following quantity f,
is denoted by Eq. 5.182.

AM + BM (ﬁ . }t)
fr=- — (5.182)
(B +Co) (7 p)

In Eq. 5.182, the following notations given by Egs. 5.183—5.185 are introduced.
Cy =cp—cs (5.183)

2
By = (2¢s +¢3 — cp) (ﬁ : ;;) — e (5.184)
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- \?2 _in
Ay = Epcs <(CP+C3) (n . p) —C3> . (V,, — <v p>>

+By (0" = Noo) £Cs (ﬁ : f)) (z; : (o"" ﬁ)) (5.185)

Also, the boundary corrector of the second mixed conditions with the given tan-
gential component of the velocity of the boundary and the normal projection of the
traction is considered. In this case, Eq. 5.105 takes the form of Eqs. 5.186-5.188.

V=V, (5.186)
o-p=1f (5.187)
fp=>f (5.188)

InEq. 5.186, \7, is the tangential component of the velocity of the boundary being
a given vector. In Eq. 5.188, f}, is the projection of the traction on the normal being

a given scalar. Note that \7, is scalar in a 2D case.
In the case, when the normal is collinear to the direction of the splitting, the

velocity V is calculated using Eq. 5.189.

- - _f_in 1 N L
V:Vf+n<v 'I’l:l:—<n.o-l".n—fp)> (5189)
pcp

Then this velocity V is substituted into Egs. 5.177-5.179 for calculation of the
boundary condition with the given boundary velocity.

If the normal is not collinear to the direction of the splitting, then the velocity is
calculated by Eq. 5.190.

V=V.+V,p (5.190)

In Eq. 5.190, the quantity that can be found from Eq. 5.191 is introduced.

Dy
V, = — 5.191
"= By ( )
In Eq. 5.191, the notations Dy, Ej; are introduced by Egs. 5.192, 5.193.
o _\2 _in N
Dy = ((CP —2cs — ¢3) (n . p) +C3) . ((v — Vr> n)
NN _in 1 R X R
+265<n~p><v -p):F—<f,,—p-o”’-p> (5.192)
P

Ey = ((cP — e — ¢3) (ﬁ : ;7)2 +2cs + c3> (ﬁ : ;a) (5.193)
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For the nonreflecting boundary corrector, Eqgs. 5.109, 5.110 take the form of
Egs. 5.141, 5.142, respectively.

The interface corrector of continuity of velocity and traction is considered. The
conditions on the interface are given by Eqs. 5.143, 5.144. In the case, when the

normal p is collinear to the direction of the splitting 7, the velocity V is calculated
using Eq. 5.194.

N 1 a . _a,in p a\ = g=ain
V:—p”cg+pbc'§ P p-v (cp—cs)p+csv

+pb ((13 . Gb’m> (cf, — cls’) p+ cls’ﬁb’m> — (o’”” — ab~i”) p
o (cp —c8) +p” (ch — cd)
p4ch + pbeh

N _a,in _b,in . . N N
. <p~ <<p“cf§v + plchy ) — (™" — ™). p))} p (5.194)

Further, this velocity V is substituted into Egs. 5.177-5.179 for calculation of the
boundary condition with the given boundary velocity.

If the normal p is not collinear to the direction of the splitting n, then the velocity
V should be found using Eq. 5.195.

2 _
(2 (ﬁ . Z)) (PPt + picd + pPch + p?cd) — Bc> <Ac ~ﬁ> n

V= —
B¢ (,obcls’ + p"cg) (n . p)

(0Pc§ + pcg + pPch + pcs) (;\c : 13) n -

Ac
_ Folpbea+ ) o) (np)
B (pbel + pacg) (ﬁ . 1;) B Be (pbch+ poct) (5.195)

In Eq. 5.195, the following notations given by Egs. 5.196, 5.197 are introduced.
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. . - _bii _a.i ~\ -
AC — (o,b,zn _ Ga,tn) D+ ((,Ongv in +,OaC(SJVa m) ) p) s
I _bii ai
+ (n . p) (pbcgv " + pacgva m)
b (P N (b b (75 =
+p’ (v -n ((cP—2cs—c3)<n~p>n+cb3p)
a ~ain a a a\ (7 .75\ >
+p (V n) ((CP —2c§ — ) (n -p>n+ca3p) (5.196)
2
Bc = (pPch+ pcp + p"ch + pcs) (ﬁ . f?) — (p"ck + p*c§) (5.197)

The free sliding interface corrector is considered. The conditions on the interface
are given by Egs. 5.155-5.157. In the case, when the normal p is collinear to the
direction of the splitting n, one calculates V), using Eq. 5.198.

_a,in _b,in . . N N
(p“cf,v +plcgy = (o%in — ghin). P) P

v, =
P b
pich + pPep

(5.198)

Further, V), and ;‘t = 0 are substituted into the first mixed conditions given by
Eq. 5.180 for medium a with an external normal p. Values —V,, and }T = 0 are
substituted into the first mixed conditions given by Eq. 5.180 for medium b with an
external normal —p.

If the normal p is not collinear to the direction of the splitting n, then V), is
calculated by Eq. 5.199.

Vo=

(5.199)
In Eq. 5.199, the following notations are introduced by Egs. 5.200, 5.201.
2
Ap = (By +Cjy) olck ((cl}i + cg’) (ﬁ . 13) - cé’)

+(Bjy +Cly) pcs ((c;; +c) (ﬁ . ﬁ)z — cg‘> (5.200)
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a b A b in
Br = (B +CM ,oc CP+C3 n —c3 -p

- (Bl ) () (7 _)( 7)

+ (BYy + Ch) By (6 =+ Nog) — (BZ,1+CM ) Bl (67 <+ Noo)
+ (Bl +Cly) iy (n-) (- (o 11))
— By +Cy) Chy (7 ) (- (o" 1)) (5.201)

Further, values V, and f, = 0 are substituted into the first mixed conditions given

by Egs. 5.181-5.185 for medium a with an external normal p and values —V,, and

j‘, = 0 are substituted into the first mixed conditions given by Eqs. 5.181-5.185 for

medium b with an external normal —p. In Eq. 5.201, parameters BY,, C{,, and Bf(,,,
C 1hv1 were introduced into Eqgs. 5.183, 5.184 for media a and b, respectively.

5.4.4 Boundary and Interface Conditions for Acoustic Waves

The boundary condition with a given pressure is considered. The Eq. 5.105 takes the
form of Eq. 5.202.

pPl=p (5.202)
The boundary corrector will act according to Egs. 5.203, 5.204.

_n+l _in in _ N
’ A A (5.203)

<
I
<
+

pPl=p (5.204)

The boundary condition with a given normal projection of the velocity is consid-
ered. Equation 5.105 takes the form of Eq. 5.205.

_n+l

voop=V, (5.205)

The boundary corrector will act according to Egs. 5.206, 5.207.
_n+l _in _in N
v =v - <v -p— V,,) p (5.206)

P = pi s erp (ﬁ’” p— VP> (5.207)
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Free sliding interface corrector is considered and given by Egs. 5.208, 5.209.

Ve p=vp-p=V, (5.208)
pt=p’ (5.209)

Firstly, one can find p using Eq. 5.210.

. . _inb _in, N
c?ptp™? + P pl it — c?pictph ((V 'P> - (vm - p))
(5.210)

Capa + Cbpb

p:

Substituting p into Eqs. 5.203, 5.204 for both media, one can obtain the action of
this interface corrector.

5.5 Conclusions

The family of grid-characteristic methods for solving hyperbolic systems of equations
is considered in this chapter. This family of numerical methods adapts successfully
to the basic systems of equations used to solve applied problems of seismic oil and
gas exploration, seismic resistance of various structures, ultrasonic non-destructive
testing of railway tracks, ultrasonic studies of various materials, human body, and
ultrasonic operations. In this chapter, cases of isotropic and anisotropic elastic waves
and acoustic waves are considered in detail. The structure of the wave processes for
an anisotropic elastic medium is also obtained and considered.
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Numerical Modelling of Composite oo
Delamination and Non-destructive

Testing

Katerina A. Beklemysheva, Alexey V. Vasyukov, Alexander O. Kazakov
and Alexey S. Ermakov

Abstract Delamination caused by low-velocity strike is considered as one of the
most dangerous failure types. The destruction of contact between the plies or compos-
ite components significantly lowers the residual strength of the material but cannot
be determined by visual inspection. These failures can mostly be determined by
ultrasound testing, however, it requires a long time and cannot be carried out on
site, which increases the maintenance cost. Both delamination emergence and ultra-
sound diagnostic results are determined by wave processes in viscoelastic media.
The grid-characteristic method used in this chapter shows good results verified on
various experimental data. The results of numerical modelling of delamination and
its diagnostics are given in this chapter.

Keywords Numerical modelling + Grid-characteristic method + Delamination
Non-destructive testing - Elastic waves + Ultrasound testing

6.1 Introduction

Massive use of composites in the bearing structures causes a number of problems.
One of the most crucial problems is a development of fast and reliable method for non-
destructive testing [1, 2]. Low-velocity strikes with the strike energy approximately
less than 200 J occur very often during the maintenance, repair, takeoff, and landing
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of an aircraft. A high-velocity strike causes visible deformations of material but
a low-velocity strike leads to an internal damage, which is barely visible. After
being exposed to a low-velocity strike, the composites behave differently than the
homogenous materials. Even if a composite shows a high strength in standard tests
comparable to the traditional aviation materials, it can be damaged in situations that
are not modeled in standard tests. The destruction during a low-velocity strike can
take place in the volume of material, between composite plies, or between composite
components [3, 4]. It lowers the residual strength of the material without almost any
visible damage that impedes its diagnostics.

The non-destructive testing assumes the detection of damaged areas without any
irreversible actions towards the material. The visual examination is usually enough
for homogenous materials because the considerable decline of material strength
occurs only after visible deformations.

One of the composite peculiarities is a fast lowering of material strength with a
failure of the internal composite structure (delamination between plies or composite
components, matrix cracking). The exposure of a material with such failures to a
dynamic or static operational load leads to its final destruction, even if the load
strength was not enough to break an intact composite or a homogenous material
of the same strengh. While significantly lowering the composite material strength,
these internal failures are mostly invisible to the naked eye. This means that the
strength norms and standards for the traditional aviation materials are ineffective for
composites.

One of the most popular testing methods is the ultrasound testing. In homoge-
nous material, the emitted elastic waves are propagated linearly in the material, then
reflected from a crack or a backside, and returned to the sensor. The structure of the
composite complicates the picture, because the signal of the sensor has a high level
of noise caused by elastic waves that are reflected and refracted on internal con-
tacts between materials [5, 6]. Different composite destruction types can absorb the
ultrasound pulse (multiple matrix cracking) or let it through without any interaction
(closed delaminations between plies).

The modelling of the ultrasound requires a numerical method that allows to obtain
a full elastic wave pattern, considering the borders and contacts behavior with a high
temporal and spatial resolution. We use the grid-characteristic numerical method
[7-9] based on the characteristic parameters of the original system of equations that
allows to model the elastic waves’ propagation in the deformable solids and interac-
tions of wavefronts with material borders and obtain the full solution of nonstationary
contact problems. The method allows to obtain the components of the stress tensor
and strain rate vector with the high temporal and spatial resolution in the modelling
area.

Usually the aviation composite consists of several (from 2 to 6) subpackets, each
of which consists of 11 orthotropic plies [10]. The subpacket behaves closely to
an isotropic material because plies are aligned at different angles. In this chapter,
we model the composite as several layers of an isotropic material because the plies
number is enough to neglect the subpacket anisotropy during modelling. To obtain
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the accuracy for a quantitative comparison with an experiment, the additional mea-
surements of the subpacket anisotropic behavior parameters are necessary.

In this chapter, both the formation of internal damage in the composite panel
during impact and detection of model defects using ultrasonic testing are considered.
The problem statement of delamination caused by multiple low-velocity strike is
discussed in Sect. 6.2. Section 6.3 presents the numerical results of delamination
caused by multiple low-velocity strike. The problem statement and numerical results
of the direct problem of non-destructive testing are given in Sects. 6.4 and 6.5,
respectively. Section 6.6 concluded the chapter.

6.2 Delamination Caused by Multiple Low-Velocity Strike:
Problem Statement

Numerical modelling results for a single low-velocity strike are presented in
[10, 11]. During a multiple strike, the elastic waves’ pattern is more complex
because the wave interference can alter the destruction pattern or lead to the
appearance of new destruction areas. Prediction of these effects without modelling
the full process only by single strike data is an extremely difficult task. Mod-
elling of the full elastic waves’ pattern in a composite during the multiple low-
velocity strike can explain many effects and predict their appearance in experi-
ments.

In this chapter, different number of the strikers is considered (one, two, and four).
Each striker is modeled as a sphere. The case of a collision at an angle is also
considered. Different modes of colliding, such as the simultaneous strike, strike with
a short delay, and strike with a long delay, are examined. The length of a short delay
was estimated from a characteristic time for the wave processes in a plate. That time
is necessary for a longitudinal wave from the striker to reach the backside of the
plate. In this case, the waves from multiple strikers still have time to interact. The
length of a long delay was estimated from viscous decay processes: the second strike
occurs, when the waves from the first one have already dissipated. As a result, the
second strike is applied to a previously destructed material without any interaction
with wave processes between different strikes.

Thereinafter, the delamination model is considered in Sect. 6.2.1. The calculation
parameters are pointed in Sect. 6.2.2.

6.2.1 Delamination Model

One of the characteristic failure modes of the composite is a delamination that means
the destruction of contact between the composite plies. This process can be mod-
eled by modifying a contact condition without grid reorganization. The existing
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delamination models for Finite Element Modelling (FEM) [12-17] face the certain
complexities, which require introducing the inner model parameters and lead to the
non-physical oscillations. Grid-characteristic method allows for a much simpler con-
tact and border problem statement. In this chapter, we suggest the following model.

Each contacting node can be either intact or failed. During the calculation, we
consider only the state of the real node ignoring the virtual ones [8]. For a failed node,
the friction contact algorithm is always used [ 18]. For an intact node, we follow these
several steps:

Step 1. The preliminary step. We assume that a node is in the state of complete
adhesion and calculate the components of the stress tensor and strain rate vector
(V" 0% obtaining the force acting on the contacting node ( f *=0*-n).

Step 2. The destruction criterion is ‘ f *‘ > fo, where f is an adhesion strength.
If the criterion is not met, then the preliminary step is considered to be correct and
we proceed to the next node. Otherwise, we move to Step 3.

Step 3. The recalculation. If the destruction criterion is met, the node is marked
as failed. The preliminary step is considered to be incorrect and we calculate the
components of the stress tensor and strain rate vector according to the friction contact
algorithm.

6.2.2 Calculation Parameters

Several problem statements are mentioned below:

e One striker:

a. Perpendicular strike.
b. Strike at an angle.

e Two strikers:

a. Simultaneous strike.
b. Strike with a short delay.
c. Strike with a long delay.

e Four strikers:

a. Simultaneous strike.
b. Strike with a short delay.
c. Strike with a long delay.

The composite is modeled as follows. Three layers are considered to be the elastic
deformable bodies made of Carbon Fiber Reinforced Polymer (CFRP). The striker
material is steel (Table 6.1). Itis assumed that the contacts between layers are destruc-
tible with the strength of 42 MPa. Contacts between strikers and plate are friction
contacts, k = 0.1. Three values of strike energy 50, 100, and 150 J are considered.
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(G)) (b)

Fig. 6.1 General view: a one striker, b two strikers, ¢ four strikers

The energy is distributed evenly between the strikers. Radius of the single striker is
Tsingle = 1.5 mm, each of the two strikers is 7 joupe = 1.19 mm, each of the four strikers
iS 7 guag = 0.94 mm.

The general view of the calculation area is presented in Fig. 6.1. Time step was
determined from Courant condition, T = 1.91 x 1078 s. Length of the short delay
is ,, = 1.91 x 107% s (100 time steps) and of the long delay is t, = 5.73 x 107 s
(300 time steps). For the strike at an angle, three angle values 10°, 30°, and 60° were
considered.

6.3 Delamination Caused by Multiple Low-Velocity Strike:
Numerical Results

Figures 6.2 and 6.3 present the calculation results for the single striker.

Figure 6.2 presents the strain rate vector modulus and delamination areas at dif-
ferent times in XZ section passing through the collision point. Strike energy is 50 J.
Figure 6.3 presents the delamination areas for different values of strike energy.

The characteristic annular delamination form that can be seen in every image is
caused by shear stresses on the contact. The front of the longitudinal wave emitted
from the collision point is spherical. The compression wave directly beneath the
collision point passes through the contact without damaging it. Moving away from
the collision point, a force on the contact obtains tangential component increasing
until the shear stress becomes high enough to destroy the contact. At the same time,
the wave dissipates with the distance and distributes to a larger area lowering its
amplitude until it is not enough to destroy the contact. The amplitude of tension
waves from the backside and striker bouncing is not enough to destroy the contact.

Table 6.1 Elastic parameters of the plate and strikers
Material E, GPa v P, kg/m3 ©, GPa w, GPa | cp, m/s cg, M/
CFRP (subpacket) | 8.5 0.32 1580 5.72 322 2775 1425
Steel 200 0.28 7800 99.43 78.13 5725 3165
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(a) (b)

Fig. 6.2 Numerical results for the single striker, strike energy 50 J, section XZ passing through
the collision point, and time steps 100, 200, and 300: a strain rate vector modulus, b delamination
areas between upper and middle layers

Edge effects observed in experiments [2] can be seen on the upper layer near sides
of the sample (Fig. 6.3).

Numerical results for two strikers with the delamination areas for different col-
lision modes are presented in Fig. 6.4. In the case of a simultaneous collision with
two strikers, the compression waves interfere. Shear stresses on the contact in the
area between strikers compensate each other and the contact remains intact.

Other modes demonstrate an asymmetry caused by the time delay between strikes.
Compression wave from the second striker does not reach the contact and the wave
from the first striker destroys a larger area than after the simultaneous strike.

In the case of a long delay, the compression wave from the second striker reaches
the contact after the formation of the destruction area from the first collision. Waves
do not interfere and the second striker interacts with an already destroyed plate. The
destroyed area is significantly higher than both in the case of simultaneous strike and
in the case of a single strike of the same total energy.
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(a) (b) (c)

Fig. 6.3 Delamination areas for the single striker with strike energy (at the top—delamination
between upper and middle layers, at the bottom—between middle and lower layers): a 50 J, b
1007, ¢ 1507

Numerical results for four strikers with the delamination areas for different colli-
sion modes are presented in Fig. 6.5. These areas are significantly lower than in the
case of two strikers. It is caused by the larger distance between strikers and wave
interference between different strikes.

Delamination areas for a single striker and different strike angles are presented in
Fig. 6.6. Increasing the strike angle leads to the reduction and shift of delamination
area. At the angle of 30°, a considerable asymmetry can be observed. At the angle
of 60°, the pattern changes completely. The amplitude of the compression wave is
too low to cause delamination and the damage is mostly caused by the shear wave.

The foregoing results show that the delamination pattern after a multiple low-
velocity strike is defined by the interference of elastic waves from the collision
points. Both form and size of the delamination area is defined not only by the mass
and velocity of strikers but also from the time delay between strikes. The collision
of a composite plate with a part of complex shape can lead to similar effects.
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(@ (b) (c)

Fig. 6.4 Delamination areas for two strikers, strike energy 100 J (at the top—delamination between
upper and middle layers, at the bottom—between middle and lower layers): a simultaneous strike,
b small delay, ¢ long delay

Fig. 6.5 Delamination areas between upper and middle layers for four strikers, strike energy 50 J:
a simultaneous strike, b short delay, ¢ long delay



6 Numerical Modelling of Composite Delamination ... 169

Fig. 6.6 Delamination areas between upper and middle layers for the angled strike, strike energy
50 J: a angle 10°, b angle 30°, ¢ angle 60°

6.4 Direct Problem of Non-destructive Testing: Problem
Statement

For a model problem, we took a two-layered composite with the layer width 3 mm
and material parameters presented in Table 6.1. Three cases are considered: an intact
composite plate, a plate with the radius delamination 2 mm, and a plate with the
radius delamination 4 mm. General view of the lower layer is presented in Fig. 6.7,
the cross-section of the calculation area is depicted in Fig. 6.8. Note that the axis Z
is aligned perpendicular to the plate surface.

(a) (b) (c)

Fig. 6.7 Delamination areas, lower layer: a no delamination, b delamination radius 2 mm, ¢ delam-
ination radius 4 mm

(a) (b) (c)

Fig. 6.8 Delamination areas, XZ cross-section: a no delamination, b delamination radius 2 mm, ¢
delamination radius 4 mm
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(a) (b) (c)

Fig. 6.9 Initial state on the upper surface: a perpendicular strike (along the axis Z), b tangential
strike along the axis X, ¢ tangential strike along the axis Y

Fig. 6.10 Line of sensors

The diagnostic pulse is generated by the applying of an initial state of velocity
in a small area of the upper surface of the plate. In real devices, the diagnostic
pulse has a complex shape but the given statement is enough to obtain all types of
waves generated by the surface strike and analyze their behavior with respect to
the delamination area. Three strike directions are considered: a perpendicular strike
(along the axis Z) and two tangential strikes (along the axes X and Y). Initial states
on the upper surface are presented in Fig. 6.9. The line of sensors (aligned with the
axis Y) on the upper surface and general view of the calculation area are presented
in Fig. 6.10.

6.5 Direct Problem of Non-destructive Testing: Numerical
Results

Consider the numerical results of the perpendicular strike, tangential strike along
the axis X, and tangential strike along the axis Y in Sects. 6.5.1-6.5.3, respectively.
Sensor line data is given in Sect. 6.5.4. The analysis of numerical results is presented
in Sect. 6.5.5.



6 Numerical Modelling of Composite Delamination ... 171

6.5.1 Perpendicular Strike

Distribution of velocity vector components on the upper surface for 300 time step is
presented in Figs. 6.11, 6.12 and 6.13. The distribution of Z velocity vector compo-
nent in the XZ cross-section for the consecutive time steps and all three considered
types of delaminated area are presented in Fig. 6.14.

6.5.2 Tangential Strike Along the Axis X

The distribution of velocity vector components on the upper surface for 300 time
step is presented on Figs. 6.15, 6.16 and 6.17. The distribution of X velocity vector
component in the XZ cross-section for the consecutive time steps is presented on
Fig. 6.18. The distribution of X velocity vector component on the upper surface for
the consecutive time steps is presented on Fig. 6.19.

6.5.3 Tangential Strike Along the Axis Y

The distribution of velocity vector components on the upper surface for 300 time
step is presented on Figs. 6.20, 6.21 and 6.22. The distribution of Y velocity vector
component in the XZ cross-section for the consecutive time steps is depicted in
Fig. 6.23. The distribution of Y velocity vector component on the upper surface for
the consecutive time steps is presented in Fig. 6.24.

6.5.4 Sensor Line Data

Plots of velocity vector components along the sensor line for the consecutive time
steps are presented in Fig. 6.25.

(@ (b) (c)

Fig. 6.11 Distribution of X velocity vector component on the upper surface for 300 time step:
a intact material, b delamination area 2 mm, ¢ delamination area 4 mm
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Fig. 6.12 Distribution of Y velocity vector component on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

@ (b) (c)

Fig. 6.13 Distribution of Z velocity vector component on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

6.5.5 Analysis of Numerical Results

Figures 6.11, 6.12 and 6.13 show that the Z velocity vector component is the most
suitable for the further analysis of data for the perpendicular strike. Its amplitude is
higher and the difference between the intact and delaminated cases is more prominent
than for other components. Similarly, Figs. 6.15, 6.16, 6.17, 6.20, 6.21 and 6.22
show that for a tangential strike it is most suitable to take the same velocity vector
component as the strike direction.

Figure 6.14 shows the elastic waves propagating from the point of initial state
application. The Rayleigh wave has the highest amplitude and is comparatively slow.
It propagates along the plate upper surface. Two longitudinal waves (the compression
and tension) propagate with the highest speed in a volume of the material and reflect
from the plate backside. In the case of delamination, the compression wave passes
through the contact and the tension wave reflects from it. Unlike the open fracture,
which reflects all longitudinal waves, the delamination as a closed fracture reflects
only a half longitudinal waves.

Figure 6.18 shows the wave patterns in the XZ cross-section for the tangential
strike along the axis X formed by two wave groups. The longitudinal waves propagate
to and from the sensor line. The slower shear wave propagates in the volume of the
material and reflects from the backside. Both types of wave give the reflection from
the delamination. Firstly, the longitudinal waves’ reflection comes to the sensor.
Figure 6.19 shows the reflection on the upper surface of the plate.

Figure 6.23 shows the wave patterns in the XZ cross-section for the tangential
strike along the axis Y. Since the material is isotropic, the three-dimensional wave
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(a) (b) (c)

Fig. 6.14 Distribution of Z velocity vector component in the XZ cross-section, from top to bot-
tom—time steps 50, 60, 70, 80, 90, 100, and 110: a intact material, b delamination area 2 mm, ¢
delamination area 4 mm
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(a) (b) (c)

Fig. 6.15 Distribution of X velocity vector components on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

(a) (b) (c)

Fig. 6.16 Distribution of Y velocity vector components on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

(a) (b) (c)

Fig. 6.17 Distribution of Z velocity vector components on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

pattern in this case coincides with the pattern from the previous case. For better
understanding, we look at the cross-section that is perpendicular to the sensor line.
Unlike both of the previous cases, we can see only one group of waves in this cross-
section.

Consider in detail the three-dimensional wave structure for this case. The shear
wave propagates along the axis Z (to the backside) and along the axis X (to the line
of sensors). The same wavefront fades into the longitudinal wave in the direction of
the axis Y making the wavefront form elliptical. In other directions, the wavefront
breaks into the longitudinal and shear groups propagating with different speeds. The
amplitude ratio depends on the angle. The closer to the axis X, the higher is the
amplitude of shear waves. A surface wave propagating along the axis Y can also be
seen in Fig. 6.18, though with a lower amplitude than for the perpendicular strike
(Fig. 6.14).
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(a) (b) (c)

Fig. 6.18 Distribution of X velocity vector components in the XZ cross-section, from top to bot-
tom—time steps 50, 100, 150, 200, 250, and 300: a intact material, b delamination area 2 mm, ¢
delamination area 4 mm

All mentioned waves can be seen in Fig. 6.25. The first column of plots corre-
sponds to the perpendicular strike. At time steps 50, 60, 70, and 80, we can see the
direct wave from the diagnostic pulse. At the 90 time step, we can see the fracture
response—a positive amplitude pulse that corresponds to the reflected tension wave.
Afterward, we can see the passing of the Rayleigh wave. The second column of plots
corresponds to the tangential strike along the axis X. At time steps 50, 60, 70, 80,
90, and 100, we can see the longitudinal wave. Further, at time steps 100-220 we
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(a) (b) (c)

Fig. 6.19 Distribution of X velocity vector components on the upper surface, from top to bot-
tom—time steps 50, 100, 150, 200, 250, and 300: a intact material, b delamination area 2 mm, ¢
delamination area 4 mm

(a) (b) (c)

Fig. 6.20 Distribution of X velocity vector components on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm
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(a) (b) (c)

Fig. 6.21 Distribution of Y velocity vector components on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

(a) (b) (c)

Fig. 6.22 Distribution of Z velocity vector components on the upper surface for 300 time step: a
intact material, b delamination area 2 mm, ¢ delamination area 4 mm

can see the passing of the surface wave. The reflection from the delamination can be
seen at time steps 220-290. The third column of plots corresponds to the tangential
strike along the axis Y. A considerable signal appears only from 120 time step—the
passing of the surface wave. The reflection from the delamination can be seen at time
steps 210-250.

All three cases demonstrate the significant influence of surface waves on the
sensors signal. In some cases, this influence can be removed by placing the sensor
on the opposite side but this method has a number of drawbacks. In addition to the
technological complexity of adjusting the position and synchronization of the emitter
and sensors, the difficulties arise in analyzing the obtained signals. A peculiarity of
elastic waves noticed in seismological modelling [19-22] is that they restore the
wavefront after passing the damaged area. In our task, this effect can be noticed in
Figs. 6.14, 6.18 and 6.23. Consequently, the fracture diagnosis requires a thorough
quantitative analysis, which can be performed in numerical experiments but meets
a lot of complications in the case of a real material. The lack of data on the inner
structure of the composite, especially on the random mistakes in a particular cover
part, makes this analysis very inaccurate and unreliable.

The case of the perpendicular strike corresponds to real ultrasound devices. The
difference between the intact and delaminated materials is much lower than the
surface wave amplitude. Also, the reflected pulse has a relatively short duration. The
tangential strikes and shear waves give higher reflected signal amplitude and longer
duration, which reduces requirements for the ultrasound sensor. Also, the reflection
is necessarily arrived the sensor after the surface wave, thus they cannot overlap.
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Fig. 6.23 Distribution of Y velocity vector components in the XZ cross-section, from top to bot-
tom—time steps 50, 100, 150, 200, 250, and 300: a intact material, b delamination area 2 mm, ¢
delamination area 4 mm
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(a) (b) (c)

Fig. 6.24 Distribution of Y velocity vector components on the upper surface, from top to bot-
tom—time steps 50, 100, 150, 200, 250, and 300: a intact material, b delamination area 2 mm, ¢
delamination area 4 mm
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Fig. 6.25 Distribution of the velocity vector components on the sensor line for 50-300 time steps
(blue line—the intact material, red line—the delamination 2 mm, orange line—the delamination
4 mm): a perpendicular strike (Z velocity vector component), b tangential strike along the axis X
(X velocity vector component), ¢ tangential strike along the axis Y (Y velocity vector component)



6 Numerical Modelling of Composite Delamination ...

181

Fig. 6.25 (continued)
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Fig. 6.25 (continued)
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Fig. 6.25 (continued)

6.6 Conclusions

Results of the numerical modelling of delamination due to multiple low-velocity
strike show that the delamination pattern depends on the number of strikers. This
also means that strikers of the same mass and velocity but with a different shape (for
example, different repair tools) can cause delamination of different size.
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Results of the numerical modelling of ultrasound diagnostics show that the appli-
cation of shear waves is advisable for the ultrasound non-destructive testing, espe-
cially for the detection of delamination areas.

Acknowledgements The reported study was funded by the Russian Fund for Basic Researches
according to the research project Ne 16-07-00884 A.

References

1. Richardson MOW, Wisheart MJ (1996) Review of low-velocity impact properties of composite
materials. Compos A-Appl Sci Manuf 27(12):1123-1131

2. Sjoblom PO, Hartness JT, Cordell TM (1988) On low-velocity impact testing of composite
materials. J Compos Muter 22:30-52

3. Cantwell WJ, Morton J (1991) The impact resistance of composite materials. Compos
22(5):347-362

4. Liu D, Malvem LE (1987) Matrix cracking in impacted glass/epoxy plates. ] Compos Mater
21:594-609

5. Raillon R, Toullelan G, Darmon M, Lonné S (2013) Experimental study for the validation of
CIVA predictions in TOFD inspections. In: 10th international conference on NDE in relation
to structural integrity for nuclear and pressurized components, 660—667

6. De Almeida PD, Rebello JMA, Pereira GR, Soares SD, Fernandez R (2013) Ultrasonic inspec-
tion of adhesive joints of composite pipelines. In: AIP conference proceedings, vol 1581,
QNDE, Baltimore, USA, p 1069, 2014. http://dx.doi.org/10.1063/1.4864939

7. Magomedov KM, Kholodov AS (1988) Grid-characteristic numerical methods. Nauka (in
Russian), Moscow

8. Chelnokov FB (2006) Explicit representation of grid-characteristic schemes for the elasticity
equations in two-dimensional and three-dimensional spaces. Math Model 18(6):96-108 (in
Russian)

9. Beklemysheva KA, Danilov AA, Petrov IB, Vassilevsky YV, Vasyukov AV (2015) Virtual blunt
injury of human thorax: age-dependent response of vascular system. Russ J Numer Anal Math
Model 30(5):259-268

10. Petrov IB, Vasyukov AV, Beklemysheva KA, Ermakov AS, Dziuba AS, Golovan VI
(2014) Numerical modeling of low energy strike at composite stringer panel. Matem Mod
26(9):96-110

11. Beklemysheva KA, Ermakov AS, Petrov IB, Vasyukov AV (2016) Numerical simulation of the
failure of composite materials by using the grid-characteristic method. Math Models Comput
Simul 8(5):557-567

12. Hu N, Zemba Y, Okabe T, Yan C, Fukunaga H, Elmarakbi A (2008) A new cohesive model
for simulating delamination propagation in composite laminates under transverse loads. Mech
Mater 40(11):920-935

13. Hu N, Zemba Y, Fukunaga H, Elmarakbi A, Wangh HH (2007) Stable numerical simulations
of propagations of complex damages in composite structures under transverse loads. Compos
Sci Technol 67:752-765

14. Hou JP, Petrinic N, Ruiz C (2001) A delamination criterion for laminated composites under
low-velocity impact. Compos Sci Technol 61(14):2069-2074

15. Geubelle PH, Baylor JS (1998) Impact-induced delamination of composites: a 2D simulation.
Compos B: Eng 29(5):589-602

16. Reddy ED Jr, Mello FJ, Guess TR (1996) Modeling the initiation and growth of delaminations
in composite structures. J Compos Mater 31(8):812-831


http://dx.doi.org/10.1063/1.4864939

6 Numerical Modelling of Composite Delamination ... 185

17.

18.

19.

20.

21.

22.

Mi Y, Crisfield MA, Davis GAO (1998) Progressive delamination using interface element. J
Compos Mater 32(14):1246-1272

Petrov IB, Favorskaya AV, Beklemysheva KA (2014) Numerical simulation of processes in solid
deformable media in the presence of dynamic contacts using the grid-characteristic method.
Math Models Comput Simul 6(3):294-304

Petrov 1B, Kvasov IE (2012) High-performance computer simulation of wave processes in
geological media in seismic exploration. Comput Math Math Phys 52(2):302-313
Favorskaya AV, Petrov IB (2016) Wave responses from oil reservoirs in the Arctic shelf zone.
Dokl Earth Sci 466(2):214-217

Favorskaya A, Petrov I, Grinevskiy A (2017) Numerical simulation of fracturing in geological
medium. Procedia Comput Sci 112:1216-1224

Favorskaya A, Petrov I, Khokhlov N (2016) Numerical modeling of wave processes during
shelf seismic exploration. Procedia Comput Sci 96:920-929



Chapter 7 ®)
Wave Processes Modelling in Geophysics |

Alena V. Favorskaya, Nikolay 1. Khokhlov, Vasiliy I. Golubeyv,
Anton V. Ekimenko, Yurij V. Pavlovskiy, Inga Yu. Khromova
and Igor B. Petrov

Abstract In this chapter, the application of the grid-characteristic method to
solving seismic prospecting problems is considered. The characteristic seismoge-
ological models, including Marmousi and SEG/EAGE Salt Model, are considered,
wave patterns and seismograms are presented. The cases of 2D and 3D modelling,
curvilinear boundaries between geological layers, fractured layers taking into account
the topology of the Earth’s surface, construction of seismograms for both 2D and
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3D seismic survey cases, and vertical seismic profiling are considered. The investi-
gation of the performance of a software complex developed on the basis of a grid-
characteristic method for modelling hydrocarbon deposits of various computational
complexity was performed. Also, faults zones of a different nature, both about the
length of the faults and the type of geological environment inside these faults, was
studied. A detailed analysis of spatial dynamic wave patterns is carried out, and pre-
dictive conclusions are made about the nature of the seismograms obtained, which
were actually confirmed in the respective seismograms. It will be shown in this
Chapter that typical analytical tests cannot guarantee that software gives an oppor-
tunity for the geologist to develop right conclusions. This problem can be solved
only by understanding the physical basis of the phenomena under consideration and
the peculiarities of the operation of the difference methods used in the software,
simultaneously. This suggests the method called Wave Logica, fragments of which
are also given in the Chapter.

Keywords Grid-characteristic method - Numerical method
Linear-elastic media + Elastic waves + Geological media * Seismic waves
Waves modelling - Seismic prospecting - Seismic exploration * Oil - Gas * Faults

7.1 Introduction

Numerical solution of seismic exploration problems has a large-scale application for
the exploration of the Earth’s and interior of other planets of Solar system [1-3].
These problems are the tasks of increased computational complexity in complete
three-dimensional definitions, taking into account the contact boundaries of complex
shapes, such as the seabed, the surface of the well, the surface of the Earth, and various
inclusions such as fractured zones and faults. It is important that the numerical
method takes into account all types of waves, such as Rayleigh and Love waves
[4], Krauklis waves [5-7], SP-waves, PS-waves, etc. Because these types of waves
are observed in the field, and if the numerical method does not allow them to be
modeled, it is obvious that the results of modelling can differ significantly from
physical experiments, which will substantially limit the use of computer simulation
for the study of seismic phenomena and their patterns in a case of various geophysical
and hydrocarbon objects.

For the calculation of synthetic seismograms, the family of ray-tracing methods
is widely used [8—10]. An opportunity of applying finite-difference approach for
seismograms modelling is discussed in [11]. Some other methods are used as well
[12—-15]. A shot review of different methods for full-wave numerical simulation one
can read in Chap. 5. Also one can find a comparison of different methods in [16,
17]. Geological faults modelling is discussed in [18, 19]. The applications of finite-
difference grid-characteristic method, which was described in Chap. 5 for the seismic
waves modelling, are considered in [20-24].
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The study of geophysical faults of different topology is discussed in Sect. 7.2.
The results of seismic waves and seismograms simulation using different 2D and
3D seismogeological model, including Marmousi and SEG/EAGE Salt Model, are
situated in Sect. 7.3. Section 7.4 gives the conclusions of the Chapter.

7.2 Study of Geophysical Faults

In this Section, the emphasis is on demonstrating the possibilities of analyzing
dynamic spatial seismic wave patterns called Wave Logica [20-26]. Such analy-
sis permits to localize useful information in seismograms. The recommendations
obtained on the basis of the analysis of dynamic wave patterns are verified on an
array of synthetic seismograms. The synthetic seismograms help to model the mul-
tilayered geological media and clusters of geological faults of various topologies.

In order to solve these problems, the faults in the geological environment of
various lengths are considered. Wave processes occurring during the seismic explo-
ration of this type of faults were modeled by solving a system of equations, which
describes an elastic wave field using a grid-characteristic method by full wave numer-
ical modelling with the explicit allocation of other geological material within these
geological faults. One can find a detailed description of this system of equation and
grid-characteristic numerical method into Chap. 5. Also, dynamic wave patterns are
analyzed. Some conclusions were drawn about the localization of useful informa-
tion in seismograms, which are confirmed by the seismograms constructed from the
results of calculations.

In Sect. 7.2.1, a formulation of the problem is discussed, and Sect. 7.2.2 presents
some conclusions illustrated by appropriate figures.

7.2.1 Formulation of the Problem

Seven calculations were considered, each containing a multi-layered geological envi-
ronment (Fig. 7.1) consisting of 8 layers with different parameters of the medium.
The system of the geological faults was placed into the in the sixth layer.

The seismic characteristics of these layers one can find in Table 7.1. The differ-
ence between models was in the different values of the coefficient K (0.5, 0.6, 0.75,
0.9, 1.0), which connects the parameters inside the faults with the parameters of the
circling geological media (Fig. 7.1). In Egs. 7.1-7.3, c5™I, ¢§° are the speeds of
P-waves, cga”lts, csGe" are the speeds of S-waves, pF aults * »Geo are densities into the geo-

logical faults and into the geological environment around these faults, respectively.

Cgaulls - K. CSSO (7.1)
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Fig. 7.1 The layers into

geological environment and
geological faults _

Table 7.1 Seismic characteristics of layers

Layer number Speed of P-waves | Speed of S-waves | Density (kg/m®) | Layer
(m/s) (m/s) thickness
(m)

1 2170 674 2000 500
2 2130 795 2300 100
3 2500 1090 2200 300
4 2680 1220 2300 100
5 3000 1385 2400 400
6 (layer with faults) | 5550 3144 2700 100
7 6000 1250 2800 150
8 6000 1550 2850 4000

Cgaulls - K. Cg}eo (72)

pfaulls — g ;Geo (7.3)

The seismograms V, (horizontal) and V, (vertical) and module V were con-
structed. As wave patterns, the dependence of the modulus V' on the coordinates x, y
is shown. Values of the module V are depicted in colors. The red color corresponds
to some preselected maximum value on the scale, the same everywhere. The blue
color corresponds to the zero value of the module V. In each of the calculations, 8
receiver systems were considered, shown in Table 7.2. Note that the source is always
fixed, located in the center, and situated above the array of the faults.

Also three types of geometry of the faults region were considered. They are
denoted with the following names: “ORIGINAL”, “MEDIUM”, and “MAXIMUM”
fault zones with origin, medium, and maximum lengths of these faults, respectively.
The faults of the original length are geometrically represented in Fig. 7.2, and their
exact parameters can be found in Table 7.3.

The faults of medium length are geometrically represented in Fig. 7.3, and their
exact parameters can be found in Table 7.4. Note that the general topological char-
acter of the fault zone remains the same in comparison with the geological faults
“ORIGINAL”.
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Table 722 Characteristics of  Nymper of receiver | Distance between | Number of
the receivers systems system receivers (m) receivers

0 10 320

1 25 128

2 50 64

3 75 42

4 100 32

5 150 21

6 200 16

7 400 8

Fig. 7.2 Geological faults of
original length, ORIGINAL

Fig. 7.3 Geological faults of
medium length, MEDIUM

The faults of the maximum length considered are represented geometrically in
Fig. 7.4, and their exact parameters can be found in Table 7.5. Note that the general
topological character of the fault zone has changed slightly in comparison with the
faults “ORIGINAL” and “MEDIUM”, although a number of topological features are

conserved.



192

Table 7.3 Characteristics of the geological faults, ORIGINAL

A. V. Favorskaya et al.

Number of fault Length of fault (m) Width of fault (m) Distance between this
fault and the next one

1 25 5 25

2 50 5 25

3 25 5 20

4 75 5 20

5 25 5 20

6 50 5 20

7 25 5 20

8 75 5 20

9 25 5 20

10 100 5 20

11 25 5 20

12 75 5 20

13 25 5 20

14 50 5 25

15 25 5 25

16 25 5 Non defined

Table 7.4 Characteristics of the geological faults, MEDIUM

Number of fault Length of fault (m) Width of fault (m) Distance between this
fault and the next one

1 50 5 25

2 75 5 25

3 50 5 20

4 100 5 20

5 50 5 20

6 75 5 20

7 50 5 20

8 100 5 20

9 50 5 20

10 100 5 20

11 50 5 20

12 100 5 20

13 50 5 20

14 75 5 25

15 50 5 25

16 50 5 Non defined
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Fig. 7.4 Geological faults of
maximum length,
MAXIMUM

Table 7.5 Characteristics of the geological faults, MAXIMUM

Number of fault Length of fault (m) ‘Width of fault (m) Distance between this
fault and the next one

1 50 5 25

2 100 5 25

3 75 5 20

4 100 5 20

5 50 5 20

6 100 5 20

7 75 5 20

8 100 5 20

9 50 5 20

10 100 5 20

11 75 5 20

12 100 5 20

13 50 5 20

14 100 5 25

15 75 5 25

16 50 5 Non defined

7.2.2 Main Conclusions Obtained by Wave Logica

In this section, a study of the influence of the faults length in a geological environment
in the seismograms obtained, as well as the causes of these changes in seismograms
due to the difference in spatial dynamical wave fields was made.

It can be seen from the dynamics of wave patterns that in addition to standard PP,
PS, SP, and PP waves another class of seismic waves is formed in the cluster of the
faults by multiple reflections inside the cluster of the incident P-wave. This class of
waves propagates at an angle to the faults cluster, and does not strictly upward. In
Fig. 7.5, one can see this class of waves occurring after original P-wave passing. This
gives the most significant contribution to the difference between the seismograms
for the cases of faults of different lengths (Figs. 7.6 and 7.7).
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(a) _ . (b)

<t .?\ =

Fig. 7.5 The reflection of original P-wave from the geological faults zone: a without geologi-
cal faults, b geological faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults
“MAXIMUM”

@) () ©

_._:.
g

Fig. 7.6 System of receivers Ne 1,25 m between receivers, seismograms of horizontal V, difference
between the case without geological faults and: a geological faults “ORIGINAL”, b geological faults
“MIDDLE”, ¢ geological faults “MAXIMUM”

(a) (b) (©)

Fig. 7.7 System of receivers Ne 1, 25 m between receivers, seismograms of vertical V', difference
between the case without geological faults and: a geological faults “ORIGINAL”, b geological
faults “MIDDLE”, ¢ geological faults “MAXIMUM”
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Fig. 7.8 The reflection of S-wave, the approaching of secondary P-wave: a without geological
faults, b geological faults “ORIGINAL?”, ¢ geological faults “MIDDLE”, d geological faults “MAX-
IMUM”

Because of the source of seismic waves is located strictly above the cluster of
faults, the largest contribution to the waves reflected from the cluster is made by the
incident P-wave. This regularity is due to the presence of a central decrease in the
amplitude in the incident S-wave (see Chap. 9), in which the cluster of faults occurs.
Next waves in importance after the primary P-wave are called S-wave (see Fig. 7.8).
And the next one is the secondary P-wave, formed as a result of reflection from the
Earth’s surface of the PP-wave reflected from the geological medium around the
faults zone. Note that the approaching of this secondary P-wave is shown in Fig. 7.8.
Reflected from the Earth’s surface of the PS-, SP-, and SS-waves does not make such
a significant contribution also due to the presence in them of a central decrease in
the amplitude. Thus, the focus in this Section is on the P-wave reflection analysis.
Notice that these conclusions are true only for the case then the fault zone is strictly
under the source of seismic waves in the case of typical seismic source is used.

One can see the difference in the wave patterns of reflections of seismic waves
between faults as a function of their length even starting from the instant of time
0.62, 0.64, 0.66, 0.68, 0.7, and 0.74 s in Figs. 7.9, 7.10, 7.11, 7.12, 7.13 and 7.14,
respectively.

Beginning from 0.66 s, a “lattice” of re-reflected waves is formed under the faults
cluster maximally extended horizontally for the faults “MAXIMUM?”. This “lattice”
has an average length for the faults “MIDDLE” and minimal for the faults “ORIGI-
NAL” (Fig. 7.11).
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Fig. 7.9 Spatial dynamical wave pattern, time 0.62 s: a without geological fault; b geological faults
“ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

Fig. 7.10 Spatial dynamical wave pattern, time 0.64 s: a without geological fault, b geological
faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

While wave patterns in the volume above the cluster of faults at 0.66 and at 0.68 s
(Fig. 7.12) are topologically similar for the faults “MAXIMUM?” and for the faults
“ORIGINAL” (they do not have a central amplitude drop) and differ from the wave
pattern for the faults “MIDDLE” (the central amplitude drop is).

In the future, at a time of 0.7 s (Fig. 7.13), two decays of the amplitude over the
faults are formed for the case of faults “ORIGINAL” and “MIDDLE”. In the case
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@

Fig. 7.11 Spatial dynamical wave pattern, time 0.66 s: a without geological fault, b geological
faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

Fig. 7.12 Spatial dynamical wave pattern, time 0.68 s: a without geological fault, b geological
faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

of faults “MAXIMUM?”, there is no amplitude decay. However, the decrease in the
faults “MIDDLE” is more significant than for the faults “ORIGINAL”.

At 0.74 s, formation of lateral responses in the geological layer with a layer with
faults can be observed. They are rather weak for the faults “ORIGINAL”, and are
most clearly expressed for the faults “MAXIMUM” (Fig. 7.14).

At 0.78 s (Fig. 7.15), a “lattice” is formed over the faults cluster. This “lattice” is
characterized by a central zone of brightness for the case of the faults “ORIGINAL”
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Fig. 7.13 Spatial dynamical wave pattern, time 0.7 s: a without geological fault, b geological faults
“ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

Fig. 7.14 Spatial dynamical wave pattern, time 0.74 s: a without geological fault, b geological
faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

and “MAXIMUM” of a symmetrical character. Note that it is clearly asymmetric for
the case of the faults “MIDDLE”. Also, the brightest zones along the edges of the
“lattice” are observed in the case of the faults “ORIGINAL”. These zones smoothly
transform into an analogue of the head P-wave in the case of the absence of faults.
These zones become less pronounced for cases of the faults “MIDDLE” and “MAX-
IMUM”. The central zone of the “lattice” is asymmetrical in the faults “ORIGINAL”
and approximately symmetrical in the case of the faults “MAXIMUM”. It should
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be noted that this type of waves follows after the exchange PS-wave reflected from
the bottom of faults cluster. At the time 0.92 s, it loses a clearly expressed “lat-
tice” structure for all cases of faults length. In general, the resulting “lattice” layer
is divided into two fronts, propagating at an angle of approximately 45° along the
axes intersecting in the upper part of the geological layer located above the layer
with faults. That is, if on these fronts on seismograms to try to restore the location
of the faults cluster, in the earth surface OXY plane it will be approximately in the
right zone, but along the OZ axis (vertical to the earth surface) the position of the
faults cluster will turn out to be overestimated by approximately 300-400 m. The
propagation speeds of these types of waves formed from the “lattice” coincide for
all cases of the geometry of a faults cluster.

It should be noted that a degree of attenuation of this type of waves greatly exceeds
a degree of attenuation of waves of PP-, PS-, SP-, and SS-waves. However, at this
stage of the research, it is not possible to guarantee, which part of the attenuation of
the wave processes corresponds to physical reality and which is due to the peculiarity
of the method used and the quality of the discretization. In other words, in connection
with the presence of anisotropy of geological layers, a more pronounced level of this
type of waves can be observed on seismograms than is calculated and studied in this
section. When developing conclusions and recommendations, it should be borne in
mind that the software allows to accurately understand the topological form of the
wave fronts and the time and place of their registration by geological equipment.
However, it is not possible to accurately estimate their amplitude and the ratio of the
given amplitude to the amplitude of the other types of waves.

It should be noted that this feature is a characteristic of numerical simulation
and, in addition to the method used, depends also on the grid used and many other
factors. Therefore, geologists should be wary of the relative amplitudes obtained in
industrial software for direct modelling with a user-friendly interface. Because such
a user-friendly interface puts the distribution of the grid into dependence on software
algorithms, which makes it difficult to analyze the influence of numerical errors on
the attenuation of various types of waves. Notice that typical analytical tests cannot
guarantee that industrial software gives an opportunity for the geologist to develop
right conclusions. This problem can be solved only by understanding the physical
basis of the phenomena under consideration and the peculiarities of the operation
of the difference methods used in the software, simultaneously. This suggests the
method called Wave Logica.

One might propose that the attenuation of this additional type of waves is occurring
due to the separation of energy into waves of different types and the accompanying
observed increase in the total length of the front of these additional seismic waves.
One can observe this increasing of the total length of the wave front by comparison
Figs. 7.13 and 7.16.

Also it should be noted that in the zone of reflected waves above the faults cluster,
there is no increase in amplitude compared to the case of absence of faults but its
weakening is observed. It is possible to analyze this feature of the topology of wave
fronts in more detail from the moment of 1.16 s (Fig. 7.16). That is, for the case
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Fig. 7.15 Spatial dynamical wave pattern, time 0.92 s: a without geological fault, b geological
faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

of no faults, the central amplitude of the PS-wave is quite bright and attenuation is
observed, which is maximal for the case of faults “MAXIMUM”.

On the basis of Wave Logica, even without studying seismograms, it can be
asserted that seismograms-differences should demonstrate greater asymmetry for
faults “ORIGINAL” and “MAXIMUM?” than for the case of faults “MIDDLE”,
which is actually observed (Figs. 7.6, 7.7, 7.17 and 7.18).

It should also be noted that the characteristic size of the wavefront of these addi-
tional wave reflections reflected from the cluster is approximately 400-500 m, so
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Fig. 7.15 (continued)

if the receivers are too far away from each other, the faults of the fault zone with
different lengths will be indistinguishable on seismograms-sacristies, which is also
confirmed at the seismograms. See Figs. 7.19, 7.20, 7.21 and 7.22.

It can also be argued that the maximum differences in the response will be on
the seismograms of the line with a slope slightly less than the slope of the P-waves
located in the lateral parts of the seismograms at a distance approximately equal to
the depth of the fracture cluster minus 300—400 m. That is at a distance of 1 km,
which is also confirmed by seismograms (Figs. 7.6 and 7.7). Taking into account that
the maximum removal of the receiver from the source was taken to be 1600 m, it
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Fig. 7.16 Spatial dynamical wave pattern, time 1.16 s: a without geological fault, b geological
faults “ORIGINAL”, ¢ geological faults “MIDDLE”, d geological faults “MAXIMUM”

is necessary to expect the position of these differences at a distance of 1/6 from the
edge of the seismogram.

Also note that the speed of this additional type of reflected waves is slightly less
than the propagation speed of P-waves in the geological environment. Consequently,
it can be expected that they are predominantly P-wave but partly of a mixed nature,
propagating at an angle of 45° to the Earth’s surface. In this connection, one should
expect the maximum visible difference in seismograms representing the horizontal
velocity component V., while in seismograms V, obtained from the faults clusters
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Fig. 7.16 (continued)

of different the length will look identical. This feature is also clearly visible in
seismograms (Figs. 7.6 and 7.7).

In general, it can be educed that applying Wave Logica allows to make many
conclusions being useful in the subsequent analysis of seismograms. This technology
of analysis of the process occurring during seismic prospecting of hydrocarbons and
its results allows to analyze the complex effects that are hardly noticeable by usual
methods, such as the difference in the length of faults in the faults clusters. The
analysis of the spatial dynamical wave patterns permits to determine the seismic
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(a) (b) ()

Fig. 7.17 System of receivers Ne2, 50 m between receivers, seismograms of horizontal V., differ-
ence between the case without geological faults and: a geological faults “ORIGINAL”, b geological
faults “MIDDLE”, ¢ geological faults “MAXIMUM”

(a) (b) (c)

Fig. 7.18 System of receivers Ne2, 50 m between receivers, seismograms of vertical V', difference
between the case without geological faults and: a geological faults “ORIGINAL”, b geological
faults “MIDDLE”, ¢ geological faults “MAXIMUM”

(a) (b) (c)

Fig. 7.19 System of receivers Ne4, 100 m between receivers, seismograms of horizontal V, differ-
ence between the case without geological faults and: a geological faults “ORIGINAL”, b geological
faults “MIDDLE”, ¢ geological faults “MAXIMUM”

(a) (b) ©)

Fig. 7.20 System of receivers Ne4, 100 m between receivers, seismograms of vertical V', difference
between the case without geological faults and: a geological faults “ORIGINAL”, b geological faults
“MIDDLE”, ¢ geological faults “MAXIMUM”
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(a) (b) _(C}

Fig. 7.21 System of receivers Ne6, 200 m between receivers, seismograms of horizontal V, differ-
ence between the case without geological faults and: a geological faults “ORIGINAL”, b geological
faults “MIDDLE”, ¢ geological faults “MAXIMUM”
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Fig.7.22 System of receivers Ne6, 200 m between receivers, seismograms of vertical V', difference
between the case without geological faults and: a geological faults “ORIGINAL”, b geological faults
“MIDDLE”, ¢ geological faults “MAXIMUM”

survey parameters, which are necessary for obtaining the required information about
the geological media and hydrocarbon deposits.

7.3 Wave Simulation in Geological Media

Consider a wave simulation in geological media. Section 7.3.1 presents several seis-
mogeological models for 2D and 3D testing. The calculation of dynamical wave
patterns is discussed in Sect. 7.3.2. The calculated synthetic seismograms obtained
from these dynamical wave patterns are presented in Sect. 7.3.3. Section 7.3.4 gives
some results of the software performance evaluation.

7.3.1 Seismogeological Model for 2D and 3D Testing

During creating algorithms and software for seismic data processing and wave field
modelling, reference seismogeological models are widely used [27]. These models
are freely available and any researcher can use them in their work. One of these
model is the Marmousi model [28]. This model was developed by Institut Francais
du Petrole (IFP) in 1988 and imitates the geological structure of the Hansa basin.
The model was created to calculate the wave field and test new algorithms for data
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processing. The model contains 158 horizons and a series of faults that divide the
entire section into blocks. At the top of the model, there is a layer of water about
32 m thick. The model’s dimensions are 9.2 km in length and 3 km in depth. In this
Section, this model is called 2D-Marmousi.

For the three-dimensional calculations, the salt diapir (SEG/EAGE Salt Model)
model was used. This model was developed by the SEG Research Committee and was
created as a part of the Advanced Computational Technology Initiative in partnership
with United States Department of Energy National Laboratories and Technology
Centers [29]. The model includes 7 horizons of 12 faults, sand lenses. The main
anomalous object in this model is the salt diapir of a complex geometric shape. In
this Section, this model is called 3D-SEG.

The described models allow to test new algorithms for data processing and mod-
elling waves for complex geological conditions. When solving production problems
of exploration geophysics, the construction of such complex models is not always
expedient. Most of the tasks can be solved using simpler models. The most common
types of data in the construction of seismogeological models are the distribution
maps of the depths of seams and wave velocities.

The following model describes the generalized geological model of the Volga-
Ural province. The basis of the model is 12 horizons, the speed of wave propagation
varies from 2500 to 6000 m/s. Within the framework of the simulation, the model
was gradually complicated and supplemented: the surface of the Earth’s relief, the
upper part of the section with variable speed, and a series of rupture disorders and salt
diapir. Based on this geological model, four models 3D-SIMPLE, 3D-FAULTS, 3D-
DEPTH, and 3D-SALT are considered in Sect. 7.3. The ability to include a variety
of objects in the model allows to imitate a wide range of geological settings.

The seismogeological model Marmousi was used with the following mathematical
characteristics. The size of the model is 13,601 x 2801 nodes, the grid spacing is
1.25 m. The density data are given in tons per m>. The model was reinterpolated to
a grid of 3401 x 701 t/m* was converted to kg/m?, all cells with no transverse wave
propagation speed were set to 1 m/s. Figure 7.23 shows the resulting distribution of
the propagation speed of P-waves in the constructed model.

A seismic geological model 3D-SEG was used with the following mathematical
characteristics. The size of the model is 676 x 676 x 201 nodes, the grid spacing is
20 m. To create an elastic model, the ratio cs = 0.6¢p was adopted. The density of the
medium was assumed to be constant and equal to 2500 kg/m>. Figure 7.24 shows the
resulting distribution of the propagation speed of P-waves in the constructed model.

The seismic geological model 3D-SIMPLE was used as well. This model
includes the altitude maps, P-wave speed in each geological layer, information
on the location, and characteristics of the faults. The dimensions of the model are
540 x 560 x 275 nodes, the grid pitch is 20 m. The physical size of the model is
10,800 x 11,200 x 5500 m. The ratio cs = 0.6¢p was considered as valid. The den-
sity of the medium was assumed to be constant and equal to 2500 kg/m?. Figure 7.25
shows an example of a converted depth map (after filtering the non-physically large
values in the source data).
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Fig. 7.23 Distribution of the speed of P-waves in the loaded model Marmousi
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Fig. 7.24 Distribution of the speed of P-waves in the loaded 3D-SEG geological model

Figure 7.26 depicts the constructed seismogeological model. Also, the faults
(zones with 10% reduced elastic properties) from the data provided were taken
into account (see Fig. 7.27) and this variant of the 3D-SIMPLE model is called
3D-FAULTS.

The 3D-SIMPLE model was complicated by introducing an account of the relief of
the earth surface and the variability of the velocities of the longitudinal and transverse
waves in the upper layer along the horizontal coordinates. Figure 7.28 shows the
speed distribution and in Fig. 7.29 represents the type of model taking into account
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Fig. 7.25 An example of a
processed depth map

Fig. 7.26 Distribution of the
propagation speed of
P-waves in the loaded model
3D-SIMPLE

Fig. 7.27 Position of faults
in the loaded model
3D-FAULTS

the topography in the complicated version of model 3D-SIMPLE. In this Section,
this model is called 3D-DEPTH.

In addition, some calculations were conducted on the model obtained by compli-
cating the previously constructed 3D-SIMPLE model. Figure 7.30 is a sectional view
of the final geological model. It includes a salt dome (object of rotation). The speed
of P-waves in the object is 4700 m/s. Hereinafter, this model is called 3D-SALT in
this Section.
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Fig. 7.28 Map of speeds in
the near-surface layer of
model 3D-DEPTH
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Fig. 7.29 Model
3D-SIMPLE with regard to

topography

Fig. 7.30 Geological model
3D-SALT

7.3.2 Calculation of Seismic Wave Patterns

For the models constructed in the previous Sect. 7.3.1, the calculations have been
made simulating the seismic prospecting process and obtained wave patterns. For
the 2D-Marmousi model, two calculations were made: with a point source and with
a flat front of a P-wave (analog of zero-offset seismograms). Receiving points were
set at a depth of 450 m with a step of 12.32 m across the entire integration area (a
total of 1379 geophones). The time function of the source is a 30 Hz Ricker wavelet.
The time step was 1 ms, and the total number of steps was 5000. Figure 7.31 shows
the wave patterns obtained in the course of numerical calculations.
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For the 3D-SEG model, two calculations were made: with a point source and with
aflat front of the compressional wave (analog of zero-offset seismograms). Receiving
points were set at a depth of 20 m in steps of 20 m across the entire integration area
(a total of 676 seismic receivers). The time function of the source is a 30 Hz Ricker
wavelet. The time step is 1 ms, and the total number of steps is 4000. Figure 7.32
shows the wave patterns obtained in the set of numerical calculations.

For the 3D-SIMPLE model, two calculations were made with and without faults
(the thickness was 20 m). They are called 3D-SIMPLE and 3D-FAULTS, respec-
tively. The point source was set at a depth of 20 m. The receiving points were set
in accordance with the transmitted data, simulating the borehole observations. The
time function of the source is a 30 Hz Ricker wavelet. The time step is 3 ms, and
the total number of steps is 1000. Figure 7.33 shows the wave patterns obtained by
numerical calculations for 3D-SIMPLE geological model, while Fig. 7.34 represents
wave patterns for 3D-FAULTS geological model.

For the model 3D-SALT, the calculation of the wave field with a point source of
30 Hz (Riker wavelet), buried at 20 m, was performed. The receiving points were
also buried 20 m and were located throughout the Earth’s surface. Figure 7.35 shows

(a) (b)

Fig. 7.31 The distribution of the velocity modulus in the medium for the case of a plane wave
(the top half of the figures) and for the case of the point source (the bottom half of the figures) at
successive instants of time, model 2D-Marmousi: a step 3, b step 5

(a) (b)

Fig. 7.32 Distribution of the velocity modulus in the medium for 3D-SEG model in the case of:
a plane wave, b point source



7 Wave Processes Modelling in Geophysics 211

Fig. 7.33 Examples of distribution of the velocity modulus in the medium for 3D-SIMPLE model

one section OXZ, illustrating the propagation of waves in a geological array. 1000
steps are taken with an interval of 3 ms. Based on the calculated wave patterns, an
area seismogram was generated.

7.3.3 Calculation of Seismograms

For the models constructed using seismic wave fields calculated in the previous
Sect. 7.3.2, synthetic seismograms were obtained. Figures 7.36 and 7.37 show the
seismograms plotted along the vertical components of the velocity vector for the
seismogeological model 2D-Marmousi.

In Figs. 7.38 and 7.39, the seismograms plotted along the vertical components of
the velocity vector for the model 3D-SEG are depicted.

Figure 7.40a, b show the seismograms plotted along the vertical components of
the velocity vector for the models 3D-SIMPLE and 3D-FAULTS. The difference of
these two seismograms was calculated and represented in Fig. 7.40c in scale 1:100.

Also, a calculation was carried out in a more complicated model taking into
account the velocity gradient in the upper layer and topography (3D-DEPTH model).
The source is a plane wave of a Ricker wavelet with a frequency of 30 Hz. The
receivers are buried 20 m. The time step is 3 ms, the calculation time is 3 s. Figure 7.41
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Fig. 7.34 Examples of distribution of the velocity modulus in the medium for 3D-FAULTS model

Fig. 7.35 Elastic waves in
the model 3D-SALT

shows a seismogram constructed based on the results of calculations for the 3D-
DEPTH model.

For the 3D-SALT geological model, the calculation of the 2D seismic survey was
performed, in which the sources were set in 50 m increments. The monitoring system
is central and symmetrical. Maximum removal of the PP-PV equals 3500 m, while
the minimum removal of the PP-PV is 40 m. The record length is 5 s, the sampling
step is 2 ms. Coordinates of the first source in the OXY plane were 4000, 4000 m.
70 sources were further simulated in 40 m steps in each of the axes. A total of 70
calculations were made. Figure 7.42 shows the resulting seismogram for a fixed
source.
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Fig. 7.36 Seismograms constructed from the vertical component of velocity for a flat front, geo-
logical model 2D-Marmousi

Fig. 7.37 Seismograms constructed from the vertical component of velocity for a point source,
geological model 2D-Marmousi

Fig. 7.38 Seismograms constructed from vertical component of the velocity flat front, geological
model 3D-SEG
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Fig. 7.39 Seismograms constructed from vertical component of the velocity for a point source,
geological model 3D-SEG

(b)

Fig. 7.40 Seismograms constructed from the vertical component of velocity: a 3D-SIMPLE model,
b 3D-FAULTS model, ¢ difference seismogram (for a clear visualization in seismic signals the scale
1:100 was used)

Fig. 7.41 Seismogram constructed by the vertical component of velocity for the case of 3D-DEPTH
geological model
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Fig. 7.42 Seismogram for
2D seismic survey, 3D-SALT
geological model

Fig. 7.43 Seismogram for
the vertical seismic profiling,
3D-SALT geological model

The calculation of the vertical seismic profiling experiment [30] was performed,
in which the receiving points are located in the well every 10 m. Several sources
were used on the distance 3500 m with about 100 m. The sources were located on
the surface with a Ricker wavelet with a frequency of 30 Hz. The time step is 3 ms,
the total number of steps is 1000. Figure 7.43 shows a seismogram for a fixed position
of the source of seismic waves.
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Table 7.6 Software performance evaluations

Geological Nx x Ny x Nz | Nt time steps Total time (s) 1 core calculation
model nodes time (h)
2D-Marmousi 3401 x 701 5000 5 0.3

3D-SEG 676 x 676 x 201 | 4000 4 7

3D-SIMPLE 540 x 560 x 275 | 1000 3 2

7.3.4 Software Performance Evaluation

The established evaluations of the program time for all the above calculations are
presented in Table 7.6.

The conducted evaluations showed that a computational speed is acceptable for
software based on the grid-characteristic method. Therefore, the designed software
might be used for performing calculations of the modelling of spatial dynamic seismic
wave fields and synthetic seismograms for geological models with the complexity
characteristic compared with complexity of real oil-bearing deposits.

7.4 Conclusions

In this chapter, it is shown that grid-characteristic method allows to model various
types of geological media in 2D and 3D cases taking into account the curvilinear
interfaces between different geological rocks, as well as the faults and fractures of
the complex topology. It is also shown that it is possible to build the seismograms
for various seismic survey systems including 2D seismic survey, 3D seismic survey,
and vertical seismic profiling based on the spatial dynamic wave patterns obtained
using the grid-characteristic method. Also in this chapter, a comparative analysis
of software based on the grid-characteristic method for solving various geophysical
problems is carried out.

In this chapter, a study of faults zones of three types of their topology and different
type of geological environment within the faults were performed, as well. A detailed
analysis of spatial dynamic wave patterns is carried out and predictive conclusions
about the nature of the seismograms, which were actually confirmed in the respective
seismograms, were developed. The possibility to derive the predictive conclusions
about seismograms based on the analysis of spatial wave patterns is demonstrated in
this chapter.

Acknowledgements This work has been performed at Moscow Institute of Physics and
Technology and was supported by the Russian Science Foundation, grant no. 14-11-00263. This
work has been carried out using computing resources of the federal collective usage center Complex
for Simulation and Data Processing for Mega-science Facilities at NRC “Kurchatov Institute”, http:
/Ickp.nreki.ru/.


http://ckp.nrcki.ru/

7 Wave Processes Modelling in Geophysics 217

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Larmat C, Montagner JP, Capdeville Y, Banerdt WB, Lognonné P, Vilotte JP (2008) Numerical

assessment of the effects of topography and crustal thickness on Martian seismograms using a
coupled modal solution—spectral element method. Icarus 196(1):78-89

Ceylan S, van Driel M, Euchner F, Khan A, Clinton J, Krischer L, Bose M, Stihler S, Giardini
D (2017) From initial models of seismicity, structure and noise to synthetic seismograms for
Mars. Space Sci Rev 211(1-4):595-610

Golubev VI, Petrov IB, Khokhlov NI (2015) Simulation of seismic processes inside the planet
using the hybrid grid-characteristic method. Math Models Comput Simul 7(5):439-445

Aki K, Richards PG, Fredman WH (1980) Quantitative seismology theory and methods, vols
I and II. San Francisco

Korneev V (2007) Slow waves in fractures filled with viscous fluid. Geophysics 73(1):N1-N7
Nakagawa S, Korneev VA (2014) Effect of fracture compliance on wave propagation within a
fluid-filled fracture. J Acoust Soc Am 135(6):3186-3197

Frehner M, Shih PJR, Lupi M (2014) Initiation of Krauklis waves by incident seismic body
waves: numerical modeling, laboratory perspectives, and application for fracture-size estima-
tion. SEG Techn Prog Expanded Abs 2014:3422-3427

McMechan GA, Mooney WD (1980) Asymptotic ray theory and synthetic seismograms for
laterally varying structures: theory and application to the Imperial Valley, California. Bull
Seismol Soc Am 70(6):2021-2035

Hanyga A, Helle HB (1995) Synthetic seismograms from generalized ray tracing. Geophys
Prospect 43(1):51-75

Spence GD, Whittall KP, Clowes RM (1984) Practical synthetic seismograms for laterally
varying media calculated by asymptotic ray theory. Bull Seismol Soc Am 74(4):1209-1223
Kelly KR, Ward RW, Treitel S, Alford RM (1976) Synthetic seismograms: a finite-difference
approach. Geophysics 41(1):2-27

Ganley DC (1981) A method for calculating synthetic seismograms which include the effects
of absorption and dispersion. Geophysics 46(8):1100-1107

Bouchon M, Coutant O (1994) Calculation of synthetic seismograms in a laterally vary-
ing medium by the boundary element-discrete wavenumber method. Bull Seismol Soc Am
84(6):1869-1881

Geller RJ, Ohminato T (1994) Computation of synthetic seismograms and their partial deriva-
tives for heterogeneous media with arbitrary natural boundary conditions using the direct
solution method. Geophys J Int 116(2):421-446

Geller RJ, Takeuchi N (1995) A new method for computing highly accurate DSM synthetic
seismograms. Geophys J Int 123(2):449-470

Liu Y, Teng J, Lan H, Si X, Ma X (2014) A comparative study of finite element and spectral
element methods in seismic wavefield modeling. Geophysics

Biryukov VA, Miryakha VA, Petrov IB, Khokhlov NI (2016) Simulation of elastic wave prop-
agation in geological media: intercomparison of three numerical methods. Comput Math Math
Phys 56(6):1086-1095

Botter C, Cardozo N, Hardy S, Lecomte I, Escalona A (2014) From mechanical modeling to
seismic imaging of faults: a synthetic workflow to study the impact of faults on seismic. Mar
Pet Geol 57:187-207

Zhu LF, Zheng HE, Xin PAN, Wu XC (2006) An approach to computer modeling of geological
faults in 3D and an application. J China Univ Min Technol 16(4):461-465

Favorskaya A, Petrov I, Grinevskiy A (2017) Numerical simulation of fracturing in geological
medium. Procedia Comput Sci 112:1216-1224

Favorskaya AV, Petrov 1B, Vasyukov AV, Ermakov AS, Beklemysheva KA, Kazakov AO,
Novikov AV (2014) Numerical simulation of wave propagation in anisotropic media. Dokl
Math 90(3):778-780

Favorskaya A, Petrov I, Golubev V, Khokhlov N (2017) Numerical simulation of earthquakes
impact on facilities by grid-characteristic method. Procedia Comput Sci 112:1206-1215



218

23.

24.

25.

26.

27.

28.

29.

30.

A. V. Favorskaya et al.

Favorskaya AV, Petrov IB (2016) Wave responses from oil reservoirs in the Arctic shelf zone.
Dokl Earth Sci 466(2):214-217

Favorskaya AV, Petrov IB (2017) Numerical modeling of dynamic wave effects in rock masses.
Dokl Math 95(3):287-290

Petrov 1B, Favorskaya AV, Khokhlov NI, Miryakha VA, Sannikov AV, Golubev VI (2015)
Monitoring the state of the moving train by use of high performance systems and modern
computation methods. Math Models Comput Simul 7(1):51-61

Beklemysheva KA, Favorskaya AV, Petrov IB (2014) Numerical simulation of processes in solid
deformable media in the presence of dynamic contacts using the grid-characteristic method.
Math Models Comput Simul 6(3):294-304

Herwanger J (2014) Seismic geomechanics: how to build and calibrate geomechanical models
using 3D and 4D seismic data. In: Education Days Stavanger 2014

Brougois A, Bourget M, Lailly P, Poulet M, Ricarte P, Versteeg R (1990) Marmousi, model
and data. In: EAEG workshop-practical aspects of seismic data inversion

Aminzadeh F, Jean B, Kunz T (1997) 3-D salt and overthrust models. Society of Exploration
Geophysicists, USA

Hardage BA (1985) Vertical seismic profiling. Lead Edge 4(11):59



Chapter 8 )
Migration of Elastic Wavefield Using e
Adjoint Operator and Born

Approximation

Oleg Ya. Voynov, Vasiliy I. Golubev, Michael S. Zhdanov and Igor B. Petrov

Abstract This chapter presents a new method of migration of the elastic wavefield.
It is based on the Born approximation of the forward modelling operator for the
elastic, which is obtained as an extension of the Born approximation for the acoustic
field to the case of the elastic wavefield propagation. We present a detail mathematical
derivation of the migration operators for the acoustic and elastic cases. The numerical
experiments based on these operators are conducted for a set of synthetic multilayered
models with curvilinear boundaries between the layers. We also present acomparative
study of the migration images produced by the migration of the acoustic and elastic
wavefields and examine the sources of false boundaries appeared in some of these
images.
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8.1 Introduction

The main goal of seismic survey is a creation of a reliable model of the subsurface
geological medium. The rigorous approach to the solution of this problem is based
on the inversion of the seismic data into the physical properties of the subsurface.
However, inversion of seismic data is a very challenging problem, which meets
significant difficulties related to the nonuniquness and instability of mathematical
inversion problems. Another approach is based on the migration of the seismic
data from the surface of the observation downward within the lower half space.
This approach has found wide practical applications due to its relative simplicity
and robustness of the produced subsurface seismic images. Untill recently, most
of the migration algorithms were based on the solution of the wave equations
for the acoustic model of the seismic field. This approach, however, ignores the
true physics of the seismic wave propagation within the rock formations. A more
accurate approach is based on using the elastic field equations for the solution of
this problem. In this chapter, we demonstrate how this approach can be used for
developing the algorithms of the elastic field migration in the geological media.

We construct the forward modelling operator and the migration operator (adjoint
to the forward one) for an elastic field using the Born approximation. Our deriva-
tion follows a straightforward procedure described in [1] for the acoustic case. The
validity of the developed method was tested by using the direct simulation of the
wave propagation in slightly inhomogeneous media and by analysis of the migration
images for synthetic models. A comparison of the results produced for the acoustic
and elastic cases is presented as well.

The chapter is organized as follows. The basics of seismic migration are discussed
in Sect. 8.2. The derivations of forward modelling and adjoint migration operators
for the acoustic and elastic cases are performed in Sects. 8.3 and 8.4, respectively.
The examples of migration images produced by the developed algorithms and their
comparisons are given in Sect. 8.5. Section 8.6 discusses the synthetic seismograms
and the sources of the false boundaries in migration images. Section 8.7 concludes
the chapter.

8.2 Basics of Seismic Migration

The principles of geometrical migration of seismic data have been used for interpre-
tation since the 1960s. The theoretical principles of this process based on the use of
the wavefront charts and diffraction curves was presented in classical work [2]. Fur-
ther developments were made in the works of Claerbout [3-5], who first formulated
a finite-difference algorithm for migration based on the scalar wave equation. In the
works by French [6], Schneider [7], and Zhdanov et al. [8], the Kirchhoff integral
method for acoustic wave migration was developed. In the monograph by Zhdanov
[9] the Kirchhoff integral method and the corresponding migration algorithms were
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extended to the elastic wavefields as well. The frequency wavenumber migration
algorithm was proposed independently in [10]. In works [11-13], the Born approx-
imation [14] was used to develop the forward modelling operator for a scattering
field. The Reverse Time Migration (RTM) was introduced in [15-17]. It relies on
the full waveform equation and takes into account the complex phenomena of the
wave propagation. The researchers made many efforts to eliminate the drawbacks
of the available migration algorithms. For example, in [18] a modification of the
Kirchhoff migration operator was proposed to image the steep dips while including
high frequencies. A ray-Born method was proposed in [19-21] to take into account
a non-uniform background medium.

In a classical marine survey, the seismic source is placed in the water and the
pressure fluctuations are recorded by the receivers. Therefore, a purely acoustic-
wave equation is a reasonable approximation to describe the P-waves propagation
through the water layer that carry major information about the subsurface structure.
However, for the sea-bottom receivers and/or land surveys, the S-waves play an
important role in the observed seismic wave phenomena. In such a case, applying
the migration algorithm based on the elastic wave equation is essential. Most of the
publications, cited above, treat the geological formation as an acoustic medium. In
this case, only the pressure waves (P-waves) exist in the subsurface volume. However,
the process of propagation of seismic waves may be described more accurately using
the elastic medium model. One way to consider the different elastic waves is to
calculate a migration image using acoustic algorithm for the PP, PS, SP, and SS
waves separately [22-26]. However, the use of the full waveform (elastic) migration
represents a more rigorous approach. For example, highly dipping subsalt events
around the salt keel are found to be imaged by elastic migration much better than by
the acoustic one [27].

A significant research has been conducted on the migration of elastic field over
the years. Kuo and Dai [28] presented Kirchhoff multicomponent migration for the
case of non-coincident source and receiver. This approach was successfully applied
to a synthetic Vertical Seismic Profiling (VSP) data [29]. An elastic type of Kirchhoff
multicomponent migration was introduced in [9, 30]. Zhe and Greenhalgh proposed
the elastic migration by extrapolating the displacement potential [31]. In [32], an
algorithm of 3D elastic Kirchhoff prestack depth migration for the VSP data was
introduced, which used the complete wavefield recorded by three components as
an input. The extension of the Reverse-Time Migration (RTM) to the elastic and
anisotropic cases was investigated in [33, 34], respectively. To account for elastic
effects, several research groups have developed modified imaging principles using
divergence and curl operators to separate compressional and shear waves (e.g., [35,
36]). The Born approximation was applied to the elastic isotropic medium in [37,
38], transversely isotropic medium in [39], and fractured medium in [40]. In these
latest works, the migration was treated as a first step of inversion formulated in a
least-square sense.

The general mathematical approach to constructing the migration algorithms can
be summarized as follows [1]. Let us approximate the forward modelling problem
for seismic wavefield by the following linear operator equation:
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d = Lm, (8.1)

where d are the seismic data, m are the model parameters, L is the forward modelling
linear operator. In this case, the migration field is given by the following formula
[41]:

myjqr = L*d’ (8.2)
where the adjoint operator L* can be obtained from the equation [1, 42]
(L*d- m)m =(d-Lm),. (8.3)

Here (-) denotes the dot product in the corresponding Hilbert spaces of the models
or data.

The mathematical derivations of the forward and adjoint operators for the acoustic
and elastic cases is given in Sects. 8.3 and 8.4, respectively.

8.3 Migration of Acoustic Wavefield

This section presents mathematical derivation of the forward and adjoint operators for
the acoustic case. The mathematical model of acoustic medium is given in Sect. 8.3.1.
We derive in Sect. 8.3.2, the forward and adjoint operators for quasi-homogeneous
space using Born approximation. The formulae for operators are simplified for the
case of a point source. In Sect. 8.3.3, a quasi-homogeneous half space is considered.

8.3.1 Acoustic Medium

Consider a simple model of acoustic medium with constant mass density. In this case,
the following acoustic wave equation describes a propagation of seismic waves:

AP —s*?P = —F°, (8.4

where P is the pressure field, F* is the strength of the external source of energy, s is
the slowness of the wave propagation, reciprocal to the velocity.

In a certain domain V, slowness of the medium can be represented as a sum of the
background and anomalous components. Thus, the total wavefield can be represented
as a sum of the incident and scattered fields:

st =5, +As% As?| L, =0, P=P+P,



8 Migration of Elastic Wavefield Using ... 223

AP' —s;0}P' = —F¢, AP* —s5;97P° = As*3} (P'+P°).  (8.5)

8.3.2 Born Approximation for Homogeneous Space

With the background medium being homogeneous infinite space
(s;, = const,V = R3), the fundamental solution of the equations under con-
sideration takes the following form [1]:

. §(t —t —spR
G (r 7, t) = %, (8.6)

where R' = |ri — r|.
Therefore, the incident and scattered fields can be written as follows:

D F¢(r,t —s,R
P (r,t):/T)dV,

14

As*>(r)dV.  (8.7)

/ 37 [P (rt — spR') + P (r,t — spR')]

4w R’
v

The forward modelling operator can be obtained from the last expression using
Born approximation [1, 43], if the scattered field is negligibly small inside V in
comparison with the background field:

82Pi 1t — R’
psB (r/’ t) _ _/ %As2 (r)dVv. (8.8)
\4

Let D be a Hilbert space of acoustic field data recorded over time interval, T, on
the surface of observations, S, with the following metric:

dy-dy) = f / d (', 1) dy (', 1)de dS, (8.9)

and M be a Hilbert space of medium models given in the domain V with the metric

(m; -myp) = f As} (r) As3 (r)dV. (8.10)
\%4

In this case, the migration operator can be represented as follows [1, 42]:
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P (r, 1 —s,R'
Asfmgr(r)z—// PP (et =5 )d(r/,t)dtdS- (8.11)
S T

4w R’

We can obtain a simplified expression for the migration operator for the case,
where the external energy source is a point source:

Fe(r,t) =8(r—ro) £ (1). (8.12)

In this case, an expression for the incident field takes the following form:

Pi(r, 1) = “;;—;’;RO). (8.13)

The forward modelling and migration operators are given by the following for-
mulae, respectively:

" (t = spR' — spRo)

s,B (. _ 2

PP (1) = —/ TN As* (r)dV (8.14)
\%4

and

f” t— SbR/ — SbRo)
d(r',t)dtdS. 8.15
A () = / / 1672R R, (x') (®15)

8.3.3 Homogeneous Half Space

With the background medium being a homogeneous infinite half space
(sp = const,V ={(x,y,z):z>0}) and the surface z > 0 being a free surface,
the fundamental solution of the equations under consideration takes the following
form:

G (¥, rr.1) = §(1'—1—spR) B §(1'—1—spR)
B 4T R’ AT R’ ’

=(x,y,—2)", (8.16)

where notation r for a “mirrored” position of vector is introduced.
As in the case of homogeneous full space, one can obtain the expressions for
forward modelling and migration operators, as follows:
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J'(t=spR'=spRo)  f"(1=spR'=spRo

R'R R'R As*(r)dV
PP (x 1) = _/ ’ - AWV g 17)
S (1=sR'—ss Ro) S (t=spR' =55 Ro) 1672
v | T rR, - )
f”(t—s;,R’—s;,Ro) . f”(l‘—SbR,—Sb&)
5 R'Ro R'Ry d(r';t)drds
As? (r) = — ST (8.18)
f”(t—sb&—sbRg f”(tfsl,ﬁ’fsl,Ro) 167T2
st | YT RR RR,

8.4 Migration of Elastic Wavefield

In this section, we present a mathematical derivation of the forward modelling and
adjoint operators for the elastic medium. The mathematical model of elastic medium
is given in Sect. 8.4.1. In Sect. 8.4.2, the forward and adjoint operators are derived
for a quasi-homogeneous medium using the Born approximation. In Sect. 8.4.3, the
formulae for the operators are simplified for the case of a polarized point source. In
Sect. 8.4.4, a quasi-homogeneous half space is considered.

8.4.1 Elastic Medium

Consider a medium, where a propagation of seismic waves is described by the Lamé
equation [1]:
0%u 1

— _ 2 2
AU—W——;fe, A—CPVV'—CJVXVX, (819)

where c,, ¢, are the pressure and shear wave velocities, respectively; p is a mass
density of the medium; f° is a strength of the external force per unit volume applied
to the elastic body; and u is a displacement field.

Let us use for the certain vector fields (potential or solenoidal) and also for the
certain velocities (of the pressure or shear waves) the lower Greek letter subscript, e.g.
u,, @ € {p, s}, where u,, is potential field, u, is solenoidal field; and ¢,, & € {p, 5},
where ¢, and ¢, are the velocities of the pressure and shear waves, respectively. As
in the acoustic case, the parameters of the medium can be represented in domain V
as a sum of the background and anomalous components, and the total wavefield is a
sum of the incident and scattered fields:

2_ 2 2 2 _ _ o s
ca—ca’b+Aca,Acar¢v_0, A=A, +AA, u=u+1u’,

;0% 1. . % P
Ay — — = ——f°, Au’ — = —AAQ' +u). (8.20)
0 ot?
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The following notations will be used: s = ¢/, D; =VVi,Dl = -V x Vix
Vi = (3,0y0-)", R =

i= |ri _r|~

8.4.2 Born Approximation for Homogeneous Space

With the background medium being homogeneous infinite space
(ca,p = const, V. =R?), the fundamental solution of the equations under con-
sideration takes the following form [1]:

Gl =Dy =D,T,, To={x('—1t—susR)—x (' —1)} ﬁ, (8.21)

where I is an identity tensor, and x (#) = max (0, ).
Hence, the incident and scattered fields are given by the following formulae:

/f—fe(r 1) GL (vt |r,t)dtdV, (8.22)

= / / AA () [u’ (e +u’ ()]} - GL (' rp)dtdV.  (8.23)

If the scattered field is negligibly small inside V in comparison with the back-
ground field, the forward modelling operator can be obtained from the last expres-
sion using the Born approximation. Considering the properties of the incident field
D,u/, = V?ul, we obtain

Z//Acﬂ(r)vz (xr,t)-GL (x',t'|r,t)dtdV- (8.24)

ﬂVoo

Let D be a Hilbert space of the wavefield data recorded at times 7" on the surface
of observations, S, with the following metric:

d; - dy) =//d1 (¢, 1) -dy (v, 1) dr ds, (8.25)

and M be a Hilbert space of the models given in domain V with the metric

(m; -myp) = / [Ac) | (r) Ach, (1) + Ac], (r) Ac], (1) ]d V. (8.26)
|4
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Thus, the migration operator is given by the following formula:

+00
A%mm:///W%ﬂﬁ}@ﬁ%%ﬁd@ﬂ&ﬂ%%&ﬂ
S T —o0

8.4.3 A Polarized Point Source

Let us confine ourselves to consideration of the case, where the external energy
source is a polarized point source:

ffr,n)=8c—r)) FO)f =8 —rp) f"(OF. (8.28)
Let us restrict our consideration to wavelets, f (¢), with the property
[0 =)= (=) ] [ = £ (7). (8.29)

Considering the vector identity for an arbitrary function g (r) and a constant vector
f 9

f-[Dy(g(r)D] =D, (g(r)f), (8.30)
and the identity,
[ x(t =) wdt=[f({' —t)— f{ —1)t]|\ree = £ (), (83D)

expression (Eq. 8.22) for the incident field can be cast in the following form:

f@—mﬁd—fmf

u}, (£, 1) = Doy (1,1) , by (r,1) = (8.32)
4o (ro) Ro
Considering the following identity,
t —SepRo) — f (2 F(t —s4pR
sz( SabRo) f(): (t = St 0)’ 833)

2
R() Cu,b R()

one can simplify expressions V>u/, as follows:

) F(t —supRo)f 1 F (t —s4pRo)f
Vi, (r,1) = D, & L L B (zﬁﬂ. (8.34)
drcy ,p (ro) Ry p (ro) 4rc, , Ro
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Therefore, we have:

+00 , ,
1 Of(l _S/S,bRO_Sa,bR)f_

Vaul, (r, 1) - GL (v, /|, t)dt = D' D
/ p @0 “( | ) p(rg) ¢ F 167120/23’bR0R’

—00

(8.35)

Thus, formula for forward operator takes the following form:

D, DY t' —sg R0 — Sqp R
w? () =Y =L [ A ) /( pon ol Jeav, (8.36)
o (rg) 16n2cﬂ »RoR’
V :
and formula for migration operator can be written as follows:
t' — s Ry — Sa.
ACE mige (1) Z// D, ‘,2,f( pro ol R) tar as. (8.37)
g 0 (rO) l6n2cﬂbe0R’

8.4.4 Homogeneous Half Space

With the background medium being a homogeneous infinite half space
(cap = const, V. ={(x,y,2) : z > 0}) and the surface z > 0 being a free surface,
the fundamental solution of equations under consideration takes the following form:

, |
G (', t'Ir, 1) =D, [To —Ta], Toa={x('—1=s5asR)—x(t'—1)} e

r=xy-2", R="-r1| (8.38)

As in the case of homogeneous full space, one can obtain the expressions for the
incident wavefield:

1 —sapRo) — f (f)f —Dgf (t — sa.pRo) — f (1)

ug(r,t)zngf( 0
47 p (ro) Ro 4mp (ro) Ry

f. (8.39)

Finally, the forward modelling and migration operators can be summarized as
follows:

s,B AN Dét /AZ
%(“”‘;pm% ¢ (r)
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D? |:f (t' —sgpRo — sapR)  f(t' —sppRo — SapR)
B

] fdv, (8.40)

1672¢; , RoR’ l6m2c; , RoR’
D2 F(t' = sppRo — sapR) f (' —sppRo — sapR')
/ 162¢3 , RoR’ 16m2c} , Ry R’

d(r',r)
2 _ /
AC/S,migr (l') — Z ![ 0 (rO) 'Dot

D° (' —sgsRo—sapR') _ f(t' = sgsRo— sapR)
g 162¢2 , RoR’ 162¢2 , RoR’ /
- . g s,
D F(t' —spsRo — sapR) 3 f(t' —spsRo— sapR)
4 16m2c} , RoR' 16723 , Ro R’
(8.41)

where D% is obtained from Dg by substitution 9., — —0,.

N

Fig. 8.1 Model “Dipping Reflectors”

Fig. 8.2 Model “Circle”
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8.5 Comaprison of Migration Images for Acoustic
and Elastic Models

In this section, we present a comparison of the acoustic and elastic Born migration
algorithms. For this purpose, we run a number of numerical experiments of for-

(a)

(b)

Fig. 8.4 Migration images for “Dipping Reflectors”: a acoustic migration image, b p-component,
¢ s-component
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(a)

(b)

(¢)

™

Fig. 8.5 Migration images for “Circle”: a acoustic migration image, b p-component, ¢ s-component

ward modelling and migration imaging for weakly inhomogeneous media using the
computer codes based on Eqs. 8.40, 8.41 and 8.18.

The models of the media used in these numerical tests are shown in Figs. 8.1, 8.2
and 8.3. In these figures, the white color corresponds to the anomalous features of
the medium, and the grey color corresponds to the background medium. All compu-
tations were carried out for 2D models (with one of the horizontal coordinates fixed,
i.e. y = 0). Each model is 10 km wide, 2.5 km deep and has the background values
of pressure and shear wave velocities equal to 2.5 km/s and 1.25 km/s, respectively.
The inhomogeneities have the value of contrast Ac?/cZ, equal to 1%. The mass
density of media at the level of geophones equals to 2500 kg/m?.

For these models, synthetic zero-offset data were obtained based on Eq. 8.40 with
the following parameters: the vertically polarized f = (0,0, 1)” geophones were
located at a level of z = 15 m every 10 m across the horizontal axis; the source pulse
was the Ricker wavelet F (1) = (1 —2n? f41?) e~ fi, = 25 Hz; the data
were recorded each 2 ms during a period of 4 s. A detail discussion of the seismic
sections is given in Sect. 8.6. It should be noted that for 2D models, the y-component
of the data is equal to zero.
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(a)

(b)

Fig. 8.6 Migration images for “Marmousi”: a acoustic migration image, b p-component, ¢ s-
component

The migration images for the z-component of the scattered field (the x and y
components are considered being equal to zero) are shown in Figs. 8.4, 8.5 and 8.6.
Each figure consists of three parts: the acoustic migration images (Figs. 8.4a, 8.5 and
8.6a) obtained based on Eq. 8.18 and the elastic migration images obtained based on
Eq. 8.41 for p-component (Figs. 8.4b, 8.5 and 8.6b) and for s-component (Figs. 8.4c,
8.5 and 8.6c). The step of the discretization grid was 10 m.

The data shown in Figs. 8.4, 8.5 and 8.6 were initially processed. To eliminate the
time fade-out of the data and the depth fade-out of the images, they were weighted
according to the following formulae:

d*sted (¢ ) = d (¥, 1) /y/L (', VIr) L* (r|r', 1),

madjusted (r) = m (r) /\/L* (r|r/, t') L (r', t’|r). (8.42)
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(a)

(b)

Fig. 8.7 The p-components of elastic migration images for model “Dipping Reflectors” calculated
for: a vertical component, b vertical and horizontal components (false boundaries are marked with
arrows)

(a)

(b)

i

Fig. 8.8 The s-components of elastic migration images for model “Dipping Reflectors” calculated
for: a vertical component, b vertical and horizontal components

For Model 3, the maximum values of a, p, and s images were calculated, then
the minimal of them was denoted as K, finally, all three images were divided by a
factor of 0.5K,, to make a better comparison

One can see that both methods locate the interfaces, in general. The acoustic
and p-component images have a poor resolution of the steep interfaces (though, p-
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Fig. 8.9 The p-components of elastic migration images for model “Marmousi” calculated for: a

vertical component, b vertical and horizontal components

(a) -
7 e
(b)
%% /ﬁgé«
7~ . Y

Fig. 8.10 The s-components of elastic migration images for model “Marmousi” calculated for: a

vertical component, b vertical and horizontal components

component has slightly better resolution) and a good resolution of sloping, while the
s-component image has the opposite properties. Both methods show false boundaries,
which are more strongly pronounced in the acoustic images than in the elastic ones.

The sources of the false boundaries are discussed in Sect. 8.6.
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(a)

(b)

Fig. 8.11 Zero-offset data for model “Dipping Reflectors”: a x-component, b z-component

To use additional information about the medium contained in the horizontal com-
ponents of the scattered field, one can apply the elastic migration method to all three
components. The migration images calculated in this way are present in Figs. 8.7,
8.8, 8.9 and 8.10. Each figure consists of an image calculated for the vertical com-
ponent only (Figs. 8.7a, 8.8, 8.9 and 8.10a) and an image calculated for both the
vertical and horizontal components (Figs. 8.7b, 8.8, 8.9 and 8.10b).

These figures show that such an approach increases the magnitude of the
false boundaries in the p-component, but improves the image produced by the s-
component. Thus, we can suggest a two-pass migration algorithm, which uses the
p-component of the z-component migration only and the s-component for the full
wavefield migration only.

8.6 Synthetic Seismograms and the Sources of False
Boundaries

Figures 8.11, 8.12 and 8.13 show the seismograms of the x- and z-components for
the models discussed in Sect. 8.5. All images in these figures were processed as
follows: (a) initially, the maximum value of an image, K,,, was calculated; (b) then
the x-component images were divided by a factor of 0.5K,, and the z-component
images were divided by a factor of 0.2K,,.

To understand the sources of the false boundaries in migration images, let us
discuss in detail a simple model shown in Fig. 8.14 and the corresponding zero-
offset data shown in Fig. 8.15. This model contains one flat inclined boundary only,
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(a)
d I
> il N

(b)

Fig. 8.12 Zero-offset data for model “Circle”: a x-component, b z-component

(a)

(b)

Fig. 8.13 Zero-offset data for model “Marmousi”: a x-component, b z-component

but each component of the scattered field has three reflections, which, from the top
to the bottom, are caused by the p-waves, p <> s transitional waves, and by the
s-waves, respectively. Each reflection consists of two parts: the earliest one is caused
by the direct waves and the latest one is caused by the waves reflected from the
surface of observation.
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Fig. 8.14 Model with one dipping reflector

(a)
(b)
N BN W N = S

Fig. 8.15 Zero-offset data for model with one dipping reflector: a p-component, b s-component

Let’s check where each of these reflections moves after the migration. In Fig. 8.16,
the color of a boundary corresponds to its source, parts of images are interleaved to
prevent overlapping, and false boundaries are marked by numbers in the images
produced by the p- and s-componens.

Since the acoustic migration algorithm uses just one wave velocity, the delay of
the reflection defines uniquely the depth of the image of the corresponding boundary.

The same applies to boundaries 4, 5 and 6, 7 in the migration image of the p-
component of the elastic wavefield. Boundaries 1 and 2 are caused by the p-waves,
and boundary 3 is caused by the s-waves, back-propagated with the velocity of
transitional waves.

In the elastic migration image produced by the s-component, the p-waves become
s-waves, which causes boundaries 1 and 3; p-waves become transitional, which
causes boundary 2; the transitional waves become s-waves, which causes boundary
4, and the s-waves become transitional, which causes boundaries 5 and 6.
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(a)

z transitional

(b)

z transitional

(c)

2 transitional

Fig. 8.16 Different boundaries in migration image: a acoustic, b elastic p, ¢ elastic s

8.7 Conclusions

In this chapter, we have derived the expressions for forward seismic modelling and
migration operators for quasi-homogeneous acoustic and elastic media based on the
Born approximation and considering a permanently polarized point source. For a
set of low-contrast geological models, a comparison between acoustic and elastic
methods has shown that the straightforward expression of migration operator for the
acoustic case can be easily extended to the elastic isotropic case as well. The migration
images in the elastic case show the correct location of the reflection boundaries and
produce less pronounced false boundaries as compared to the images in the acoustic
case.
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Chapter 9 ®)
Migration of Elastic Fields Based e
on Kirchhoff and Rayleigh Integrals

Alena V. Favorskaya and Michael S. Zhdanov

Abstract Seismic method is one of the main methods of geophysical exploration.
Interpretation of seismic data requires their transformation into the images of the
subsurface geological formation. These images can be produced by migration of
the observed seismic data from the surface of observation in the lower half space.
The traditional migration algorithms are based on the solution of the wave equation
for the seismic field in the reverse time. In this chapter, we develop an algorithm
of migration based on the elastic field equations, which describes more accurately
the seismic field propagation than the simple acoustic wave equation. Our method
uses the Kirchhoff and Rayleigh integral formulas for elastic wavefields. Consider-
ing that the elastic model approximates the propagation of the seismic fields in the
geological media better than the acoustic model, the developed approach can signif-
icantly improve the quality of interpretation of seismic data in complex geological
formations.
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9.1 Introduction

Migration transformation is widely used in seismic exploration for imaging geologi-
cal cross sections. One of the methods of obtaining the migration field is based on the
Rayleigh integral formula, which appears from the Kirchhoff integral formula in a
case of the plane observation surface. One can find a detailed review of the migration
process in Chap. 8.

For example, in a case of acoustic wavefield equation, the classical Kirchhoff
formula can be used to obtain the reverse-time migration algorithm [1]. One can find
several methods of seismic migration using Kirchhoff formulas for the acoustic field
in [2], where a case of the zero offset between the receivers and transmitters was
considered. The migration algorithms for different offsets between the sources and
receivers are discussed in a number of publications [3—6]. In [7], a case of migration
in anisotropic medium is discussed. Papers [8—10] consider the case of the vector
field migration instead of a scalar field. The integral formulas for scattering of elastic
waves are discussed in [11-13].

Monograph [1] introduces the Kirchhoff formulas in the case of a general elastic
field equation. The integral Kirchhoff formula requires knowing both the elastic
field and its normal derivative on the surface of integration, S. However, it can be
demonstrated that the boundary values of the wavefield and its normal derivative on
the surface S are not independent [12]. In fact, they are related by the corresponding
integral equation. Using this relationship, in a case of the plane observation surface
S, one can transform the integral Kirchhoff formula into the Rayleigh formula, which
operates with the components of the field themselves.

A comparison of the solutions of the wavefield equations obtained using this
Rayleigh formula and using the grid-characteristic method [14—19] can be found in
Sect. 9.6. Note that, the Rayleigh formula can be used for obtaining the migration
field as well [1].

Section 9.2 presents the fundamental elastic field equations. The analytical expres-
sions for Rayleigh formula are developed in Sect. 9.4. The discretization of these
expressions is discussed in Sect. 9.5. Then the analytical algorithm is developed in
Sect. 9.7 by substituting in these analytical expressions the Adjoint Green tensor
discussed in Sect. 9.3 and by conducting the corresponding analytical calculations.
The main stages of these calculations are discussed in Sect. 9.8. The results of migra-
tion imaging using the developed algorithm are presented in Sect. 9.9. Section 9.10
provides a conclusion to the Chapter.

9.2 Equations of the Elastic Wavefields

The system of equations describing the elastic wave propagation can be written as
follows [1, 12]:


https://doi.org/10.1007/978-3-319-76201-2_8
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LU - — =0, 9.1)

where U is the displacement vector; L is the Lamé’s differential operator:
2 2
L=c¢,VV.—cV xVx 9.2)
and c, ¢, are the velocities of the compressional and shear waves (P-waves and

S-waves), respectively. These velocities are related to the Lamé’s coefficients (A and
) by the following formulae:

(9.3)

0
cy = \/E 9.4)
0

where p is the density of the media.

There is a one-to-one relationship between the displacement vector U, the velocity
vector v, and the stress tensor o, which can be expressed as shown in Egs. 9.5-9.11.

U, AU, AU aU
o= (G G ) v ©5)
U, dU, U AU
o= =L+ 22+ 2 )+ 2u—22 (9.6)
ax dy 9z dy
U, AU, U AU
o= A L+ T2 T ) o 2 (9.7)
dx ay 0z 0z
U, AU,
=L+ 22 9.8
o12 M(ay 8x> 9.8)
8U, , 3Us ©9)
o3 = —_—+ — .
13=M 9z ax
U, U
023—M<—2 —3> 9.10)
Z dy
17,
- 9.11
V= 9.11)

9.3 Green’s Tensors

The Green’s tensor for the elastic field equation (Eq. 9.1) describes the propagation
of elastic waves generated by a point pulse force. It plays a very important role both
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in the solution of the elastic wave equations and in the development of the migration
methods.
This Green’s tensor can be written in the following form:

811 812 813
GL <?’ ¢ );/’ I/) — GL» (7,2‘ 7 t/) + GL® (7’ ¢ ‘7/’ t/) = | 18085 |,
831 832 833
(9.12)
where we use the following notations:
Fgp g g
=— — - — ‘ 9.13
g oy a2 (9.13)
Pgp g g
= — — - . 9.14
5] 02 x| a2 9.14)
Pgp g g
=— — - — 2 9.15
83 022 ox2 | ay? 9.15)
02 0%g,
g =——or 28 9.16)
0xdy  9xdy
a2gp 32gs
=— + — 9.17
8137 Toxaz * axoz ©17
02 0% g,
g =——2r 8 ©.18)
dydz dyoz

In the above formulae, symbols g, and g, denote the following functions. In a
case of diverging waves, g, and g are given by the following formulae:

‘r—r/

ST 1
gp<r,t‘r,t>:—
47r‘

r—r'

x(t—=t)—x|t—1- (9.19)

Cp

r—r'

SN 1
gx(”at)r,a[,):“.A—A X(l—l‘/)—)( t—t —
T |r —r'

(9.20)

Cs

In a case of converging waves, g, and g are given by the following expressions:

r—r'

-, 1
r,t):—
471‘

x(t=t)—x|t—1+ (9.21)

gp (7,1‘ —
r—r’ Cp

7/>: !
471‘4 r

&GJ (9.22)

r—r
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In a case of diverging waves and in a case of adjoint Green’s tensor, g, and g
can be written as follows:

’

-/ ! l / / ’r_r
r,t):T x(—t+t)—x | —1t+1—
47 r—r’) Cp

g (?, ¢ (9.23)

=7

SN 1
gs(r,tr',t’):— X(—t+t’)—x —t+t — . (9.24)
471‘

r—r s

Finally, in a case of converging waves and for an adjoint Green’s tensor, functions
gp and g, have the following form:

‘A -,

1

gp(?,t‘?’,t/)z—— x(—t+t)—x | —t+1'+ ©-25)
471’}

r—r

?/,t/>=; x(—t+t)y—x | —t+1'+ . (9.26)

4 |7 — 7

gs (?,t

9.4 Rayleigh Integral Formula

The analytical expressions for Rayleigh formula for elastic waves can be obtained
based on the corresponding Kirchhoff integral formula, which provides a solution
for a boundary value problem for the elastic field equations [1, 12]:

- [D/Z (2-(6(v-64) -6+ (v.0))

- _ U(r.t),7 e DudD
+c§ﬁ.<uX(vXcL)+<vXu)xGL»dms: ()7 (9.27)
0,7 ¢ DUdD

The Kirchhoff integral formula, Eq. 9.27, shows that the elastic displacement
field can be reconstructed everywhere inside the domain D from the known values
of these fields and their normal derivatives at the domain boundary d D. It can be
demonstrated that the boundary values of the wavefield and its normal derivative on
the boundary are not independent, but in fact satisfy some integral equations derived
from the Kirchhoff integral formula, Eq. 9.27 [12, 13]. The solution of these integral
equations proves to be a difficult problem in the case of an arbitrary surface d D.
However, if the surface d D is a horizontal plane, these integral formulae can be
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simplified, which results in the so-called Rayleigh integral formula [1, 12, 13]. We
present a short summary of the derivation of the Rayleigh integral formula below.
Let us assume in Eq. 9.27 that d D is the plane surface, z = 0. Under this assump-
tion, after long but straightforward algebra, we can obtain the following analytical
expressions for the scalar components of the displacement field:
-, 6'52 93 "52 33 cs2 3
Ui (r ! ) = o207 " T 2m ay2ag B T amaA e
2 93 2 93 clzy 93 2§

- Dbyt Dy — L+ 2 I
2m dx’0y’ 0z’ ™ ax’dy’ 97’ » o 9x'0z2 KA dx'9z"2 s
(9.28)

U (A/ t’) _ c? LR I+ cf 93 C% 93 I
2\ ) T Tonavayar P 2w axay'er ¥ 2m oy P
2 3 2 3 2 3 2 3
3 3 oy o
s S P LA — (9.29)

S R AU N S O —— T .
2max237 B 2w a3 Y 2m dy'dz"2 3T on 9y'dz"2 3

Ux<?, l,):_i 83*11 P 1~—i733 L
AN 2 ax'9z2 P 2w 8x'8z2 " 2m dy'9z2 T
2 9 9 9 o

(9.30)

S Sy N Ly N N —
27 9y'072 = 2w 878 P 2m 9x297 T 27 ayZaz P

In Egs. 9.28-9.30, I;, denotes the following integrals given by Egs. 9.31 and 9.32.

| ) -
1,-,,:// . Ui (7.1) gy (7ot [ 17) deds 9.31)
r—r’
S
1 ) )
lis = // Ui (r, t) 8s (r,t
S -7

Substituting the expressions for the Green’s tensor introduced in Sect. 9.3 into
Egs. 9.31 and 9.32, one can find the following expressions for the above integrals:

7 ﬂ) dtds (9.32)

c\g S—

1 [e’e} B - ;_?I
Ii,,://—/ Ui<r,t+t/)—Ui rot+t — ——— | | tdrds
- - C
s P P
(9.33)
Y ) =7
IiJ://—/ Ui(r,t+t/)—Ui rot+t — —— tdtds
7= s
S 0
(9.34)

The following notations will also be used to develop the numerical method based
on Rayleigh integrals:
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00 7 — 7!
1 1 , ,
I,=— Uk (x,9,0,t+1") = U | x, 9,0, 1+t — ——— | | rdids
bi r—r p
s 0

(9.35)
1 7 77
IS:—// — / Uk (x,9,0,t+1") = U | x,y,0, 141 — —— | | tdrds
bk § ‘7_ 7’ 5 Cyg
(9.36)
Ips = Ip =I5 (937)

Note that in a case of using the Ricker wavelet for the source

f() = <1 - 10%0 (r - %)2> exp (‘Z—S (r - %)2> (9.38)

integral fooo f (t + t/) tdt can be solved analytically as shown below:

r , o? 90 a2
/f(t+t)tdt:—@exp(—a—2 (6-3) ) (9.39)
0

Thus, we arrive at the following equation:

/oof(tﬂ’)—f t+/—m tdt
0

Cs

o? 90 ; ’r -r o o? 90 (t’ a>2
=—exp|—— |- - = ——exp|—=('—=) ).
180 P | T2 o 2 180 P\ 72 2
(9.40)

Note that in a special case of the plane wave, one can use the following equations
to calculate the integrals, introduced above:

XY
1{ o2 9/, r a\}\ o2 90 /, a2
L T
0 0
(9.41)
XY
1{ o2 9/, r a\?\ o? 90 /, a2
ISZ,//r(]SOeXp<_aZ (l _Z_E) >_1806Xp(_a2 (t _E) ))‘”dy
0 0
(9.42)
In Egs. 9.41-9.42, r is given by Eq. 9.43.
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r= \/ (=) 4+ = 9+ (2)? (9.43)

9.5 Discretization of the Derivatives

One of the main problems in developing a numerical representation of the formu-
lae discussed in Sect. 9.4 is related to the discretization of the spatial derivatives
appearing in Eqs. 9.28-9.30. One can calculate these derivatives by the following
finite-difference approximations:

WDErx = (21 (Dase ()75 + Doz Ul +Decz (D)

L

1
gt Cibﬂ)ﬂz (IPX)L ) (9.44)

L
(U2)§‘JK = (Csz (Dxxz ([Y)%JK +Dyyz (Ip)”K +Dzzz (Ix)%”()

L
IJK

+ Cszbzl)xyz (Ips)

I
+ Dy (1)) 535 949

L
U3k = (Cib3 (Der: U7k +Dyye U)7 g 4Dz (II’)IJK)

+¢ibiDyy; (I1s)

L

+¢;bi Dy, (Is) 1k

1
+ C.gbZDyzz (Ips)f”() m, (9.46)

where we use the following finite-difference operators:

L _ L L L
DXXZWIJK - (WI+2,J,K+I - 2VVI+I,J.K+1 + WI,J,K+1)

- (WIL+2,J,K - 2WIL+1.J,K + WIL,J,K) 947)

Dy Wik = (Wi rsakar = 2Wi it ka1 + Wi kar)
- (WIL,J+2,K - 2WIL,J+1,K + WIL,J,K) (9.48)
Do Wik = Wi kas = 3Wl ka2 +3W ke — Wik (9-49)

L _ wl L L
Doy Wik = Wik geike1 = Wik gerx — Wi kn
L L L L L
Wik ¥ Wi sk v Wi g v Wik — Wi (950)

L _ (wl L L
D Wik = (W1+1,J,K+2 —2Wii sk WI+1,J,K)

- (WIL,J,K+2 - 2WIL,J,1<+1 + WIL,J,K) (9.51)
D, W/ = (W} —2Wf + W/ k)
vz Wik 1J+1,K+2 1J+1,K+1 1J+1,K
— (Wi ki —2Wf g + Wiy k) (9.52)

In Egs. 9.44-9.46, h denotes the spatial step. In Egs. 9.47-9.52, W represents one
of the integrals, I,, I, I ;. In Eqs. 9.44-9.52, index L corresponds to time ¢, while
indices I, J, and K correspond to the spatial coordinates, X, Y, and Z, respectively.
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(a) (b)
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Fig. 9.1 The modelling domain for a case of the plane wave propagation along: a OXZ plane, b
OYZ plane

9.6 Comparison of the Solutions Obtained Using the
Rayleigh Formula and the Grid-Characteristic Method

In this section we consider two simple scenarios of elastic wave propagation. One
scenario represents the plane wave propagation; another scenario is a case of the
wave generated by the Ricker wavelet in the circle.

In a case of the source represented by the Ricker wavelet in the circle C located in
the plane z = 0, with the center (x¢, yo) and a radius of 100 m, the following equation
holds:

b (1), (x, C
Ur (x, .0, 1) = "J(;(()x(’yc);)é 9.53)

In a case of the plane wave, the given solution at the boundary takes the following
form for x € [0, X],y € [0, Y]

Uk (x,y,0,t) = b f(1) (9.54)

In Egs. 9.53 and 9.54, f(¢) denotes the Ricker wavelet.

We assume that the velocity of P-waves equals to 5000 m/s, the velocity of S-
waves equals to 3100 m/s, and the destiny is of 2500 kg/m? for the elastic medium
under consideration. The grid of 121 x 121 x 121 nodes with the spatial step of
50 m and the time step of 0.01 s was used for obtaining the solution by the grid-
characteristic method using 201 time steps. We also used the grid of 61 x 61 x 31
nodes with the spatial step of 100 m, and the time step of 0.02 s, for obtaining the
solution by Rayleigh formula using 81 time steps. One can see this modelling domain
in Fig. 9.1.

In a case of the plane wave, by, by, b; satisfy Eq. 9.55.

(blv b2’ b3) = (09 0’ 1) (955)
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0.0

-0.5 S\ Z,m
‘ 0 1000 2000 3000

Fig. 9.2 Plane wave model. The plots of the vertical component of the displacement field vector
along the Z-axis for the time moment of 0.58 s. The black solid line shows the solution obtained using
the Rayleigh formula. The grey solid line presents the solution produced by the grid-characteristic
method

1.0 U.,m/s

0.5-

0.0-

0 1000 2000 3000

Fig. 9.3 Plane wave model. The plots of the vertical component of the displacement field vector
along the Z-axis for the time moment of 0.92 s. The black solid line shows the solution obtained using
the Rayleigh formula. The grey solid line presents the solution produced by the grid-characteristic
method

Figures 9.2, 9.3, and 9.4 show the plots of the Z-component of the displacement
field vector along the Z-coordinate in a case of the plane wave. The black solid line
shows the solution obtained using the Rayleigh formula. The grey solid line presents
the solution produced by the grid-characteristic method. These curves were plotted
along the line parallel to the Z-axis and passing through the center of the modelling
domain. Figures 9.2, 9.3, and 9.4 present the curves for the time moments of 0.58,
0.92, and 1.08 s, respectively.

In a case of Ricker wavelet in a circle, the parameters by, b, b3 satisfy one of the
following equations:

(b1, by, b3) = (0,0, 1) (9.56)
(b1, b2, b3) =(1,2,3) (9.57)

In this case, we have used a grid with 401 x 401 x 201 nodes with the spatial step
of 50 m and the time step of 0.01 s for obtaining the solution by grid-characteristic
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].O'b"z’m‘r‘s

0.5-

0 1000 2000 3000

Fig. 9.4 Plane wave model. The plots of the vertical component of the displacement field vector
along the Z-axis for the time moment of 1.08 s. The black solid line shows the solution obtained using
the Rayleigh formula. The grey solid line presents the solution produced by the grid-characteristic
method

(a) (b)
0 10 20 0 10 20

X, km o} o 3 km

10} 10

Yz km Yz km

Fig. 9.5 The modelling domain in a case of the Ricker wavelet in the circle (the position of the
source is shown by a bold black dot); the areas colored by grey and dark grey colors show the region
of integration for the case of using grid-characteristic method, the area colored by the grey color
only corresponds to the case of using Rayleigh formula: a OXZ plane, b OYZ plane

method using 263 time steps. The grid of 31 x 201 x 101 nodes with the spatial step
of 100 m and the time step of 0.02 s was used for obtaining the solution by Rayleigh
formula using 131 time steps (see Fig. 9.5).

Figures 9.6 and 9.7 show the wave patterns of the displacement vector compo-
nents U, and U, respectively, for the case of coefficients given by Eq. 9.56 at time
moment of 2 s Sections of 1.5 km x 8 km x 10 km modelling domain are shown in
these figures. The black lines show the boundaries of the entire modelling domain.
Figures 9.6a and 9.7a present the solutions obtained by Rayleigh formula, while
Figs. 9.6b and 9.7b show the solutions produced by the grid-characteristic method.

Note that due to the use of the Green’s tensor discussed in Appendix A in the
solutions by Rayleigh formula, there is no head wave presents [20]. In the solutions
by the grid-characteristic method one can find this wave in Figs. 9.6b and 9.7b.
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Fig. 9.6 Wave patterns of the Y-component of the displacement field for time moment of 2 s: a
Rayleigh integral method, b grid-characteristic method

9.7 Migration Based on Rayleigh Integral Formula

The process of migration includes two elements: (1) backward extrapolation of the
scattered wavefields (i.e. continuation of the waves in the direction opposite to that
of their actual propagation and in the reverse time) and (2) synthesis of the medium
image as a snapshot (at time ¢ = 0) of the spatial structure of the wavefield produced
by backward extrapolation. These elements form the foundation of the majority of
algorithms of time section migration (e.g. Berkhout [21, 22], Claerbout [23], and
Zhdanov [1]).

In this section, we consider the algorithm of the backward extrapolation of the
scattered elastic wavefields in the reverse time based on the Rayleigh integral formula,
which was introduced in Sect. 9.4 above.

To simplify the analytical expressions and the subsequent development of the
software, we use the following notations in the algorithm of the elastic field migration:
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Fig. 9.7 Wave patterns of the Z-component of the displacement field at time moment of 2 s: a

Rayleigh integral method, b grid-characteristic method

oy
2
On = (C_B) /U,, (?’, ‘C) rdt (9.58)
r
0
e\ r
San = <—B> U, (7/, —> (9.59)
CaA CA
where index n takes the following values:
n=1,2,3 (9.60)
and index A stands for P or S:
A=P,S (9.61)

If n =3,index B =P;ifn € {1,2},index B =S
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The following notations are also used:

X=x—x (9.62)
Y=y—y (9.63)
Z=z (9.64)

Indices a, b take the following values: X, Y, Z.
Thus, the following notations can be used:

2 2

RY =3%%{(3—5(%> )QA,1+(2 (%) —1) SAn} (9.65)
nA lb a\2 a\?2

Rty ==~ {(3—7(;) )QAH+<2 (;) . 1) SAn} (9.66)

» 1XYZ
R4 = 3-2"Z0,, (9.67)

2 r’rrr

Finally, one can calculate the following expressions:

I 3.2 = =Ry = Ry = RS = R+ RO — R + R (968)
h(x,y.2)=—RY — RS —RE—RN +RS — R +RY (9.69)
J3(x,y,2) = _Rg - R)%)Scz - R?%z - Rzl,fx + Rzl,zsx - Rzzgv + Rzz,zsy (9.70)

Based on Eqgs. 9.68-9.70, one can find the result of migration of the elastic wave-
field using the following formulae:

1
UMCR (x,y,2) = E// Juds 9.71)
N

The absolute value of the migrated elastic field can be found as follows:

Umicr (x,y,2) = \/(Uf\/IIGR (x, y, Z))2 " (U%VHGR x, y, Z))Z " (U3MIGR (x, y, Z))2
(9.72)

9.8 Migration Imaging Conditions

In this section, we discuss the second element of the migration process—synthesis
of the medium image based on the elastic field migration (imaging conditions). The
analytical expressions for a snapshot (at time ¢ = 0) of the spatial structure of the
migration field can be found based on the Rayleigh formula as well.
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Let the seismograms be known for a time interval from O to 7. Then the integrals
for the conjugate field at the point ¢ = O are written by Eqs. 9.73-9.78:

7

/ U, (?,r) T |drds  OT3)
p
0

Ly =

12,,_// ] fz(f,f) ol |aras o7

Ly, = —)Ofm(r,f) r_;j/ drds — (9.75)

o= ff / S (o | PO
it 77

123_// ‘r_r 0/ U2(7,1:> v | dvds 9.77)
ol

Iy = / / ; /U3 (For) | e == |dias  ©7®)
r—r o $

Equations 9.73-9.78 should be differentiated in accordance to Eqs. 9.28-9.30.
Note that Egs. 9.79-9.80 are true:

g(a)
= / fla,t)dr (9.79)
0
391 5 g(a)a
— = f(a,g(a) g(a)+/ f(a’t)dr. (9.80)
da da da

0

We will also use the following notation:
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&
o, = B /Un (?/, z) <r - i) dt 9.81)
r CA
0

InEq.981,n =1,2,3,A=P,S,B =Pforn =3,B =S forn € {1,2} in
accordance to notations used in Sect. 9.7. Integral ®,4 should be differentiated by
r. Thus, one can obtain Egs. 9.82-9.84 using Eq. 9.80:

z
ad, 2 -
A (Y v, (7.7) vde (9.82)
ar r
0
PP,4 2 2 e’ [ 1 o
A2 4 2B /U,, (r’,t)dr—— BY u (7. L) 9.83)
ar? r? cp 12 r \ca ca
0
B3 D,u 33%D,4
- o2 ©-84)

One can calculate the following Egs. 9.85-9.90:

3D, 4 32 {(z)2 1 09,4 10d,4 10%D,4 —Z(Z)z 1 BZQDM}

az3 rA\r) 2 e 2 ar r or? r/ r or?
(9.85)
PO Z [ (XY 100 100 10700, (X) 15200
9x20z r) r? 9r r2 or r or? r) r or?
(9.86)
Pbpa _ Z [ (YN 10Pua 180 10700, (VN 19Ps
9y20z - r) rz or r2 or r or? r) r or?
(9.87)
Pbpa _ X | (ZY 100w 10 180 (Z) 19Ps
9x0z2 - r) r% or r2 or r or? r) r or?
(9.88)
Plpr _ Y [L(Z\ 18P 1000 18P, (Z)" 1070y
aydz2 r) rz or r2 or r or? r) r or?
(9.89)

PP XY Z 10Dy

=3————=—. 9.90
0x0ydz rrorr® or ©.90)
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In Egs. 9.85-9.90, X, Y, Z are given by Egs. 9.62-9.64. Thus, one can substitute
Egs. 9.82-9.84 into Eqgs. 9.85-9.90 and obtain the analytical algorithm discussed in
Sect. 9.7.

9.9 Examples of Migration Imaging

In this Section, we present examples of migration imaging based on the Rayleigh
integral formulas discussed in Sects. 9.7-9.8. We use zero-offset seismograms calcu-
lated by Born approximation introduced in Chap. 8. The modelling domain (region
of integration) was selected with the size of 10 km x 2 m x 2.5 km. We have con-
sidered several models shown in the top panels of Figs. 9.6a, 9.7a, 9.8a, and 9.9a.
The background velocities of P- and S-waves are equal to 2500 and 1250 m/s respec-
tively. Note that, the velocities used in the migration formulas Eqs. 9.71-9.72 should
be twice smaller than the real ones. The inclusions shown by white color in these
figures have the squared velocities exceeded those of the background values by 1%.
The density equals to 2500 kg/m>. The sources and receivers are located 15 m under
the earth surface every 10 m horizontally. The Ricker wavelet with the frequency of
25 Hz and the polarization (0, 0, 1) was used. The receivers recorded the data every
2 ms during 4 s time interval.

Four different models were considered shown in Figs. 9.8a,9.9a,9.10 a,and 9.11a,
respectively. Figures 9.8b, 9.9b, 9.10b, and 9.11b present the results of the migration
of the three-component data U,, U,, and U, based on Rayleigh integral formula.
Figures 9.8c, 9.9¢, 9.10c, 9.11c show the results of migrations of one-component
data U, based on Rayleigh integral formula.

Note that instead of one true boundary in the migration field, one can see five
boundaries. However, the positions of these false boundaries are theoretically pre-
dictable. To predict these false boundaries, let us consider the reflector located at a
depth h.

The velocities of P- and S-waves are related by the following equation:

cp = 2cq 9.91)

There are four types of waves scattered from the reflector.
1. PP-waves, observed at the following time moment:
h h 2h h
tpp=—+—=—=— (992)

cp Cp Cp G
2. PS-waves, observed at the following time moment:
h h h  2h  3h 3h

tps=—+—=—+ - (9.93)
cp G cp Cp Cp 2 ¢
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Fig. 9.8 The first model and the results of the migration based on the Rayleigh integral formula:
a the model, b migration image based on three-component seismograms, ¢ migration image based
on one-component seismogram

3. SP-waves, observed at the following time moment:

h h 2h  h 3h 3k
tSP:_+_:_+—:—:—— (994)
G ¢p Cp Cp  Cp 20

4. SS-waves observed at the following time moment:

h h h
tss=—+— =2— (9.95)

Cs Gy Cs

The migration algorithm restores the boundaries based on P- and S-waves. Thus,
there are 8 types of restored boundaries:

1. Boundary with the depth restored based on PP waves using P-waves. The depth
is given by the following formula:
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(a)

Fig. 9.9 The second model and the migration based on the Rayleigh integral formula: a the model,
b migration image based on three-component seismograms, ¢ migration image based on one-
component seismogram

c c, h
he = Lipp=-L— =h 9.96
PP D) PP 2Cs ( )

2. Boundary with the depth restored based on PP waves using S-waves. The depth
is given by the following formula:

s Cs cs h h
hPP=—tpp=—C—=—=0.5h (9.97)

3. Boundary with the depth restored based on PS waves using P-waves. The depth
is given by the following formula:

c 3 3
hoo= Lipe=L-_ =" h=15h 98
PSS T 900 T 2 ©.98)
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Fig. 9.10 The third model and the migration based on the Rayleigh integral formula: a the model,
b migration image based on three-component seismograms, ¢ migration image based on one-
component seismogram

4. Boundary with the depth restored based on PS waves using S-waves. The depth
is given by the following formula:

Cs cs3h 3
Sips = 22— =Zh =0.75h 9.99
25 T 02, 4 (999

hfns =
5. Boundary with the depth restored based on SP waves using P-waves. The depth
is given by the following formula:

c c,3h 3
hEy = Ligp =220 — Zp=15h .100
SPTPT 0e, 2 (-100)

6. Boundary with the depth restored based on SP waves using S-waves. The depth
is given by the following formula:
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Fig. 9.11 The forth model and the migration based on the Rayleigh integral formula: a the model,
b migration image based on three-component seismograms, ¢ migration image based on one-
component seismogram

c cs3h 3
hs = 2tep=—2" =Zh=0.5h 101
SPE Q=G5 T TP 100

7. Boundary with the depth restored based on SS waves using P-waves. The depth
is given by the following formula:

c c,2h
W= Lrgg =L =2p 9.102
SS D) SS D) ¢, ( )

8. Boundary with the depth restored based on SS waves using S-waves. The depth
is given by the following formula:
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Fig. 9.12 The central
decline of the amplitude of
S-wave

Cy cs 2h _

s
hgs = < iss

25T 2

Thus, there are five different values of the boundary depth.

1. True boundary with the depth is given by the following formula:

h:hgp :hgs

2. False boundary with the depth is given by Eq. 9.105.

0.5h = hp

3. False boundary with the depth is given by Eq. 9.106.

0.75h = hyg = hip

4. False boundary with the depth is given by Eq. 9.107.

1.5h = hbs = hip

5. False boundary with the depth is given by Eq. 9.108.

2h = hig

(9.103)

(9.104)

(9.105)

(9.106)

(9.107)

(9.108)

The impact of S-waves in the zero-offset seismograms is known to be diminished

due to the central decline of the amplitude of S-wave as shown in Fig. 9.12.

In summary, we have demonstrated that there could be three types of the boundary

brightness in the migration image:
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1. Two bright boundaries due to the strong impact of PP-wave.

1.1 True boundary with the depth given by Eq. 9.104 mostly due to PP-waves.
1.2 False boundary with the depth given by Eq. 9.105.

2. Two boundaries with the middle brightness. PS-waves are S-waves with the
central decline but formed as a reflection of P-waves without the central decline.
SP-waves are P-waves without the central decline but formed as a reflection of
S-waves with the central decline. Otherwise, SS-waves are S-waves with central
decline formed as a reflection of S-waves with the central decline as well.

2.1 False boundary with the depth given by Eq. 9.106.
2.2 False boundary with the depth given by Eq. 9.107.

3. There is one boundary with a low brightness—a false boundary with the depth
given by Eq. 9.108.

Practically, there is the following structure of the boundaries brightness, as one
can see in Fig. 9.6b.

1. There are two bright boundaries.

1.1. True boundary with the depth is given by Eq. 9.104.
1.2. False boundary with the depth is given by Eq. 9.105.

2. There is one boundary with the middle brightness. False boundary with the depth
is given by Eq. 9.106.
3. There are two boundaries with a low brightness.

3.1. False boundary with the depth is given by Eq. 9.107.
3.2. False boundary with the depth is given by Eq. 9.108.

Some observed differences between the theoretical and practical structures of the
boundary brightness are caused by diminishing the brightness of the lower bound-
aries.

9.10 Conclusions

In this Chapter, we have developed the analytical expressions of Rayleigh integral
formula for the elastic wavefield. We have also studied the method of modelling the
elastic wave propagation based on the Rayleigh formula. A comparison between the
solutions obtained by this method and by grid-characteristic method was done, which
demonstrated a good qualitative and quantitative agreement between the results pro-
duced by both methods.

The corresponding analytical algorithm for migration of the elastic wavefield
based on the Rayleigh integral formula was developed as well. This approach to the
elastic field migration was numerically tested on several zero-offset seismograms
computed using the Born approximation. We have demonstrated that there are one
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true and four types of false boundaries in the resulting migration images with the
theoretically predicted locations. Future work will be aimed at developing the meth-
ods of eliminating these false boundaries. Note that the developed method can be
used for migration of both one-component and three-component seismic data.
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