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Abstract

A water management strategy to cope with severe climate change needs an efficient streamline model to play
the important role of predicting the direction of flood-water. Generally a model is constructed using various
image processing techniques which, depending on the particular area, can be quite complicated. In this paper two
conceptually different approaches for determining streamlines from DEM data, in raster and vector forms, are
reviewed. The advantages and limitations of both approaches are considered and compared using the numerical
results of streamlines for the geometrically complex region containing Khao Luang National Park.
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1 Introduction

Imagine asking an expert surveyor or a local resident
to predict the direction in which surface water flows.
It might be possible for a small area of simple terrain,
but definitely not easy to do so at all accurately for
an extended area of complicated landscape. In civil
engineering, the velocity vector field is used widely
as a tool to describe the nature of fluid flow [1]-[3],
whereas the concept of the electromagnetic field
is exploited in electrical engineering to visualize
streamlines related to electricity and magnetism.
In these and other cases streamline models serve as
useful tools which help many researchers to bring
insight to problems of their interest. In hydrology these
models, conventionally based on grid-based digital
elevation models, are used to identify the direction of
drainage in order to determine the paths followed by
water, and to determine the movement of sediment

and contaminants [4], [5]. In addition, streamline
models are essential in water management both for
optimizing the usage of limited resources, and for
planning for safety and recovery from natural disaster.
As a consequence of their effectiveness it follows that
much attention has been paid to the development of the
concepts and processes to construct efficient streamline
models for all of these applications.

Initially, streamline models were mathematical
models based on analytical methods and applied to
simple problems. Later, numerical methods were
exploited on computers for solving more complex
problems involving multi-variable functions. Each
particular technique has individual characteristics
depending on the object of the study, surface water or
ground water, and the properties of the elevation data
utilised. In consequence, many different techniques
have been proposed to formulate and construct a
variety of different streamline models.
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Figure 1: A process consisting of three phases:
DEM, interpolation model and streamline model, for
calculating from elevation data the paths along which
water flows.

The overall streamline modeling process is
divided into the three main phases as illustrated in
Figure 1. The initial phase is to obtain measurements
of the elevation or altitude data over the area of interest.
This can be achieved using remote sensing techniques
such as LiDAR [6] and SAR [7]. The measured data
referred to the sea level is typically transformed by
a digital elevation model (DEM) into a digital image.
The DEM image contains pixels representing as
numerical values the altitude over the landscape for
a discrete set of coordinates [8]. This set of primary
information is collected in either of two forms: as raster
or vector data.

The second phase is to interpolate the primary
information, since the raw resolution of the data is
inadequate for predicting continuous streamlines.
The final phase then involves constructing the model
itself by combining the primary information with the
interpolated information.

Individual models have constraints depending on
such conditions as the type of terrain, e.g., lowland,
highland, sloping ground, valley, and so on. It is
difficult therefore to design a model that is able to
be universally used for all regions. Calculations to
make predictions of continuous streamlines [4], [9],
to determine the direction of flow on flat areas or
mountain tops, and to calculate the size of catchment
areas are not particularly reliable. Therefore, many
researchers have sought to develop modifications and
improvements.

The effectiveness of alternative models is mainly
influenced by the characteristics of both the primary
and the interpolated data. Understanding the processing
of the input data prior to designing the streamline
model is absolutely essential because of the many and
varied approaches adopted for use as interpolation
techniques. For streamline model processing each
approach, raster and vector data, have their own
advantages and constraints.

Consequently, this paper presents a review of
streamline modelling processes intended particularly
for the benefit of those involved in applications as
described above, where streamline models play an
important role. The various processes are described
step-by-step in section 2, starting with the concept
of DEM creation and the interpolation techniques.
Streamline model processing using raster style and
vector style data is detailed in section 3. The model is
implemented on complicated terrain in the Khao Luang
National Park using both raster data and vector data to
predict the paths along which surface water flows. To
validate the accuracy of each approach, the numerical
results from both are compared and discussed in
section 4. Finally, the advantages and limitations of
each approach are considered in detail.

2 Pre-processing for Streamline Models

The overall streamline modelling process consists of
three phases: the DEM, interpolation, and streamline
model. The first two phases involve pre-processing
which is essential for converting the elevation
data into a suitable form and for increasing the
resolution of the data. Conventionally, the DEM uses
image processing technology to represent remotely
sensed elevation data as three dimensional terrain
surfaces. The DEM images it produces as outputs
have resolutions which are too low and inadequate
for direct use in the streamline model. The second
phase is thus included to increase the resolution of
DEM images by means of interpolation techniques.
Each technique provides outputs in different forms,
each form with different features. Therefore, in
preparation for the discussion of the streamline
models themselves, the concepts of DEM and
interpolation models are briefly described in this
section with emphasis on the different features of the
outputs produced.
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2.1 Digital Elevation Model (DEM)

Three dimensional terrain surfaces in a DEM image
are constructed using a mixture of remote sensing and
image processing techniques. Due to the time consuming
nature and high cost of ground survey methods, the
elevation data are generated via DEM technology
instead. Two main remote sensing technologies are
employed: SAR and LiDAR.

The synthetic aperture radar (SAR) technology
uses a radar system [10] which can be mounted on
a satellite or aircraft [11]. It is enhanced by various
approaches based on techniques of interferometry [12],
[13] and radargrammetry [14]. However, the uncertain
nature of the electrical properties of the atmosphere is
an inevitable problem with both techniques [7], [15],
[16]. In order to solve this problem, the effectiveness
of high technology, digital camera, is investigated
[17]. This technology is based on the light detection
and ranging (LiDAR) technique which, using a digital
camera (Rollei H20) with the pulse rate 71 kHz
mounted on a helicopter travelling at around 150km/hr,
is capable of capturing high velocity moving objects.

The outputs of DEM created by various remote
sensing techniques, as in described in [6], [8], are
generally divided into three styles of two dimensional
coordinate systems: square grids, triangular grids, and
contour lines. The elevation data in the patterns of grids
and digitalized contour lines are respectively called
raster and vector data. The advantages and limitations
of these forms of data [ 18]-[20], such as the roughness
of data, the difficulty of increasing resolution and of
evaluating slope, and the memory allocation necessary,
are listed in Table 1. For instance, increasing the resolution
of elevation data in raster form is more difficult than in
vector form [21] since the former form must consider
the entire of area of interest area to regenerate the
smaller uniform grids whereas it is only necessary
to insert some sampled elevation data on digitalized
contour lines for the latter form. Thus, the vector data
form is preferred to the raster form to simplify the
complex three dimensional flow equations.

Table 1: Three patterns of elevation in DEM image

Patterns Square Triangular Contour
Roughness Abrupt Piecewise Smooth
Increasing resolution Difficult Easy Easy
Evaluating of slope Easy Moderate Difficult
Allocation of memory More Moderate Less

2.2 Interpolation model

The interpolation model increases the resolution of
elevation data in both raster and vector forms. This
model is derived by the mathematical techniques
whose concepts are categorized based on various
methods such as geometrical proximity method,
statistical method, basis function method, and artificial
neural network (ANN) method [22]. In order to more
readily comprehend these various methods they can be
divided into two main groups: deterministic techniques
and geostatistic techniques.

2.2.1 Deterministic techniques

Deterministic techniques are used to interpolate the
solution of a partial differential equation (PDE)
between the valid elevation data of DEM images by
means of numerical methods and boundary conditions.
The boundary conditions are constructed with the
elevation data in both raster and vector forms.

For the raster form, the interpolation techniques
are based on the extent of similarity and the degree of
smoothing. The concept of extent of similarity is to
detect the relationship amongst elevation data inside
a small region. Many relations have been used such
as IDW and TIN techniques. The concept of both
techniques involves some key criteria for creating a set
of sampled data to extend the similarity. The inverse
distance weight (IDW) technique is a simple relation
that is established with the distance between known
and unknown raster data [23], [24]. The triangular
irregular network (TIN) is a relation that creates the
approximated function over grid cells of Voronoi
subdivision [25]. It is effective and often used in
representing discontinuities of the terrain’s surface
such as cliffs and ridges. To increase the continuity
of the data, many techniques based on the degree
of smoothing are also exploited. These techniques
approximate the unknown functions using basis
function such as polynomials [25], [26], and Fourier
series [27]. For instance, the polynomial function is
used to interpolate data over small square area and to
evaluate the slope of terrain [26], [27].

For the vector form, the interpolation techniques
are based on barriers such as locations of the river, road,
canal, and so on. These locations are used as the boundary
conditions to provide the solution of a PDE with
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numerical methods such as the finite difference method
(FDM) [28], the thin plate splines method (TPS)
[29], kernel smoothing barriers (KSB) [30], diffusion
kernel with barriers (DKB) [31], and boundary
element method (BEM) [9]. The solution obtained
to a PDE based on Laplace’s equation is often used
to describe the static elevation data behavior; then is
formulated with various artificial relations. However, the
implementation of this concept is still found wanting so
that it has been developed to enhance the interpolation
performance for more smooth streamlines.

2.2.2 Geostatistic techniques

Geostatistic techniques involve analysing the features
of geography by means of statistical techniques [32].
Due to its simplicity and effectiveness, a simple
technique known as Kriging is traditionally used as
the central element of many geostatistic processing
techniques. The process of interpolating elevation data
is divided into two steps. The first step is to identify
the similarity of random data by spatial covariance and
variogram parameters, and to measure dissimilarity
by a semi-variance parameter. The last step is to configure
the weight functions using the previous three parameters.

The concept of the Kriging family [33] presents
the general form to determine the interpolated elevation
with

z(xo)—,uzz/ii[z(xi)—,u(xﬂ (1)

where z(x,) is the estimated elevation at location x,. u
and n are respectively a known stationary mean, and
the number of sampled points for estimation of the
size of search window control. u(x,) is the mean of
samples within the search window. The size of search
window can be validated after the range of influence
of the semivariogram is considered; then the formula
is used to estimate the residuals from reference value
1 with appropriate weight function 4,.

The accuracy of the simple Kriging method is
influenced by the assumed reference and types of
weight functions. In the ordinary Kriging interpolator
[34] the reference is replaced by the mean of some
sampled data u(x,). There are many extensions to the
simple Kriging method [35] such as universal Kriging,
block Kriging, factorial Kriging, dual Kriging, simple

Kriging with varying local means, and Kriging with
an external drift. One advanced extension of methods
in the Kriging family is known as the Cokriging
interpolator [35]. The spatial cross correlation between
two sets of some elevation data are analyzed in a
process called cross-semivariance. Due to its higher
accuracy, it has become the most popular technique.
Improvements of Cokriging [36], [37] are similar to
the Kriging interpolator. They have been implemented
in the main modules in the ArcGIS simulation [38].

In this section, the two models that serve as pre-
processing phases for streamline models are described
briefly. Various techniques based on both vector and
raster forms are used to increase resolution of a DEM
image. We found that the concepts to increase the
resolution by using geostatistic techniques in raster
form are simpler than using deterministic techniques in
either vector or raster forms. However, the application
of deterministic techniques with the numerical method
to solve a PDE is more effective for maintaining
continuity of the streamlines.

3 Streamline Models

Streamline models are the models in which the paths
along which water flows on the earth’s surface are
illustrated as lines by using the valid elevation data
from the aforementioned DEM and interpolation
models. The interpolation models produce output in
either raster or vector forms. Each output form is taken as
the input of the streamline model, and thereby influences
the development of that model. The streamline
models produced by the raster data form involve
cells connected in series using the image processing
techniques, whereas the vector data form relies on
analytical techniques to provide continuous flow paths.
The process of generating streamline models by each
input data form is detailed in the following sections.

3.1 Input as raster data form

The elevation data in the form of raster data is collected
as a rectangular structure of pixels in a digital image.
The data is located on a network of grid cells, with the
number of elevation data points directly proportional
to the image resolution. The concept of the streamline
models using input data as the raster data form is to
draw the non-smoothing path from a starting pixel to
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Figure 2: Process of D§ algorithm.

adjacent pixels that are surrounding the starting pixel
under specific criteria to represent the water flow
direction. One of the most important criteria is derived
by the D8 algorithm [4], [39]. It is a classical method
which evaluates the appropriate water flow direction
by considering the difference of elevation of each
adjacent pixel surrounding the starting pixel. This
method consists of seven procedures as illustrated in
Figure 2. These procedures are described sequentially
in following paragraphs.

1. Allocating memory: The first step is to access
the elevation data in DEM image; then collect them
in memory units of matrix ELEVN (elevation). The
data collected on each pixel are discrete samples so
the data is unknown in the gaps between the pixels.
The unknown data is typically assumed to have no
information. The gaps between pixels often cause the
discontinuity of streamlines or artificial pits in the
process. This problem was primarily solved in previous
work by decreasing the gap to increase the DEM image
resolution. It is obviously seen that the efficiency of
streamline models is affected by the amount of missing
data or the discontinuity in DEM model.

2. Smoothening elevation data: This step is to
compensate for missing data or the discontinuities in

Direction of
Maximum
f Gradient
al
B2 64 128
A
|
16 € 1
|
8 4 2

(a) eight possible directions (b) infinite directions
Figure 3: D8 algorithm on a sub-region.

the elevation data from the previous step by dividing
the whole grid into many submatrices composed of
3 x 3 grids. There are 9 pixels with a central pixel
surrounded by eight adjacent pixels as shown in
Figure 3 (a). The elevation data of eight pixels is used to
form a weight function for determining the data value.
This method is a basic data smoothing technique.

3. Identifying drainage direction: The direction
of water flow on each pixel is identified in this step.
There are eight possible directions: North, East, South,
West, North East, South East, South West, and North
West that are encoded into numerical values and stored
in the DDRIN (drainage direction) matrix shown in
Figure 3 (a). Note that the values of each surrounded
pixel are symbol numbers which are taken to represent
each direction, such as 64 for the north direction, 1
for the east direction, 4 for the south direction, and 16
for the west direction. The possible directions of flow
radiating from the central pixel are either cardinal or
diagonal directions. The direction of flow is predicted
by choosing the minimum value of elevation data of
surrounding pixels. The drawback of this method is
the unnatural or non-smooth direction of flow that it
produces. Although this technique provides significant
errors in determining streamlines and in the size of
the areas contributed with dispersal landscapes, it is
nevertheless appropriate for the cases of valleys or steep
landscapes [40]. Moreover, it has been extensively
exploited in analyzing more complicated areas such as
flowing divergence model for ridge areas.

The concept of D8 algorithm has been extended
and published as the D-infinity flow assignment model
[41]-[45]. This method formulates the direction of
flow by means of the function of both elevation and
slope as shown in Figure 3 (b). The direction of flow
is determined by an angle a defined by the maximum
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gradient of eight triangular facets. Many alternate
extensions of the D8 algorithm have been proposed,
such as the D16 algorithm [5]. This method increases
the number of pixels under consideration from 3 x 3
submatrices to 5 X 5 submatrices. Its results were
attractive to develop solutions for ridge areas. Another
interesting method is the Rho8 method [46], which
was augmented with a stochastic component to get a
higher accuracy for the case of an area composed of
hills with steep aspect. With this approach the correct
streamlines are obtained uniquely in case they are parallel
with other flowing paths. However, the randomness
sometimes produces deviant streamlines which contain
cross-over points between paths of flow.

4. Evaluating drainage feature: In this step the
features of each cell are evaluated in combination
with the flowing direction analysis. Nine cells of the
3 x 3 submatrices are considered whose central cell
will respectively be a pit or a fork depending on the
direction of eights surrounded pixels as either inward
or outward. These features are represented by the
symbols and are stored in the DLABL (drainage label)
matrix. This matrix is used to evaluate the size of basin
drainage. During the process, lots of symbols are
generated. It is a time consuming process. To eliminate
lots of generated symbols, the labeling techniques were
proposed [47].

5. Creating DBASN matrix: This step is to
identify the line of direction from one pixel to the
adjacent pixel by joining some cells together with
connections called drainage links. The drainage links
are unbranched paths that are divided into two types.
The first type is an upstream link consisting of some
source points called an “exterior link”, whereas the
other type is a link consisting of some fork (junction)
points called “interior link”. They are determined with
the numerical values in DDIRN of the second step and
in DLABL matrix of the fourth step; then the symbol is
collected in the drainage basin matrix (DBASN). For
the case of a flat area, the processing can be complicated
since there are only a few pits or overflow points.

6. Accumulating drainage: This step is to combine
the drainage basins in order to investigate the connection
of drainage links and to configure the drainage channel
location. Connections are identified by implementing
an iterative technique [48] on each pixel using the
information of drainage basins in DLABL matrix. The
pixels used to represent the connections are labeled

into the DAREA matrix. In principle, in a basin, the
drainage links should converge at a point. However in
some instances they do not do so, and cross over one
another instead.

7. Configuring drainage channel: The last step is
to revise the features of each pixel since some pixels
may have irregular features after combining drainage
basins. The irregular features are corrected by analyzing
the information in DAREA matrix. This matrix collects
the direction of each pixel after combining. The output
of this step is the location of drainage paths called
drainage channels, whose size is larger than conventional
drainage paths.

3.2 Input as vector data form

The concept of streamline models using the vector data
form as input is to draw the continuous flowing path
by determining certain information from the solution
of a differential equation. This information includes
the unknown elevation and slope of each position
inside the region considered, as determined from the
particular solutions of the partial differential equations
(PDE) with the contour lines of the digital image for
the boundary conditions. All points along a contour line
have the same elevation. The numbers of contour lines
are directly proportional to the slope of the terrain,
i.e., a hill landscape gives many more contour lines
than a flat area.

In recent years, analytical techniques: separation
of variables, eigenfunction expansion, similarity
transform, Laplace transform, Fourier transform, and
Green’s functions, have been used to solve the particular
solution of the PDE. Only some problems involving
the basic geometrical shape of contour lines are able
to be carried out analytically. However, computer
technology has increasingly been used to assist in
generating streamlines from more complex geometrical
shapes of contour lines using numerical techniques
[49]. Numerical techniques are mainly divided into
two groups. The first one is the reformulation of the
numerical solutions on the differential forms of fluid
transport equations, whereas the second one is derived
from the integral forms.

For the differential form, the finite difference
method (FDM) was the first method that was used
to study the flow of oil and geothermal water. This
method formed the unknown variables with many
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Figure 4: Process of semi-analytical solution.

rectangular segments of the desired domain on contour
lines. The unknown variables relating to each other in
equations of difference, were then rearranged into a
matrix. This matrix is sparse and banded so that the
inversion of linear equation system can be fast and
simple. The limitation of this method is the inability
of rectangular segments modeling the region between
contour lines. An interesting method proposed to
eliminate this problem was the finite element method
(FEM) [50]. This method constructed the unknown
variables with many triangular segments instead. It
made the FEM method more accurate than the FDM
method [2]. However, as the number of segments
increases, the process consumes a significantly greater
amount of time [3].

For the integral forms, numerical techniques are
applied to solve the boundary integral equation using
the Boundary Element Method (BEM). The advantage
of this method compared with FDM and FEM is the
absence of any need for rectangular or triangle modeling
in the region between contour lines, since it is able to
formulate functions of elevation from the contour lines
directly. The PDE of this method is in Laplace form,
which is not the time-varying function and is consistent
with the fact that the direction of flow changes gradually
in response to the shape of the terrain. The combination
of Laplace’s equation and the BEM gives solutions
which are semi-analytical [9], [51]-[53]. The process
of flowing direction model with this method which is
consisted of five steps is detailed in Figure 4.

1. Collecting the elevation data into memory: The
first step is to rearrange the elevation data collected in
the vector form of sampled coordinates and to select
which samples are used. The contour lines representing
the earth’s surface over the region are typically overly

dense, and also oversampled. Some of the contour lines
can be discarded entirely, and some of the samples on
the remaining contours can also be discarded. It is only
necessary to retain enough samples to reconstruct the
contour smoothly from them. For sharp curves more
samples are required than for gentle curves. Carefully
selecting which samples to keep decreases the amount
of memory required and increases the efficiency of the
model.

2. Evaluating slope: The slope of each coordinate
inside a region of interest is evaluated by the differential
function of the elevation function, which itself is the
semi-analytical solution of boundary integral equation
along the contour line. The elevation function is

#(P)= 5 ] a(P.Q)(4(Q)*n(Q))dsy
Y @)

where 4(P) and 4(Q) are respectively the particular
solution of the interpolated elevation at point P and
the sampled elevation at point Q along the contour .
J(Q)n(Q) is the slope along the unit normal vector
n(Q) (for more detail see [9]). a(P, Q) and b(P, Q) are
the shape functions of the distance between P the Q
and points that are equal to

a(P,Q):%ln|P—Q|
1

b(P.Q)=———
( Q) 27Z'|P—Q|2

(P-Q)n(Q)

The slope at point P is obtained by the differentiation
of equation (2) as

Vii(P)= £ [c(r.0)(3(Q)n(0))ds; .
-3 ja(rQ)Q)as,

J

-

Mz

Jj=1

and the rate of change of the slope at point P is further
obtained by the differentiation of equation (3) as

Ve[ Veh(P)]= %lsj ¢(P.Q)(J(Q) +n(Q))ds,
-5 1 /(P.Q)M(Q)ds,

s,

where, ¢(P, Q), d(P, Q), e(P, Q) and f(P, Q) are the
shape functions that are equal to

“4)
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(@) (P—Q)m(o)
UPQ)= T e (P0)
)1 (r-0)
«(PQ)=5; |P-q/’ 2|P—Q|4
-2 [n(Q)(P-Q) (P-Q)n(Q)
f(P.Q)= 2”|P Q|{ P " g
L(P-Qn(Q) _4(P—Q>2]
[P-Q| P-Qf

3. Preparing information for the flowing direction
determination: This step is to generate the information
to identify the direction of water flow at a local origin
(or starting) point P by using the calculated results
from previous step: interpolated elevation A(P), slope
V,ph(P), and differentiation of slope V,V,A(P).This
information represents the continuous function 4(r, 9) of
elevation data in the neighbourhood (7, &) surrounding
point P. The function /2 is a solution to Laplace’s equation,
which can be expanded in polar coordinates as an infinite
series h(r,0)=a,+X;_ 7" (a, cosmf+b,sinmd) and
expressed in an approximate finite series expansion as

h(r,9)=a0+r(a1cos0+b sin@) (5)
+77(a,c0820 + b, sin20); r <r,

where a,, a,, a,, b, and b, are coefficients. The accuracy
of h(r, 0) depends on the size of the circle of radius r.
4. Determining direction: This step is to determine
the continuous direction of flowing path from point P.
This continuous direction specifies the connection of
flowing path from the origin point to any points along
the edge of circle with radius 7. The criteria used to
judge the flowing direction is based on the steepest
slope that means the absolute minimum of elevation
function A(r, 6). Therefore, @ min can be solved by the
differentiation of A(r, 6) with respect to 0 as

oh(r,0)
00

=ry(—a,sin@ + b, cos ) (6)
+2ry(—a,sin260 + b, c0s26) =0

Note that the possible roots obtained from
equation (6) consist of 4 values: the absolute maximum,

8\8 Qi o Qi+l o L e e\&n
contour-1

Vh(P)=0

streamline-A

coniu\r.?\e—e—e—e—e'"‘"‘

Figure 5: Flowing direction model by vector data input.

the absolute minimum, the relative maximum, and the
relative minimum. The flowing direction from point P
can feature as the forks when the absolute minimum
and the relative minimum occur at different angles.

5. Creating streamline: The final step is to construct
the line of flowing path from many continuous connection
points. It is an iterative process in identifying the next
angle of flowing from the starting point P(x, y) coordinate
by 6 min. The identified point is the starting point for
the next iteration. The coordinate of the next flowing
point is calculated in

x'=x+r,cos6,,

y,:y+r051n0mm (7)
where r, is taken as the distance between point P, and
next point P, . It can be clearly seen that the streamline
continuity depends on the magnitude of 7, and the rate
of change of the angle 8. According to all five steps,
the flowing direction is thus obtained as illustrated in
Figure 5.

Two different concepts in modeling the flowing
direction lines by using the elevation data in raster
and vector data forms are briefly detailed. The model
whose input data are in raster form is constructed based
on image processing techniques. Thus, the elevation
data of each pixel is used to continuously draw the
segment of line from the starting pixel to the adjacent
pixel to form a line representing the flowing direction
by means of D8 algorithm. The model whose input
data are in vector form is constructed based on the
solution of PDE. The flowing direction of this model is
controlled by the shape of contour lines. The advantage
and drawback of each model is further discussed by
comparing the numerical outputs of the two methods.
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4 Numerical Results and Discussion

To investigate the accuracy of streamline models
provided by two concepts: raster and vector forms
of the input data, streamline models using both the
D8 algorithm and semi-analytical methods have been
applied to the same terrain. The results from both
methods are compared and discussed for their important
features. For the raster form, the process based on D8
algorithm in the Global Mapper program is used. It
is a geographic information system (GIS) software
package developed by Blue Marble Geographics on
Microsoft Windows [54]. For the vector form, the
semi-analytical method exploits the numerical solution
of the BEM method [9]. The input data used in this
investigation are the elevation data of DEM images of
Khao Luang Mountain, which is situated in the same
general region as the authors’ university. This area
is chosen since it covers the complex landscape as
illustrated in Figure 6(a). Moreover, this area is often
confronted by flooding events varying from severe to
full disaster, and is of particular interest to the office
of the Royal Development in Nakhon Si Thammarat
province through a project, to help the people who live
and encounter danger in the area, established by King
Bhumibol Adulyadej in 1992 [55]. The DEM image
is transformed as a planar slope of elevation data as
shown in Figure 6(a). The small site of Khlong Tha Di
(Tha Di canal) is selected to demonstrate the numerical
results of streamlines since it has a problem associated
with the discontinuity of streamlines.

The simulated results from D8 algorithm shown
in Figure 6(b) present the locations of many drainage
and fork links. It is clearly seen that the streamlines
which run between the contour lines 200 to 140 meters
correspond to the same location of canal as in Figure
6(a). Further upstream, between 260 to 200 meters,
the streamlines show more detail of the small drainage
links. The information of these small drainage links
disappears in Figure 6(a) since they cannot be directly
sensed by the technique of DEM creation. The Global
Mapper program is widely accepted as the standard
tool for predicting streamlines in these hilltop areas.

For the numerical results from semi-analytical
method as illustrated in Figure 6(c), the streamlines
between the contour lines of 200m to 140m represent
the canal location corresponding to Figure 6(a) while
the greater detail of small drainage links are evident

i
i

' ﬂ(a) DEM image

5

(b) Based on D8 algorithm
= 190p, Lo,
> \.220m - ¢

(c) Based on BEM

Figure 6: Input data and output data of the streamline
models.
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between 400 and 260 meters. The results also provides
the low density of streamlines on the contour lines of
400 to 260 meters that are suitable for using this model
in the top and bottom of hill landscape.

The results from both streamline models are
compared to each other to investigate their features.
It can be clearly seen that they can generate similar
paths from the top of hill to the same canal. However,
the model using D8 algorithm is unable to provide the
very small drainage links approaching the ridge of the
hill. Moreover, the drawbacks of this model compared
with another model are: (i) consuming lots of memory
in process of flat terrain case, (ii) difficult to adjust the
different degree of elevation to lower complexity, and
(iii) providing exaggerated flowing direction along
the axes of grid.

The streamline models based on semi-analytical
methods can provide very fine drainage links over the
hill region and more continuous streamlines than the
models of D8 algorithm. Thus, the semi-analytical
method or the method using input data in vector form
is suggested to be used in enhancing the smoothness
and continuity of streamlines models, for the size of
catchment area estimation, and situations where the
flow rate varies over time.

5 Conclusions

According to the preceding discussion, a selective
survey of computational imaging was presented.
Attention has been focused on the discontinuity of
streamlines generated by image processing techniques as
implemented by the semi-analytical method compared
to the D8 algorithm. It began with the review of
streamline model creation processes that consisted of
a sequence of three phases: digital elevation model
(DEM), interpolation model, and streamline model.
The first two phases: DEM and interpolation model
were briefly detailed in concepts of each model and
focused on the various techniques to increase resolution
of the elevation data as the input data for the streamline
model in raster and vector forms. For the raster form,
the D8 algorithm was exploited whereas the analytical
solution of the boundary integral equation was used for
the vector form. The numerical results of both methods
were carried out and compared to investigate the
advantages and drawbacks of each method. The results
from the semi-analytical method were very much more

detailed drainage links over the hill region and more
continuous streamlines than those of the D8 algorithm.
Furthermore, the drawbacks of the D8 algorithm
compared with the semi-analytical method were
consuming lots of memory in process of flat terrain
case, difficult to adjust the different degree of elevation
to lower complexity, and providing exaggerated
flowing direction along the axes of grid. Consequently,
the semi-analytical method is a most promising
candidate for further development in enhancing the
smoothness and continuity of streamlines models, for
the estimation of the size of the catchment area, and
for determining the time-varying rate of flow.

Acknowledgments

The authors wish to thank Prof. Ditthakit and Mr.
Thongkao of the School of Engineering and Resources
at Walailak University for their encouragement and
support for this work.

References

[1] M.R. Thiele, R. P. Batycky, and D. H. Fenwick,
“Streamline simulation for modern reservoir-
engineering workflows,” J. Pet. Technol., vol. 62,
no. 1, pp. 64-70, Jan. 2010.

[2] K. E. Mcarthur, “Comparison of finite difference
and finite element hydrodynamic models applied
to the laguna madre estuary, texas,” Master’s
thesis, Dept. Civil Eng., Texas A&M University,
Texas, USA, 1996.

[3] J. Kikani, “Application of boundary element
method to streamline generation and pressure
transient testing,” Ph.D. dissertation, Stanford
University, Califonia, USA, 1989.

[4] X.Liu,Z.Zhang,and K. McDougall, “Characteristic
analysis of a flash flood-affected creek catchment
using LiDAR-derived DEM,” in /9th Int. Congress
on Modelling and Simulation (MODSIM 2011),
Dec. 2011.

[5] W. Ab-Karim and M. G. Hashim, “New D16
algorithm for surface water flow direction,”
Jurnal Teknologi, vol. 71, no. 4, pp. 93-107,2014.

[6] R. Behredt, “Introduction to Lidar and forestry,
part 1: a powerful new 3D tool for resource
managers,” The forestry source, vol. 17, no. 10,
pp. 14-15, 2012.

230



A. Chantaveerod et al. / KMUTNB Int J Appl Sci Technol, Vol. 8, No. 4, pp. 221-232, 2015

[7]

[13]

[15]

[17]

M. Richards, “Abeginner’s guide to interferometric
SAR concepts and signal processing,” IEEE
Aerosp. Electron. Syst. Mag., vol. 22, no. 9,
pp. 5-29, 2007.

O. A. Isioye and P. Jobin, “An assessment of
digital elevation models (DEM) from different
spatial data sources,” Asian J. of Engineering,
Sciences & Technology, vol. 2, no. 1, pp. 1-10,
Mar. 2012.

Y. Chantaveerod, “Relative flood risk model,”
Master's thesis, Dept. Elect. Eng., Prince of
Songkla University, Songkla, Thailand, 2004.

J. Latger, H. Mametsa, and A. Berges, “Specray
em/fermat - a new modelling radar approach from
numerical models of terrain to SAR images,” in
Proc. RTO-MP-SET-096. NATO RTO, May 2005,
pp. 1-45.

T. Toutin and R. Chenier, “3-D radargrammetric
modeling of radarsat-2 ultrafine mode: preliminary
results of the geometric calibration,” IEEE Geosci.
Remote Sens. Lett., vol. 6, no. 2, pp. 282-286,
20009.

A. Ferretti, A. M. Guarnieri, C. Prati, and
F. Rocca, InSAR principles: guidelines for SAR
interferometry processing and interpretation,
The Netherlands: European Space Agency
Publications, 2007.

G. Rufino, A. Moccia, and S. Esposito, “DEM
generation by means of ERS tandem data,” /[EEE
Trans. Geosci. Remote Sens., vol. 36, no. 6, pp.
1905-1912, Nov. 1998.

J. H. Yu, L. Ge, and X. Li, “Radargrammetry
for digital elevation model generation using
ENVISAT reprocessed image and simulation
image,” IEEE Geosci. Remote Sens. Lett., vol. 11,
no. 9, pp. 1589-1593, Sep. 2014.

B. Pradhan, T. Bolch, and M. F. Buchroithner,
“Elevation modeling using radargrammetry:
case study from Malaysia,” in /2th AGILE Int.
Conf. on Geographic Information Science, 2009,
pp. 1-11.

J. Yang, M. Liao, and D. Du, “Extraction of DEM
from single SAR based on radargrammetry,” in
Int. Conf. on Info-tech and Info-net (ICII 2011),
2001, vol. 1, pp. 212-217.

M. Cavalli, P. Tarolli, L. Marchi, and G. D. Fontana,
“The effectiveness of airborne LiDAR data in the
recognition of channel-bed mophology,” Catena,

vol. 73, no. 3, pp. 249-260, May 2008.

[18] J. P. Wilson and J. C. Gallant, Digital Terrain
Analysis, New York: John Wiley & Sons, 1990.

[19] L. D. Moore, A. Lewis, and J. C. Gallent, Terrain
Attributes: Estimation Methods and Scale Effects,
New York: John Wiley &Sons, 1993.

[20] 1. D. Moore and G. R. Foster, Hydraulics and
Overland Flow, New York: John Wiley & Sons,
1990.

[21] M. Takagi, “Accuracy of digital elevation model
according to spatial resolution,” Int. Archives
of Photogrammetry and Remote Sensing, 1998,
vol. 32, no. 4, pp. 613-617.

[22] E. Sarkozy, “GIS functions - interpolation,”
Periodica Polytechnica Civil Engineering, vol. 43,
no. 1, pp. 65-88, 1999.

[23] R. Webster and M. Oliver, Geostatistics for
Environmental Scientists, England: John Wiley &
Sons, 2001.

[24] S. Naoum and I. K. Tsanis, “Ranking spatial
interpolation techniques using a GIS-based DSS,”
Int. J. Global NEST, vol. 6, no. 1, pp. 1-20, 2004.

[25] P. A. Burrough and R. A. McDonnell, Principles
of Geographical Information Systems, Oxford:
Oxford University Press, 1998.

[26] A. Schaum, “Principles of local polynomial

interpolation,” in 37th IEEE Applied Imagery

Pattern Recognition Workshop, pp. 1-6, 2008.

F. C. Collins and P. V. Bolstad, “A comparison

of spatial interpolation techniques in temperature

estimation,” in 3rd Int. Conference/Workshop

Integrating GIS and Environmental Modeling,

1996.

L. C. Briggs, “Machine contouring using minimum

curvature,” Geophysics, vol. 39, pp. 3948, 1974.

G. Wahba and J. Wendelberger, “Some new

mathematical methods for variational objective

analysis using splines and cross-validation,”

Mon. Weather Rev., vol. 108, pp. 1122-1143,

1980.

M. F. Hutchinson, “Interpolating mean rainfall

using thin plate smoothing splines,” Int. J.

Geographical Information Systems, vol. 9, no. 4,

pp- 385403, 1995.

A.Grossfieldand J. W. Ponder, “Global optimization

via a modified potential smoothing kernel,”

Technical report CCB 2002-01, Washington

University School of Medicine, 2002.

(27]

(28]

[29]

[30]

(31]

231



A. Chantaveerod et al. / KMUTNB Int J Appl Sci Technol, Vol. 8, No. 4, pp. 221-232, 2015

[32] C.Lantuejoul, Geostatistical Simulation: Models
and Algorithms, New York: Springer, 2002.

[33] H. Wackernagel, Multivariate Geostatistics: An
Introduction with Applications, Berlin: Springer,
2003.

[34] L. Clark and W. V. Harper, Practical Geostatistics
2000, Scotland: Geostokos (Ecosse) Limited, 2008.

[35] P. Goovaerts, Geostatistics for Natural Resources
Evaluation, New York: Oxford University Press,
1997.

[36] K. Jerosch, M. Schiter, and P. Roland, “Spatial
analysis of marine categorical information
using indicator kriging applied to georeferenced
video mosaics of the deep-sea Hakon Mosby
Mud Volcano,” Ecological Informatics, vol. 1,
pp- 391-406, 2006.

[37] 1. Gaus, D. G. Kinniburgh, J. C. Talbot, and
R. Webster, “Geostatistical analysis of arsenic
concentration in groundwater in Bangladesh
using disjunctive kriging,” Environ. Geol.,vol. 44,
pp- 939-948, 2003.

[38] ArcGIS resources. [Online]. Available: http://
resources.arcgis.com/en/home/

[39] J.F. O. Callaghan and D. M. Mark, “The extraction
of drainage networks from digital elevation data,”
Comput. Vision Graph., vol. 28, pp. 323-344,
1984.

[40] M. C. Costa-Cabral and S. J. Burges, “Digital
Elevation Model Networks (DEMON): A model
of flow over hillslopes for computation of
contributing and dispersal areas,” Water Resour.
Res., vol. 30, no. 6, pp. 1681-1692, 1994.

[41] D.G.Tarboton,““Anew method forthe determination
of flow directions and upslope areas in grid digital
elevation models,” Water Resour. Res., vol. 33,
pp- 309-319, 1997.

[42] M. D. Smith, M. F. Goodchild, and P. A. Longley,
A Comprehensive Guide to Principles Techniques
and Sofitware Tools, 5th ed. Winchelsea, UK: The
Winchelsea Press, 2015.

[43] O. Boonklong, M. jaroensutasinee, and K.
jaroensutasinee, “Computation of D8 flow line
at Ron Phibun area, Nakhon Si Thammarat,
Thailand,” Int. J. Environmental Earth Science
and Engineering, vol. 1, no. 9, pp. 1-4, 2007.

[44] S. orlandini, G. Moretti, and M. Franchini,

“Path-based methods for the determination of
nondispersive drainage directions in grid-based
digital elevation models,” Water Resour. Res.,
vol. 39, no. 6, pp. 1-8, 2003.

[45] R. Shrestha, Y. Tachikawa, and K. Takara, “DEM
based multi-directional flow path mapping
using the raft method,” in Proc. of Monitoring
Prediction and mitigation of Water-Related
Disaster (MPMDZ2005), 2005, pp. 85-90.

[46] J. Farfield and P. Leymarie, “Drainage networks
from grid digital elevation models,” Water
Resour. Res., vol. 27, no. 5, pp. 709-717, 1991.

[47] R. Lumia, L. Shapiro, and O. Zuniga, “A new
connected components algorithm for virtual
memory computers,” Comput. Vision Graph.,
vol. 22, no. 2, pp. 287-300, 1983.

[48] D. M. Mark, “Automated detection of drainage
networks from digital elevation models,” in
Cartographica (AUTO-CARTO 6), vol. 21,
pp- 168-178, 1984.

[49] C. M. Militaru, T. Todinca, A. D. Filep, A. Line,
and A. Pacala, “CFD modeling and simulation
of a surface water treatment pilot plant,”
Environmental Engineering and Management J.,
vol. 12, no. 5, pp. 969-977, May 2013.

[50] A. Ameli, J. R. Craig, and S. Wong, “Series
solutions for saturated-unsaturated flow in multi-
layer unconfined aquifers,” Adv. Water Resour.,
vol. 60, pp. 24-33, 2013.

[51] A.W.Bohannon and T. V. Hromadka, “Modeling
ground water problems using the complex
polynomial method,” J. Professional Geologist,
pp. 39—46, Mar. 2008.

[52] T. R. Dean and T. V. Hromadka, “A collocation
CVBEM using program Mathematica,” Eng.
Anal. Bound. Elem., vol. 34, no. 4, pp. 417-422,
2010.

[53] T. V. Hromadka and G. Guymon, “Complex
polynomial approximation of the Laplace
equation,” J. Hydraul. Eng., vol. 110, no. 3,
pp- 329-339, Mar. 1984.

[54] Global Mapper. [Online]. Available: http:/www.
bluemarblegeo.com/products/global-mapper-
download.php

[55] Royal irrigation department. [Online]. Available:
http://www.rid.go.th

232



