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(ABSTRACT)

This study focuses on the Triangulated Irregular Network (TIN) model for representing
terrain. A TIN is a vector representation of terrain composed of vertices, lines, and triangular
polygons. The elevation values are stored in the vertices. TINs are used in Geographic
Information Systems (GIS) for terrain analyses. In particular I compare TIN extraction methods.
A TIN extraction method is a method in which points are selected from a raster Digital Elevation
Model (DEM) in order to construct a TIN. Evaluations of TIN extraction methods have been
performed in the past. However, none have compared the TIN extraction methods with terrain
texture. This study compared and analyzed the four most popular TIN extraction methods: VIP,
Hierarchy, Drop Heuristic, and LATTICETIN. Comparison of the TIN extraction methods was
based on the 90" percentile of the absolute error, the absolute error being the absolute difference
between TIN elevation and DEM elevation at each point. The results indicated that LATTICETIN
yielded the lowest 90™ percentile errors for all types of terrain textures and Drop Heuristic was
second best in most instances. The Hierarchy method was superior to VIP when less than 12% of
the original DEM points were selected. When 12% of the original DEM points were selected,
VIP outperformed the Hierarchy method. A correlation was found among TIN accuracy and

terrain texture. There was a direct relationship between the two variables.
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CHAPTER 1 - Introduction
1.1 GIS and TINs

The use of Geographic Information Systems (GIS) has become very prominent in recent years
with the advent of affordable computer resources. GIS is a useful tool to people who work in
areas such as the environment, utilities industry, business, local government, planning, and
emergency response. A GIS is made up of the computer hardware, software, and personnel that
use and maintain it. Users of GIS require a representation of the earth’s resources in computer
format in order to query and analyze the desired data. A GIS supports this need because it stores,
manipulates, and generates new spatial data. A GIS incorporates a database linked to map layers
(i.e. water, topography, vegetation, transportation, utilities, etc.). Through various analyses, the
data may be manipulated and new data may be generated.

Digital representations and analyses of terrain are very important in environmental
applications of Geographic Information Systems (GIS). In the United States, most terrain analyses
are performed with the United States Geological Survey (USGS) Digital Elevation Models
(DEMs). DEMs are digital representations of the terrain in raster format. Each pixel has a single
elevation value which is assigned to every point within the area associated with the pixel.

An alternative to the USGS DEMs is the Triangulated Irregular Network (TIN). ATIN is a
vector representation of terrain. This type of elevation model uses contiguously joined triangles to
represent elevation. Elevation values are stored in the vertices of the triangles. TINs may be
extracted from DEMs in an effort to minimize the number of data points required to accurately
represent the terrain. Thus, TINs are a method of compression for DEMs.

There are different methods for selecting the TIN vertices. Some methods may yield better
results than others when compared to the DEM from which the TINs were extracted. The four

methods that will be compared in this study are VIP (Very Important Points), Hierarchy, Drop



Heuristic, and ARC/INFO’s LATTICETIN. The goal of this comparison is to see which TIN
extraction method performs best for a given terrain texture. The best method being the method

which most closely resembles the DEM from which the TIN was extracted.

1.2 Background and Purpese of Study

Two very important articles provide the foundation for my thesis. They are Jay Lee’s
“Comparison of Existing Methods for Building Triangular Irregular Network Models of Terrain
from Grid Digital Elevation Models” and “An Intensive Comparison of Triangulated Irregular
Networks (TINs) and Digital Elevation Models (DEMs)” by Mark Kumler. Both articles deal

with the extraction of TINs from DEMs.

1.2.1 TIN Extraction Investigation by Lee

In 1991, Jay Lee noted the need for someone to “evaluate the existing methods for building
triangular irregular network models of terrain from grid digital elevation models” (Lee, 1991).
These TIN models were created by extracting points from DEMs. He compared three methods.
They were the Filter, Hierarchy, and Drop Heuristic methods. In order to allow comparison
between the methods, the stopping point was kept uniform by selecting a predetermined number
of points. Even though the Skeleton method was the earliest TIN extraction method, Lee chose
not to incorporate it into the study because the stopping point cannot be restricted to a maximum
number of points. Lee used the Hierarchy method algorithm of DeFloriani, et al (1984), the Filter
method algorithm of Chen and Guevara (1987), and his own Drop Heuristic method algorithm

(1991).



1.2.1.1 Skeleton Method

Fowler and Little wrote their Skeleton method algorithm in 1979. This method creates a TIN
in two phases. Phase one identifies the “surface-specific” structural points (peaks, pits, passes)
and set of lines (ridges and channels). “‘Surface-specific’ means that the selection of these
elements is governed by the detail of the surface” (Fowler & Little, 1979, 199). These points
were selected by passing a filter over the data. Phase two of the method progressively adds
support points to the TIN. If a point exceeds a specified tolerance value, that point is added to

the triangulated data set.

1.2.1.2 Hierarchy Method

In 1984, DeFloriani, et al, wrote an algorithm based on a hierarchical methodology. Their
Hierarchy algorithm approximates the surface “at successively finer levels of detail by triangular
patches whose projections in the horizontal plane are nested” (DeFloriani, et al, 1984, 183). The
triangulation starts with two triangles encompassing the entire DEM. Then, the point in the DEM
that is found to be most unique to the three triangle vertices (has the greatest error between the
interpolated value and the actual value) is added to the triangulation. The algorithm iteratively
adds new points to the triangulation until the stopping point is reached. Each new point sub-

divides the triangle it is in into three new triangles.

1.2.1.3 VIP (Very Important Points) Method

In 1987, Chen and Guevara developed an algorithm for constructing TINs. Their VIP
algorithm is characteristic of a Filter algorithm. “The VIP method visits all points just once and
from there performs procedures for point selection without further computation” (Lee, 1991,

271). The algorithm selected Very Important Points (VIPs). VIPs are the points that are most



unique in relation to their adjacent points. The VIPs are selected by passing a 3x3 window over
the DEM. The center point is compared to its eight neighbors. Only the most significant points
(largest absolute difference in value) are included in the final triangulation (Lee, 1991). “The
point selection procedures used in this method are based on local information - the spatial
relationship established by the three-by-three filter. 1t offers no guarantee of, or attempt to test,
global fitness between the surfaces described by the extracted TIN and the grid DEM” (Lee, 1991,

271).

1.2.1.4 Lee’s Drop Heuristic Method

In 1989, Lee wrote an algorithm characteristic of a retriangulation algorithm. A
retriangulation algorithm computes a new triangulation which may affect more than one triangle in
each iteration. His Drop Heuristic method begins with all the points in the DEM contained in the
triangulation. Then, the least important points are discarded from the data set. The least
important points are those whose removal causes the least difference in elevation between the TIN

and the DEM. The remaining points comprise the TIN data set.

1.2.1.5 Lee’s Findings

Lee tested the three TIN methods on only one DEM. The DEM he used was a 128 x 128
windowed portion of a USGS 7.5-minute grid DEM. He extracted TINs of various sizes for each
method. The number of points in the TINs corresponded to 3%, 6%, and 12% of the points
contained in the original DEM. Analyses were conducted in order to evaluate the performance of
each method. “The evaluation of the three conversion methods is based on the differences in

elevation computed between grid DEM and TIN surfaces” (Lee, 1991, 276). Lee’s premise was



that the closer a TIN surface was to the original surface, the better the performance of the method
selected.

The essential weakness of Lee’s evaluation was that he tested the methods on only one DEM.
He compared the performance of the methods by the absolute values of the mean of differences in
elevation. The results of his comparison were that the Drop Heuristic method performed the best,
the Hierarchy method was the second best, and the VIP method was the worst. He also found that
TINs showed general improvements in representing topographic information as more points were
added.

Furthermore, Lee found each method to have its own advantages. The Hierarchy method
selected the fewest points in regions of more gentle relief. The Drop Heuristic method selected
grid points more evenly spatially distributed across different degrees of relief. The VIP method

was better than the other methods at identifying local peaks and pits.

1.2.2 TIN Extraction Investigation by Kumler

Kumler’s primary goal was “to compare the efficiencies of TINs and regular gridded DEMs in
representing a wide variety of surfaces” (Kumler, 1994, 6). His secondary goal was to compare
the various methods of selecting vertices for a TIN. In order to acquire a representative sample of
the numerous terrain types found in the United States, he based the selection on the terrain
classification systems of Nevin Fenneman (1928) and Edwin Hammond (1964a, 1964b). Their
systems divided the United States into homogenous terrain regions. He chose a balanced set of
twenty-five study areas.

Kumler created TINs from DEMs and from contours. The two methods Kumler tested are

those that create TINs from DEMs; and the methods were ARC/INFO’s LATTICETIN and VIP.



LATTICETIN differs from VIP in that LATTICETIN considers a greater amount of elevation data

than VIP in its point selection procedure.

1.2.2.1 ARC/INFO’s LATTICETIN Method

Initially, LATTICETIN, a retriangulation algorithm, subdivides the elevation model into
regular triangular patches of a manageable size. These patches are constructed from the four
corner points and four points selected along the DEM edges. The algorithm then visits each
triangle, compares the elevation of the triangle to the elevation of each interior DEM point, and
computes the maximum vertical distance error within each triangle. After each triangle is
assessed, the triangle which has the largest error in it has that point added to the triangulation. The
triangulation is updated and adjusted globally and each triangle is assessed again. It is an iterative
process which ends once the largest distance error is less than a user-set error tolerance (ESRI,

1994, Kumler, 1994).

1.2.2.2 Kumler’s Findings

Kumler created TINs with approximately one tenth of the number of points that were in the
original DEM. The main basis of assessment was the absolute error measure (absolute difference
between the DEM value and TIN value at all points). He chose to consider the 90" percentile of
this error measure. In this manner, a few skewed outlier values did not effect the analysis. In
every study area DEM, the LATTICETIN TINs yielded a lower 90" percentile error than the VIP
TINs. He concluded that the VIP procedure is inferior to LATTICETIN in selecting a good subset

of grid points to represent the overall surface.



1.2.3 Purpose and Objectives of My Study

The purpose of my study is to combine and unify the previous works of Lee and Kumler. My
first objective is to incorporate all of the methods presented in Lee’s and Kumler’s studies. 1 test
and compare four TIN extraction methods: VIP, Hierarchy, Drop Heuristic, and LATTICETIN.
The criterion I used for my comparison for accuracy of TIN extraction methods is the absolute
error measure { Absolute Error = |DEM value - TIN value|). Both Lee and Kumler had used this
error measure as a basis of comparison. By using the same measure of error in my study, the
results of my experiments may be more directly compared to the results of Lee’s and Kumler’s
work. In addition, I incorporate Kumler’s procedure of calculating the 90" percentile absolute
errors so extremely skewed values would not bias the analysis.

My objective for selecting test data DEMs is to provide a broad and comprehensive set of
representative terrain types in order to investigate the applicability of methods in felation to
various terrain categories. I do not agree with Lee’s choice of testing the algorithms on only one
DEM because a single DEM is hardly a representative sample. Hence, 1 prefer Kumiler’s idea of
choosing DEMs representative of the various terrain types found within the United States. As a

result, I incorporate Kumler’s approach for test data into my thesis.

1.2.3.1 Test Data Objective for My Study

My objective is to test the algorithms on DEMs of various terrain textures. For example, 1
chose representative DEMs from the Appalachian Mountains and the Rocky Mountains. The
Appalachian Mountains were chosen because of the high variability of the terrain which is
characteristic of the folded mountains. The Rocky Mountains were chosen due to their rugged
topography and flat intermontane basins. In addition, I obtained some of the DEMs used by

Kumler (1994) in his study as well as others that were readily available. I wanted to obtain data to



represent a broad variety of terrain textures. Kumler had obtained a “balanced set of study areas
that is representative of the numerous terrain types found in the United States. To acquire such a
representative sample, selection was based on the terrain classification systems of Nevin
Fenneman and Edwin Hammond. These two seminal works are widely respected by geographers,
geomorphologists, and geologists for their division of the United States into relatively

homogenous terrain regions” (Kumler, 1994, 6).

1.2.3.2 Terrain Classifications Used in My Study

The landforms represented in my study can be classified into four categories. These
categories may be defined by the amount and kind of slope and local relief. The four categories
are mountains, hills, plains, and plains with localized high relief. The plains with localized high
relief can be further sub-divided into two groups: plains with hills and mountains and tableland or

plateau.

1.2.3.2.1 Mountains Class

Mountains have originated in different ways such as folding, faulting, erosion, and volcanism.
The mountain category includes the Fenneman provinces Ridge & Valley, Blue Ridge, Northern
Rocky Mountains, Southern Rocky Mountains, and Cascade-Sierras. This category also includes
the Anchorage, AK and Honolulu, HI areas.

The Appalachian Mountain system contains the Ridge & Valley and Blue Ridge provinces.
This mountain system is an example of simple folding, or wrinkling of the earth’s crust. Folding
occurs in response to slow lateral compression.

The Rocky Mountains may be classified as domed ranges. This system was created through

volcanic activity and thrust-faulting. Glaciation has also helped shape the mountains. The various



regions of the Rockies may have different characteristics. For instance, the Southern Rocky
Mountain province has broad intermontane basins which separate ranges (Thorbury, 1965). The
Northern Rocky Mountains are complex due to the major overthrusts and glaciation. An
overthrust occurs when extremely folded rock breaks and the upper part of the fold slides over the
lower (Gabler, et al, 1991). This gives this part of the Rockies a more jagged appearance.

The North American mountain ranges along the Pacific Ocean have been formed by fault
activity and volcanism. Anchorage, AK is in the Alaska Range. This area was formed by
volcanic activity and is more heavily glaciated than the Northern and Middle Rockies. The
Cascade-Sierras were also created through volcanic activity. Located in the Cascade-Sierras is
Crater Lake. Crater Lake is the best known caldera in North America. It formed when a violent
eruption caused the summit of a stratovolcano to collapse (Gabler, et al, 1991). The Pacific Coast
province is also characterized by volcanic mountains.

Honolulu, HI has a mountainous topography created by volcanism; much like oceanic islands.
This terrain is the most complex. “Heavy rains, accompanied by stream cutting and sliding of the
soft basalt upland, cause the steep corrugated cliffs called ‘pali>” (Gabler, et al, 1991, 445). Also,
there are many closely spaced ravines with steep gradients (Thombury, 1965). This is what gives

this area its very complex composition.

1.2.3.2.2 Hills Class

The hill category includes the Fenneman provinces Appalachian Plateau and Interior
Lowlands. Hills have steep slopes but usually have less local relief than mountains. “They have
more level land, larger summits, and shorter and less steep slopes” (Gabler, et al, 1991, 357).
Both provinces have gently rolling plateau surfaces which have experienced stream dissection

(Thornbury, 1965). These provinces fall near, but not within, the Appalachian Mountain System.



1.2.3.2.3 Plains Class

The plains category includes the Fenneman provinces Coastal Plain, Great Plains, St.
Lawrence Valley, and Piedmont. The Coastal Plains were formed by the deposition of continental
sediments. This area was submerged by the Atlantic Ocean. Subsequent uplift of the continental
shelf exposed the surface (Thomnbury, 1965). The region has experienced some stream erosion
and marine erosion. The marine erosion is apparent in the coastal terraces that were developed.
The state of Florida is found within this province; however, it has one major difference. The
difference is that karst features are found in Central Florida. Such features produce large
sinkholes in the topography. The Piedmont is characterized by its rolling topography. The rolling
topography has been caused by varying degrees of uplift and erosion. “The surface of the
Piedmont has long been exposed to weathering processes” (Thombury, 88, 1965). The region is
made up of crystalline rocks and sedimentary rocks. The crystalline rocks are not easily eroded
while the sedimentary rocks are easily eroded. Although the St. Lawrence Valley is located in the
Ridge and Valley province, it may be characterized as a plain. This is because this region is
located in a continuous lowland. This region has also experienced glacial erosion. The Great
Plains are interior plains which formed by the deposition of sediments from Rocky Mountain
erosion (Thornbury, 1965). This region has experienced some uplift. These plains are usually

more rolling and have moderate relief.

1.2.3.2.4 Plains with Localized High Relief Class

There are plains with localized high relief. The plains with hills and mountains include the
Basin & Range province. The tableland or plateau includes the Colorado Plateau. The plains with
hills and mountains of the Basin & Range region have come about due to the rising or falling of

crustal blocks along faults. This causes a succession of sediment filled basins and parallel

10



mountain ranges. The tableland or plateau which is characteristic of the Colorado Plateau is “the
result of general uplifting of the land, which triggers stream erosion and eventual dissection of the
uplifted area” (Gabler et al, 1991, 359). In this case, the top layer of rock on a plateau, a
permeable sandstone, is resistant to erosion. The sandstone absorbs precipitation so there is no

subsequent surface runoff.

1.2.3.3 Test Data Characterization

The DEMs I had available were USGS DEMs with a spatial resolution of 30 meters. The
DEMs obtained from Dr. Mark Kumler were created from USGS Digital Line Graph (DLG) files.
These DEMs were created by linear interpolation from contours by the CTOG (Contour to Grid),
or DLG2DEM (DLG to DEM), method. This method was found to be more accurate than the
other DEM creation methods and has been used by the USGS to create new DEMs. These DEMs
also had a spatial resolution of 30 meters. The results of the analysis shall indicate how the

different TIN methods performed for the different terrain textures.

1.2.3.3.1 Terrain Texture Measure as Classification Metric

Terrain texture values are computed for each DEM. Texture is a measure of how rough or
smooth an image appears. Texture is a property of virtually all surfaces. It contains important
information about the structural arrangement of surfaces and their relationship to the surrounding
environment. “Texture is concerned with the spatial (statistical) distribution of gray tones”
(Haralick, et al, 1973, 611). A gray tone is analogous to an elevation range. Dark tones represent
low elevation values and light tones represent high elevation values. 1 used 256 different gray
tones (categories) in the analysis. All of the DEM elevations were categorized based on an equal

interval classification. This way I was able to standardize the data. “We can examine local

11



texture features by calculating a surface’s co-occurence matrix (gray-tone spatial dependence
matrix). The 2D matrix consists of classified elevation values along one axis and the classified
elevation values of some local neighborhood along the other” (Wood & Fisher, 1993, 50). From
such a matrix, many texture measures can be calculated for an image. “Although it is quite easy
for human observers to recognize and describe in empirical terms, texture has been extremely
refractory to precise definition and to analysis by digital computers. Since the textural properties
of images appear to carry useful information for discrimination purposes, it is important to
develop features for texture” (Haralick, et al, 1973, 611).

I measure terrain texture using the widely used PBMPLUS (Poskanzer, 1991) filter software.
The module PGMTEXTURE (Texas Agricultural Experiment Station, 1991) calculates 14
different texture measures based on spatial dependence matrices. 1 am most concemed with the
Entropy measure because this measure contains the most inherent information about an image.
Entropy is the measure of complexity found within an image. The greater the Entropy value, the
greater the complexity (spatial variability) of the image. I use this texture measure to further
classify the DEMs chosen for the study. I compare how each TIN extraction method performed in
relation to my error metric and how it corresponds to the texture measure of the DEMs that were

processed.

1.3 Hypotheses

Before the hypotheses for my study are presented, I will state the standard for accuracy. The
standard for accuracy is how closely the extracted TIN resembles the original DEM. Accuracy
will be measured by the 90" percentile of the absolute error measure. The absolute error measure
will be computed by taking the absolute value of the difference in elevation between DEM and

TIN at all points. Then, the 90™ percentile of this error measure we be computed. A lower 90"
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percentile error will indicate a more accurate representation of the terrain. Presented below are the
three hypotheses that I propose to prove in accordance with the processing results of the TIN

extraction methods as applied to the test data I have described in section 1.2.3.

1.3.1 Hypothesis 1: Retriangulation Methods are the Most Accurate Regardless of Terrain
Complexity

My first hypothesis is that the retriangulation methods will perform better than the other
methods. I believe the retriangulation methods will perform better because they use more
information in the decision processes. Furthermore, ARC/INFO’s LATTICETIN method will
perform better than the Drop Heuristic method due to the fact that Delaunay triangulation is used
to reconstruct the TIN throughout the point selection procedure. Delaunay triangulation is
considered by many to be the best triangulation method (Fang & Piegl, 1993, Piegl & Richard,

1993, Tsai, 1993).

1.3.2 Hypothesis 2: TIN Accuracy Varies Directly with Number of Elevation Points for a
Given Level of Terrain Complexity

The second hypothesis is that the addition of more points to a particular TIN will yield a more

accurate representation of the terrain.

1.3.3 Hypothesis 3: Magnitude of Error Varies Directly with Terrain Complexity for a
Given Number of TIN Points

The third hypothesis is that more TIN vertices will be needed to accurately describe more
complex terrain. Therefore, for TINs with equal numbers of vertices, more complex terrain will

have larger associated error measures.
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CHAPTER 2 - Review of Elevation Models
2.1 DEMs

Digital Elevation Models are digital representations of the terrain in raster format. Each pixel
in a DEM has a single elevation value which is assigned to every point within the area associated
with the pixel. “Modem measuring techniques and sampling methods allow a very precise
digitization of the earth’s surface. Today the available digital terrain models (DTM) are mostly a
compromise between the desired high resolution and the affordable expense” (Schroder &
Rossbach, 1994, 775).

Some DEMs are based on regularly spaced square grids. The square grid has “arisen not from
the phenomenon (terrain), nor even from data problems, but instead from convenient
programming and machine storage” (Mark, 1979, 34). The only data required are the elevation
data at points on the ground. The position of the cell on the ground is defined by the position of
its elevation value in the data list.

Most analyses in the United States are performed using the raster Digital Elevation Models
(DEMs) that have been created by the United States Geological Survey (USGS). These USGS
DEMs are easily obtainable because they are available to the public at an inexpensive price. The
only cost to the customer is the actual cost of the magnetic tape or discs on which the data are
stored.

The USGS DEMs are available at three scales. The largest scale is the 7.5 minute DEM
which corresponds to the 1:24,000 quadrangle maps which are also produced by the USGS.
These DEMs have a spatial resolution of 30 meters in the horizontal direction and 1 meter in the
vertical direction. The medium scaled DEM, 1:100,000, is the 30 minute DEM. They have a
horizontal resolution of 2 arc-seconds and a vertical resolution of one meter. The smallest scaled

DEM covers a 1 by 1 degree area which corresponds to one half of a 1:250,000 quadrangle map.
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These DEMs have the coarsest horizontal resolution of 3 arc-seconds and a vertical resolution of

one meter.

2.2 TINs

A TIN model is a vector representation of topography. Instead of storing elevations for every
cell, as in a raster representation, elevations are stored only for the points that are most significant.
Significant points are the points necessary to most accurately represent the terrain. From these
points, triangles are formed to create the network.

A good TIN model places more points in regions of rough or rugged topography and fewer
points in regions of smooth topography. This is called selective sampling. Selective sampling is
advantageous because a TIN reduces the volume of data while maintaining the pertinent
information. As a result, “TINs have become increasingly popular because of their efficiency in
storing data and their simple data structure for accommodating irregularly spaced elevation data”
(Lee, 1991, 267).

The TIN model is composed of points that have elevation values stored in them. From these
points, or vertices, triangles are formed. For each irregular tessellation, the elevations across the
triangular facets are interpolated. A TIN may approximate “the terrain surface by a piecewise
linear function made of triangular patches” (Puppo, et al, 1994, 106) or by other interpolation
methods. However, linear interpolation is most commonly used. “Terrain parameters such as
slope, aspect, area and perimeter can be calculated for each triangular facet and stored as
associated attributes of the facet” (Tsai, 1993, 502). This is true because each triangle has a
constant gradient and a fixed aspect.

The edges of the triangles represent slope breaks. The slope breaks effect the continuity of the

surface. “Continuity is the mathematical property which ensures that it should be possible to
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travel on the surface model from a sample point to its neighbours without any gap, that is, an

elevation can be derived for any point in the terrain surface domain. This type of continuity is
called C° continuity, which is usually acceptable for terrain representation purposes” (Pienovi &
Spagnuolo, 1994, 786). However, a higher degree of continuity, C', may be obtained by requiring
that the derivatives of the approximating function be continuous as well. A TIN isa C°
representation of the terrain surface because it is a piecewise linear interpolation of the elevation
data set. A triangulation is not a class C1 approximation due to the presence of the triangle edges
across which the derivatives are not continuous. Since the derivatives are not continuous, jumps

exist in the curvature function. Therefore, a TIN Model possesses C° continuity due to the edges

of the triangles which represent slope breaks.

2.3 TINs vs. DEMs

The decision of which type of elevation model (i.e. TIN or DEM) to use is based upon what
the user intends to analyze. “Both DEMs and TINs are widely used in geographical information
systems (GIS) and other related fields for the representation of topography and terrain” (Lee,
1991, 267). However, each method has its advantages and disadvantages.

One disadvantage of the DEM is its sampling technique. DEMs are sampled using a regular
square grid. Terrain data are not best represented by a regular grid (Mark, 1979, Lee, 1991, Tsai,
1993, Puppo, et al, 1994). This is due to the fact that the grid cannot always conform to the
surface variation. The sampling technique is nonadaptive (Schroder & Rossbach, 1994). “Itis
desirable to use a representation which is suited to the phenomenon under study and is not
imposed by a sampling regime” (Fowler & Little, 1979, 199). Hence, a model that places more

points in regions of great elevation variation is preferred. In theory, a TIN model is one such
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terrain representation. However, when a TIN is created from a DEM, the sampling strategy is not
truly adaptive. In such cases, the TIN adaptively samples from the DEM’s regular square grid
sample. The adaptive sampling strategy of a TIN creates variable resolution. Variable resolution
is the primary advantage of the TIN model (Fowler & Little, 1979, Tsai, 1993, Kumler, 1994).
As a result of the variable resolution, fewer data points are required to construct a TIN. “The TIN
model can accurately describe more complex surfaces and use less space and time than the grid
cell data model of particular resolutions” (Tsai, 1993, 5S01). “Of particular resolutions” is the key
phrase. For instance, very few points may be needed to accurately describe terrain with flat
topography. In such cases, the advantage is attributable to the variable resolution.

There are other advantages in using a TIN model as opposed to a DEM. To some users
another advantage is the TIN data structure. “Data structures for DTM’s which correspond fairly
well with the phenomenon structure as seen by the surveyor, the photogrammeter, or the
cartographer already exist. Of these, the triangulated irregular network may have the greatest
potential” (Mark, 1979, 35). Cartographers and GIS analysts consider the fact that the TIN can
describe complex surfaces. For example, “the triangulated irregular network (TIN) model has
been widely used in diverse applications in automated mapping, terrain surface modelling and
analysis, and GIS” (Tsai, 1993, 521). Such applications include “the problems associated with
spatial topology, automated contouring, two-and -half dimensional (2.5-D) visualization, surface
drapes with other data, relief/ hill shading, volumetric and cut-fill analysis, surface
characterization and reconstructions, and site visibility analyses on terrain surfaces” (Tsai, 1993,
501). Presently, there seems to be an abundance of work being done on visibility algorithms
using TINs. Researchers involved with visibility algorithms include George Nagy (1994), Leila
DeFloriani and Paola Magillo (1994). This is a very appropriate use of the TIN because line-of-

sight calculations are better represented using vector data rather than raster. Geomorphologists
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may also prefer the TIN data structure because of its “set of irregular, contiguous, non-overlapping
polygons, with boundaries generally having geomorphic significance” (Mark, 1979, 31). Mark
goes on to say that “even if data are obtained in grid form originally, they should probably be
converted to a more ‘natural’ form before data-structuring and eventual storage” (Mark, 1979,

34). Mark believes the TIN data structure is a more natural form than the DEM.

There are disadvantages associated with the TIN model. One disadvantage is that “the
location of every point in a TIN must be specified in the x-, y-, and z-dimensions” (Kumler, 1994,
2). While the DEM only stores the elevation value, the TIN has to store the (x,y) location data as
well. In addition, “the per-point overhead of a TIN model is further increased by storing the
topology of the points - the edges and adjacencies of the triangles” (Kumler, 1994, 3). For
instance, although the number of data points in a TIN may be less than a corresponding DEM,
depending on the variability of the terrain and the desired accuracy of the TIN, the file size of a
TIN may, in fact, be much larger than that of a DEM.

Another disadvantage of the TIN model at the present time is that many GIS packages do not
include the capability of using a TIN model in analyses. A clear advantage of the DEM, is that a
greater number of GIS packages can handle elevation data in the form of raster DEMs than TINs
(Kumler, 1994). This is related to the fact that raster GIS lends itself to “easy” analysis. It is
generally easier to compare map layers cell by cell than polygon by polygon, especially when the

polygons in each layer vary in size and shape.

2.4 Delaunay Triangulation
The Delaunay triangulation is the straight-line dual of the Voronoi, or Thiessen, Polygons.
Voronoi Polygons are formed by inserting perpendicular bisectors between the points in a data set

(Figure 1). The Delaunay triangulation is “constructed by connecting the points whose
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