NNINANITOULIDIIUNIINNBANADIANTAUNAGNNEICLINEN

wneigeang vianag lne

Emﬂwﬁwuﬁﬁﬂumwﬁwmm:‘ﬁﬂmmwﬁﬂzﬁmﬂ?ﬁymﬁmﬂ@@ummmwf]ﬂmeﬁm
A11ITNIAINITHABNNIAAT NIATTIIAINTINARNNILADT
ALEAFINIIUANART WIAINTINNINENAE
Tnnadne 2549

s

A1AN3R99YN AN IINUINNAY



AN ENHANCEMENT OF REEB GRAPH FOR MODELING HYDROGEOLOGICAL
INFORMATION

Mr.Rungwit Laichuthai

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering Program in Computer Engineering
Department of Computer Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2006

Copyright of Chulalongkorn University



Thesis Title AN ENHANCEMENT OF REEB GRAPH FOR
MODELING HYDROGEOLOGICAL INFORMATION

By Mr.Rungwit Laichuthai

Field of Study Computer Engineering

Thesis Advisor Pizzanu Kanongchaiyos, Ph.D.

Thesis Co-Advisor Associate Professor Sucharit Koontanakulvong, Ph.D.

Accepted by the Faculty of Engineering, Chulalongkorn University in

Partial Fulfillment of the Requirements for the Master’s Degree

(Professer Direk Lavansiri, Ph.D.)

..eenern. Dean of the Faculty of Engineering

THESIS COMMITTEE

,ﬁ/ Chairman

(Proadpran Punyabukkana, Ph.D.)

(Daricha Sutivong. Ph.D.)

(Associate Professor Pavadee Sompagdee, Ph.D.)

Member




ind  weeglve  © mnfususrouzasnsunsMiitednaesatsaumAgnn
g7t (AN ENHANCEMENT OF REEB GRAPH FOR MODELING
HYDROGEOLOGICAL INFORMATION) 8. iifins : ms.finey Aussdued, 8.7

inwndon : $A. m3.4930 AOUSUNAIA, 78 wiin,

n1rafrananuinsseluszuua N IR A a1 Ay A miulussuuansaun A
pirmanfatnaunn atslsfsndinisaienniusssiluseniamefnsWndialuiints
ANITOUNUATR UM AgRATER A e dul det smnzan WesaanTaseaFraninly
wuudrnesssaumAndsand Il biaursouamsaandiniug slenindeuseszwing
Funuld dnliiRapuaasRaeurssnsssnmiuiiduAy waznsdautassum
seafudniiin A ingsnadanass sdseiitauediifinanssourasasunsviite
ai‘umwmuﬁﬁmﬂqiaqﬁawﬁ'u|.'_nr.n_ﬂn*mm’uuuumui’uiu?:uumuﬁﬁ fammnso
uanslpssairanieluidudausesnasdautistsnnnaasfuanlfuazdruandoys
arsaunAniiAaniifenislf 1y Aunissesiuiu nmAreneTesiudy uszidurey
saumuszAuaugelursuunfimanildadnamnsanindidsaiudoyadss nsidoicy
nmniusnssuzuasesEuneisAtua AR U NAALBALULTLN
v iudureure A mUnAliiduANAuNusTEMI WNAAEER U MITUN I LR R AL du
sauveLunuLaza¥RsIsszaualudase e sdusauaey Al wisaandy
duuudraesunsifuud i dlasnasssy frwmisresduiu uaraiafuforesdy
Auusiarlutosinumisrasfuiuifidnn wdnbaiahnminnresdudusausay
Fufiu o ﬁﬂuuﬂ@m'mgqﬂtﬂuﬁ nﬁnqnﬁwunmuﬂ qeijueia deadraisunsm PRl TN
Tugafuafieirstunansounulassaieneluiiiasedeysarsaunagimanils
Tntnanimasnaaasliiiuidatiumisamrraiy urianalanaiianeluresduiy

ARBAIUNITNINAATI TR TUANIB Ry aa TRumAgMNEsaianen IAnt el e @nEnm

- - - rJ
@930, AAanssuReuRames. . aleileteenanstilinm. . ST T
UnasAnmn ....2549 o, auitedeananstiinmian.. A0 4o




# # 4870440821 : MAJOR COMPUTER ENGINEERING

KEY WORD : THREE DIMENTIONAL MODEL / CROSS SECTIONAL DATA / REEB
GRAPH / HYDROGEOLOGICAL INFORMATION

RUNGWIT LAICHUTHAI : AN ENHANCEMENT OF REEB GRAPH FOR
MODELING HYDROGEOLOGICAL INFORMATION. THESIS ADVISOR
PIZZANU ~ KANONGCHAIYOS, =~ Ph.D., THESIS  CO-ADVISOR
ASSOC.PROF.SUCHARIT KOONTANAKULVONG, Ph.D., 78 pp.

Three-dimensional visualization ,has been useful for several geological
information systems. Typieal visualization methods in computer graphics usually cannot
properly represent the multi-layer geographical data because of the lack of relation
between each soil layer. In addition, some errors in the estimated position of soil layers
and in the classification‘of soil layers.can occur. This research, therefore, presents an
enhancement of Reeb graph method for three-dimensional geological information
providing the complex internal structure of seil layers. Proposed method can calculate
major geological information, such'as the positions of soil layers, the cross-sectional
contours of soil layers at each height level corresponding to the input data. Firstly, the
original Reeb graph.is enhanced by changing from the relation between Reeb node
and its contour to the retation-between-each Reeb-node-and its set of contours. Then,
the surface is construcled from the set of contours. After specifying the position of each
soil layer and construcling each surface for each soil layer according to the input
depth, the cross-sectional contours-af each.soil layer. at-every.-critical height are then
calculated using Morse theory. Next-the enhanced Reeb graph is generated. Finally,
the reconstructed surfaces-represent the complete internal structure-of the geological
information. The experimental result shows that the proposed method can be efficiently
applied for storing and displaying the cross-sectional data and the structure of soil

layers of the hydrogeological information.
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CHAPTER |

INTRODUCTION

1.1 Background and Statement of Problems

Computer aided calculations have a major role in assisting geographical
information systems, such as surveying underground water sources. These include
geological environmental modeling, and processing geographical information, and
displaying the soil layers with three-dimensional graphics. Also, there are many types of
tools to help create various types of geological models, for example, diagramming,
organizing geological systems, displaying a model of soil layers and the cross section of a
geological area, and estimating contour lines for the data in a given range of relations

between soil layers.

Creating a model of geographical information by using geometrical methods will
display using typical computer graphics methods. Creating a model of underground water
in 3D, or creating a model of a geological surface [1, 2, 3, 4] usually cannot display the
complete relationships of the geological data accurately and appropriately, as there are no
standard geological models, and creating or estimating the surface of each soil layer is
independent, due to the lack of data for the internal structure. In addition, we cannot
display the geological relations or connections between each soil layer. In some instances,
analysis and calculation of partial data to create a sufficiently accurate display may not be
possible. In addition, there are inaccuracies in the soil layer positions and inaccurate

categorization of soil layers.

Therefore, this research presents-a 3D model for hydrological and geological
information, which can display relations between various types of geographical
information, for example, coordinates on a surface, coordinates under soil layers, and
categories of soil layers. Also, it can display the internal structure of soil layers
categorization and can calculate required geographical information, such as the position
of soil layer, cross section of soil layer, contours, and geological maps accurately and
consistent with the actual data. We utilize the Morse theory, which refers to the general
sense of variant calculus, which explains every case of the relation between a point on a

continuous real-number function and the general topology of a manifold. Here we replace



the manifold with a data set of a geographical surface. The calculation begins by
specifying each location of a soil layer. In addition, creating the surface by estimating
from the input depths of the layer to create the cross section of each soil layer at all
critical positions obtained using the Morse theory [5, 6, 7], in order to create the extended
Reeb graph for creating the surfaces and complete internal structure of the geographical
data. Next, we compare the results from the model with the actual data, which will be
within the limits that cover all the received depth data. This conceptual model can be
displayed as a 3D model where we can retrieve the internal structure of soil layer to view,
as well as display the cross section of the soil layer, and can be used to represent and store

systematically geographical information for efficient retrieval or search.

1.2 Objectives

To propose an enhancement of Reeb graph modeling for representing 3D
geographical information model displaying internal structures appropriately for accurate
data analysis, by processing cross sections to find the limit of the research area in the
geological model accurately, as well as approximating the soil layer heights correctly, and
categorizing soil layers correctly as well, to create proper relations between soil layers

and drill holes.

1.3 Scope of Study

1. This research is to test the modeling system for hydrogeological information.
The data for testing can be obtained with two methods: creating boreholes by
randomizing the coordinates and depth (52 boreholes), and creating boreholes
by using data from surveys water resource engineering (200 boreholes
covering a provincial area).

2. This research had to input data format which importing a file of numerical
data, stored as an Excel file that data of depth and co-ordinate of each soil
layer from exploration of water resource engineering.

3. The presented modeling system has the following capabilities: display three-
dimensional imagery, the cross-secrional soil layers, categorizing soil layers
with multipile vieweing angles, and display the relations of the soil layer with

the borehole.



1.4 Research Procedure

Procedure of research that consist of seven parts
1. Review literature
This research can explain related-theories.
e  The Fundamental Mathematical Theories
e  Surface Reconstruction Theories
e  Reeb Graph Theories
e  Morse Theories
Previous research studies, articles, books, online information technology.
Design an algorithm.
Program development
Model evaluation
Implementation

Analysis

N g s~ WD

Deliverables and conclusion

1.5 Expected Benefits

Proposed Enhances Reeb Graph Model can represent geographic information
from water resource engineering. The model can be applied for displaying the
geographical data in the three dimensional images, and representing the relationship of

internal structure and analyzing the geographical data.

1.6 Thesis Structure

This thesis-has- five chapters:-Introduction,; Theoretical background and related
works, Enhanced Reeb ~Graph for = Modeling: 'Hydrogeological Information,

Experimentation results and Conclusion and Future work.

The first chapter provides background and statement of problems, objectives,
scope of study, research procedure, expected benefits, thesis structure and publications.
Chapter 2 gives a brief description of Mathematical Fundamentals and Surface
Constructions, Differentiable Manifold, Morse theory and explains how to represent
objects with Reeb graph. In addition, discusses on previous works regarding
representating three-dimensional model (3D) and Surface Reconstruction. In chapter 3
explains improving the performance of Reeb graph to model hydrological and geological
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information. Chapter 4 explains experimental results and Chapter 5 explains the results

and possible paths for further development.

1.7 Publications

Some parts of this research had been published in the 2006 International
Conference on Cyberworlds (CW2006), which was held on November 28-29, 2006,
EPFL, Lausanne, Switzerland. The paper title is An Enhancement of Reeb Graph for
Modeling Hydrogeological Information. The authors are Rungwit Laichuthai and Pizzanu
Kanongchaiyos. In addition, in proceedings of 1* National Applied Statistics Conference
(ASCONF2006), Bangkok, Thailand, August 10-11, 2006, pages 275-285. The paper title
is Visualization of hydrogeological Information Using Reeb Graph. Moreover, Poster
session presented at the 1°' Thai-Japanese Student Exchange Meeting (TJSE), Osaka
University, Osaka, Japan, November 2-3, 2006. The poster title is An Algorithm for
Multi-layer Three Dimensional Object Modeling.



CHAPTER Il

THEORETICAL BACKGROUND AND RELATED WORKS

This chapter explains the mathematical fundamentals. In addition, subject
discusses on previous works regarding Reeb Graph Construction and Surface

Reconstruction Model.

2.1 Theoretical Background

This section explains the mathematical fundamentals that compose the basis of
three-dimensional model of surface reconstruction and Three Dimensional Model
Creation with Reeb Graph.

2.1.1 Mathematical Fundamentals

This section explains the mathematical fundamentals that compose the basis of
this modeling system. First, the concept manifold is presented. Second, Morse theory is
explained. This is a backbone about surface construction of this system. Then a Reeb
graph is introduced. This graph is the topological concept that has structural information

of an object. Finally, homotopy is mentioned. It is utilized to contour interpolation.

2.1.1.1 Differentiable Manifold

Let S be a set. A chart is a bijection ¢ from a subset U to S to an open subset

of Banach space. A C* atlas is a family of charts A={(U,,¢,)|i< 1} such that
1S =0 tied)

2. “Any two charts in A are compatible in the sense that the overlap maps

between members of A are C* diffeomorphisms : for two charts (U,,¢, ) and
(Uj,(oj) with U, nU;#¢ ,we form the overlap map
Qi =@, o¢i’1| ?, (Ui mUj). We require that ¢, (Ui mUj) is open and that ¢;;

be a C* diffeomorphism.



Two C* atlases A and A, are equivalent if A UA, is a C* atlas. A C*

differentiable structure D on S is an equivalence class onS. The union of the atlases

inD, A, =U{A| Ac D} is the maximal atlases on D, and a chart (U,p)eA, is an

admissible local chart. If A isa C* atlas onS, the union of all atlases equivalent to A is
called the C* structure generated by A. A differentiable manifold M is a pair (S, D)
where S is a set and D is a C* differentiable structure onS . A differentiable manifold
M is an n-manifold when every chart has values in an n-dimensional vector space. Thus
for every point acM , there is an admissible local chart (U,¢) with acR", where

n=dimM [8, 9].

2.1.1.2 Morse Theory

Let f be a mapping from an n dimensional manifold M to a set of real
number R . If the point p is a non-degenerate critical point of f , the function is

approximated by quadratic form based on second order partial derivatives in the

neighborhood of p as follows:

LY
H(|’J):6x.ay.

This matrix is called a Hessian matrix. If the Hessian matrix of the critical point p is
regular, the point is called non-degenerate. The index of f at p is the number of
negative Eigen values of the Hessian matrix. A function f is called a Morse function if

the following two conditions are satisfied.
1. None of its critical points is degenerate.

2. The values of f at one critical point differs from those of the other critical

points.

Since the critical points of a Morse function are isolated, the number of critical points is
finite as long as M is compact.

Let M be a compact differentiable manifold and f be a Morse function from M
to R . If the critical points of f are p,,p,,..,p, and their indices are r,r,,...,r,,

respectively. M is homotopy equivalent to the finite CW complex that is composed of



an r, -dimensional cell, a r, -dimensional cell,...,and a r, -dimensional cell. In other

words, the following is satisfied.
M =e"ue” UA ue"

Morse theory states that the homotopy type of an object is determined by the
above formula. Users can therefore construct a desired surface attaching cells
corresponding to the critical points of its Morse function. However, Morse theory cannot
determine the topological structure of surface completely. For instance, the connectivity,
the existence of knots, and the existence of links are not distinguished. These ambiguities
are the limitation [7, 10].

2.1.1.3 Reeb Graph

A Reeb graph is introduced in this section. A Reeb graph is proposed by G.Reeb
and it represents the topological structure of an object. This graph is defined as follows
[11, 12, 13, 14, 15].

Let f:M —R be a function on a compact manifold M . The Reeb graph of f is

the quotient space of the graph of f in M xR by the equivalence relation given below:
(X1, f(X1))~ (X2, f(X2)) = f(X1)= f(X2)
where X,, X, are in the same connected component of f*(f(X,))

2.1.1.3.1 Reeb Graph on Height Function

Now a Reeb graph on height function is explained. A Reeb graph on height
function has topological information of an object as follows.

1. Its node corresponds to critical point of an object.

2. Its edge corresponds with a connected component of an object.

3. Its point of an edge corresponds witha contour on a cross-sectional plane.

For instance, the Reeb graph of a torus is presented in figure 2.1. Since a Reeb
graph on height function has the topological information of an object, the graph can be

utilized to a three-dimensional object construction.

However, the graph has no information about shape of an object. Consequently,
we cannot construct three-dimensional objects by utilizing only Reeb graph. An example

is shown in figure 2.1. There are two tori in the figure 2.2. One is regular torus and the



other is a distorted torus. They are different about their shape but they have the same

Reeb graph in the figure 2.2 because they have the same topological structure.

Thus, in the modeling system that introduces a Reeb graph as the structure of an

object, some geometrical information about must be attached to the topological graph

later.

Figure 2.2: Two tori that differ about their shapes but have the same Reeb graph.

2.1.1.3.2 Enhanced Reeb graph

In this section, an enhanced Reeb graph is defined. This graph is an extension of
an original Reeb graph on a height function that is previously explained. The enhanced
Reeb graph is extended to hold both topological information and geometrical information

of an object. Its node has the coordinates of a critical point. Its edge has information of



the shape about the connective components of an object. In addition, the graph has cross-

sectional information of object.

An enhanced Reeb graph R consists of three sets below.

1. Let N be a finite set. Each element of is a point of N the vector space R®

and called the node of. R. N is called the node set of R®.

2. Let | be a closed set such that 1 =[0,1]. LetE be a finite set. Each element of

E is a continuous mapping from | to R® and is called the edge ofR. E is

called the edge set of R.

An edge of R must satisfy the following conditions.

There exist such nodes n, and n; thate(0)=n,,e(l)=n, andi=j.

The z value of e(t) increases or decreases monotonically for all t<[0,1].

3. Let | be such a closgt set that I =[0,1]. Let C be a finite set. Each element of

C is a continuous mapping from | to R® and is called the contour of R .

A contour ¢ of R must satisfy the following conditions.

A contour ¢ is a closed curve. i.e. ¢(0)=c(l) must be satisfied.

A contour ¢ does not intersect itself. i.e. c(s)=c(t) must be satisfied for
all s and t.

A contour ¢ does not intersect any other contour of the graph R.

Contours of the graph R are oriented in the same direction.

An enhanced Reeb graph consists of a tripple (N, E, C). The graph is considered

as the Reeb graph that has geometrical-information of an object.

For instance, the enhanced Reeb graph of the two tori in figure 2.2 is presented in

figure 2.3.
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(a) (b)

Figure 2.3: Each torus has the different enhanced Reeb graph.

2.1.1.4 Homotopy

In this section, homotopy is explained. Homotopy is a topological concept about

mappings. Homotopy is formulated below [16, 17].

Let f,g9:X =Y be maps where X and Y are two topological spaces. Then f is
homotopic to g if there exists a map H:X xI—Y such that H(x,0)=f(x) and
H (x,1)=g(x) for all pointsxe X . Here I =[01]cR. This map H is called a homotopy

from f to g and is notated as f =g . If for some subsets A of X
H(a,t)=f(a) VaeA, vtel

Then, f issaid to be homotopic to g relative to A and is written f =g rel A
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For example, the transformation of homotopy is presented in figure 2.4. The upper

contour is presented by the function f and the lower by ¢

{Ke 2Y™GiXK)

Figure 2.4: The upper contour is transformed to the lower contour by homotopy.
2.1.2 Surface Constructions

This chapter explains the implementation of enhanced Reeb graph and homotopy.
First, the implementation of enhanced Reeb graphs is explained. Next, the toroidal graph
is introduced. Finally, the way is represented that homotopy is implemented.

2.1.2.1 Implementation of Enhanced Reeb Graph

This section of implementation of enhanced Reeb graph for 3D object consist of
three portions: Adopted curves, Edge of enhanced Reeb graph and Contour of enhanced

Reeb graph.
2.1.2.1.1 Adopted Curves

This part explains the curves adopted by the system. Further studies about these

curves are written in [7].
Bezier

An n-dimensional Bezier curve is defined as follows.
F(t)="3 B! (t)p, (0<t<1 p, eR?)
k=0

where is called the Bernstein function and it is expressed by this formula.
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where Bk”(t)=(Ejti(1—t)”‘i

This formulation is called the Bernstein form of a Bezier curve. The curve is
specified by an ordered set named control points. The curve has convex hull properties

and is invariant under affine maps.
NURBS

A NURBS (Non Uniform Rational B-Spline) curve is defined by this formula.

OF

Ni,k (t) Wi pi
B — o

)

. N () w,

Il

where is a weight associated with control points. And the function is a polynomial of
degree call a B-Spline basis function. Is called knot vector.

N (t): (t — % )Ni,kfl(t)_F (Xi+k+l —t) Niﬂyk,l(t) (

2<k<n+1)
Ki = X Xiig =X

i+1

l (Xi St<Xi+l)
0 otherwise

Nio(t)=1

A NURBS curve has these features. It can represent a quadratic surface accurately. And it
has a local approximation property. If a control point is moved or if a weight value
associated with a control point is changed, the shape of surface changes only in its

neighborhood.

NURBS is adopted by a standard data exchange format called IGES (Initial
Graphic Exchanged Specification) and is extensively utilized in a great number of CAD

systems.
Cardinal Spline

A Cardinal spline curve is defined by this formula.

-a 2-a —-2+a a Pis
2a —-3+a 3-2a —a p;
—a 0 a 0| py,
o 1 0 0] p,

clt)=[t*t* t1]
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where p; is a control point.

The Cardinal spline curve represents the curved segment i between p, and p, ,
that passes through both p, and p,, . In addition, the segment i at t=1 joins with
positional and tangent continuity to segment i+1 att=0. This curve can express the

everywhere C* continuous curve that passes through the control points. This feature is of

use for this system. This curve is discussed further in the technical report [18].
Catmull-Rom Spline
A catmull-Rom spline curve is defined as follows.

P4 Piy Py P;,, are given control points.

P
pi+l

CR(t) 3 [Wi—l W Wiy Wi, d
di+2

where d, and d,,are

i+l

di = (1_a)(pi ) pi—l) "‘ a(pi+1 - pi)
diyy = (1_b)(pi+l Y ) i b(pi+2 . pi+l)

And w,_,, w;, w,,, and w, , are

W, 2 -2 1 1
: -3 3 -2 -1

ay [l 00 10

Wi+l

W, 1 0 0 O

i+2

A Catmull-Rom Spline curve is an extention of a Cardinal Spline curve. This
curve expresses the curved segment i between the control points p, and p,,, that passes
through p;, and p,,. In addition, this curve has the same features as the Cardinal Spline.

The difference between a Cardinal Spline and a Catmull-Rom Spline is the degree of

winding as presented in figure 2.5. Further discussion is in [19, 20]
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Cardinal spline Catmull-Rom spline

Figure 2.5: The difference between a Cardinal Spline and a Catmull-Rom Spline is

displayed.
2.1.2.1.2 Edge of Enhanced Reeb Graph

In this part, the implementation of edges is explained. Reviewing thr definition of

an edgee, e is a function like this. Let be I a closed set1=[0,1]. e is a functione :

| - R® and its z value increase or decrease monotonically.

Cardinal Spline curves, Catmull-Rom Splinr curves or line segments in the
implementation represent an edge. To satisfy the conditions above, z value of control
point must increase or decrease monotonously. If an edge does not satisfy this, this
system considers the edge as an invalid edge. However, this condition is not a sufficient
condition because a Cardinal Spline curves or a Catmull-Rom spline curves do not

change monotonously if its control points are an ordered set about its z values.
2.1.2.1.3 Contour of Enhanced Reeb Graph

In this part, the implementation of contours is explained.-A contour is defined as
follows. Let | be a closed set1=[0,1]. A contour c is a function | —R?* and is a closed

curve.

To satisfy this condition, the implementation is as follows. First, the type of a
contour is determined. This system supports these types.
¢ Polygon: gives the shape of a polygon that connects the given vertices.
e Circle: gives the shape of a circle based on the coordinates of the center and
the radius.
e Bezier: gives the shape of a Bezier curve determined by the given control

points.
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NURBS: gives the shape of a NURBS curve determined by the given control
points.

Cardinal Spline: gives the shape of a Cardinal Spline curve determined by the
given control points.

Catmull-Rom Spline: gives the shape of a Catmull-Rom Spline curve

determined by the given control points.

The next step is to give the contour parameters. The method of determining

parameters depends on the type of contour. The method of determining parameters is

divided into the three types; a polygon, a circle and a spline curve.

Polygon: If a contour is polygonal, the parimeter is utilized as the parameter.
The parameter is proportional to the perimeter.
Circle: If a contour is a circle, determining parameters is very simple. Let

(c,,c,,c,) be the given coordinate of the center of the circle and r be the

given radius. The parameter is the same as with a cylindrical coordinate

system.

Spline curve: If a contour is a spline curve, determining parameters is not easy.
Though the arc length should be utilized as the parameter, it is difficult to
calculate the length. Then linear line segments in figure 2.6 approximate each
spline curve. Instead of the arc length, the approximated perimeter is utilized

as the parameter.

P & i N e
o o= “"x_\
7 . =
¢ Y
3 p
N - )
. oo
" -y ;Vf \“‘:_;...s/‘
—~—— g

Figure 2.6: A spline curve is approximated by a polygon to determine the parameter.

2.1.2.2 Toroidal Graph

How we can construct the natural surface when triangular patches are created

between two contours? The problem is discussed in the section. To solve the problem,



16

first the original toroidal graph is introduced. This graph is proposed by Fuchs st al [21].

Next, the continuous toroidal graph is explained [17].
2.1.2.2.1 Discrete Toroidal Graph

Consider that there are two contours. One contour is called the upper contour and
the other is called the lower contour. Assume the following conditions.
e The contours are approximated by linear line segment.

e The upper contour is defined by distinct points u,,u,,...,u, ;.
e The lower contour is defined by distinct points 1,1,,...,1 .

e The loops of the contours are oriented in the same direction.

When triangular patches are created, the triangulation method must satisfy the

following conditions [22].

1. If two nodes of the same contour are to be defined as the vertices of the same

triangle, they must neighbor each other on the contour line.

2. No more than two vertices of any triangle may be recruited from the same

contour line.

Fuchs et al. proposed the graph that supports these two conditions. It is the

toroidal graph on a two-dimensional torus.

In a toroidal graph, vertices correspond to the set of all possible spans between the
points of the upper contour and the points of the lower contour. The arcs correspond to

the set of all the possible triangles.

In figure 2.7, an example of ‘a discrete toroidal graph is presented. Moreover, in

figure 2.8, the patch determined by the toroidal graph is represented.
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Figure 2.7: A discrete toroidal graph is presented. The upper contour has six vertices and

the lower contour has five vertices.
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Figure 2.8: Triangular patches are determined by the above discrete toroidal graph.

2.1.2.2.2 * Continuous Toroidal Graph

In an enhanced Reeb Graph, a contour is defined as a parametric closed curve. It is
desired that a toroidal graph can deal with a parametric curve. Shinagawa & Kunii

proposed a continuous toroidal graph [17]. In this section, the continuous version of a
discrete toroidal graph is introduced.
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Let f, g be contours of an enhanced Reeb Graph. In a continuous toroidal graph,

the horizontal and vertical distances between the two vertices represent the differnces of

the parameter values between the two vertices.

re e ey R

Figure 2.9: A continuous toroidal graph is presented.

The acceptable path of the continuous graph is represented as a monotonously

increasing multi-valued function. The path is representing as the concatenation of these

functions.
e o :|uuy, ] (0=u,<u <A<u,, <1)
e B :[|2i1|2i+1] — | (O:|05|1 <A <y, <1)

¢ & (O) = ﬂZn—l(l)’ a; (u2i+l) =5 (|2i+1 )’ B; (|2i+2) = ai+1(u2i+2)
The representation-is the generalization of a monotonously-increasing function.
The discrete toroidal graph is the special case of this continuous graph. The
discrete toroidal graph is the concatenation of that of u = u, and | =1,.
2.1.2.2.3 Distance Function

In order to create natural surfaces, the path of the toroidal graph should be shorter.
Some measure is necessary to create patches. In addition, the correspondence between

contours should be determined.

The two distance functions of the toroidal graph are defined here. These functions

are also utilized when the correspondence between contours are determined.
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Euclidean Distance Function

A Euclidean distance function is the function that returns the Euclidean distance

between the two vertices. This function can be utilized on the two toroidal graphs.

dE(u,v):\/(uX —v, ) +(uy —uy)2 +(u, -v, )

Parametrical Distance Function

A parametric distance function is the function that returns the difference of the
parametrical value between the two vertices. This function is defined on the continuous

toroidal graph.
dp (U, v)=|s—t|

where the parametrical values of u and v are s andt, respectively.
2.1.2.2.4 Closest Pair Vertex

Here a closest pair vertex is defined. This is not a distance function but the
concept is based on the functions. This concepts is utilized when contours are interpolated

by some homotopy function. Let d be a distance between (u;,1;). A vertex on a toroidal

graph (u;,l;) is called a closest pair vertex if the vertex satisfies the following two

conditions.

du,,1,)= mind(u;.1,)

I

1177]

d(U- |-)= mkind(uk'lj)

Then the closest vertex pair is searched. The closest pair vertex is the closest vertex pair
whose distance is the shortest of the all. In the continuous graph, proper points are

sampled and the closest vertex pair is defined.
2.1.2.3 Surface Construction

The surface creation takes four steps. First, correspondence between the two
contours is determined. Then homotopy of the two contours is determined. Next sliding
homotopy is created by the edge of an enhanced Reeb graph and the homotopy. Finally,
triangular patches are made between the interpolated contours and a curved surface is
created.
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2.1.2.3.1 Correspondence between Contours

The correspondence between contours is determined. Let be f,g contours of an

enhanced Reeb graph. The correspondence takes the next steps.

1. Proper points of a continuous contour f are sampled. The sampled points

are determined at regular intervals in this implementation.

2. Assume that f is on a planeax+by+cz+d=0. The contour f is rotated
and on a plane z=e. The rectangles that enclose the contour f is searched. Ax
and Ay is the lengths of the rectangle. A mapped contour is defined according to

the following formula. Let (o, 5.) be a point of a mapped contour. Let

X = malx(xs) and Y = malx(ys).

3. Let be mf and mg contours obtained by f and g being mapped to the xy-
plane. The correspondence between the two contour mf and mg is determined.
Let the most closet pair vertex (U, L) on the Euclidean distance function. The

parameter of each contour is redefined. If the value of the parameter is greater

than U then the value is changed to u—U . Otherwise, the value is changed to 1.0

- u + U . The same procedure is done to the lower contour. The correspondence

between the two contours f and g is determined by the correspondence between

the mapped contours.

3

.').‘ g

.f"f
X

3 4

Figure 2.10: A contour on ax+by+cz+d =0 is transformed to the contour on a plane

parallel to the xy-plane
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Figure 2.11: The rectangle that enclose the contour is searched and mapped to a unit
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Figure 2.13: The correspondence between the contours is determined.



22

2.1.2.3.2 Contour Interpolation by Homotopy

After the correspondence between the upper contour and the lower contour is

determined, the contours between them are interpolated by utilizing homotopy. There are

a lot of homotopy functions and this system supports three primitive functions; linear,

parabolic and quadrant. And two peculiar functions; Cardinal Spline and Catmull-Rom

spline.

These homotopies is mentioned in detail below. Let be the upper contour f(s)

and the lower contour g(s) .

Linear: Linear(s,t)=(@1-t)f(s)+tg(s)

Linear homotopy is also called straight-line homotopy. This is the most
primitive homotopy and interpolated contours linearly.

Parabola: Parabola(s,t) = (1-t%) f (s) + t*g(s)

Parabolic homotopy creates parabolic surfaces.

Quadrant: Quadrant (s,t) =1 t2 f(s)+ (@ -v1—t?)g(s)

A quadrant means a quarter of a circle. This homotopy is mainly used between
a critical point of an e, or e, cell and a contour. If this homotopy is used in
this situation, the shape of a created object is like a ball.

Cardinal Spline:

Cardinal Spline homotopy creates Cardinal Spline surfaces. As this curve is
mentioned previously, this curve can express an everywhere c' continuous
curve that passes through the control points. The facts enable this homotopy to
create ¢* continuous surfaces that include- given contour-completely. The
defect in this homotopy is that at least four contours are necessary to create a
Cardinal Spline surface. If there are less than four contours, this system creates

virtual contours by utilizing existing contours.
Catmull-Rom Spline:

Catmull-Rom Spline homotopy creates Catmull-Rom Spline surfaces. The

feature of this homotopy is similar to the Cardinal Spline homotopy. This
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homotopy can create surface that do not wind more than the Cardinal Spline

homotopy.
2.1.2.3.3 Contour Interpolate by Sliding Homotopy

In the previous part, the contour interpolation based on homotopy is explained.
But an enhanced Reeb graph has both the shape of connective components as the edge
and the cross-sectional information as a contour. It is useless to interpolate contours by

utilizing normal homotopy.

Some problems are presented below when an enhance Reeb is interpreted to
construct an object.

e When a user gives the system an edge and some contours, the problem occurs
that the points where the given edge passes through the given contours. In
other word, the problem is whether a user can give the points arbitrarily or the
system determines the points automatically.

e |f two contour and two different edges are given, the problem occurs that the
difference of the reconstructed shapes when the different edges are given to

the contours. This case is presented in figure 2.14.

o If the two contours and an edge, the problem occurs that the difference of the
reconstructed shapes when the edge passes through the contours at different

point. This case is presented in figure 2.15.

Figure 2.14: The different edges are given to the same pair of contours.
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Figure 2.15: The edges that have the same shape passes through the same pair of

contours at the different points.

Sliding homotopy can solve these problems above. With sliding homotopy, a user
can give the system an enhanced Reeb graph arbitrarily. The graph is interpreted properly
to create three-dimensional objects. Assume that two contours and an edge that pass

through the contours are given. Assume one contour is represented as f (s) and the order

asg(s) . Some new functions are introduced and the sliding homotopy is defined.
Edge Vector An edge vector of an edge is defined as follows. Let e be an edge of a
enhanced Reeb graph. The edge is a function| — R*. An edge vector ev(t) is a function
| - R® where

ev(t) =e(t) —e(0)
An edge vector has ¢* continuity if the edge is represented by a Cardinal Spline curve or
a Catmull-Rom Spline curve.

Homotopy Vector A homotopy vector is defined as follows. Let H be homotopy from

f tog. Assume that N corresponding points on the H(s,t) and H(s,0) are selected.

Homotopy vector hv(t) is a function | — R*® where
1 N-1
hV(t) = WZ{H (Si ’t) -H (Si ’O)}
i=0

A homotopy vector is ¢* continuous if homotopy is represented by cardinal Spline

homotopy or Catmull-Rom Spline homotopy.
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Figure 2.17: A homotopy vector Is presented.

Sliding Vector A sliding vector is defined as follows. Let ev(t) be an edge vector and

hv(t) be a homotopy vector. Let k(t) bea function 1= R that satisfy these condition.
k(0)=k() =0, 0<k(t)<1
A sliding vector sv(t) is a function I'— R® where
sv(t) = k(t){ev(t)—hv(t)}

A sliding vector is ¢' continuous and satisfies sv(0) =sv(1) =0. This is important for

sliding homotopy.

k(t) is a weight function. There are many functions for the weight k(t) but k(t) is

desirable to satisfy k'(0) = k'(1) =0. In the current implementation,
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1
k(t) = E(l_ cos2at)

is selected.

Sliding Homotopy Sliding homotopy SH(s,t) is the semantics of an enhanced Reeb
graph to reconstruct an object. Let H(s,t) be some homotopy and sv(t) be a sliding

vector. The sliding homotopy is formulated as follows.

SH(s,t) = H(s,t) + sv(t)
SH(s,0)=H(s,0)= f(s) and SH(s,1)=H(s,l) =g(s) are satisfied because a sliding
vector sv(t) satisfied the condition sv(0)=sv(l)=0 . This homotopy can create c'

continuous surfaces if H and sv are c¢' continuous.

Figure 2.18: Sliding homotopy is presented. First, the top contour and the bottom contour
are giving. Then contours are interpolated by homotopy. Next sliding vector is calculated.

And contours are shifted by the sliding vector.
2.1.2.4 Branch Handling

In the systems that construct surfaces by utilizing a series of cross-sectional
information, branch handling is a big problem. If the contour at a critical point is not

given, the contour is estimated by some means.

There is a simple method proposed by Christiansen HN and Sederberg TW but
this method fails if the shape of contours is complex [22]. There is another method
proposed by A.B.Ekoule et.al. This method deals with branches by creating a virtual
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contour at a critical point but created surface is not c¢* continuous. Komatsu et.al
proposed the shrinking boundary that the based on the diffusion equation. This method
can create c'continuous surfaces naturally but cannot be applied to all cases of branch
handling.

It is not easy c'continuous surfaces if they have some branches in this system. As

is mentioned previously, ¢'continuous surfaces can be using Cardinal spline homotopy or
Catmull-Rom spline homotopy but four contours are necessary to create smooth surfaces
by utilizing these homotopies. There are not enough contours to create smooth surfaces in

the neighborhood of critical points as is represented in the figure 2.22.
Moreover, the following condition is necessary at the critical point.

of  of

x oy

The tangent vector at the critical point must be parallel to the xy -plane.

In this section, some assistant idea is explained to create ¢' continuous surfaces in

the neighborhood of critical points.
2.1.2.4.1 Guiding Curve

A guiding curve is one of homotopy function that can interpolate contours along
the points that the curve passes through. A guiding curve is defined as follows [23].

Figure 2.19: Contours are transformed by an attached guiding curve.
H(s,t) = (1-weight(s,s; ) f (s,t) + weight(s,s; ) F(s;,t)

where weight is a weight function like this.
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% (s, —a <s<s,)
weight(s,s, ) = % (s,<s<s;+a,)
(; otherwise
This function satisfies
0 < weight(s,s, ) <1 weight(s;,s, ) = 1

This curve is attached to the contours at any point. Several guiding curves can be

attached to one contour.

If some proper function is selected as a guiding curve, the contour at the critical

point whose tangent vector can be parallel to the xy-plane. In this system, this is achieved

by the quadrant guiding curve ¢, that is defined below.

for 0<t<1/2,

cq(t)z( 1= (zt)2)cqo ( 1- (zt)2jcq(1/z)y

and for 1/2<t <],

¢ (t) = (1— 1—(2—2t)2)cq +( 1-(2- 2t)2)cq

Merge Case: When the two contour f, and f, are merged, the guiding curve is attached
to the points of the points the contours and the critical point. c, (0) is the point of the
contour f, and c, (1) is the point of the contour f,. c,(1/2) is the critical point. Then

the interpolated contour created by the guiding curve is given new parameters. Then the

new parameters are given by tracing the two contours.



29

f) R f1

Figure 2.20: The new parameters are given to the merged contour.
Divide Case: When the contour f is divided, the guiding curve is attached to the two
points of the contour and the critical point. c, (0) and c_ (1) is the point of the contour f .

¢, (1/2) is the critical point. Then the interpolated contour created by the guiding curve is

given new parameters. First the arc length of the interpolated contour is calculated. Then

the new parameters are given by tracing the contour.

Figure 2.21: The new parameters are given to the divided contours.
2.1.2.4.2 Continuity near Critical Point

¢’ continuous surfaces can not ‘be created by utilizing the guiding curve
homotopy. A guiding curve can curve can create surface whose tangent vector of a saddle

point is parallel to xy -plane. However, it dose not-confirm the continuity near the critical

points.

Let us consider the case represented in the figure 2.22. Two upper contours f, and
f, are given. In addition, one lower contour g is given. First, a guiding curve is attached

to the upper contours and a new contour that includes the critical point is interpolated.

This case is expressed in the figure 2.23.
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Figure 2.22: This is an example of a merge case. Two upper contours and one lower

contour are given.

Figure 2.23: The contour f at the critical point is tnterpolated by the guiding curve

homotopy.

Then the surface between f, and f , between f, and f and, between f and g

are created by utilizing Cardinal spline homotopy or Catmull-Rom spline homotopy,
respectively. The created surface will not be continuous in the neighborhood of the

critical points because there is no positive proof of the c* continuity.

In order to create smooth surfaces, some special procedure is done to the surfaces.
This procedure is not implemented yet. One method is that more than one enhanced Reeb
graph is utilizing in creating objects. Even if a point is a critical point for one function,
that is not a critical point for another. An object is constructed by homotopy in the several

directions.
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2.2 Related Works

This related work can categorize in two sections, which is surface reconstruction
that created for hydrogeological information and three-dimensional model creation with

Reeb graph.

2.2.1 Surface Reconstruction

Surface reconstruction can categorize in five sections: parametric surface
reconstructions,  volumetric  surface reconstructions, delaunay-based surface
reconstructions, Incremental Surface Reconstructions and Interactive Surface

Reconstructions.

2.2.1.1 Parametric Surface Reconstructions [4]

Figure 2.24: Parametric Surface Reconstructions

There are many surface reconstruction technigues such as B-Spline function and
NURBS. Although, these methods can easily interpolate the suface value, they are not

suitable for compolex topology surfaces are shown figure 2.24.

2.2.1.2 ~Volumetric Surface Reconstructions [3]

Figure 2.25: Volumetric Surface Reconstructions
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Volumetric surface reconstruction can render internal object information. These
method store information as 3D array, which each element is called voxel. Direct
rendeing volumetric data results in low resolution of the object surface. Thus, it is not
suitable for application, which require high-resolution surface. The volumetric surface
uses great amount of memory to store data. The rendering time is also slow. The 3D voxel
can be converted to polygonal mesh using Marching cube algorithm. By rendering the
volumetric surface with polygon, the object surface becomes smoother are shown in
figure 2.25.

2.2.1.3 Delaunay-Based Surface Reconstructions [2]

Figure 2.26: Delaunay-Based Surface Reconstructions

Delauney triangulation is the method to construct the surface by using surface
vertices. It can be used with complex surfaces. However, it needs a great amount of
memory and takes long computational time. In addition, Delauney triangulation is not
sutiable for surface with high varying surface slopness are shown figure 2.26.

2.2.1.4 Incremental Surface Reconstructions [1]

Figure 2.27: Incremental Surface Reconstructions
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Incremental surface reconstruction constructs the surface by incrementally place a
vertex to the surface. The new vertices are then join together to form triangle mesh. This
technique is suitable for input surface with low number of vertex. Thus, it is not

appropriate for large area surface are shown figure 2.27.

2.2.1.5 Interactive Surface Reconstructions [24]

Figure 2.28: Interactive Surface Reconstructions

Interactive surface reconstruction downsamplings the input data to lower
resolution. It also pre-computed some information that will be used later in interactive
rendering. This technique depends heavily on graphic hardware capability. The result

image may appear blocky due to low-resolution data are shown figure 2.28.
2.2.2 Three-Dimensional Model creation with Reeb Graph

This section creation three-dimensional model with Reeb graph can categorize in

six portions.

2.2.2.1 Constructing a Reeb Graph Automatically from Cross Sections

This research builds Reeb graph [15] from the cross sections of the model. It is
used in the compolex medical imaging, such as Cochlea images and Smicircular Canals
images. The Reeb graph can be computed automatically. The algorithm analyzes the
model topology, such as holes and components of the model, to construct the objtect’s

contour shapes. The contours are then used to build Reeb graph.
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Figure 2.29: Cross-sectional, Contour and Reeb graph

@) (b)

Figure 2.30: Show contour of Cochlea
2.2.2.2 Homotopy Modeling Based on Enhanced Reeb Graph

Enhanced Reeb Graph [16], ERG, adds the height function to the original Reeb
graph model. The height function is used to represent the internal structure of the object.
ERG has both geometrical datas and topological datas of the object. This research has
presented a way to modelling an object with ERG. It also explain how to compute the

Homotopy, the function which maps the object contours with Reeb graph, of the object.

Figure 2.31: Cross-sectional model and Reeb graph
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2.2.2.3 Extended Reeb Graphs for Surface Understanding and
Description

This research uses Entended Reeb Graphs [25] for representing surfaces. It is
using the topology coding techniques. This method can solve the degenerating non-simple
critical points problems. It has control levels to automatically constructing the ERG for

non-continuouse surfaces. This method can represent the surfaces correctly.

A

() (b)

Figure 2.33: Show the critical region of Manifold M, which is from the differential

manifold. This region is constructed using Delauney triangulation from height function.
2.2.2.4 Loops in Reeb Graphs of 2-Manifolds

This research constructs Reeb graph [8] by joining the two-conneted components
of level sets. The algorithm uses the Morse function to do the computation. Ths method
can handle 2-Manifold toplogical objects. The asymptotic complexity isO(nlogn), when

n is the number of edges.

2.2.2.5 Topological Modeling of Illuminated Surfaces Using Reeb Graph

In this research, the Topological modeling [11] is used for illuminating surfaces. It
encodes object in the form of Reeb graph by using object topology information. First, the

critical points are identified using Morse Theorem. Then, the algorithm does the cross
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section to obtain the contours of the object. The contours are sent to the Reeb graph using
height function. This method proves that the height function is nearly the same as

topological transformation.

(a) (b) (c)
Figure 2.34: Structure Reeb graph of heart model

2.2.2.6 3D-ODbject Reconstruction System Using Cross-Sectional Data

This research studies 3D object representation [13]. The representation includes
the internal object structure. The system builds from this research can render many types
of objects specified by the user need. However, the storage structure is quite complicated.
Some part of the surface may not be rendered. It uses Level sets and Fast-Marching
method to render the model. The performance is quite good and can use with Reeb graph
with branching.



CHAPTER 111

ENHANCED REEB GRAPH FOR MODELING
HYDROGEOLOGICAL INFORMATION

In this section, a modeling technique using Enhancing the Reeb graph for
representing surface of Hydrogeology Information is described. In addition, this
technique is comprised with three main portions: the enhanced Reeb graph, which
improves on the original Reeb graph for representations that are more complex in section
3.1. The contour set in section 3.2. Finally, the surface reconstructions, creating the plane
surface between sets of contours with the Reeb graph, with the manifold sets represented

with geographical surfaces are shown in section 3.3.

3.1. Enhanced Reeb graph

The definition of enhanced Reeb Graph will be considered at the same height on
the hydrogeological surface. We specify a function f :{m;, M, M,,...M,}— R as a real-number
function on the set of manifolds {M;,M,,Ms,...M,}, Which transmits values to the Reeb
graph of the set of manifolds {m; M,,M5,...Mm,} that depend on function f defined as the
spatial quotient of {M;,M,,M;,...M, xR Which have equivalence relations, as in section

2.1.1.3 and showing the representation with Reeb graph in Figure 3.1.

. ot \%. -
b

1
S == o R A

Figure 3.1: Nodes and connecting lines of extended Reeb graph with its sets of contours
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3.2. Set of contours

The set s of contours is obtained from the cross sections of each layer of the
hydrogeological surface. A contour ¢ at any given height is a set of points on a surface

layer.

Creating a more detailed surface is achievable by interpolation of the contour
between two object layers, which can be achieved in 2 methods: in the vertical axis and
the horizontal axis. Approximation in vertical and horizontal axes can be used to calculate

the approximate contours on both the outside and the inside of the surface .For

approximating values in contour ranges calculated from the inside of the surface we
consider at the same height, i.e., calculating by the horizontal. After the correspondence
between the upper contour and the lower contour is determined, the contour between
them will be interpolated. Approximating the contour from calculating from the outside
of the surface results in an extra contour between each layer of the hydrogeological
surface in Figure 3.2. In this research, Natural Cubic Spline method used to interpolate

the corresponding contours is described as following.

Figure 3.2: Cross section and contours. of each soil layer

Suppose  that {(Xk,Yk)}Ezo are- 'n+1 - corresponding = ‘contour - points, where

a=xy<¥ <..<x,=b.The n cubic polynomial s,(x) with coefficients Sy,Sk1.Sk2. and

Sk 3 has to satisfy the properties:

Sk (X)=Sy 0 +Ska(x—xi )+ Sk,z(X—Xk)2 +Sk,3(X—Xk)3

for Xe [Xk , Xk+1] and k = 01..,n
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- The spline passes through each data point.
Sk (xX)=yx for k=04,...n
- The spline forms a continuous function over.
Sk (1) = Skt (Xis1) for k=01,...,n
- The spline forms a smooth function.
Sk (X4 )= Skaa(xkq) for k=01,...,n

-The second derivative is continuous.

Sk(xk+l):Sl‘<l+l(Xk+1) for k=01,...,n

The natural cubic spline has zero second derivatives on one or both of its boundaries.

3.3. Surface reconstrction

Each surface reconstruction in a layer will be assembled a surface between
corresponding the contours obtained in Section 3.2 with the Enhanced Reeb graph
obtained in Section 3.1. Three adjacent points on the set of contours of hydrogeological
surface are formed as a triangular-shape mesh. When triangular patches are created, if two
points of the same contour are to be defined as the vertices of the same triangle, they must
neighbor each other on the contour’s perimeter. Therefore, no more than two vertices of
any triangle may be recruited from the same contour. The surface can be simply
constructed when all points are covered with meshes. Additionally, to make smooth the
surface, normal vector of each point has to be averaged with normal vectors of the other

points around it.



CHAPTER IV

EXPERIMENTAL RESULTS

This section shows the experimental results of the proposed to enhanced Reeb
graph for modeling hydrogeological information. The number of boreholes for tested

model is 52 boreholes. The three-dimensional model is also provided.
4.1 Tool Development

These sections consist of four portions: requirement, Analysis and Design,
Implement and Testing.

4.1.1 Requirement

The system is Intel Pentium M Processor 1.73 GHz with 1 GB of memory, using a
RADEON X600 with 256 MB of memory or higher. In addition, this program to use in
this research developed by Microsoft Visual C++ and Open GL, which run on window
XP.

Table 4.1: Format of collecting soil layers information

A | efMmT T oo el | 1 ] 1 |
1 -135 155 120 1 116.5085 2 153.9445 3 133.192
2 -a0 160 13 11 1431933 2| 1431313 3 133.6151
3| -30 155 5 1 110.0747 2 129.3209 3 133.6043
4 0 160 -60 1 152,864 2 143.0617 3 141.0505
5 | 135 160 &0 1 164.6239 2 131.1234 3 1246423
B | 70 110 500 1 1625552 2| 137.3285 3 124.8085
7] -5 105 -20 1/ 155.7039 2 153.4564 3 112428
6 20 115 -2 1 159.6474 2 118.8397 3 110.5694
=R 20 135 -0 11208199 2 1446781 3 123.0786
0 o0 130 0 1126 5447 2,143 4878 3 1141664

Input information format is importing a file of numerical data, stored as an Excel

File, which Data of depth and co-ordinate of each soil layer from exploration of water

resource engineering as a Table 4.1.
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Figure 4.1: Surface recgngtrijction of hydrogeological information from 52 sample drill
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Figure 4.2: Cross section of each soil layer and categorization of soil layer

Result format is able to show three dimensional model as a figure 4.1 and cross

section of each soil layer and categorization of soil layer as a figure 4.2.



4.1.2 Analysis and Design

T

DFEM FILE

l

CREATE DELAUNAY TREANGULATICN

o, 7 |
e e
=" DRAW BOREHOLE _?_.___} e - OIFAW BOREHCLE
_.—'—"'_'-'_F'_ I

o

_.—'—’—’i\_"—\—\_
ﬂmﬁi%ﬁu—* DRAW GRID SURFACE

p, 5 |

L]

o

—\q_-_-_‘_\- -
= CRAWLINE? e BRAW LINE OF TRIANGLE

Mo

oo iy A e o Sanosssecmonn
—|_\_‘_‘_‘_‘_\_\__‘_ _'_'_'_‘_'_'_‘_'_,.-'_'_
L |
o

e

="  DRAWGRIDD? § = ¥ Ayg A 8 ] DRAW GRID

_‘_\_‘-\_‘_\_‘_‘_\q_

I

5 i

o
_,__-']'-_____ —a DERAW TOFVIEW
EMABLE

CROSS SECTIONAL 7

-

DRAW SIDE VIEW

DR AW FRONT WIEW

=

e EARE - DRAW FLEXIBLE VIEW
b

W]ﬁﬂ
R

ﬂfﬂammsmﬁ_—:—h:—p DEAW SUBDRISICN
. |
No
Hoa @Fﬁﬂ m}nmﬁ:— ST _— DR REER GRAPH
= |

Figure 4.3: Flowchart of Process for 3D Modeling Hydrogeological Information
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4.1.3 Implement

Developing a tool to create a model involves developing a method of importing a
file of numerical data, stored as an Excel File, and displaying the model will be in 3D,
which can display the cross section of soil layer split by categories, as well as categorize
each soil layer, and indicate the position of each layer. The testing program will be
developed in C++ and OpenGL to work on Windows XP.

The working of the conceptua! model-testing tool begins by specifying the
position of the reference axis of soil Iaye}, e{yé/alculating the cross section of each soil
layer, to create a Reeb graplb_}p construct a 7__»_;____in complete internal structure of
geographical information, and then it compares the model result with the actual data.

4.1.3.1 IndicaM-ition f each soil layer

The coordinates of

file is stored as a

indicates the de oil layers i‘s‘ea}ch category, with reference depth unit as
-
NS4

. &ey
“d. A4k
v v

meters (m).

OJ;

i

Figure 4.4: Soil layer position model

After calculating and processing the each coordinate of soil layer and the
depth of soil layers in each category, we display the result as a 3D geographical
data model, with each category of soil layer indicated with different colors, as in
Figure 4.3.
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4.1.3.2 Creating the surface plane of soil layers

We create the surface plane of each soil layer by estimating the value in the
range from the coordinates of soil layer, and the depth of each category of soil
layer obtained in the first step. The research creates the surface plane of
geographical data with Delaunay Triangulation. This method is used to create the
surface plane of hydrological and geological information for further smoothness
and detail to the surface plane of the geological data.

Calculating and creating the surface plane of geological data with the Delaunay
Triangulation method will be considered according to the surface plane of each

type of soil layer.

[ Terhatn - tbedtiied A G YT NN ——— e
Fin B tew Hec = i F
=¥

Figure 4.5: Geographical surface model according to the category of soil layer

In creating the surface plane with Delaunay Triangulation, we create the
surface ‘according to each-category of soil layer, in other-words, we create the
surface plane for each layer in order of soil layer category. Creating the first
layer’s surface plane, we first take the reference axes coordinate data to calculate
and create the surface, namely the X, y, z coordinates of the soil layer in 3D. Next
we find the first coordinate points, which is obtained from receiving the first set of
data from the file as x, y, z, coordinate data. We then take first position to find two
next closest coordinates to create a triangle by connecting the three positions with
lines. Next, we take the two coordinates we have found to find the next closest
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coordinates with the aforementioned steps, with those coordinates not having been
used to create earlier triangles, to use in creating more triangles, expanding until

no more can be created.

In creating the surface planes of the subsequent layers, the method is the
same as creating the first layer, except for the depth of each category of soil layer,
where the position changes according to the height of the soil layer, i.e., the z-
axis. The z value changes according to the height of soil layer category in each
layer, as in Figure 4.4.

4.1.3.3 Calculation the cross section of each soil layer
We define the manifold M here by representing it with a smoothed

geological surface plane .This surface plane will be continuous. The height

function of a given x, y, z coordinate returns a z value, which represents the height
of soil layer, while the contour at height h of soil layer is the set of points on the
surface plane; when entered in the height formula it returns a value of h as in
Figure 4.5.

& Terhain - Cedtia F- = g —— e R |
R = = - et =
=7

NRINIH

Figure 4.6: Cross section of soil layers in each category

4.1.3.4 Creating the Reeb graph
We create the Reeb Graph from the contours of Section 4.1.3.3. We
specify the node of the graph as the center of each contour, and the edges as lines

connecting each node according to height order.
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ec strubtmrenatmg the Reeb graph
4.1.3.5 Creating \and mfe internal structure of

N
obtained in Section 4.1.3.4 and the
r te the surface of each soil layer.
Creating the surfac ructure begins with matching
appropriate  nodes b "ﬁ:'i__on djacent layers. After that, we

- <o TR
“'ea@ contours to make a more detailed

surface plane. We thenﬂwnbﬁtedf@% on adjacent contours to create into

triangles as in Figure 4.7. Y _‘EJ
( £ ) _-,\J

apprOXImate contour

Figure 4.8: Model of the surface and internal structure of geographical
information
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4.1.4 Result Testing

This research evaluated the data calculated from the model with the actual data by
comparing depth at the same planar coordinate. We conduct a comparision between the
survey data set containg 52, 104 and 203 drill holes and the depth calculated, after
randomly removing two, five and ten drill holes at a time from from the original data set
consequently. Then we approximate the depth at those coordinates using the proposed
model, and compare the obtained depth. We repeat the process until the size of sample is
over 30 percent of the original boreholes.

4.1.4.1 Using the Z-test to test statistical hypotheses for our research problem

Research Problem: We randomly delete 5 percents of boreholes from the data set and
recalculate them by the proposed interpolation model. We repeat this process until the
subject’s size is over than 30 percents of each original data set as shown in Table 4.2, 4.3
and 4.4. The research question for this experiment is “Does the depths of each
interpolated boreholes significantly different from the depths of the original boreholes at
the same coordinate?” We will use the six-step process to test statistical hypotheses for
this research problem.

1. With every recalculated mean depth x, and mean depth x, at each soil layer and

standard deviation S; and S, consequently shown in Table 4.2, 4.3 and 4.4., we

state null hypothesis and alternative hypothesis

Ho: iy — 14, =0 if dy=0 assumtion H,:u = u,
Hyfmy = u, %0 Hyowy # uy

2. Set the alpha level: «=0.05

3. Calculate the value of the proper statistic:

Since this problem involves comparing a single group's mean with the population
mean and the standard deviation for the population is known, the proper statistical

test to use is the Z-test.

(X_l_x_z)_ d

Js2/m, )+(s2/n,)

7 =
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The Z values are shown in the Table 4.2, 4.3 and 4.4
State the rule for rejecting the null hypothesis:

We need to find the value of Z that will only be exceeded 5% of the time since

we have set our alpha level at 0.05. Since the Z, . —score is normally distributed

(or has the Z distribution), The associated Z 4, —score would be 1.96.
Our rejection rule then would be: Reject H, if. |Z| > 1.96
Decision: Reject H,, |Z| <1.96 , two-tailed.

Our decision rule said reject H, if the ‘Z‘ value is not greater than 1.96. From the

Table 4.2, 4.3 and 4.4, every of our Z values exept the Z for borehole no.5 in

Table 4.3 and borehole no.5 in Table 4.4 is greater than 1.96 so we reject H, of

every pair of depths except the borhole no.5 in Table 4.3 and borehole no.5 in
Table 4.4.

Statement of results: The results of testing state that the 90 % of differences
between the real data and the data generated by the enhanced Reeb model show no
significant differences with statistical Z —test. Therefore we conclude that the 3D
geographical information model displays internal structures appropriately for
accurate data analysis, by processing cross sections to find the limit of the
research area in the geological model accurately, as well as approximating the soil
layer heights correctly, and categorizing soil layers correctly as well, to create

proper relations between soil layers and drill holes.



Table 4.2: Result of compare from example one with Z-test
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Sample 1 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer B

b ' Depth 1 | Depth2 | Depth 1 | Depth 2 | Depth 1 | Depth2 | Depth 1 [ Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2

-155 -22.5 51.39458 | 49.50737 [ 52.04755 | 40.73564 o 11.78851 | 5265265 | 52.37867 | 41.5805584 | 38.40042 | 365.365157 | 35.555
70 725 [55.37138 | 46.49345 [ 45 75965 | 57.99931 0 o o 2531123 | 6058506 | 47 13757 | 30.90365 | 33.03824
-105 115 4065957 | 49.9574 [41.04004 | 44 80702 0 10.60261 [51.14393 | 53.78613 [ 41.00604 | 37.30718 [ 35.40396 | 42.50354
57.5 7.5 4418732 | 49.3705 [ 7297251 | 422906 0 o o 2709419 | 6087439 | 46.8964 | 32.03487 | 34 52065
20 352.5 402733 | 47.5109 [ 4822603 | 391961 0 0 A1.02621 | 4241733 | 43.08557 | 35.28707 | 31.62647 [ 4017003
-30 2025 | 44.53484 | 48.8013 | 40.06005 | 38 47902 1] 1255572 [53.48008 | 53.84935 [ 31.99363 | 34 76559 [ 45.64749 | 41.09573
157.5 -135 43.83072 | 49.48459 [ 56.174583 | 44.20699 o 0 43.953558 | 158.76747 | 3555185 | 51.08326 | 36.46592 [ 35 41643
28256 -147.6 | 356031 | 448587 | 45 50064 | 462575 0 0 3703754 | 45 52197 | 4149533 | 37 62268 | 45 65272 [ 37 80635
20 3025 | 5321579 | 42 85645 | 39.6129 | 44 90355 0 0 36.856458 | 44 35817 | 33 66873 | 4037904 | 37 258146 [ 33.01357
45 390 44.90012 | 4690739 [ 38.01799 | 49.09539 0 0 47 2FEE3 | 44 5212 | 3642664 | 46 03875 | 41.86197 [ 35 47695
20 J02.5 | 53.21579 | 4285645 | 39.6129 | 44 90356 0 0 aJb.85645 | 44.356817 | 33.666873 | 40.5375904 | 537.258146 [ 33.01357
45 415 50.95647 | 51.38591 [ 49658725 | 45 6R255 0 0 47. 01685 | 429911 | 4822347 | 45306194 | 37.93039 [ 37.51705
157.5 40 J6.5904459 | 51.915985 [ B1.11545 | 58.87231 0 0 0 26 60266 | B0.255994 | 47 97664 | 47.55134 | 30.935935
282.5 1475 | 35.6031 [ 45818964 | 456.50264 | 39 54855 0 1 3703754 | 49453662 | 41.49533 | 2350083 | 465.65272 [ 39.235856
1075 215 39.86676 | 43.37868 [ 37.78405 | 41.194594 | 40.00215 0 41.33024 | 5084152 | 48.3563 | 34.74624 | 45 84456 | 56.45163
195 340 42168156 | 44.01965 [ 47.82794 | 45,5266 0 0 38.05547 | 47 18103 | 3972579 | 37 510435 | 31.69209 [ 537 53716
325 2025 | 4647219 | 42358118 | 36.69643 | 3979004 0 1645655 [ 52.73171 | 46.78932 [ 33.99262 | 39.62239 [ 35.43713 | 45.7/85875
57.5 i7.A 4418732 | 38. 74067 [ 7297251 | 52.9172 O 1] 0 2087264 | BO.G7439 | 51.7359 | 32.03467 | 43.8013532
-17.5 S2225 | 53.20295 [ 54 68021 | 37661583 | 23. 26462 0 0 4078426 | 37 39648 | 40 457582 | 25.94415 | 30.38435 [ 51.82787
-117.5 -322.5 | 4286835 [ 53.401 ) 4512829 | 37.92905 0 0 43532207 | 497525 |48 70776 | 2552248 | 39.79679 | £3.89587
45 415 50.95647 | 51.38591 [ 4968725 | 45 BRZ55 0 0 4701685 | 429911 | 4822347 | 453.06194 | 3793039 [ 37.51705
-92.5 2025 | 51.13041 | 41.05846 [ 4026167 | 42 39486 [ 2511142 | 10.525587 [ 54.96707 | 50.958924 [ 35.53856 | 38.79184 [ 45.75435 | 38.84097
=205 280 5418506 | 42 47586 0 4. 036595 0 255572 25 47.9022 40 40.758514 30 38.03209
245 40 6h.37865 | 36.7/0738 [ 52258149 | 47 7046 0 0 50.63086 | 31.81509 | 36.3924 | 41.03342 | 30.20529 [ 45.03175
195 340 42168156 | 44.01965 [ 47.82794 | 4355286 0 0 38.05547 | 47 18103 | 3972579 | 37 51043 | 31.69209 [ 537 53716
20 J02.5 | 53.21579 | 4285645 | 39.6129 | 44 90956 0 0 Jb.856458 | 44.35817 | 33.666873 | 405375904 | 37.258146 [ 33.01357
107.5 -260 54.86822 | 51.41132 0 40. 22644 0 0 4241947 | 33.97087 ] 22 96063 70 32,4035
-217.8 =135 5524107 | 466363 [ 54.61775 | 47 45622 0 0 46.08606 | 47.00763 | 47 5264 | 35585902 | 43.18655 [ 34.43755
157.45 =135 43.83072 | 49.48459 [ 56. 174583 | 44.20599 0 0 43.95358 | 18.76747 | 35558185 | 51.08326 | 36.46592 [ 35 41643
282.5 -147.5 | 35.6031 | 44.8587 | 45.50264 | 46.2526 0 0 3703754 | 45.521597 | 41.49533 | 37 62265 | 465.58272 [ 37.80685
ANVERAGE 45.86804 | 46 66632 [ 44 94565 | 4413247 | 2170462 | 2306272 | 37419581 | 41.35778 | 41.33906 | 39.23462 | 38 95689 | 35.38931
=0 B.216499 | 4 246733 [ 1531353 | 6.5344513 | 8.4858186 | 4.855809 | 16.28525 | 10.74609 | 11.62525 | 7. 445491 | 5.2831663 | 5.587 376
LD J8.64456 | 16.03474 [ 234 4951 | 40.25665 | 72.04929 | 23.57585 | 265.30581 | 115.4784 | 1351472 | 55 458002 | 65.75168 [ 31.215875

il 0.146751 0.265713 -0.07 607 -1.10542 0.534543 0.327355




Table 4.3: Result of compare from example two with Z-test
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Sample 2 Layer 1 Layer 2 Layer 3 Layerd Layer 5 Layer B
b ' Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2
70 725 | 5537135 | 49.05627 [ 4575965 [ 5274947 0 0 o 41.98352 | 60583506 | 42.04396 | 3090365 | 35.64042
7.5 /7.5 4418732 | 44 62867 | 7297251 | 50.95073 0 14,5005 o 2376702 | B0.87439 | 5027226 | 32.03457 | 42.54244
45 320 44.90012 | 45.68318 | 353.01799 | 4910275 0 0 A7 27663 | 44 52061 | 36.42554 | 46.16826 | 41.86197 | 35.40335
15 4025 | 3669156 | 46.72873 | 43.10695 | 45.31092 o o 44 53475 | 45 59731 | 377572 | 45.56855 | 45.43105 | 35.1802
15 115 A0.65957 | 47.89512 | 41.04004 | 44 48215 o 1728303 | 51.14393 | 38.16145 | 41.00604 | 43.45721 [ 36.40396 [ 39.32213
190 725 |55.37135 | 458.31212 [ 4575965 [ 54. 78435 o 0 1] 45.33833 | 6058506 | 35.87133 | 30.90365 | 34.22993
45 415 50.95647 | 50.3532 | 49.68725 | 4622443 o 0 47 01685 | 43 41557 | 48 22347 | 43.57785 | 37.93039 | 35.04255
-30 2025 | 44534584 | 48 80131 | 40.06006 | 3347902 0 1255571 | 53 48003 | 53.84939 | 3199863 | 34 76559 [ 45 64749 [ 41.09575
165 415 6095647 | 52 43643 | 49 63725 | 45 07395 0 0 47 01685 | 42 54632 | 48 22347 | 42 52158 | 37 93039 | 35.96652
275 2025 |51.13041 | 4665854 | 40 26161 | 36.83903 | 2511142 [ 1.004451 | 54 95707 [ 52 82112 | 35 538356 | 34.05447 | 46 75435 | 35 85952
-35 225 51.3945 [ 51.639 [52.04785 | 409459 0 14 96556 | 52 65265 | 4751911 | 41.80584 | 40.28482 [ 36.36157 [ 3516774
-110 -285 5518623 | 457177 | 5419155 | 5098675 0 0 41.24541 | 52 76963 | 32 02509 | 4482726 | 31.09666 | 4738069
-155 225 51.3945 [52.95259 | 52.04785 | 4485137 0 0 5205265 | 51.99447 | 41.80584 | 40.79287 | 36.36157 | 37.7752
-85 280 5418506 | 43.83661 0 46659123 0 779357 25 43.73238 40 41.50397 30 38.04571
1728 165 38.44199 | 47.78623 | 46.18955 | 40.88174 0 206459905 | 50858035 | 5022433 | 33.70782 | 35916122 | 37 92737 | 36.3012
2.5 -322.5 | 4286835 | 54.81417 | 4512628 | 4922854 0 0 43 532227 1 48 51542 | 46 70776 | 18.65732 | 39.79579 | 52.37363
=210 1475 [ 43592182 | 55149735 | 54 951058 | 5291203 1] 0 38.49907 | 45 455596 | 32 65571 | 47 10262 | 33.79747 | 42 66513
152.5 2025 4647219 | 3911741 | 36.69643 | 41.77865 1 JO.00162 | 5273171 | 41.2286 | 33.99262 | 45.01037 | 35.43713 | 46. 19001
g0 2025 | 4453484 | 40559073 | 40.06006 | 35.05115 0 31.72585 | 53.46008 | 43 50925 | 31.99863 | 46.17912 | 45.64749 | 43.80065
195 340 4218156 | 41.83984 | 4782794 | 42 87016 0 0 38.05547 | 47 36676 | 3972575 | 3735254 | 31.59209 | 35.05489
-105 115 4065957 | 54 67863 | 41.04004 | 35 94552 0 35 11472 1 511453593 | 52 42408 | 41.00604 | 35.62931 | 36.40396 | 36.60035
-230 -285 5518623 | 50414358 | 54191558 | 1651174 0 0 41.24547 | 46 42956 | 32 02509 | 536.939582 | 31.09666 | 49.24202
2275 215 39.868676 | 38.068095 | 37 78405 | 49.741582 | 40.00215 0 41533024 | 45 95345 | 46.3563 | 35.65256 | 45.844356 | 40.65509
-235 -297.5 | 56.45795 | 51.14547 0 1265102 0 0 47 B1565 | 47 16253 90 358.65979 0 4833788
165 3390 44.90012 | 47.35734 | 35.01799 | 49.08516 0 0 47 27063 | 44 532515 | 36 42554 | 45.77955 | 41.86197 | 35.61329
15 115 4065957 | 47.89512 | 41.04004 | 44 48215 0 17268303 | 51.14393 | 35.16145 | 41.00604 | 43.45721 [ 36.40396 [ 39.32213
157.5 =135 43.583072 | 5412819 | 56.17483 | 42 52551 0 0 4395358 | 17.85435 | 35.658185 | 51.6802 | 36.46592 | 30.57 151
7.5 7.8 44 18732 | 44 62867 | 7297251 | 50,9807 3 0 14,5005 0 2376702 | B0.87439 | 5027256 | 32.03487 | 42 54244
-30 2025 | 4453484 | 51.130417 | 40.06006 | 40. 26161 0 2511142 | 53.468008 | 5496706 | 31.99863 | 35.53856 | 45.64749 | 46./5435
-105 4025 | 36.69156 | 48.14915 | 43.10695 | 43,4575 0 0 4453475 | 427177 | 377572 | 44 45097 | 45 43108 | 35.4235
AYERAGE 4641122 | 48.05793 | 43 899606 | 43 50677 | 2170452 | 8.27796 | 40.813 [ 439727 [ 4308912 [ 41.34244 | 3650041 | 40.14795
=0 B.022311 | 4514526 | 1497102 | 9.2412581 | 5485186 | 11.86393 | 17314585 [ 5.723237 [ 12759433 | 6.426745 | 5.799555 | 5. 163556
R J6.26823 | 20.3580594 | 224.1315 | 85 40125 | 72.04529 | 133.7244 | 299.8041 | 75.094586 | 163.6945 [ 41.30309 | /7. 43216 | 26.66541
il -1.22017 0.152324 -2.33201 -0.97735 0.665155 -1.95514




Table 4.4: Result of compare from example three with Z-test
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Sample 3 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer b Layer 7

# i Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2
-239 343 40 39.5081 14 21.8521 o 1] 30 13.7965 0 4. 53436 18 16.05861 27 26.02586
=217 -135 25 30.9564 39 15.7084 15 8.1767 27 31.0047 0 0 14 5.91918 23 41.55586
-192 115 39 27.05M 24 22.5651 0 1] 1a 23.2855 0 0 19 13.6993 53 33.898
-155 -22 45 36.7317 30 14.2893 0 1] 34 20.1568 0 0 1 15.3524 33 21.46589
-112 232 37 35.6429 41 22.9286 0 a 30 275714 0 0 1 13.2143 30 45.0714
-84 -233 24 37.2515 30 19.0729 10 10,3696 25 22 E725 0 0 10 24,7983 45 31.3337
17 -360 42 36457 17 36.5197 o 1] 5 258.2332 0 0 13 19.7433 24 40.0254
32 202 40 43.6055 31 20.35823 0 a 16 259112 0 061142 18 21.1014 30 21.2518
a7 7 25 36.6635 35 401601 0 o 27 347272 12 705973 5 V.96 25 258.036
115 355 45 33.8285 23 41 0 506431 25 23.4017 0 0 8 177251 32 35.0959
-332 143 47 45.25812 40 17.035585 1 a 30 30,6596 0 0 ] 14.443 35 J6.5473
-329 -45 24 31.6622 11 31.2095 0 1] 29 19,5245 0 0 4 927703 43 34.7703
=220 -333 24 4289985 17 13.8662 0 a 30 32.058 0 0 10 11.055 39 21.4282
-186 -B5 41 J6.218 32 16. 1664 0 1] 1 29416 0 0 29 8.359933 34 29.7754
-149 -230 45 41.2365 11 13.6283 29 23.0021 16 20.6883 0 0 14 17.0715 20 47.0974
a7 204 42 Jb.3232 15 33.1017 0 1] 2 23,4241 0 0.18697 15 720198 18 45 2756
-58 214 43 321267 15 358.5903 0 3.36039 19 28.56255 0 0 29 16.8672 17 368.2931
-47 147 31 23.868 15 3289227 0 1] 19 15.09435 0 0.82216 10 8.96259 2 35.6907
13 =245 23 44.74582 45 27108 0 1] 18 26.4907 0 0 3 24,3748 22 27.85971
45 415 41 39.7055 0 -7 E-06 0 1] 39 23.2942 0 0 29 17.2458 26 47 4153

-4 277 35 40.9134 41 17.59852 0 B 433595 29 29,5257 0 0 2 20.6905 33 26.101
g 53 32 28.9173 38 33.6124 0 a 33 247787 15 15.0719 2 16.4541 35 35.5344
47 32 30 35.2178 45 40,1295 0 1] 34 20.8504 7 15.2756 2 b.92323 45 384966
g3 3683 36 29.6527 25 39.4394 0 1] 10 20.43594 0 0 27 8.7665 44 44 5695
130 175 33 29.5618 45 36.9154 0 a 31 22.0106 0 0 2 25,8562 24 33.2126
157 -135 41 4489266 11 45,3977 0 a 20 23.4378 0 0 1 21.9211 16 39.3247
195 340 37 41.7485 41 20:564 0 a 10 27 4105 0 0 & 9.66872 49 33.7628
231 -390 40 369093 17 29,3319 0 a 39 17.6803 0 794624 28 16.2114 53 40.0497
254 94 28 35.3167 24 20,7734 0 014303 20 20.5341 0 0 2 27.004 40 49 5794
277 =121 22 34.2665 27 23.6352 0 019616 24 19.85951 20 14.6407 4 18.9955 23 44 9178
=327 =257 49 28.6708 11 10,7163 0 a 12 24,8573 0 0 7 14,8566 25 40.9634
-290 320 32 37.45854 44 396713 0 a 21 21,1217 0 395685 1a 158.7349 21 33.215
-156 -65 41 J6.218 32 16. 1664 o a 11 29416 1] 0 29 8.39933 34 29.7754
-106 -30 45 39.2045 14 21.99 o a 22 J2.6164 0 246716 =, 13.8965 15 34.5254
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Sample 3 Layer 1 Layer 2 Layer 3 Layer 4 Layers Layerhb Layer ¥
A ki Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2 | Depth 1 | Depth 2
g 53 32 27.0014 35 35.4007 o o a3 295703 14 12.0333 2 14.6464 35 41.56595
42 89 43 28,1295 i 322043 a a 35 24.8473 E 5.26613 Fi 7.01947 23 25,7658
127 307 41 37 5686 47 29.1919 11 a 30 221127 0 1] 19 14.1431 33 31.5664
205 -306 29 22,3037 27 20,4635 a 1] 2B 25,7278 0 1] 7 25.856 32 35.3728
254 54 25 35.3167 24 20,7734 d 0.14308 20 20.5341 0 1] 2 27.004 40 459 5794
318 305 27 33.66865 27 10.2535 a a 34 29.5489 0 1] g 17,3135 32 30.74357
-315 252 ez 25,5033 2h 35.3815 1 a 14 200202 o 0 14 13. 1687 47 305033
-278 353 42 42,0261 15 a6.5505 a a 13 19.3411 o 0 23 22,8229 42 30.0495
-206 241 41 346764 19 27 5907 1] a 10 14.0166 15 11.6477 27 5.9524k 37 31.5866
-142 -135 49 33.94352 23 15.4495 a 79476 28 25.8426 0 1] 2 11.4673 32 43.0699
-105 115 25 29,2955 21 33.2639 1] 0 12 16. 1525 0 1] 22 14.1135 19 34.9092
-46 362 29 259.5555 44 16.8591 a 2 66066 36 23.9019 0 1] 2 20.4983 46 30.3357
43 =205 2k 38.5142 42 31.5966k 1 1 11 264137 o 0 27 15.043 34 37 4046
130 75 25 34,8205 47 28.9407 a 1] 35 13.6647 o 2616594 22 23.25 15 42 2023
215 -308 22 28,1565 19 26.9943 a ] s 25.8976 0 1] 25 7. 10806 30 304552
321 37 39 42.028 14 247248 20 128774 25 11.9721 0 1] 20 13.6636 30 26,3235
-174 142 23 30.4551 23 39.1685 a a 20 16.573 0 1.16291 a 15.8146 & 42.9045
-95 41 22 43.4396 30 2256891 a o 2B 21.2251 0 1] 20 16.0151 52 27 3665
-Bb 141 21 33.9583 33 17 9667 d g 10 19,2553 o 0 g 15,5333 s 258.16835
19 213 25 41.6127 45 20,5989 a a 25 25,3175 o 0 7 21.9913 15 23.7562
53 353 Jh 286527 25 394334 a a 10 20,4394 0 1] 27 5.7665 44 44 5595
141 -3 23 42.5316 36 42,2957 a a 24 24 5224 0 1] 13 11.8635 15 25.3945
194 4 43 364766 17 3589746 a a 36 32.5707 0 1] 27 b.66543 36 258.1081
2h1 -344 40 24.4124 37 25,8433 a 1] 20 32.0395 0 1] 3 10.3665 18 35.85965
326 =205 24 ah.0544 45 3. 1137 a u 17 272525 10 8.6231 17 75438 52 3452
255 225 3h 379065 14 38,2537 a a 10 17.6837 o 0 22 122113 16 25,8958
AVERAGE 344 | 35244 | 28.0667 | 27 1115 | 1.41667 | 1.339565 | 23.2833 | 23.8655 [ 1.71667 | 1.96255 | 13.05 | 150395 | 31.55 | 349063
=D 5.246865 | 562505 | 12,2085 | 10,1336 | 515269 | 3.92795 | 887978 | 5.27561 [ 464354 | 4 20655 | 9.54104 | 5.682974 | 105162 | 7 45652
CSCH® 65.0407 | 31.6412 | 149.046 | 102.691 | 265523 | 154288 | 78.8506 | 27.8321 [ 21.5624 | 17.6953 | 91.0314 | 33.9859 | 110.591 | 55.5997
Z -0.65477 0.46633 0.09215 -0.43659 -0.30395 -1.3785 -2.01666




Table 4.5: Conclusion of compare from example one, two and three with Z-test
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Samplel data Layer 1 Layer 2 Layer 3 Layer4 Layer 5 Layer Layer ¥
ZTEST Depth 1| Depth 2| Depth 1| Depth 2 | Depth 1| Depth 2| Depth 1| Depth 2 [ Depth 1| Depth 2| Depth 1| Depth 2 | Depth 1| Depth 2
Average 46 868 | 46666 | 44946 | 44 132 | 21705 | 23063 | 3742 | 41358 0 0 41339 | 39235 | 38987 | 36289

=i B.2165 | 42467 | 15313 | 63448 | 54882 | 4 8558 | 16 258 | 10746 0 1] 11625 | 74485 | 82917 [ 55874
(5" 38645 | 15035 | 2345 [40257 | 72049 | 23579 | 26531 | 1548 0 0 13515 | 5548 | 68752 | 31219
£ 0.1468 02687 -0.076 -1.105 0 0.8348 0.3274
Absolute 7 0.1468 02687 0.0761 11054 0.8348 03274

Sample? data Layer 1 Layer 2 Layer 3 Layerd Layer 5 Layer & Layer ¥
ZTEST Depth 1 [Depth 2[Depth 1| Depth 2 | Depth 1| Depth 2| Depth 1| Depth 2| Depth 1| Depth 2| Depth 1 [Depth 2| Depth 1| Depth 2
Average 46411 [ 458 088 | 43996 | 43507 | 21705 | 8278 [40513 | 43973 0 0 43089 41342 | 365 | 40148

=0 B.0223 | 45145 | 14971 | 92413 | 84882 | 11564 | 17 315 | 37232 0 0 12794 | 64267 | 87996 [ 51639

(SLy* 26268 | 20381 | 22413 | 85401 72049 | 13372 | 2985 | 76085 0 1] 16369 | 41303 | 77432 | 26 665
il -1.22 01523 -2.332 -0.977 0 06652 -1.958
Absolute 7 1.2202 01523 237 0.9774 0 06652 19581

Sample3 data Layer 1 Layer 2 Layer 3 Layerd Layer & Layer G Layer 7
ZTEST Depth 1 [Depth 2[Depth 1| Depth 2| Depth 1| Depth 2| Depth 1| Depth 2| Depth 1 | Depth 2| Depth 1 [Depth 2 | Depth 1| Depth 2
Average 344 | 35244 | 268067 | 27 111 | 14167 | 1.3386 | 23283 | 23865 [ 17167 | 19626 | 1205 | 1504 | 3155 | 34906

=i 52487 | 5625 | 12208 [ 10134 | 51529 | 38279 | 58795 | 52756 | 46435 | 42066 | 9541 | 58297 | 10516 | 7 4565

(5D)* B3.0471 | 31641 | 14905 | 10269 | 2656562 | 15429 | 78851 | 27 832 [ 21562 | 17695 | 91031 [ 33986 | 11059 | 556
£ -0.655 04663 0.0922 -0437 -0.304 -1.378 -2.017
Absolute 7 06548 04663 0.0922 04366 0304 1.3785 20167
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4.1.4.2 Confidence intervals of difference between the interpolated depths and the

original depth using 30 percent sample size

Consider a normally distributed population. To estimate the interpolation's
variance by our proposed model, we take a three sample of size 52,104 and 203 boreholes
and calculate the sample's variance. The random sample of boreholes has different depth
shown in the Table 4.6-4.11.

Calculate a 95% confidence interval for the difference's mean weight.

The sample's different depth mean weight is as the Table 4.6-4.11 with standard
deviation as the Table 4.6-4.11. The t distribution tells us that, for oo degree of freedom,
the probability that t > 1.96 is 0.975. Also, the probability that t < -1.96 is 0.975. Using
the formula for t with t = + 1.96 at 95% confidence interval for the populations mean may
be found by making p the subject of the equation. \We random sample of boreholes has
different depth shown in the Table 4.6-4.11.

— S — S
:] <y < d +to.975_d

d _to.975 T \/ﬁ

That is the difference between the interpolated depth from our model and the original
survey depth as the Table 4.6-4.11 with 95 % confidence.



Table 4.6: Difference between the interpolated depth from our model and the
original survey depth from example one with each soil layer
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Sample_1 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer
H b Depth 1| Depth 2| 0 2-1 [Square [Depth 1| Depth 2| 0 2-1 | Square [Depth 1| Depth 2| DZ2-1 | Sguare (Depth 1| Depth 2| D 2-1 | Sguare |Depth 1 |Depth 2| [ 2-1 |Sguare |Depth 1 |Depth 2| D 2-1 |Square
-165 | -22.5 [51.395 [48.507 | 1.8874 | 35624 | 52048 | 40,739 |11.308 | 12749 1} 11.789 | -11.79 | 138.97 | 52653 | 52378 | 0.274 | 00751 | 41.806 | 384 |[3.4054 [11.597 | 36.362 | 35.555 | 0.8066 | 0.6506
70 -725 | 55371 | 46493 | B.B779 | 7H.B18 | 4576 | 57.098 [ -12.24 [ 149.81 1} a 0 0 i 25311 | -25.31 | 640.66 | 60.585 | 47.138 | 13.447 | 180.83 | 30.904 | 33.038 [ -2.135 | 4.5565
-105 115 40.66 | 49.987 | -9.325 | 87.003 | 41.04 | 44807 [ -3.767 [ 14191 1} 10603 | -10.6 | 112.42 | 51144 | 53.786 | -2.642 | 6.9812 | 41.006 | 37.307 | 369849 [ 13.682 | 36.404 | 42504 | -61 | 37.206
7.8 775 | 44187 | 49.37 [ -5.183 [ 26.865 | 72973 | 42.281 | 30.682 | 941.38 0 1] 0 0 1] 27094 | -27.09 | 7341 | 60.874 | 46.896 | 13.978 | 195.38 | 32.035 | 34,521 [ -2.486 | 61782
20 3524 | 40.273 | 47.811 | -7.638 | 56,815 | 48.226 | 39.196 [ 9.0299 | 81.54 0 ] 0 1] 41,026 | 42417 | -1.381 | 1.9352 | 43.086 | 35.287 [ 7.7985 [ 60817 | 31626 | 4017 | -8.544 | 72,593
-30 202.5 | 44.535 | 48.801 | -4.266 | 18.203 | 4006 | 38478 | 1.581 | 2.4957 0 12,556 | 1266 | 167.65 | 5348 | 53840 | -0.369 | 0.1364 | 31.999 | 34766 | -2.767 | 76661 | 45647 | 41.086 | 4.5518 | 20.718
1678 | -135 | 43.831 | 45.485 | -6.654 | 31.966 [ 56175 | 44,207 [ 11.968 | 143.23 0 1] 0 1] 43,954 | 18767 | 35186 | 63434 | 35582 | 61.083 | -16.8 [240.39 | 36.466 | 35,416 | 1.0495 | 1.1014
2825 | -147.6 | 38.603 | 44,889 | -6.386 | 30.509 [ 48.503 | 46,253 [ 224 | 6.0637 0 ] 0 1] 37.038 | 48522 | -11.48 |131.89 | 41,495 | 37.623 [ 3.8726 [ 14,997 | 46583 | 37.807 | B.7748 | 77.016
20 30245 | 53.216 | 42.866 | 10.359 | 107.32 | 39613 | 44.81 | -6.297 | 28.055 0 1] 0 1] 36,856 | 44368 | -7.602 | 56.375 | 33.569 | 40379 | -6.81 [ 4638 | 37281 | 33.014 | 4.2676 | 18.212
45 390 449 | 46.908 [ -2.008 [ 40311 | 38018 | 49.087 | -11.08 | 12274 0 1] 0 i 47277 | 44622 | 27545 | 76873 | 36.426 | 46.039 | -9.613 [ 92414 | 41862 | 35,477 | £.385 | 40.768
20 3025 | 53.216 | 42.856 | 10.359 | 107.32 | 39613 | 4491 | -5.297 | 25.055 i} a 0 0 36856 | 44358 | -7.502 | 56.275 | 33.560 | 40.379 | -6.81 | 4638 | 37.281 | 33.014 | 4.2676 | 18.212
45 415 | 50.956 | 51.386 | -0.429 | 0.1844 | 49657 | 45,663 [ 4.0247 | 16.158 1} ] 0 ] 47017 | 42991 | 4.0258 | 16.207 | 48.223 | 43.062 | 51615 [ 26,641 | 3793 | 37517 | 0.4133 | 0.1708
187.5 40 36.904 | 51.92 | -15.02 | 22546 | 61115 | 58872 | 2.2431 | 5.0316 1] a 0 ] a 26603 | -266 | 7O7.7 | GO.26 | 47.977 | 12.283 | 150.88 | 47.551 | 30.939 [ 16,612 | 275.96
2825 | -147.5 | 38603 | 4819 | -9.587 | 91.802 | 46.503 | 39.549 [ 8.9537 | 80.168 1} a 0 a 37.038 | 49437 | 124 |153.74 | 41.495 | 23.601 [17.995 | 3235 | 46583 | 39.239 | 7.3442 | 53.937
107.5 215 | 39.887 | 43.379| -3.492 | 12194 [ 37.7684 | #1195 [ -3.411 | 11.634 | 40.002 ] 40,002 [ 1600.2 | 41.33 | 50842 | -9.5811 | 890,464 | 48.356 | 34.746 | 1361 | 18523 | 45.844 | 36.482 | 5.3627 | B7.AB1
195 340 | 42182 4402 | -1.835 | 3.3786 | 47.828 | 43,529 [ 4.2993 | 18.484 o a 0 a 38.055 | 47181 | -9126 | B3.276 | 39.726 | 37.51 [ 22154 [ 49078 | 31,582 | 37.537 | -5.945 | 35.344
325 | 2025 | 46472 | 42.381 | 4091 | 16736 | 36.696 | 39.79 [ -3.094 | 9.5704 0 16.457 | -16.46 | 270.82 | 52.732 | 46.780 | 5.9424 | 35312 | 33.993 | 30.622 | -563 [31.694 | 35437 | 45789 | -10.35 | 10716
7.5 775 | 44187 | 3B.741 [ 54467 | 20666 | 72973 | 52.917 | 20.055 | 40222 1} a 0 i] a 20873 | -20.87 | 435.67 | 60674 | 51.736 | 51385 | 83.512 [ 32.035 | 43.801 [ -11.77 [ 138.45
S1TA | -2225 53203 | 54.68 | -1.477 | 21823 [ 37662 | 23.265 [ 14.397 | 207.28 0 1] 0 a 40,784 | 37.396 | 3.3678 | 11.477 | 40.488 | 28.544 [ 11.544 [133.26 | 30.384 | 51.828 | -21.44 | 459.82
-117.5 [ -3225 | 42.868 | 53.401 | -10.53 | 110.94 | 45128 | 37.929 | 7.1992 | 51.829 1} 0 0 a 43322149752 | -6.43 | 41.348 | 48.708 | 25522 [ 23,165 [ 537.56 | 39.799 | 53.889 ] 141 |198.81
45 415 | 50.956 | 51.386 | -0.429 | 0.1844 | 49657 | 45.663 [ 4.0247 [ 16.198 1} ] 0 a 47017 | 42991 | 4.0258 | 16.207 | 48.223 | 43.062 [ 51615 [ 26,641 | 37.93 | 37517 | 0.4133 | 0.1708
-9245 | 2025 | 5113 | 41.058 |10.072 | 101.44 | 40.262 [ 42395 [ -2.133 | 4.5507 | 25111 | 10529 | 14,583 | 212.65 | 54,067 | 50.959 | 3.9778 [ 15.823 | 35.539 [ 38.792 | -3.253 | 10.584 | 46.754 | 38.841 | 7.9134 | 62622
-205 290 | 54.185 | 42479 11.706 | 137.04 1 46.037 | -46.04 | 21159.4 1} 7.2559 | -7.256 | 52648 25 47902 | -2249 | 52451 40 40,788 | -0.788 | 06212 30 38.032 | -B8.032 | 64.515
245 40 56.379 | 38.707 | 17671 | 31227 | 52.281 | 47.705 | 4. 5769 | 20.548 0 ] 0 ] S0.631 | 31815 | 18616 | 354.03 | 36.392 | 41.033 | -4.641 [21.539 | 30.205 | 48.032 | -17.83 | 317.78
185 340 | 42182 44.02 | -1.835 | 3.3786 | 47.828 | 43529 [ 4.2993 | 18.484 1} a 0 a 38.055 | 47181 | -9126 | B3.276 | 39.726 | 37.51 [ 22154 [4.9078 | 31.582 | 37.537 | -5.945 | 35.344
20 3025 | 53.216 | 42.856 | 10.359 | 107.32 | 39613 | 44.91 | -5.297 | 25.055 a 0 0 a 36.856 | 44358 | -7.502 | 56.275 | 33.568 | 40.379 | -6.81 | 4638 | 37.281 | 33.014 | 4.2676 | 18.212
107.5 | -260 | 54.868 | 51.411 | 3.4568 | 11.85 1 40226 | -40.23 | 1618.2 1} 1 0 a 4241933971 | B.4486 | 71.379 1 22961 | -22.96 | 527149 70 32,404 | 37596 | 14135
-2175 | 135 | 55241 | 46636 | 56045 | 74.042 | 54618 | 47.456 | 71615 | 51.288 1} 1 0 i 46.086 | 47.008 | -0.922 | 0.8493 | 47.526 | 35.889 [ 11.637 [ 13543 | 43187 | 34.438 | B.7493 | 76.55
1675 | -135 | 43831 | 49.485 | -5.654 | 31.966 | 56175 | 44.207 [ 11.968 | 143.23 1} 1 0 i 43.954 | 18767 | 25186 | 634.34 | 35582 | 51.083 | -155 [240.29 | 36,466 | 35,416 1.0485 | 1.1014
2825 | -147.6 | 38.603 | 44.889 | -6.286 | 39.509 [ 48,503 | 46.253 [ 224 | 6.0627 0 0 0 0 37.038 | 48622 | -11.48 | 131.89 | $1.495 | 37.623 [ 38726 [14.997 | 46583 | 37.807 | 8.7748 | 77.016
= d, =d : 6.0518 [ 18731 24396 | 6472.3 -4.075 | 26446.3 -118.4 [ 5734 63.133 [ 34164 17.927 | 3721.7
Ta) 36.624 53518 16,602 13959 3986.8 321.39
a 0.2017 0.8132 -0.136 -3.838 21044 0.5976
52 G4.549 222.9 87.751 181.68 113.23 127.97
8.0342 14916 9.36745 13.4749 10.641 11.312
1(0.975) 2.04 2.04 2.04 2.04 2.04 2.04
Leftvalue -2.791 -4.742 -3.625 -8.958 -1.858 -3.616
Right value 3.1841 6.3688 3.3531 1.082 6.0677 4.8108




Table 4.7: Difference between the interpolated depth from our model and the

original survey depth from example one with all soil layer
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Sample_1 Layer 1 Layer 2 Layer 3 Layer 4 Layerf Layer B

® Y |Depth 1|Depth 2| D 2-1 |Square [Depth 1|Depth 2| D2-1 | Sguare |Depth 1|Depth 2| D2-1 | Square [Depth 1| Depth 2| D 2-1 [ Square |Depth 1| Depth 2| D 2-1 | Square [Depth 1 |Depth 2| D 2-1 |[Sguare

185 | <225 | 51.395 | 48507 | 18574 | 35624 [52.048 [ 40738 [11.308| 1279 0 [ 11788 [ -11.79 | 13897 |42 653 | 52,379 | 0.274 | 00741 | 41.806 | 384 |3.4054 | 11,597 | 36.362 | 35555 | 0.8066 | 0.6506
70 | -725 55371 46493 [ B.8774 | 78.818 | 4576 | 57.999 | -12.24 | 149.81 0 0 I I 0 [ 25311 | -25.31 | G40.6G | 60585 | 47138 | 13.447 | 180,83 | 30,904 | 33.038 | -2.135 | 45565

05 | 115 | 4066 | 48987 | -9.328 | 87.003 [ 41.04 | 44807 | -3.767 | 14191 0 (1003|106 [ 11242 {41144 | 63786 | -2 642 | 68312 | 41.006 | 37.307 | 36988 | 13682 | 36.404 | 42504 | -61 | 37.206
75 | T75 | 44187 | 4837 | -5183 | 26.865 | 72873 | 42201 | 30682 | 94138 O 0 0 I 0 | 27084 |-2709| 7341 |GOBT4| 46896 | 13978 | 18538 | 32.035 | 34521 | -2486 | 61792
20 | 3525 [40273 [ 47811 | -7.638 | A6.816 | 48.226 | 39196 | 40289 | 81.54 I I I 0 [ 41036 (42417 | -1.381 | 1.9352 | 43,086 | 35287 | 7.7985 | 60817 | 31.626 | 4017 | -B.544 | 72892

<30 | 2025 44535 | 48801 | -4 266 | 18203 | 4006 | 38479 | 14581 | 24087 0 [12566 | -1266 |167 65| 5348 [53.849 | -0.369 | 01364 | 31.999 | 34 7RG | -2.767 | 7 BAR1 | 45647 | 41.006 | 45518 [ 20718
1676 | -135 [ 43831 | 49485 | -5.654 | 31,966 | 56.175 | 44.207 [ 11,968 (14323 D 0 0 0 [ 43954 (18767 | 25186 | 634.34 | 35,582 | 51.083 | 164 | 240.29 | 36,466 | 35416 | 1.0485 (11014
2825 | -147.5 | 38603 | 44859 | -6.286 | 39,509 | 48,503 | 46,253 | 225 50627 O 0 0 0 [ 37038 (48522 | -11.48 | 131.89 | 41.485 | 37.623 | 38726 | 14.987 | 46.583 | 37.807 | 8.77459 | 77.016
20 | 3025 [53.216 [ 42856 (10358 | 107.32 | 39613 | 4481 | -5297 | 280585 0 I 0 0 | 36856 (44358 | -7502 |56.275 | 33.569 | 40.379 | -6.81 | 4638 | 37.281 [ 33.014 | 42676 [ 18.212

45 380 | 448 [46908 | -2.008 | 40311 [38.018 | 49.087 | -11.08 [12274] O 0 0 0 [ 4727744532 | 27545 | 7.5873 | 36.426 | 46.039 | -8.613 | 92,414 | 41,862 | 36477 | 6.385 | 40.768

20 | 3025 |53.216 | 42856 (10358 | 107.32 | 39613 | 4481 | -5297 | 280585 D 0 0 0 | 36856 (44358 | -7502 |56.275 | 33569 | 40,379 | -AB1 | 4638 | 37.281 | 33014 | 4 2676 [ 18.212

45 415 | 50,946 | 51,386 | -0.429 | 01844 [ 49687 | 45663 | 4.0247 [16198] O 0 0 0 [ 47017 (42891 | 4.0258 | 16.207 | 48.223 | 43.062 | 1615 | 26,641 | 37.83 [ 37517 | 04133 [ 01708

1678 | 40 | 36804 | 51.92 | 1602 | 22546 | 61.115 | 58872 | 22431 [50316 | D 0 0 I 0 |26603| -266 | 7O7.7 | 6026 | 47.977 | 12.283 | 140.88 | 47.541 | 30,938 | 16,612 | 275.96
2826 | -147.5 | 38603 | 48.19 | -8.587 | 91,902 | 48,503 | 39.549 | 88537 (80168 | O 0 0 0 | 37038 (49437 | 124 [153.74|41.485| 23,501 |17.985 | 3235 | 46.583 | 38.238 | 73447 | 53 837
1078 | 216 | 39887 [ 43370 | -3.4082 [ 12194 | 37.784 | 41185 | -3.411 | 11.634 [ 40002 [ 0 (40002 [1600.2| 41.33 | 60842 | -8.511 | Q0464 | 48,356 | 34.746 | 1361 | 185.23 | 45844 | 36482 | 9.3627 | &7 661
185 340 | 42182 | 4402 | -1838 | 33786 (47828 | 43520 | 42893 |18484| O 0 0 0 [38.055 (47181 | -9126 | 83276 | 39726 | 37561 | 22154 | 48078 | 31.582 | 37 537 | -5.845 | 35344
325 | 2025 [46472 (42381 | 4091 [ 16736 | J6.686 | 3979 | -3084 | 94704 | 0 (16457 [ -16.46 | 27082 | 62732 | 46.789 | 5.9424 | 35,313 | 33.983 | 38,622 | -5.63 | 31.694 | 35437 | 45788 | -10.35 | 10716
875 | 775 | 44187 | 38741 | 54467 | 29666 | 72873 | 52917 | 2005540222 0 0 0 I 0 |20873|-2087 |43567 |GO.B74 |51 736 | 91385 | 83512 | 32.035 [ 43801 | -11.77 | 13845
175 | -2225 | 53203 | 54.68 | -1.477 | 21823 | 37662 | 23265 [ 14387 (20738 O 0 0 00 [ 40784 [ 37396 | 33878 {11477 | 40,488 | 25.544 | 11.544 | 133,26 | 30.384 | 51,828 | -21.44 | 458.82
ST | -322.5 | 42868 | 53401 | 1043 | 11094 | 45128 37.929 | 71992 (51824 O 0 0 0 [43322[48752] -6.43 | 41348 | 48,708 | 26,522 | 23185 | 53756 | 39.799 | 53858 | 141 [18831
45 415 | 50.946 | 51,386 | -0.429 | 01844 [ 49687 | 45663 | 4.0247 | 16.198| O 0 0 0 [ 47017 [42891 | 4.0258 | 16.207 | 48.223 | 43.062 | 51615 | 26,641 | 37.93 [ 37517 | 04133 [ 01708

925 | 2025 | 5113 [ 41068 [ 10,072 [ 10144 | 40,262 | 42,385 | -2133 | 48507 | 26111 [ 10628 [ 14583 | 21265 | 54 967 | 0989 | 39778 | 16,823 | 35.539 | 38.792 | -3.253 [ 10584 | 46.754 | 38841 | 7.9134 | 62 622
205 | 280 | 54185 (42478 [ 11706 (13704 0 [ 46037 | -46.04 | 2194 | 0 |72559|-72456 | 52648 | 25 [47402| -2248 |42451| 40 |[40788|-0788 | 06212 30 |38032|-8.032 [G4515
245 40 | 56,379 | 38707 [17.671 [ 312,27 [52.281 | 477068 | 457608 | 20848 O 0 0 0 | 50631 [31.815 [ 18816 | 354.03 | 36.382 | 41.033 | -4.641 | 21,539 | 30,205 | 48032 | -17.83 | 1778
185 340 | 42182 | 4402 | 1838 | 33786 (47825 | 43520 | 42893 | 18484 O 0 0 0 | 38056 (47181 | -8126 | 83276 | 39.726 | 3761 | 22154 | 48078 | 31,582 | 37 537 | -5.945 | 35.344
20 | 3025 [53.216 | 42856 (10358 | 10732 | 39613 | 4481 | -6297 | 28085 O 0 I 0 | 36856 (44358 | -74502 |A6.275 | 33.569 | 40,379 | -6.81 | 4638 | 37.281 | 33.014 | 42676 [ 18.212

1078 | -260 | 54868 | 51411 | 34568 | 11.95 0 |[40226|-4023|16182] O 0 0 0 [42418(33871 84486 71379 0 | 22961 |-2296 52719 70 |32404|37.596 (14134
S2TA | 135 | 65241 | 46636 | 86045 | 74.042 | 54.618 | 47 456 | TAG1E [ 51288 | - 0 0 1] 0. {46086 [ 47.008 | -0.922 | 0.8493 | 47.526 | 35,689 | 11.637 | 13543 | 43187 | 34438 | 57493 | TE.55
1678 | -135 | 43831 | 49485 | -5.6584 | 31,966 | 56175 | 44,207 | 11,968 [ 14333 D I 0 0 [43954 [18.767 | 25186 | 634.34 | 35582 | 51.083 | 154 | 240,29 | 36.466 | 35416 | 1.0485 (11014
2825 | -1475 | 38603 | 44 889 | -6.286 | 39.509 | 48503 | 46,253 | 225 50627 O 0 0 0 |37038 (48522 | -11.48 |131.89 | 41495 | 37 623 | 38726 | 14.997 | 46,583 | 37.807 | 877454 | 77.016
zd -10.71 £d’ 23763 [E d)g 114.79 d -0.06 g 132.75 o 11,622 |40.975)| 1.96 Leftvalue -1.743 | Rightvalue |1.6237




Table 4.8: Difference between the interpolated depth from our model and the

original survey depth from example two with each soil layer
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Sample_2 Layer 1 Layer 2 Layer 3 Layer 4 Layer & Layer B
¥ ¥  |Depth1|Depth 2| D21 |Square |Depth1|Depth 2| D 2-1 | Square |Depth 1 |Depth 2| D2-1 | Sguare |Depth 1 |Depth 2| D 21 | Square |Depth 1| Depth 2| D 2-1 |Square |Depth 1 [Depth 2| D 2-1 |Square
70 | -72.5 | 55571 | 49.056 | 53151 | 39.881 | 45.76 | 52748 | -6.98 | 48857| 0 ] ] 0 0 |41.984|-41.98 | 1762.6 | 60.565 | 42.044 | 18541 | 343.77 | 30.904 | 35.64 | -4.737 | 22.437
575 | 775 | 44187 | 44629 -0441 | 01948 | 72973 | 50981 | 21.992 | 48364| 0 145 | 145 | m026| 0 | 23767 | -23.77 | 564.57 | 60.874 | 50.272 | 10602 | 112.4 | 32.035 | 42542 | 1051 | 11041
45 290 | 44.9 |46.683|-1.783 | 31793 | 38.018 | 48403 | 11.08 | 12287 0 ] ] 0 | 47277 | 44621 | 2656 | 7.0545 | 36.426 | 46.165 | -9.743 | 94.921 | 41.862 | 35.400 | 64531 | 41,643
15 | 4025 | 36.692 | 46729 | -10.04 | 100.74 | 43107 | 48.311 | -5.204 | 27.081| 0 0 ] 0 | 44535 | 45507 | -1.063 | 1120 | 37.757 | 46.568 | -7.811 | 61.017 | 45.431 | 3848 | 7.2509 | 52.575
15 115 | 4066 | 47.895 | -7.235 | 52.349 | 41.04 | 44482 | 3442 | 11848 0 |a7ze3| 1728 | 2987 | 51144 | 38161 | 12,987 | 168.54 | 41.006 | 43.457 | -2.451 | 6.0082 | 36.404 | 39.322 | -2.91% | 8.5157
190 | -72.5 | 55.371 | 48.312 | 7.0593 | 48833 | 45.76 | 54.784 | -0.025 | @1.445| 0 ] 0 0 0 |46.330 | -46.34 | 2147.2 | 50565 | 35871 | 24714 | 61077 | 30.904 | 34.23 | -3.326 | 11.064
45 415 | 50,956 | 50.383 | 05733 | 0.3286 | 49687 | 46.224 | 34628 | 11.991] 0 ] i 0 |47.017 | 43416 | 36013 | 12060 | 48.223 | 43.575 | 4.6456 | 21.582 | 37.93 | 38.043 | -0.112 | 001286
-30 | 2025 | 44.535 | 48.801 | -4.266 | 18.203 | 40.08 | 38.479| 1.591 | 24997 | 0 |12556|-1256 | 157.65| 5348 | 53.840 | -0.369 | 01364 [ 31.999 | 34.766 | -2.767 | 7.6561 | 45.647 | 41.005 | 4.5517 | 20.718
165 | 415 | 50.956 | 52.436| -1.48 | 21003 | 49667 | 45.074 | 46133 | 21.282] 0 i ] 0 | 47017 | 42546 | 44705 | 10086 | 48223 | 42,522 | 57019 | 32.512 | 37.93 | 36.967 | 0.8639 | 0.9201
275 | 2025 | 5113 | 46659 | 4.4719 | 19.998 | 40262 | 36.838 | 3.4226 | 11.714 | 25.111 | 1.0045 | 24107 | 581.15 | 54.067 | 52.821 | 21459 | 4.6051 | 35538 | 34.054 | 1.4841 | 2.2025 | 46.754 | 35.89 | 10.865 | 118.04
-35 | -225 | 51.395 | 51.639 | -0.244 | 0.0596 | 52.048 | 40.947 [ 11101 [123.23| 0 | 14.966 | -14.97 | 22397 | 52,663 | 47.519 | 51335 | 26.353 | 41.806 | 40.285 | 1.521 | 2.3135 | 36.362 | 35.168 | 1.1938 | 1.4252
10 | -285 | 55186 | 45718 | 9.4685 | 59.653 | 54192 | 50.987 | 3.2048 | 10271 | 0 ] i 0 | 41.245| 5277 | -11.52 | 13281 | 32025 | 44.827 | 125 | 163.9 | 31.097 | 47.381 | -16.28 | 26547
155 | -22.5 | 51.395 | 52853 | -1.558 | 2.4267 | 52.048 | 44.851 | 71965 | 51.79 0 ] 0 0 | 52653 |51.9094 | 06562 | 04332 | 41.806 | 40.793 | 1.013 | 1.0261 | 36.362 | 37.775 | -1.414 | 1.9883
-85 | 290 | 5418543337 (10.348 10709 0 | 46691 |-4669 | 21800 0 | 77934 -7.793 | 60737 26 |43.732|-1873 | 3508 | 40 | 41504 -1504 | 22618 30 | 38.049 | -5.049 | 64.782
1725 | 165 | 38447 | 47788 -0.346 | 87352 | 4619 | 40882 | 53078 | 28473 0 | 26d490| 265 | 7022 | so58 | Aoz 0366 | 0434 | 33708 39461 | -5.453 | 2074 | 37.927 | 36.301 | 1.626% | 26444
25 | -322.5 | 42868 | 54814 | -11.85 | 1427 | 45128 40.228 | 4401 |16.818] 0 ] ] 0 | 43322 | 48515 -5.193 | 26.960 | 48.708 | 18.657 | 30.05 | 903.03 | 39.799 | 52.374 | -12.57 | 15813
=210 | -147.5 | 43922 | 5515 | -11.23 | 126.07 | 54951 | 52,912 | 2.0391 | 41577 | 0 0 i 0 | 3649945456 | -5.957 | 48380 | 32,656 | 47.103 | -14.45 | 208.71 | 33.797 | 42665 | -0.868 | 70.835
152.5 | 202.5 | 46.472 | 39117 | 73545 | 54.003 | 36606 | 41.779 | -5.082 | 25820| o | 30002) 30 | 9000 | 52732| 41229 | 11503 | 13232 33993 | 45.01 | -11.02 | 121.39 | 35.437 | 4619 | -1075 [ 11582
90 | 2025 | 44.535 | 40501 | 3.9441 | 15556 | 40.06 | 36.051 | 2.0088 | 4.0357 | 0 | 31.726|-31.73 | 10065 | 5345 | 43500 | 9.9706 | 99.417 | 31.998 | 46179 | -14.18 | 201.09 | 45.647 | 43.801 | 1.8468 | 3.4107
195 | 340 | 42182 | #1.84 | 03417 | 01168 | 47820 | 4287 | 49578 | 24.58 0 i 1] 0 | 38085 | 47369 | -9.313 | 86.737 | 39.726 | 37.353 | 2.3733 | 5.6324 | 31.592 | 38.055 | -6.463 | 41.768
105 | 115 | 4066 | 54679 | -14.02 | 196.53 | 41.04 | 38.948 | 2.0011 | 43728 | 0 | 35415)-3511 | 1233 | 51144 | 52424 | -1.28 | 16388 | 41.006 | 36.620 | 2.3767 | 5.6485 | 36.404 | 36.6 | -0.196 | 0.0386
-230 | -285 | 55186 | 50414 | 47719 | 22771 | 54102 | 16512 | 3768 |14188| 0 i i 0 | 41.245| 4643 | -5184 | 26.875 | 32.025 | 36.94 | -4.915 | 24155 | 31.097 | 49.242 | 1845 | 320.25
2275 | 215 | 39.887 | 38.081 | 1.8058 | 3.2609 | 37.754 | 49.742 | 11,95 | 14280 | 40,002 | 0 | 40002 | 1600.2 | 4133 | 45953 | -4623 | 21.374 | 48.356 | 35.653 | 12.704 | 161.39 | 45.844 | 40.655 | 51893 | 26.829
-235 | -207.5 | 56.458 | 51145 | 5325 [ 28222 0 | 12681 | -12.68 | 16051 0 0 0 0 | 4761647163 | 04531 | 02053 90 | 3869 | S0 | 26327| 0 | 49.338| -48.34 | 24342
165 | 380 | 44.9 |47.357 | -2.457 | 60379 | 38018 | 40.085 | -11.07 | 12248] 0 ] ] 0 | 47277 | 44325 | 29515 | 57112 | 36.426 | 45.78 | -9.354 | 67.495 | 41.862 | 35613 | 6.2487 | 38.046
15 115 | 4066 | 47.895 | -7.235 | 52.349 | 41.04 | 44487 | 3442 | 11848 0 | 47283 | 1728 | 2987 | 51444 | 38161 | 12,957 | 168.54 | 41.006 | 43.457 | -2.451 | 6.0082 | 36.404 | 39.322 | -2.91% | 8.5157
157.5 | -135 | 43.831 | 54128| -10.3 | 106.04 | 56175 | 42.826 | 13.348 | 17818] 0 ] i 0 | 43954 | 17.554 | 26.089 | 68117 | 35.582 | 51.68 | -16.1 | 25916 | 36.466 | 30.872 | 5.5041 | 31.204
575 | 775 | 44187 | 44629 -0441 | 01948 | 72973 | 50981 | 21.992 | 48364| 0 145 | 145 | 2o026| 0 | 23767 |-23.77 | 564.57 | 60.874 | 50.272 | 10602 | 1124 | 32035 | 42542 | 1051 | 11041
-30 | 2025 | 44.535 | 5113 | -6.596 | 43.501 | 4006 | 40.262 | -0202 | 00406 | 0 | 25111 -2511 | 63055 | 53.48 | 54.967 | -1.487 | 22111 [ 31999 | 35530 | -354 | 12531 | 45647 | 46754 | -1.107 | 1.2251
105 | 4025 | 36.692 | 48149 | -11.46 | 131.28 | 43107 | 43.455 | -0.351 | 01232| 0 ] ] 0 | 44535 42718 18171 | 33017 | 37.757 | 44.461 | -6.704 | 44.941 | 45.431 | 38.423 | 7.0076 | 48106
=d, nd' -50.3 | 1502.2 14.679 | 5916.5 -183.2 | 81141 -103.8 | 70725 524 | B278.4 -109.4 | 4150
za) 2530.2 215.46 33571 10773 27458 11974
1677 0.4593 -6.108 -3.46 17467 -1.648
52 48.892 200.32 241.1 215 213.34 129.34
£.8922 14.153 15,531 15.215 14606 11.373
10,87 5) 2.04 204 204 204 204 2.04
Left value -4.281 -4.752 -11.59 -8.127 -3.593 -7.883
Right value 0.9276 57607 -0.323 2.2072 7.1868 0.5882




Table 4.9: Difference between the interpolated depth from our model and the

original survey depth from example two with all soil layer
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Sample_2 Lawer 1 Layer 2 Layer 3 Layer 4 Layer & Layer B

i Y |Depth 1|Depth 2| D21 |Sguare |Depth 1 |Depth 2| D21 | Sguare |Depth 1| Depth 2| D21 | Sguare |Depth 1 [Depth 2| D 21 | Square [Depth 1| Depth 2| D 2-1 |Sguare |Depth 1 [Depth 2| D 2-1 |Square
70 725 | 55371 | 49056 | 6.3141 | 39881 | 4576 | A2.748| -6.99 (48857 O 0 0 1] 1] 41984 | -41.98 | 17626 | 60.585 | 42.044 | 18541 | 34377 | 30.804 | 3564 | -4.737 | 22437
575 | 775 44187 [ 44628 | -0441 | 01948 | 72973 | 50981 | 21,982 | 48364 O 145 | 145 | 21026 D 23767 | -2377 | 564,87 | 60.674 | 50272 | 100602 | 1124 | 32035 | 42542 | 1051 | 110.41
45 340 448 | 46B83 | -1.783 | 31793 [ 38018 | 49103 | -11.08 [12287] 0 0 0 1 47 277 | 44621 | 2656 | 70545 | 36426 | 46168 | -8.743 | 84921 | 41 862 | 35408 | 6.4531 | 41,643
15 | 4025 | 36692 | 46729 | -10.04 [ 10074 | 43107 | 48.311 | -5.204 | 27.081 I 0 0 0 44 535 | 45587 | 1063 | 1129 | 37.757 | 45569 | -7.811 | B1.017 | 45431 | 3818 | 7.2508 | 52 575
15 115 | 4066 | 47885 | -7.235 | 52349 | 41.04 | 44482 | -3442 | 11848 0 [17.283[-17.28 | 2887 | 51144 | 38161 | 12.982 | 168.54 | 41.006 | 43457 | -2.441 | 6.0082 | 36404 | 39.322 | -2.818 | 85157
190 | -725 | 66371 | 48312 | 70593 | 48833 | 4576 | A4.784 | -8.025 | 81446 O 0 0 I 0 46338 | -4R 34 | 21472 | 60585 | 36871 | 24714 | B1077 | 30804 | 3423 | -3326 | 11.064
45 415 | 40956 | 50,383 | 05733 | 03286 | 49687 | 46.224 | 34625 | 11,991 I 0 0 I 4707 [ 43416 | 36013 | 12969 | 48223 | 43678 | 46456 | 21582 | 3793 | 38043 | -0112 | 00126
300 | 2025 | 44535 48801 | -4.266 | 18.203 | 40.06 | 38478 | 1581 [ 24887 | 0 | 12556 | -12.56 | 167 66| 5348 | 535449 | -0369 | 01364 [ 31998 | 34766 | -2 767 | 7 6561 | 45.647 | 41.086 | 45517 | 20.718
165 415 | 50956 | 52436 | -1.48 | 21903 | 49687 | 45.074 | 46133 | 21282 0 I 0 1 47017 | 42546 | 44705 | 19.986 | 48.223 | 42522 | 570149 | 32512 | 3783 | 36967 | 09638 | 09291
275 | 2025 | B113 | 46658 | 44718 | 19,998 | 40,262 | 36.839 | 34226 | 11,714 25141 | 1.0045 | 24 107 | 681,14 | 54 867 | 52821 | 21459 | 46051 | 35,539 | 34.084 | 14841 | 22025 | 46.754 | 3589 | 10.865 | 118.04
S35 | <225 | 51385 51639 | -0244 | 00596 | 52048 | 40847 [ 11101 [ 12323 0 | 14966 | -14.97 | 22387 | 52653 | 47518 | 51336 | 26.353 [ 41 806 | 40.285 | 1521 | 23135 | 36.362 | 35168 | 11938 | 1.4252
S0 | -285 | 95186 | 45,718 | 94685 | BH.653 | 54.182 | 50.987 | 3.2048 | 10.271 I 0 0 i 41245 [ 9277 | -11.52 | 1328132025 | 44.827 | 128 | 163.9 | 31.087 [ 47381 | -16.28 | 26517
S165 | -225 | 61395 | 52953 | -1.658 | 24267 | 52.048 | 44.851 | 71965 | 51.79 I 0 0 I 52653 [ 51.994 | 06582 | 04332 | 41.806 | 40.783 | 1.3 | 1.0261 | 36.362 | 37775 | -1.414 | 1.9883
-85 280 | 54185 | 43837 [ 10,348 [107.09] O 46.691 | -46.69 [ 21801 0 | 77934 | -7.793 |GO737T| 25 | 437321873 | 3509 40 | 41.504 | -1.504 | 22619 30 | 38049 |-8049 | 64782
1725 | 165 | 38442 | 47788 | -9.346 | 87362 | 4619 | 40882 | 53078 | 28473 0 [ 26498| -26.4 | VOXZ | 5059 | 60224 | 0366 | 0134 | 33708 | 39161 | -5.443 | 29.74 | 37927 | 36.301 | 16262 | 26444
25 | -3225 | 42868 | 54814 | -11.95 | 1427 | 45128 | 48229 -4101 | 16819 0 0 0 I 43372 [ 48515 | -5193 | 26,969 | 48.708 | 18.657 | 30.08 | H0303 | 39.794 | 52374 | -1257 | 168.13
S0 | -1475 [ 43822 | 8515 | -11.23 | 126.07 | 54.951 | 52.912 | 20381 | 41577 O I 1 1 38,498 | 45456 | -6.857 | 48.389 | 32,656 | 47103 | -14.45 | 20871 | 33.797 | 42665 | -8.865 | 78638
1525 | 2025 | 46472 | 38117 | 7.3548 | 54.083 | 36606 | 41779 | -5082 | 25828 0 [30002| -30 | 8001 | 52732 | 41228 | 11603 | 13232 | 33993 | 4501 |-11.02 [ 12138 | 35437 | 4619 | -10.75 | 11562
90 | 2025 | 44535 | 40591 | 39441 [ 15456 | 40.06 | 35.051 | 20089 [ 40357 | 0 | 31726 -31.73 | 10065 | 5348 | 43508 | 9708 [ 9417 [ 31098 | 46179 | -14.18 | 201.09 | 45.647 | 43801 | 18468 | 3.4107
195 340 | 42182 | 41.84 | 03417 | 01168 | 47828 | 4287 | 49578 | 2453 I 0 0 I 38055 [ 47,360 | -9.313 | B6.737 | 38.726 | 37.383 | 23733 | 56324 | 31.592 | 38.055 | -6.463 | 41.768
-105 | 115 | 4066 | 54678 | -14.02 | 18653 | #1.04 | 38.949 | 20911 | 43728 0 | 35016 -35.11 | 1233 [ 61144 [ 62424 | -1.28 | 16388 | 41.006 | 38.629 | 2.3767 | 5.6488 | 36.404 | 366 |-0.196 | 00386
-230 | -85 | 65186 | 50414 | 47718 | 22771 | 54182 | 16512 3768 | 14198 O 0 0 I 41,245 4643 | -5184 | 26,875 ) 32.025| 36.94 | -4.915 | 241485 | 31.087 | 49242 | -18.15 | 328.25
2275 | M5 | 39887 | 3B.081| 18058 | 32609 | 37.784 | 49742 | 1106 | 14299 | 40002 O 40002 [ 16002 | 41.33 | 45953 | -4 623 | 21.374 | 48.356 | 35653 [ 12704 | 161.38 | 45.844 | 40655 | 51843 | 26929
-235 | -2975 | A6458 | 51145 | 53125 | 28222 D 12681 | -12.68 [ 16081 I 0 1] 1 47 616 [ 47163 | 04531 | 02083 ] 80 | 3868 | 5131 | 26337 O 49 338 | -48.34 | 24342
164 380 448 | 47347 | -24A7 | B.037Y [ 38018 | 49.085 | 1107 [ 12248 0 0 0 0 47277 | 44325 | 284815 | 87112 | 36426 | 4578 | -0.354 | B7 4958 | 41 862 | 35613 | 6.2487 | 39.04R
15 115 | 4066 | 47885 | -7.235 | 52349 | 41.04 | 44482 | -3442 | 11848 | 0 (17283 [ -17.28 | 2887 | 51144 | 38161 | 12.982 | 168.54 | 41.006 | 43457 | -2.451 | 6.0082 | 36.404 | 39.322 | -2.818 | 85147
16765 | -135 | 43831 | 54.128| 103 | 106.04 | 56175 42826 | 13348 [ 17814 0 0 0 1 43,954 [ 17,854 | 26.099 | 68117 | 35.582 | 51.68 | -16.1 | 25816 | 36.466 | 30872 | 5.5841 | 31,254
575 | 775 [ 44187 [ 44628 | -0441 | 01948 | 72973 | 60.981 | 21,982 | 48364 | 0 145 | -14.5 | 21026 -0 23767 [ -23.77 | 564,87 | 60.874 | 60,272 | 10602 | 1124 | 32035 | 42542 | 1051 | 110.41
300 | 2025 | 44535 5113 | -6.586 | 43501 | 40.06 | 40262 [ -0202 [0.0406 | 0 | 25141 | -2511 | 63058 | 6348 | 54 967 | <1487 | 22111 | 31898 | 35638 | -3.54 | 12531 | 45647 | 46.754 | 1107 | 1.2251
-105 | 4025 | J6692 | 48148 | -11.46 | 131.28 | 43107 | 43458 | -0.351 | 01232 0 0 0 0 44535 [ 42718 | 18171 | 33017 | 37.757 | 44 461 | -6.704 | 44 941 | 45431 | 38423 | 7.0076 | 49106

=d -379.7 L d? 32834 [E d)z 144146 d -2.1048 5 179.51 & 13,385 [t(0.875)| 1.96 Leftvalue -4067 | Rightvalue |-0.152
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Table 4.10: Difference between the interpolated depth from our model and the
original survey depth from example three with each soil layer

Sample_3 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer B Layer 7
¥ T [n])] D2 D210 Saqr | D1 D2 D210 Sgr | D1 D2 D210 Sgqr | D1 D2 D219 Sar | D1 D2 D21y Sar [ D1 D2 D21y Sar [ D1 02 D213 Sar
-239 | 343 40 | 395|049 | 024 | 14 | 219 |-7Y8B5| 617 1} 1} 1} 1} a0 | 138 | 16.2 | 263 1} 453 |-453[ 206 18 | 161 [ 1.81 | 366 | 27 26 | 0.97 [ 0.84
-7 | -135 | 26 3 |-4896| 246 | 39 | 157 | 233 | 542 16 | 818 | BB2Z | 466 | 27 M -4 16 0 a a a 14 | 5492 (808 | A53] 23 [ME|-186] 344
-192 | 1148 39 | 271 [ 11.8] 143 24 | 2265|143 208 0 0 0 10 | 23.3 [-13.3) 177 0 a a a 19 1137 53 | 281 53 | 339 (191 ] 365
-165 | -22 45 | 367 | 827 | GB4 | 30 [ 143|157 | 247 1} 0 0 1} 34 | 202|138 ] 182 0 a a a 1 164 |-14.4 | 207 33 | MAa[118] 133
-112 | 232 37 | 3561360184 M 229181 | 327 0 0 0 a0 | 2TE| 243 ) 58 0 a a a 1 132 |-122( 144 30 | 481 [-181] 327
-89 | -233 ) 24 | 373 [-13.3] 176 30 |19 [ 108 ] 118 10 [ 104 [-037 ) 014 | 28 | 227 ]| 533| 284 0 a a a 10 | 248 ([-148] 219 46 | 31.3 [ 147 215
-17 | -360 | 42 | 365|554 | 307 | 17 | 365 |-19.5] 381 1} 0 n 25 | 282 [-323)10.5 0 a a a 13 | 197 [-B.75] 455 ] 28 40 -11 | 122
32 | 202 40 | 435 [-3481 0123 A 2041106 | 113 0 0 0 16 | 2548 |-991] 958.2 0 061 |-061f{ 037 18 | 211 [-31 | 962] 30 [213] 875|764
ar 7 26 | 367 [-10.7) 114 35 | 402 |-516] 26.6 0 0 0 27 | 347|773 887 12 [ 706 4.94] 244 ] VG |-286| 876 | 25 28 |-3.04( 9.22
115 | 355 48 | 338 [ 142 ] 201 23 41 -8 | 324 1} 506 |-505| 256 | 26 | 234 | 26 | BYS 0 a a a a 177 |-973[ 946 32 | 381 | -61 | 372
-332 | 143 47 | 453|172 295 | 40 17 23 | 527 0 0 0 0| 307 | -0.7 | 048 0 a a a fi 144 |-B44( 713 36 | 368 ([-085) 072
-329 | -48 24 | 3T |-TEE| ST N 31.2|-20.2] 408 0 0 0 29 | 198|918 | 84.2 0 a a a 4 928 |-5.28[( 278 43 | 348 ([ 823 ) 677
-220 | -333 | 24 43 -19 | 361 17 | 138 | 313 | 9.82 1} 0 0 30| 321 [-206] 424 0 a a a 10 111 [-1.06] 1.11 3 | 214176 | 308
-186 | -BA 4 3624783228 32 |162 [ 158 20 0 0 0 1 294 |-184] 3349 0 a a a 24 B84 [ 206 | 424 34 | 2884221178
-149 |-230 45 | M2 376142 N 136 |-263| B9 24 23 G 36 16 | 207 |-4B9| 22 0 a a a 14 171 [-3.07] 943 20 [ 471 ]-271] 734
-97 | 204 42 | 363 | A6EB | 322 | 15 | 331 |-181 ] 328 1} 1} 0 i} 21 234 |-242| 588 0 019 ]-01af 003 14 72 78 | E08 | 18 | 453 [-27.3] 744
-58 [ -214 ] 43 | 321 (108 ] 118 16 | 386 |-23.6| 556 0 336 |-336|11.3 | 19 | 258 |-953| 90.8 0 a a a 29 168 [ 121 ] 147 17 | 383 ([-21.3] 453
-47 | 147 kil 239 | 711 | 806 | 18 | 329 [-17.9] I 0 0 0 0 19 | 1581 [ 391 ]| 15.3 0 0.82|-082( 068 | 10 | B96(1.04)1.08] 27 [357|-B.69] 755
13 | -245 | 23 | 447 |[-21.7| 473 46 | 271 | 18.9 | 357 1} 1} 0 0 18 | 285 [-10.8] 110 1} a a a 3 244 |-21.4| 457 22 ] 2yaf-59 ] 348
45 | Ha 4 397 1 1.29 | 1.68 0 -0 0 0 0 0 0 0 39 | 233 [ 187 | 247 0 a a a 29 |17y2(118] 138 26 | 474 [-21.4] 458
-42 | 2F7 35 | 408 |-591] 35 4 18 23 | 830 0 643 |-643 | 414 | 29 | 258 |-0.83| 0.68 0 a a a 22 7131171 33 | 261 | 69 | 476
8 53 32 | 288 | 308) 95 38 | 336 439]18.3 1} 0 1} 0 33 | 248|822 | GYAE| 15 [ 1581 |-0.07] 0.M 2 165 |-145[ 2049 35 | 388 [-383] 147
47 32 30 | 352|622 272 | 45 | 401 | 487 | 237 0 0 0 0 34 il 13 [ 170 7 163 |-8.28[ 68A 2 F.O2|-482[242) 46 | 3846 75 | 563
83 | 383 36 | 296 | 645 | 416 | 25 | 394 |-144] 208 0 0 0 0 10 | 204 |-10.4] 108 0 1] a a 27 | 87T (182 332 44 | 446 [-0.87] 0.32
130 | 175 33 | 2965 | 344118 ] 48 [ 3E9 | 111 ] 123 1} 0 0 1} Xl 22 | 84959 | 808 0 a a a 2 2549 |-2348( 5649 24 | 33.2([-9.21] 849
1687 |-135 | M 449 |-383 (154 | 11 464 |-344 1183 0 0 0 0 20 | 234 -344]711.8 0 a a a 1 219 ]-208( 438 16 | 39.3 [-23.3] 544
195 | 340 37 | MF|-475) 226 M 206 | 204 | #1118 0 0 0 0 10 | 274 |-17.4] 303 0 a a a g 9.89 |-1.89| 356 | 49 | 338 ([ 182 ] 232
231 | -80 40 | 368 | 309|955 | 17 | 293 |-12.3] 152 1} 1} 0 1} 39 | 176 | 21.4 | 458 1} 7.895 |-7.85| 631 28 | 162 [ 118] 138 53 40 13 | 168
264 44 28 | 353 |-732|A348 | 44 | 2083231104 0 014 |-014| 002 | 20 | 208 |-0463| 0328 0 a a a 2 27 -24 | BdA 40 | 496 [-9.58] 91.8
277 | -1 22 | 343 [-12.3] 180 27 | 236 336 ] 11.3 0 02 |-02 | 004 24 [ 199 41 | 166 | 20 | 145|546 298 4 14 -15 | 225 23 | 449 (-21.9] 480
S327 | -2A7 | 49 | BT | 203 M3 11 10.7 | 0.28 | 0.08 0 1} 0 0 12 | 248 [-12.9] 166 0 a a a 7 149 |-TEBE| E1.Y | 2/ 41 -15 | 224
-290 | 320 32 | 375 |-549) 301 44 | 396 | 443|156 0 0 0 0 il 211 ]-012] 0 0 389 |-388(15689 ) 10 | 187 [-873| /63| M 332|122 144
-186 | -BS 4 3620478228 32 | 162188 2591 0 0 0 0 11 294 |-184] 339 0 a a a 24 g4 [ 206 | 424 34 | 298| 422178
=106 | -30 45 | 392 | 58 | 336 | 14 22 |-789| BB 0 0 0 0 22 | 326 [-108] 113 1} 247 |-247| E.09 ] 1349 1] -44 24 18 | 3446 [-1645] 273
8 a3 32 27 a 24 38 | 354 | 46 | ATA 0 0 0 0 33 | 296|343 )11.8] 15 12 | 24897 | &8 2 146 |-126( 160 35 | M6 [-A59] 434
42 L] 43 | 281 [ 148 21 36 | 322 3.8 | 144 0 0 0 0 35 | 248|102 ] 103 9 9.27 |-0.27 | 0.07 7 Foz|-002f 0 23 | 258 ([-279| 7.76
127 | 307 41 ATE| 341 [ 116 | 47 | 282 [ 178 7 11 1} 11 121 a0 | 221 | 789 | 2.2 1} a a a 19 | 141 | 486 236] 33 [3189]113]1.29
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Sample_3 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer B Layer 7
" Yo D1 | D2 D@21y Sgr | D1 | D2 DAY Sgr | D1 | D2 D@1y Sgr | D1 | D2 D24y Sqr | D1 [ D2 [D(21) Sgr | D1 | D2 [D(2-1) Sgr | 01 | D2 |D{2-1] Sgr
209 |-306 | 29 | 223 B [ 448 27 | 206 | 6AR4 [ 427 O I} 1] 0 26 | 257027007 0 0 0 0 7| 259|189 356 | 32 | 354 |-337) 114
254 | B4 | 28 | 353 |-T32| 635 24 | 208|323 (104 0 | 014 |-014]002] 20 [ 205 |-063]028| 0 0 0 0 2 27 | -25 | 625 | 40 | 4906 [-8.58] 91.8
38 | 308 | 27 | 337 |-GEY| 447 | 27 | 103|167 [ 280 | O 1] 1] 1] 34 | 295 | 445|188 0 0 0 0 8 |73 |-8.3 681 | 32 | 307 ) 1.26] 1.58
-39 | 293 | 36 | 298| 65 | 427 | 6 | 3841241583 | 0 i} 0 i 14 | 20 |-602| 362 | O 0 0 0 14 | 132|083 069 | 27 [309 (-39 | 142
-278 | 353 | 42 | 42 |-003| O 15 | 366 |-216| 464 | O 0 0 0 13 | 193 |-634| 402 | O 0 0 0 23 | 228018003 42 [ 30 | 12 | 143
SA06 | 241 | 41 | 34T | B32| 40 | 19 | 277 |-BEB| YA O ] 1] ] 0 | 14 [-402] 161 | 18 [ 116 345|119 27 [ BB86[ 18 | 326 | 37 | NG| 541 [ 293
143 (135 49 | 338 [ 181 | 227 | 33 | 154 | TA5 | A&7 0 | 74958 |-795| 63.2| 28 [288|-084| 071 ] 0 0 0 0 2 | 11A[-94T7[ 896 | 32 | 431 |11 [ 123
05118 | 28 | 293 13 [ 168 | 21 | 333123180 | 0 i] ] 1] 12 1162 |-416(17.2| 0 0 0 0 22 | 144|789 622 19 [ 3489 |-159] 253
S46 | 362 | 29 | 296 |-056| 031 | 44 [ 168 | 271|737 | 0O | 26B [-26E| FO8| 36 | 239 [ 121 | 146 | O 0 0 0 2 | 2045 |-1845[ 342 | 46 | 303|167 | 244
43 |-209 | 26 | 385 [-1248( 157 | 42 | 32 | 10 | 101 I] ] ] 1] 11 | 26.4 |-154| 238 | O 0 0 0 201 15 | 12 | 143 | 34 [374|-34 | 116
130 | 76 | 26 | 348 |-982| 964 | 47 | 289|181 [ 326 | O I 1] 1] 38 | 187|163 | 267 | 0O [ 262 (-262| 6858 22 | 233|126 1586 15 | 422 |-27.2[ 740
215 | -308 | 22 | 282 |-7A6| 4612 19 | 27 |-TA8|638| O ] I] I} 36 | 258101 (102 | 0 0 0 0 25 | 71| 178 ] 320 | 30 [ 305 [-0.47] 0.22
321 | 37 | 39 | 42 [-303| 947 | 14 | 24T |07 Ma | 20 [ 1289 | F12 | 6807 25 | 12 | 13 | 1¥0 | O 0 0 0 20 [ 137634401 | 30 [ 263|368 | 134
174 | 142 | 23 | 308 |-T46| 656 | 23 | 39.2 |-16.2| 261 I] I] I] I] 20 | 166 | 343 | M7 | 0 [1A6[-116]1.38] 0 |[1468([-158[ 250 | 27 | 429 |-168[ 253
-89 | 4 22 | 434 |-214| 460 | 30 [ 226 | 741|648 0 I] I] 1] a6 | M2 477|228 0 0 0 0 20 | 16 | 388|169 62 [ 274 | 246 | BOT
-B6 | 141 | N 34 | 13 [ 168 | 33 | 15 | 18 | 236 | O I] 1] i 0 1183 |-926| 857 0 0 0 0 B |159|-793[ 629 36 | 292) 682 ] 464
19 | M3 | 28 | MG |-166| 276 | 48 | 206 | 27.4 | 741 I] I} 1] 1] 25 | 253 |-032| 0.1 I] 0 0 0 7 22 | 15 | 225 | 18 | 238 ([-576] 332
B3 | 383 | 36 | 286|645 | 416 | 26 | 394 |-144] 208 | O I] I] I] 10 | 204 |-104] 108 | 0O 0 0 0 27 | 877|182 332 | 44 [ 446 [-0.57] 0.32
141 | -3 23 | 425 |-195| 381 | 36 [ 423 -6.3 | 386| O i} i} i} L B W T R R | 0 0 0 13 | 18114 ]1.29[ 15 [ 284 |-134] 174
194 | 45 | 43 | 365|652 | 4256 17 | 38 | -22 [ 483 | O 1] I] I] 36 | 329 |313(4873| 0 0 0 0 27 | 6EY | 203 M3 | 36 [ 281 | 78O | 623
261 |-344 | 40 | 244 [ 156 | 243 | 37 | 258 | M2 [124 | 0 1] ] I} 200 32 | 2 (145 | 0 0 0 0 3 |04 |-737[ 543 18 | 359 |-178( 320
326 |-209 | 29 | 36 |-703| 495 48 | 381|989 |47V O I] 1] 1] 17 | 273 |-103] 105 | 10 [ 862 [ 138 189 | 17 | 754 (946|894 | 52 | 3446|1746 [ 304
295 | 225 | 36 | 378|191 363 14 | 383 |-243| 588 | O I] 1] 1] 10 | 17.7 |-TE8| 54 I] 0 0 0 22 | 122879 858| 16 [2689|-949 | 4574
Td T4 -A0R3ITRA | 5520.53338 | 57311663 [ 136713802 462505 [403059195| -34 92955 | 530088032 | -14.753218 | 260.356008 | -119.30965 | 942048813 | -201.3781 | 10544.8214
[E dJi 256419185 3284 B2ETZ 213810875 122007346 217 a7 441 14253 8876 405531384
d -0.543964 2 .95519438 007708417 -0.55214542 -0, 245887 -1.9898274 -3.3563016
5t 92 478607E 230780617 826465049 91.0261594 4.36134346 165642768 167.270106
3 9 64258341 1619175844 261254887 9484076514 2.08598741 124746871 129332945
t(0.9745) 1.96 1.96 1.96 1.96 1 96 1 .46 1 .46
Left value -3.28387649 -2.8B85k -0.5839847 -2.8963048 07737146 -6,1466118 -6 62887ET
Right value 169554861 479924574 073815302 1.8319875 028194067 116695655 -0.0837 266




Table 4.11: Difference between the interpolated depth from our model and the

original survey depth from example three with all soil layer
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Sample_3 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer B Layer 7
* b [n])] D2 D210 Saqr | D1 D2 D210 Sgr | D1 D2 D210 Sar | D D2 D213 Sar | DA D2 D21y Sar [ D1 D2 D21y Sar [ D1 02 D213 Sar
-239 | 343 40 | 3895 | 049 | 024 | 14 | 219 |-7Y85| B1.¥ 0 0 0 0 30 | 138 [ 162 | 263 0 453 |-453( 206 18 | 161 [ 1.81 | 366 | 27 26 | 0.97 [ 0.54
217 | -135 | 26 3 | -4096| 246 39 | 157 | 23.3 | 542 15 | 8158 | 682 | 466 | 27 N -4 16 0 a a a 14 | 592 (808|653 23 [H16E|-186] 344
=192 | 114 39 271 [ 11.9] 143 24 | 226 | 143] 206 0 0 I} 0 10 | 233 [-13.3) 177 0 a a a 19 1137 a3 | 281 53 | 3349 (191 ] 365
-166 | <22 45 | 367 | 827 | GB4 | 30 [ 143|157 | 247 0 0 n n 34 | 202 | 138] 192 0 1] 1] 1] 1 164 |-14.4 | 207 33 A 11E] 133
=112 232 37 |36 [ 136184 N 229 181 | 327 0 0 0 0 a0 | 23TE | 243 ] 58 0 a a a 1 13.2]-122( 1449 30 | 481 [-181] 337
-89 | -233 ) 24 | 373 [-13.3] 176 30| 191 [ 1089 ] 119 10 [ 104 |-037) 044 | 28 | 227 ]| 4533|284 0 1] 1] 1] 10 | 248 ([-148] 218 46 | 31.3 [ 147 215
17 |-360 ) 42 | 365 | 554 307 | 1Y | 365 )-19.5] 3 0 0 0 0 26 | 282 [-323|10.45 0 a a a 13 | 197 [-6.75] 455 28 40 -11 ] 122
32 | 202 40 | 435 (-3581)12.3 ] 31 2041106 113 0 0 0 0 16 | 255 [-991] 858.2 0 061 |-061f{037] 18 | 211 [-31 | 962] 30 [213] 8758|764
a7 77 26 | 367|107 114 35 | 402 |-A16| 266 0 0 I} 0 QY | 347 |-FFI| AT | 12 | TO6B| 494 ] 244 ] VOB |-2H6| BYE| 24 28 |-3.04| 9.22
115 | 355 48 | 338 | 142 201 23 41 -18 | 324 0 506 |-506| 256 | 26 | 234 | 26 | BYS 0 a a a g 177 |-9.73[ 946 32 | 381 (| -61 ] 372
-332 | 143 47 | 453 [ 172 295 | 40 17 23 | 527 0 0 0 0 30 | 307 | -0.7 | 048 0 1] 1] 1] f 144 |-B44|[ 713 36 | 368 [-085] 0.72
-329 | -48 24 | MY |-THEAE| ST 1 3.2 |-20.2| 408 0 0 0 0 29 | 198|918 | 84.2 0 a a a 4 928 |-528[278| 43 | 348 ([ 823 677
S22 -333 | 24 43 -19 | 361 17 [ 138 313 | 982 0 0 0 0 30 | 331 |-206) 424 I} a a a 10 1111 [-1.06] 1.11 39 | 14176 | 308
-186 | -BA 41 E2 | 478|228 | 32 | 162|158 | 241 0 0 0 0 11 204 |-18.4| 3349 0 i] i] i] 24 a4 | 206 424 34 | 298| 4221178
-149 [-230 45 | M2 3TFE (142 N1 136 |-263| 59 29 23 b 36 16 | 207 [-469) 22 0 a a a 14 1171 [-3.07] 943 20 [ 471 ]-371] 734
-97 | 204 42 | 363 | 668 | 322 | 158 | 331 |-181] 328 0 0 0 0 21 234 |-242| 588 0 019 ]-0189{ 003 ] 14 72 78 | 608 18 | 453 [-27.3] 744
-58 [ -214 ) 43 | 321 (108 ] 118 15 | 38,6 |-23.6| 556 0 336 | -3.36] 11, 19 | 285 (-953) 90.8 0 a a a 29 169 [ 121 ] 147 17 | 383 [-21.3] 453
-47 | 147 il 2389|711 | 606 | 18 | 3289|179 3N 0 0 0 0 189 | 151 | 3891 | 15.3 0 082 ]|-082({ 068 10 | B96 [ 104108 ] 27 [ 357 |-BR9] 754
13 | -245 | 23 | 447 |-M1.7| 473 46 | 271 | 18.9 | 357 0 0 0 I} 18 | 285 [-105] 110 0 i] i] i] 3 244 -4 457 D1 2749|549 348
45 | H115 4 39.7 1 1.29 | 1.68 0 -0 0 0 0 0 0 0 38 | 23.3 157 | 247 0 a a a 29 | 172118138 26 | 474 [-21.4] 458
-4 | 2¥Y 34 | 408 [-591] 34 41 18 23 | 530 0 43 |-6.43] 41. 29 | 295 |-0.83] 0E3 0 a 1] 1] 22127 f1E3 17 33 | 261 | B9 | 476
g 53 32 | 28459 |308) 95 38 | 336|439 )18.3 0 0 0 0 33 | 248 [ 822 | 6YA | 15 [ 141 |-0.07] 6.1 2 165 |-14.5( 209 35 | 388 ([-3.83] 147
47 32 A0 | 352 |-622) 272 45 | 401 | 487 | 237 0 n 0 0 34 21 13 | 170 7 163 |-8.28| 685 2 F.O2|-482 242 46 | 3848 75 | 563
83 | 383 36 | 2965 | B45 | 46| 25 | 394 |-144| 208 0 0 0 0 10 | 204 [-10.4| 109 0 i i i 27 | BIT [ 182 | 332 44 | 446 [-0.57| 0.32
130 | 1758 33 [ 296 | 3440118 48 | 369 111 ] 123 0 0 0 0 Kl 22 | 8495|808 0 a a a 2 269 |-2349/( 564 24 | 33.2([-921] 849
167 | -135 | M 449 |-3493] 154 | 11 464 |-344 1183 0 n 0 0 200|234 (-344]11.8 0 1] 1] 1] 1 219 ]-2049( 438 16 | 39.3 [-23.3] Ad44
195 | 340 3T | MT|-475) 226 M 206 204 | 418 0 0 0 0 10 | 274 [-17.4] 303 0 a a a g 989 |-1.89[ 356 49 | 338 ([ 1582 232
231 | -50 40 | 368 | 309 | 9485 | 17 | 293 |-12.3] 142 0 0 0 0 39 | 176 | 21.4 | 4583 0 785 |-7.858| 631 28 | 162 [ 118] 138 a3 40 13 | 168
254 94 28 | 353 |-T32) 538 24 | 208323104 0 014 |-014] 0.0 20 | 205 |-0483) 0.29 0 a a a 2 27 -25 | 25 40 | 496 [-9.58] 91.8
277 | -1 22 | 343 [-12.3] 150 27 | 236|336 11.3 0 0.2 | -0.2 )00 24 11898 41 | 168 | 20 (145|546 | 298 4 14 -1a | 245 23 | 4448 (-21.9] 480
S327 | -2ay | 49 | 27| 203 M3 11 10.7 | 0.28 | 0.08 0 0 0 0 12 | 248 [-12.9] 166 0 1] 1] 1] 7 149 |-TEG| E1.7 | 2A 41 -1a | 224
-290 | 320 32 | 375 |-549) 3041 44 | 396 | 443|188 0 0 0 0 21 211 ]-012] 0.1 0 3.89 |-3.89(1589 ) 10 187 ([-873| 763 332 |-122( 1449
-186 | -BA 41 362 4783|228 | 32 | 162158 | 231 0 0 n 0 11 294 |-18.4] 3349 0 1] 1] i] 24 B4 [ 206 424 34 | 298| 422178
-106 | -30 45 | 392 | 58 | 336 14 22 |-7T89| 638 0 0 0 0 22 | 326 |-10.6] 113 0 247 |-247 | B.09 q 1391 -449 24 18 | 345 [-1648] 273
8 a3 32 27 i 24 8 | 354 | 36 | BATA 0 0 0 0 33 [ 296 3431 11.8] 15 12 | 2497 | &8 2 146 |-126( 160 35 | 416 [-A59] 434
42 ELE] 43 | 281 [ 149 ] 21 36 | 322 3.8 | 144 0 0 0 0 36 | 2485 [ 102 ] 103 q Q.27 |-0.27 | 007 7 Forj-oo2f o0 23 | 268 [-279] 776
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Sample_3 Layer 1 Layer 2 Layer 3 Layer 4 Layerf Layer B Layer 7

b Vo | D1 | D2 D@EAY Sgr | D1 | D2 DAY Sgr | D1 | D2 D21 Sqr | D1 | D2 DAY Sgr | D1 | D2 D21y Sgr [ D1 | D2 [D(21) Sar | D1 [ D2 D21y Sqr
127 1307 | 41 | 376|341 | 116 | 47 [ 292|178 7 | 1 0| 11 | 121 | 30 | 221 (788 | 622| O 1] 1] O | 19 | 141 [ 486|236 33 | M9|113[1.29
208 |-306 | 29 | 223 67 | 448 27 | 206 | 6A4 | 427 D 1] ] 0| 26 | 267|027 (007 0 1] 1] 1] 7 | 259 )-189] 356 | 32 | 354 |-3.37| 114
204 | 94 | 28 | 303|732 938 24 | 2083230104 0 014 |-014) 002 20 | 205 (-053)0248] O 1] 1] 1] 2 | 27 | -25 | G2a | 40 | 496 |-9.58] 91.8
A8 | 308 | 27 | 337 |-668| 447 37 (103|167 | 280 | D 1] ] 0| 34 | 285|445 [188| 0 1] 1] 1] 8 | 17.3]-8.31| 691 | 32 | 307|126 1.58
-39 292 | 36 |95 BA | 422 26 384|424 153 ] D 1] 1] O I A e e T 1] 1] 0 | 14 | 132[083 (068 27 | 309|348 [152
278 | 393 | 42 | 42 |-003] 0 | 14 | 366 |-216] 464 | D ] ] 0| 13 ] 193|-634| 402 0 1] 1] 0 | 23 | 228|018 (003 42 ] 30 | 12 | 143
S206 | 241 | 4 | 34T B3Z| 40 | 19 | 277 |-BEE|TREE| D 1] ] O |10 14 |- 402161 [ 15 [ 116|345 119 27 [ 896 18 | 325 | 37 [HE|[541] 293
142 (<130 49 | 338|181 | 227 | 23 (154 | TAS| &7 | 0 | 785 |-785|632| 28 | 288 |-084 071 O 1] 1] 1] 2| 115|947 896 | 32 | 431 |-111] 123
05| 1A | 28 | 29313 | 168 M | 333423180 | D 1] 1] 0| 12 | 1623 |-418]172| 0 1] 1] 0 | 22 | 141|789 [622| 19 | 349|159 253
-6 | 362 | 29 | 296 [-056| 031 44 | 169|270 (737 | 0 | 266 |-266| F.08| 36 | 239|121 146 | 0O 1] 1] 1] 2| 205 |-185] 342 | 46 | 303|167 | 245
43 |-209| 26 | 385 |[-1258) 187 | 42 | 32 |10 10| O 1] ] 0| 1 | 264 |-154] 238 | 0 1] 1] O | 27 | 18 [ 12 [ 143 34 | 374|-34 | 1B
130 | 7A | 25 | 348 |-982| 964 | 47 | 288|181 |36 | D 1] 1] 0 | 35 | 187|163 | 267 | 0 |262|-262| 689 22 [233|-1.38) 186 | 168 [422(-272] 740
25 |-308 | 22 | 282 |-TA6| 812 | 19 | 27 |-7T88| 639 | O 1] 1 0| 36 | 258 (1040102 | 0 1] O | 25 | 710178 | 320 30 | 306 |-047( 022
2| 37 | 39 | 42 |-3030 947 | 14 | 247|107 M8 | 20 [ 128 | T2 807 25 | 12 [ 13 | 170 | 0 1] 0 | 20 | 137|634 [401) 30 | 263 | 368|134
S174| 142 23 | 305 |-T46| 866 | 23 392|162 261 | D 1] 1] O 20 | 166|343 1.7 0 [116|-1106) 135 0 |[158|-158) 260 | 27 [428(-159] 253
S99 | 41 | 22 | 434 |-21.4| 460 | 30 | 226|741 | A48 | 0 1] 1] 0| 26 | M.2|477 228 0 1 1] 0 | 20 | 16 | 398 [198 | &2 | 274 | 246 | 607
66 | 141 21 | 34 | 13 | 168 | 33 | 18 | 1A |26 | O 1] 1] 0| 10 | 183|926 857 | 0 ] 1] 1] 8 | 159 |-783| 629 | 36 | 292|682 465
19 | 213 | 28 | 416 |-166| 276 | 48 | 206|274 | 741 | O 1] 1] 0| 26 | 253|-032] 01 | 0 1] 1] 1] 7| 22| 15 | 225 | 18 | 238|-576]| 33.2
83 | 383 | 36 | 296|648 | 416| 25 | 394 |-144| 208 | O 1] 1] 0| 10204104108 | 0 1] 1] 0 | 27 | 877|182 332 | 44 | 446 |-047[ 0.32
141 | -3 | 23 | 425 |-195| 381 | 36 |423|-B3 | 386 D 1] 1] 0| 24 | 245|-062/027| 0 1] 1] O | 13 | 119114128 15 | 284 |-134| 178
194 | 48 | 43 | 365 | 6A2 | 420 17 | 39 | -22 | 483 | D 1] ] 0 |36 | 328|313 878| 0 1] 1] 0 | 27 | GE7[203 | 413 ) 36 | 281|789 | 623
261 |-344 | 40 | 244|186 | 243 | 37 | 208|314 D 1] ] 0| 20 ) 32 | 12 | 145 0O 1] 1] 1] 3104|737 843 | 18 | 358|178 320
326 |-208 | 29 | 36 |-703| 495 | 48 | 3871|989 977] 0 1] ] O | 17 | 27301037106 | 10 [ 862|138 19 [ 17 [ 754 | 946|884 | 52 [ 345|174 305
295 | 225 | 36 | 378 |-191| 363 | 14 |383|-243| ABB | D 1] 1] 0| 100|177 |-7T68] 88| 0 1] 1] 0 | 22 | 122|879 |858) 16 | 259|-949 [ 4§74
Zd| 3882 |Td'| 450 (Z ﬂ‘)? 128080 |4 -0.895 51 10718 A 10.343 t{0.478) 1.96 Leftvalue -1.845 | Rightvalue 0135
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Table 4.12: Difference between the interpolated depth from our model and the original
survey depth from example one, two and three

Data set Layer 1 |Layer 2 |Layer 3| Layer 4 | Layer 5| Layer 6| Layer 7
samplel (30 boleholesilayer) AL At r H A A t
Left valus 2791 | 4742|3625 | 5958 0 -1.859 | -3 616
Right value 31941 | 63688 | 3.3531] 1.082 0 6067748108
Sample? (30 boleholes/layer) & A A H A H A
Left value 4281|4782 -11.89 | -9127 0 -3B93 | -7.883
Right value 09276 | 57607 | -0323 22072 0 71868 | 05882
sample3 (60 boleholesilayer) A i gl A A At -
Left value -3284 | 2889 | 0584 | 2996 | 07745147 | -6629
Right value 15959 | 47992 | 07382 1832 |0.2819] 1.167 | -0.084

4.1.4.3 Soil LayerVolume Comparision

In the test, we will compare the volume of each soil layer from the image
created by the program, with the initially created data to show if there is any difference
between the soil volume estimated by the program and the actual volume.

e s

Figure 4.9: Soil layer model in example 1 from all four sides
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Figure 4.11: Soil layer model after computation with large number of boreholes in

example 1

64



65

Figure 4.13: Soil layer model after computation with small number of boreholes in
example 2
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F J ¢
Figure 4.14: Soil Iaye{;/model after_;comézjtation with large number of boreholes in

~ example 2
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In example 1 from fig{]re,}ljﬁ';-fil.ll, the estimated volume differs from the actual

F

model from the imported data. wfhie actual volume of the actual data infigure 4.9is
o YO=——

2990720 m?*, 1858561 m*and 2990720 m®. However, the ﬁojume estimated from small

w |

\ ""} ——— ';
amount of boreholes in figure 4.10 is3201710 m®, 1423441 m®and 3215855
m?respectively. Moreover, the volume estimated from large amount of boreholes in

figure 4.11 is 3146455 m?®, 1541584 -m®and 3151958 m® respectively.

In example 2 from figure 4.12-4.14, the estimated volume differs from the actual

model from the imported data. The actual volume of the actual data in figure 4.12is

5727577 m® and 2112422 m® However, the volume estimated from small amount of

boreholes in figure 4.13 is5696091 m® and 2143909 m?® respectively. Moreover, the
volume estimated from large amount of boreholes in figure 4.14is5702192 m® and

2137809 m® respectively.



67

From example, one, two the difference of the estimated volume from the actual
data is dependent on the number of boreholes. If there are enough boreholes, it will
make the estimation of various positions on the soil layer more accurate, resulting in a
better estimate especially for complex arragement of layers. The accurate of the
estimation depends on the number of boreholes, and the interpolation function.

4.2  Sample Results

From figure 4.15 shows creating a model of the soil layer with delaunay
triangulation. From figure 4.16 shows creating a model of the soil layers that we can
see the internal structure from many angles. From figure 4.17 shows retrieval of
internal structure visible from 360 degrees. From figure 4.18 shows retrieval of the
internal structure, which can be viewed as a top-view of the geological surface, or as a
countour of each layer. From figure 4.19 shows retrieval of the internal structure, this
can be viewed as a side-view of the geological surface. From figure, 4.20 shows
splitting parts of the geological surface by the depth of the layers, which we can
specify, the level of splitting. From figure 4.21 shows the bulding the Reb graph of the

geological surface.
! -r.mmufu - R - 1;_'3@
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Figure 4.15: Mesh layers of soil layers
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Figure 4.17: Another view of internal structure of soil layers
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Figure 4.19: Cross-sectional side view of soil layers
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4.3 Discussion

Results from testing the z hypothesis show that 90% of the borehole depth
estimates are not significantly different from the actual data, with 95% confidence, in
all three examples. This shows that the linear approximation can be used with such
data. The only data with significant differences is layer 3 in table 4.3 and layer 7 in
table 4.4. It should be noted that this is an area where the layers are not organized as
usual, but with a small layer in between, as in figure 4.22. The results show that the
inaccuracy in estimation results from a different arrangement of soil layers than in
other areas. However, from table 4.3 and table 4.4 one sees that the average difference
in testing is not significant different from the actual data. Considering the data of each
borehole, it shows that estimating the soil layers with the enhanced Reeb graph model

provides estimates close the actual data on average.
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Figure 4.22: Different arrangement of soil layers

From finding the average difference between the estimates ad the actual data with
statistical estimation in tables 4.6-4.11. We reach the conclusion that the difference of
the data is near zero for almost every pair, following the hypothesis tested with the z
test. Some pairs of boreholes have a negative bottom and top confidence, which may
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results from the soil layer between the usual layers in figure 4.22, which may
conclude that the inaccuracy in linear estimation may be insufficient data.

Time capacity
Procedure of creating delaunay triangulation can use speed of evaluate surface
reconstruction of hydrogeological information is O (n log n).

The Delaunay Triangulation of a set P of n points in the plane can be computed in

O(nlogn) time, using O(n) space.

T(n) = Time spent on point location + Time to create the expected number of

triangles
T(n) = O(nlogn) + O(n)
T(n) = O(nlogn+n)
T(n) = O(nlogn)

Define amount of many boreholes that create properly relations between the joins

in soil layers and boreholes.
Limitation of this research

The estimation used with the reeb graph in this resetch uses linear estimation.
Although it produces good results with the sample data, some cases may require high
degree estimation functions, on a case-by-case basis. The enhanced Reeb graph model
we have presented can be used with other estimations other than linear functions. Also,
the accuracy with the presented model depends on the amount of input data, because
the model depends on the relations between sail layers in each borehole for estimation.

This makes the estimation for any position depend on all other positions.



CHAPTER V

CONCLUSION AND FUTURE WORK

This section concludes the thesis and provides some discussion on the

experimental results. Future works are also suggested.

5.1 Conclusion

An enhanced Reeb graph proposed in this thesis is an extension of a Reeb graph
on a height function. This system utilizes the graph as the skeleton of an object because
an enhanced Reeb graph has both topological and geometrical information. The Reeb
editor defines this graph easily. Homotopy is the very powerful means to create surfaces
from the cross-sectional planes. Surfaces can be constructed from information of both the

enhanced Reeb graphs and homotopy.

This research presents a 3D model of multi-layer geographical information, which
properly displays the internal structure of the data, for use in effective analysis of
hydrological and geological information, and a method to approximate the height of the
soil layer as well as properly categorize the soil layers, to create proper relations between
soil layers and drill holes.

From the experiment, we find that the accuracty of the enchanced Reeb graph in
estimating position and volume of soil layers depends on the number of boreholes and the
imterpolation function, in other words, it Requires specifying the number of boreholes
and the function that actually coresponds to the complexity of the soil layers of the input

data, which requires water resource engineering knowledge.

5.2 Future Work

The presented model can be improved in the creation of multi-layer surfaces to
improve the detail and realism, by other methods of interpolation such as Non Uniform
Rational B-Spline (NURBS), Catmull-Rom Spline homotopy which can construct natural
surfaces or using the brightness of light to create the surface, or using subdivision surfaces
for more detail. Moreover, the model can be improved in the surface reconstruction with

many data.
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