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Abstract

Triangulated Irregular Networks (TINs), comprised of vertices, edges, and triangles, are
widely used data structures for modeling surface morphology. This article introduces digital
terrain model and analysis based on TINs, including the concept of TINs, their compositional
forms, the methodologies employed in their construction, and TIN-based terrain factor
extractions and applications. The construction of TINs is influenced by various
methodologies, leading to the creation of distinct TIN models. Presently, the TIN based on
Delaunay triangulation (D-TIN) stands as the most widely adopted model. Built upon D-TIN,
a series of terrain derivative calculation methodologies have been proposed, enabling the
extraction of slope, aspect, flow direction, and facilitating terrain classification. These
enhancements further contribute to the scientific characterization of the morphological
features and processes of the Earth's surface topography. Moreover, vectorial calculation
methods have been utilized to compute surface terrain derivatives based on TINs,
effectively leveraging the attribute of TIN's data structure. Finally, the main application of
TIN-based terrain factors has been summarized to provide a beneficial resource for
researchers and practitioners in the field.
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1. Introduction

A triangulated irregular network (TIN) is a commonly used data structure for representing
the surface morphology of objects. Especially in terrain analysis, TINs are widely used for
modeling surfaces and conducting spatial analyses. A TIN model is comprised of a collection
of irregularly shaped triangles that capture Earth’s complex surface. The fundamental
components of TINs are vertices, edges, and triangles (Boldery and Dave, 1990). The
intricate topological structure of TINs emerges from the relationships among its vertices,
edges, and triangles. The data storage format of TIN not only encompasses the attribute
data for each vertex but also their planar coordinates and the connectivity between
triangles and their neighbors.

The generation of a triangulated network based on triangulation criteria is the primary step
in constructing a TIN. Raw data are triangulated to form a TIN model in accordance with
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certain criteria that govern the formation of the geometric shape of a TIN's triangles and
are pivotal in the overall quality of the resulting TIN. There are 6 commonly used
triangulation criteria for constructing different TIN models (Figurel), according to Lee and
Schachter (1980), Lawson (1977), and Watson (1981).
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Figure 1. Triangulation criteria. (a), (b), (c), and (d) are triangulation criteria for TIN
construction; (e)and (f) are triangulation criteria for TIN optimization. Source: authors.

Previous research has theoretically proved that the maximum angle criterion, the empty
circumcircle criterion, and the maximum-minimum angle criterion are equivalent. Delaunay
triangulation, which utilizes the empty circumcircle criterion and the maximum-minimum
angle criterion, is the most prevalent triangulation method and produces the most efficient
TINs. The following contents are grounded in Delaunay triangulation.

2. Delaunay TIN Generation
2.1 Generating TIN models from points

Generating TINs from point data is a common approach (Figure 2). There are three popular
algorithms to achieve this process:

1. The recursive growth method operates based on the principle of initially creating a
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triangle, extending and enlarging it along its three sides, identifying neighboring data
points to form additional triangles, and iterating until a comprehensive triangle
network is formed (Brassel and Reif, 1979).

. The convex hull search method begins by identifying the minimum convex polygon

that encompasses the dataset and subsequently constructs a layered triangular
network outward from this polygon (Tsai, 1993).

The incremental insertion method, which is commonly referred to as the
Bowyer-Watson algorithm (Bowyer, 1981; Watson, 1981), begins by creating an initial
grid from the provided point set. Subsequently, following the Delaunay triangulation
principle, it progressively incorporates points within the grid and restructures to
accommodate all points.
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Figure 2. TIN generation from points. (a) Points data and (b) the TIN model generated from

the points. Source: authors.

2.2 Generating TIN models from contours

Contour lines inherently contain terrain elevation information and can be regarded as
discrete elevation points, facilitating the direct generation of TIN models through
triangulation algorithms. Three algorithms are commonly used to generate triangulated
meshes from contour lines (Figure 3) (Li et al. 2017).

1.

2.

The first algorithm involves directly generating a triangulated mesh from discrete
points along the contour lines.

In the second algorithm, contour lines are regarded as feature lines that serve as
break or structural lines. Each triangle can extract a maximum of two points from the
same contour line.

The third algorithm involves integrating additional features points into the TIN
construction phase and optimizing the TIN structure to eliminate undesirable
triangles.
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Figure 3. TIN generation from contours. (a) Contours data and (b) the TIN model generated
from the contours. Source: authors.

2.3 Generating TIN models from grid-based DEMs

Various algorithms exist for generating triangulated meshes from grid DEMs (Figure 4), and
they are implemented through two major approaches. The important point retention
(Fowler and Little 1979; Molinos et al. 2021) retains useful grid points by comparing their
computed importance by using a specific template. The heuristic discarding method
(Aringhieri et al. 2016; Luders and Dolag 2022) seeks the best fit between a grid DEM and
the transformed TIN while imposing a limit on the number of nodes. It initiates with the
entire grid DEM, iteratively calculates the contribution of each grid point to the generated
TIN, and progressively eliminates less critical points until reaching either the quantity limit
or a specified accuracy level.
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Figure 4. TIN generation from grid-based DEMs.(a) Grid DEM data and (b) the 1:IN model
generated from the DEM. Source: authors.

3. TIN-based Terrain Factors

Terrain factors, such as slope and aspect, can effectively reflect the morphological
characteristics of the terrain surface, model the process of geomorphological development,
and reflect the terrain from different perspectives. According to previous studies, TIN-based
terrain factor extraction and analysis methods can be divided into scalar-based and vector-
based. This section will introduce these methods in detail.
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3.1 TIN-based terrain factor calculations via scalar operations

Slope and aspect are the most commonly used and important terrain factors in
geomorphometry (Xiong et al. 2022). They are normally calculated from planar triangles in
accordance with geometric principles. At least three vertices are required to determine a

planar triangle according to equation 1, with bo, b1, and by as coefficients and derived by
solving a system of equations.

Z=f(x,¥)=by+ byx+byy (1

Slope and aspect can be directly obtained from a TIN and respectively calculated using the
following formulas:

Slope = arctan b, 2+ b," (2)

b, by
Aspect = 180 — arctan— + 90 + —

3
b, ™ (3)

Hydrologic factors

Hydrologic analysis is significant in surface simulation and contains various derivatives. As
a fundamental factor, flow direction is typically calculated using a maximum descent
strategy based on TIN facets and vertices. The specific steps are as follows.

1. As shown Figure 5, the maximum gradient path across the triangle from point a to the
initial triangle edge is calculated. Then, the negative gradient of the function is calculated
and the direction of maximum descent is determined.

of . of .
—'E"f—ﬂxi+a}rj (4)

2. The direction of the maximum slope descent path and the line defined by the starting
point of flow are projected. Then, an intersection with any edge is located to find the
endpoint (point b) of the first segment of the maximum slope descent path.

3. Once the points on the edges of the triangular surfaces are determined, the gradients of
the adjacent triangular surfaces are assessed.
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Figure 5. Flow directions in TINs. Source: authors.

4. After reaching a vertex, iterations are performed to test the surrounding triangular

surfaces and edges to find the next flow path.

5. The maximum slope path continues in this manner until the outer boundary of the
triangular terrain area is reached or a crater is encountered.

Hillshade calculation

Other terrain factors, such as hillshade, can also be calculated for surface visualizations.
This method calculating shadow brightness depends on the appearance and slope of the
surface elements. The specific calculation steps are as follows:

1. The slope p, q, in the x direction (east-west) and the y direction (north-south) is

calculated.
_ dz
P=dx
_ dz

(3)

(6)

2. Hillshade can be expressed through the following equation:

11 (@' +a)
R(p.q)=5+5 NG ETD) (7)
P PoP + qoq ®)
V(s +q5)
1
Po=—F= (9)
V2
1
Go=——F= (10)
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where p' is the slope in the opposite direction of the lighting source. The default lighting
source is set to 45° northwest, which, although not realistic for the Northern Hemisphere,
provides the best shadow in 3D space. Parameter a is the gray level of the horizontal
surface, and b can be used for the gray level that changes with slope.

Terrain Classification

TIN models offer enhanced flexibility in adjusting the density and distribution of points,
allowing for an accurate representation of terrain features using less data volume
compared with grid DEMs. This characteristic minimizes data redundancy in flat areas,
enhancing its ability in describing complex terrains. Figure 6 illustrates the outcomes of
slope unit classification based on TINs. Results suggest that the TIN model-based approach
effectively diminishes the influence of inconsequential gullies, ensuring a harmonious
alignment between the granularity of terrain depiction and the structural scale of the
terrain.
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the multi-scale analysis windows of the DEM; figures (d) and (e) display the classification
results based on the TIN. Source: authors.

3.2 TIN-based terrain analysis via vector operations

TINs can be regarded as a combination of points and edges with their vector attribute. The
calculation of terrain factors relies on the original TIN vertices to provide new insights for
terrain factor calculation (Hu et al. 2022). Therefore, some studies propose the vector-
based method to calculate topographic derivatives based on TINs. The calculation of slope
and aspect through the vector perspective includes the following steps.

;
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(1) The normal vector at each vertex is computed. As shown in Figure 7, a vertex Q in TIN
and the corresponding vertices VO, V1, and V2 on three adjacent surfaces exactly
constitute a tetrahedron Q-V0-V1-V2. As an external sphere of a tetrahedron, the center of
the sphere is set as C. Then, C and any two adjacent points of the tetrahedron can form an

isosceles triangle, and GG is the normal vector at point Q.
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Figure 7. Diagram of normal vector calculations. Source: authors.

(2) The normal vector of TIN vertices is calculated. IF Q(0, 0, 0), vO ('['T“' Yo, 3“), V1 (

(1,91, 31}, V2 ({332' yz.zz}’ and C (x, y, z) are defined in this coordinate system, then
we can calculate a vertex and obtain

> T 7 50
QW = '[-’1’[1.1![]13[]}.(2"1 - {Tluyl.a?l}.Q‘f:g = [ﬂ?g.yg,zg},ﬂnd(;) =z, 3}
The following formula can be obtained in accordance with mathematical induction:

Qi x Q¥ N Nising

Ly TQVIFIQV,sa P £aTQVIQV0rl a

A -t} , .
where N; is the normal vector of the @ face, i.e. the cross product of the two side

vectors. @i is the angle between the two sides. Therefore, the normal vector of the vertex
can be calculated by weighting the normal vector of the surrounding surface. The formula
can be converted into the following form:

-'-"'_I
.. UCGIS GIS&T Body of Knowledge | www.ucgis.org Page 8 of 11


https://www.ucgis.org

[AM-04-072] TIN-based Models and Terrain Metrics

n TE

N; sin a; ZNJ-IQHIIQV}HIsin a;

&t |QVi1QVisa | B & |QViEIQVisI?
1 (12)
_ NiSqvivea,
S [QVilP 1@V I?

where SQH‘ Vi+1 js the area of the triangular surface, which can be calculated using
Helen’s formula (Kendig, 2000).

(3) Finally, in accordance with the calculation formulas for slope and aspect, slope is
calculated as follows:

¥ 180
Slope = arctan m X — (13)
g — 90—t t =90
Aspect = LI-SU—t t > 90 (14)

N(Na,N,, N

where 3) is the normal vector, and t is the angle between the projection of
the normal vector on the XOY plane and the X-axis.

The results of slope and aspect obtained using the TIN vertex-based method and partially
enlarged drawings are presented in Figure 8.
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Figure 8. Topographic derivatives and classification results. (a) and (c) are slope and
aspect calculated based on TIN vertex-based method, (b) and (d) are zoomed-in sections.
Source: authors.
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