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Triangulated Irregular Networks (TIN) efficiently define terrain models from which drainage networks
and watersheds can be extracted with important applications in hydrology. In this work, the TIN model is
represented by a constrained Delaunay triangulation obtained from contour lines and sampled points.
Paths of steepest descent calculated from the TIN are connected by processing the triangles according to
an associated priority, then forming a drainage graph structure proposed to generate drainage networks
from accumulated flows. Major problems such as flat areas and pits that create inconsistencies in the
terrain model and discontinuities in flows are removed with procedures that interpolate the elevation
values of particular points on the TIN. Drainage networks are defined by arbitrary threshold values, and
their associated watersheds and subwatersheds are then delineated. TIN results are qualitatively and
quantitatively compared to an available reference drainage network, and also to regular grid results
generated with the TerraHidro system. The drainage networks automatically obtained from the drainage
graph highly agree to the main courses of water on the terrain, indicating that the TIN is an attractive

alternative terrain model for hydrological purposes, and that the proposed drainage graph can be used
for the automatic extraction of drainage networks that are consistent with real-world hydrological

patterns.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Terrain surfaces are generally represented by Digital Elevation
Models (DEM) with relevant and useful applications in many areas
of natural sciences. More specifically, hydrology applications
commonly use terrain models to automate the generation of flow
directions, drainage networks and watersheds that are essential
elements in the understanding of hydrological processes. Usually,
DEMs involve some distinct schemes: a rectangular grid of points;
a set of points scattered over the surface and connected as a tri-
angulation; or contour lines, normally presented in topographic
maps (Jones et al., 1990).

The most simple and used DEM is the regular grid (Fowler and
Little, 1979; Petrie and Kennie, 1987) that is widely available from
many sources, such as the Shuttle Radar Topography Mission
(SRTM) provided by the CGIAR-CSI (Jarvis et al., 2008) and the
Global Land Survey Digital Elevation Model (GLSDEM) from the
USGS (USGS, 2008). In a regular grid, elevation values are assigned
to points or cells uniformly distributed over space as a two-di-
mensional matrix, thus depending on the grid resolution it may be
well adjusted in regions with high variation in the elevation values
although spatially redundant in regions where the elevation var-
iation is low or non-existent.

Despite the extensive use of regular grids, terrain surfaces are not
regular structures in nature, so their representation is not required to
be regular. Besides the main advantage of a simple 2D structure,
some drawbacks of regular grids as terrain models are: (a) if terrain
surface points are obtained from land-surveying techniques, then
each grid cell is assigned an interpolated elevation value, and much
of the information from the original elevation data is lost in the in-
terpolation process (Jones et al., 1990); (b) the storage of highly re-
dundant data in regions of smooth terrain (Fowler and Little, 1979),
thus presenting flat areas and making the extraction of drainage
paths relatively difficult for any method, especially the ones based on
local operations (O'Callaghan and Mark, 1984); (c) flow directions
restricted to only eight different possibilities as defined from the D8
algorithm (Jenson and Domingue, 1988; O'Callaghan and Mark, 1984)
that might generate unnatural drainage patterns; (d) higher com-
putational and storage costs for more detailed spatial information in
hydrological modeling, significantly limiting efficient distributed
model calibration and real-time execution, so that large-scale appli-
cations usually produce average results with coarse model resolu-
tions, implying in the distortion of the simulated hydrological dy-
namics (Ivanov et al., 2004). The extraction of drainage networks and
watersheds from regular grids is extensively considered in several
works (Abreu et al, 2012; Fowler and Little, 1979; Jenson and
Domingue, 1988; O'Callaghan and Mark, 1984) with a wide range of
applications in water resources.

Another type of DEM is the Triangulated Irregular Network
(TIN) (Berg et al., 2008; Jones et al., 1990; Petrie and Kennie, 1987)
that defines an efficient and flexible terrain model with multiple
resolutions offered by the irregular domain (Ivanov et al., 2004). In
a TIN, the density of information can vary from region to region, so
more points are included where there is more variation in eleva-
tion whereas fewer points are necessary in regions of less varia-
tion, thus reducing computational and storage costs, and avoiding
data redundancy. The terrain surface is modeled by several trian-
gles generated from a set of points distributed over space ac-
cording to some selected criteria, each point defined by a triple (x,
y, z) with x and y being the coordinates on the horizontal plane,
and z being the elevation. These points ideally constitute the main
characteristics and features of the terrain, so that a TIN efficiently
adapts to its irregularities and provides a more accurate re-
presentation of the original data (Jones et al., 1990) because the
elevation of each point is not modified, and the triangles define
linear planes where new points can be interpolated.

Moreover, if a TIN contains as many triangles as cells in a
regular grid for some region, sampling and selection of very im-
portant points (VIP) from the grid allows the generation of a TIN
terrain model without loss in detail of the spatial information of
the topography, and with substantial savings in storage. The in-
creasing availability of terrain models as regular grids make it
desirable to devise methods for the selection of particular points
from the grid that characterize surface-specific features such as
ridges, hills, peaks, saddles, channels, valleys, and pits in order to
be further triangulated.

Different approaches for VIP selection are: (a) local operations
on each point, subtracting the point elevation from the elevation
of its neighbors in either clockwise or counterclockwise sequences
around the point, then classifying it as a particular surface feature
from the pattern of positive and negative differences (Peucker and
Douglas, 1975); (b) geometric operators of image processing for
edges extraction to identify possible ridges or channels, both
subsequently simplified by keeping only significant points, and
iteratively refined with successive triangulations (Fowler and Lit-
tle, 1979); (c) use of high-pass filters to calculate a significant
degree of a point, change it according to its distance to the line
formed by two neighboring points in four cases, and then compare
to a histogram of significance distribution (Chen and Guevara,
1987).

Many distinct triangulations can be calculated from the same
set of points, although it is necessary to obtain a triangulation that
results in a good approximation for terrain modeling, given by the
Delaunay triangulation (Berg et al., 2008; Bowyer, 1981; Cignoni
et al., 1998; Fortune, 1987; Guibas et al., 1992; Jones et al., 1990;
O'Rourke, 1998; Tsai, 1993; Watson, 1981) because it avoids the
generation of skinny triangles. In this work, the points to be tri-
angulated define contour lines and sampled points extracted from
contour maps, and the Delaunay triangulation calculated from this
set of points is likely to produce edges that cross the contour lines
resulting in spurious terrain features, so intersections are removed
with a further procedure that modifies edges of the triangulation
considering each contour line as a restriction line that cannot be
crossed, thus defining a constrained Delaunay triangulation (Zhu
and Yan, 2010) that maintains the main characteristics and fea-
tures of the terrain surface.

Additionally, major problems that also occur in terrain models
are the existence of flat areas and pits. In a TIN, flat areas are
formed by triangles with the three points or vertices of same
elevation whereas pits are points where no neighboring point
connected by a triangle edge is lower. These problems hinder the
definition of flow directions, creating hydrological inconsistencies
in the terrain model to be avoided. For this reason, flat areas are
removed by an improved procedure modified from a previous
work (Barbalic et al., 1999) that inserts new points into the tri-
angulation with interpolated elevation values after defining paths
of flat triangles (Freitas et al., 2013; Freitas, 2014). Similarly, the
procedure for pit removal defines paths of points that start from
the pit, and traverses triangles edges until reaching a lower point
(Silveira and van Oostrum, 2007; Silveira, 2009), then the eleva-
tion of each point is re-interpolated.

The generation of more exact and sophisticated terrain models
brings many possibilities of being used in computational systems
known as GIS (Geographic Information System). Furthermore, hy-
drology-specific functionalities can be added in a GIS for the auto-
matic extraction of flow directions, drainage networks and water-
sheds, although most GIS applications have limited capabilities in
modeling flows on a TIN, so that this type of functionality is less
developed for TINs than for regular grids. In general, TIN datasets
used for terrain modeling raise challenges in the development of
efficient algorithms to extract useful results because it usually in-
volves complex tasks of computational geometry.
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This work presents a new algorithm for the extraction of
drainage networks from a TIN based on the gradient method
(Jones et al., 1990) with flow directions defined by the gradient
vectors of the triangles. The new algorithm traces drainage paths
that strictly follow paths of steepest descent from the triangles
ordered with the centroid's elevation as an associated priority, and
then connects the paths to generate a drainage graph structure
(Freitas, 2014). The proposed drainage graph is the main con-
tribution of this work, and it allows to derive drainage networks
and watersheds from accumulated flows.

2. TIN correction
2.1. Flat areas

Flat areas on terrain surfaces usually occur in regions of low
slope such as landscapes of flood plains and prairies in contrast to
regions with more significant changes in elevation that present
higher slopes. Surfaces of lakes, sloughs or other water bodies may
also characterize flat areas. Although these flat regions do not
commonly have overland flows, the presence of flat areas in ter-
rain models is considered an inconsistency because flow directions
are not defined, so it prevents continuity of flows, and turns out to
be a major problem in hydrological computations. For this reason,
this work performs procedures to automatically remove flat areas
in order to ensure that drainage paths are fully connected.

More specifically, flat areas on TINs occur at triangles with
three vertices of same elevation, and since this work uses contour
lines as input data, the resulting triangulation is likely to contain
flat triangles because all the points of a contour line have the same
elevation. In this work, flat areas are removed with the insertion of
new points into the TIN, where each new point has an interpolated
elevation. These points are considered as critical points placed at
the middle of critical edges (Fig. 1) identified by two cases: (a) an
edge connecting non-consecutive points on the same contour line;
(b) an edge connecting points of different contour lines but of
same elevation (Eastman, 2001).

After determining the critical edges, all the triangles with only
one critical edge are selected, namely corner triangles, to be used
as initial triangles for the definition of a path with the critical
points where elevation values are interpolated (Barbalic et al.,
1999). The path of triangles is defined by a depth-first search
starting at a corner triangle, then traversing through adjacent
triangles that share common critical edges, so that each unvisited
triangle determines a new critical point for interpolation (Fig. 2).

(a)
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Fig. 2. Paths of triangles in flat areas are initiated at corner triangles defining
critical points for interpolation between initial and final points.

The point that connects the two non-critical edges of the cor-
ner triangle is considered as the first point of the path, and the
search terminates when another corner triangle with a point of
different elevation is reached, considered then as the final point.
Finally, the elevations of the critical points are linearly interpolated
between the elevations of the initial and final points.

The linear interpolation of elevation values considers the lengths
of the segments in a path as the distance from each critical point to
the initial point (Eq. (1)) that results in a weight factor to interpolate
the elevation of each critical point cp,, (Eq. (2)) (Freitas et al., 2013).
The value length, represents the distance between the critical points
indexed by k and k — 1, where the points cpg and cp,, are the initial
and final points, respectively, in a path with n + 1 points. The value
dist,, is the distance from the critical point cp,, to the initial point and
dist,, is the distance between the initial and final points:

m
distn = Y length,
k=1 )]

_ disty
dist,

Pm (Cpn = CPo) + Py

2

Branches found when traversing triangles with three critical
edges are also processed after the assignment of interpolated

critical edges

500 m 600 m 600 m 500 m
(b)

Fig. 1. Triangles (dashed lines) from contour lines (solid lines) with critical edges (red) (adapted from Eastman, 2001). (For interpretation of the references to color in this

figure caption, the reader is referred to the web version of this paper.)



H.R.d.A. Freitas et al. /| Computers & Geosciences 92 (2016) 21-37

24
-45.7370° -45.7365° -45.7360°
-23.228°—f 1 23.228°
-23.229°— —-23.229°
contour lines
triangles
flat triangles
corner triangles
“initial/final points|
> critical points
/ critical paths
\‘\ / _Airst path
_— X R\ “lbranching paths
10m \ W -
px Y4 Z
-23.230° T T 23.230°
-45.7370° -45.7365° -45.7360°

-45.7308°

-23.2130°

-45i7305°

-45.7303°
23.2130°

-23.2137°

|—-23.2137°

" contour lines
triangles
flat triangles
corner triangles
initialffinal points
3 critical points
critical paths
Alupward direction

Ohilltop point
A
-23.2144° T 23.2144°
-45.7308° -45.7305° -45.7303°

Fig. 3. Path with critical points to be first interpolated (black arrow) and branching
paths with critical points to be interpolated next (purple arrows). (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

elevations to each critical point of the first path. The search then
repeats beginning at each branching triangle, although the initial
points are chosen from the critical points of the branching trian-
gles where elevations are already interpolated (Freitas et al., 2013).
This procedure is performed until all the critical points are as-
signed interpolated elevations, and then inserted into the trian-
gulation. Fig. 3 depicts branching paths of flat triangles defined in
a flat area.

However, there are cases where the initial and final points in
any path have the same elevation, and the interpolation of the
critical points is not possible to be performed. These cases are:
(a) the paths of triangles are inside a closed contour line that
defines only flat triangles in its interior; (b) a path of triangles
where the initial and final points have the same elevation, al-
though of different elevation relative to the flat area elevation. The
procedure described so far does not consider these cases, so a
proposed simple solution defines an improvement that works in
both cases.

In Fig. 4, the closed flat area is surrounded by a lower contour
line, so one of the critical points is assigned an elevation higher
than the flat area resulting in a hilltop, then defining the final
point for interpolation. More precisely, the critical point located in
the middle of the first path (red circle) is assigned the flat area
elevation incremented by the elevation variation between contour
lines.

Fig. 5 illustrates the case where the neighboring contour lines
of each flat triangle are lower but the corner triangles have points
of higher elevations relative to the flat area elevation. Similarly, the
half-way critical point of the first path (red circle) is assigned a
new elevation, although in this case calculated as the mean value
between the elevation of the flat area and the elevation of either
the initial or the final point, then resulting in a saddle point.

In order to outline the description of how the algorithm re-
moves flat areas, a simplified pseudo-code including the functions
that define paths of triangles with critical points where elevations
are interpolated is appended at the end of the document.

Fig. 4. Interpolation of critical points defines a hilltop. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this

paper.)
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Fig. 5. Mean value between contour lines is assigned to a particular critical point.
(For interpretation of the references to color in this figure, the reader is referred to
the web version of this paper.)

2.2. Pits

Pits are generally considered as inaccurate data on DEMs be-
cause most of the depressions in terrains are likely to be spurious
features (Silveira and van Oostrum, 2007), although water bodies
on the surface may also characterize pits. Moreover, hydrological
applications that use terrain models are often affected by the
presence of pits because flows passing through these points do not
follow any direction, thus hindering flow routing and determining
discontinuities to be avoided. In a TIN, pits occur at points where
no neighboring point connected by a triangle edge has lower
elevation.
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Fig. 6. Connection of drainage paths - (a) First drainage path (purple) starts at a higher triangle centroid. (b) Subsequent paths are connected to the first path (orange).
(c) New paths are connected to previous paths. (d) Paths from lower centroids are connected to the existing paths. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)

Different schemes were devised for pit removal from TINs. A lifting elevation point is reached. This procedure is also known as flooding
approach (Silveira and van Oostrum, 2007; Silveira, 2009) works by technique with the drawback that all the points that form the pit define
lifting the pit elevation to the lowest elevation of its neighboring points, a flat area, so it introduces another inconsistency into the terrain model.
then including the lowest neighbor as part of a new pit consisting of Another distinct approach removes pits by lowering the ele-
more than one point, and this lifting process is repeated until a lower vation of points that form paths between the pit and points of
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lower elevation, where each path has associated a cost or sig-
nificance value to be minimized in order to reduce the changes in
the terrain model (Silveira and van Oostrum, 2007; Silveira, 2009).
This technique is similar to a common solution used for removing
pits from regular grids known as carving process (Soille et al.,
2003).

In this work, the procedure developed for pit removal is based
on the lowering approach, but considering paths without costs.
The paths of points include either only critical points (the points
used for removing flat areas), if the pit is a critical point, or both
critical and contour line points, if the pit is a contour line point, in
order to minimize the changes in the elevation of the original
points (Freitas, 2014). The elevation of each point included in a
path is linearly interpolated between the initial and final points, as
performed for flat areas.

3. Extraction of drainage networks and watersheds
3.1. Hydrological modeling

To a large extent, the main use of drainage networks and wa-
tersheds is commonly related to hydrological models developed to
address several problems in water resources management.

For instance, the DHSVM (Distributed Hydrology Soil Vegeta-
tion Model) (Wigmosta et al., 2002) has been used to study in-
teractions between climate and hydrology, potential impacts of
climate change on water resources, forest management activities
on watershed processes, and runoff estimation with transport of
water, sediments, chemicals, and nutrients. Similarly, the MGB-IPH
distributed hydrological model (Collischonn et al., 2007) focuses
on the rainfall-runoff analysis in large-scale basins.

The CHILD (Channel-Hillslope Integrated Landscape Develop-
ment) model (Tucker et al., 2001a,b) simulates the evolution of a
topographic surface and its subjacent stratigraphy under a set of
driving erosion and sedimentation processes with initial and
boundary conditions for investigating problems in catchment
geomorphology. The TIN-based Real-Time Integrated Basin Simu-
lator (tRIBS) (Vivoni et al., 2004) is a physically-based and dis-
tributed hydrological model that emphasizes the dynamic re-
lationship between a partially saturated vadose zone and the land
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(a)

surface response to the continuous storm and interstorm cycle due
to groundwater flow and evapotranspiration demand.

The first two models consider the spatial information in a
regular grid, the third one works on either a regular grid or a TIN,
and the last one on TINs.

3.2. Flow directions

Several techniques were developed for the extraction of hy-
drological results directly from TINs. One approach determines
how water is routed on the TIN surface by considering two dif-
ferent conditions between triangles, namely In-In-Out and In-Out-
Out cases (Silfer et al., 1987), depending on how flows enter and
exit each triangle side according to the directions given by the
vectors normal to the triangles. However, as the flows are defined
from only two particular cases, this determines a restriction that
hinders the generation of more natural water-flow patterns.

A method described by Jones et al. (1990) presents many im-
portant concepts with the flow directions given by the gradient
vectors calculated from the plane of each triangle in order to de-
fine paths of steepest descent. This method includes the funda-
mental techniques used in this work as the basis for the generation
of drainage paths, so that the main details of its formulation and
procedures are presented in the next subsection.

Slingsby (2003) proposes a method for drainage extraction
from a TIN where the edges of the triangulation are changed, thus
relaxing the Delaunay criterion in order to make the flows fully
connected. Overland flows indicate which edges must be changed
to provide a continuous drainage network, although these over-
land flows are not part of it. The resulting drainage paths include
many parallel flows, therefore the paths are not hydrologically
consistent.

Another approach by Tsirogiannis (2011) defines trickle paths
traced in a sequence of edges and vertices, called an EV-sequence,
considered as a set of terrain features determined from the paths
of steepest descent (Jones et al., 1990). Flows are not restricted to
specific directions or limited only to follow through triangles
edges, but it is not specified how drainage networks can be de-
rived from the trickle paths.

A more recent work by Guodong et al. (2014) presents a
method for the extraction of drainage networks and watersheds
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Fig. 7. Different cases of contributing areas from triangles (orange arrows) - (a) Contributing areas from triangles T1, T2, T3 and T4 crossed by flow segments (overland
flows). (b) Contributing areas from triangles T7 and T8 adjacent by channel edges (channel flows). (For interpretation of the references to color in this figure caption, the

reader is referred to the web version of this paper.)
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Fig. 8. Drainage networks generated from different threshold values T - (a) T=1000, (b) T=2000, (c¢) T=4000, and (d) T=8000.

from accumulated flows on the TIN. The method also defines flow
directions from the gradient vectors, although it considers the
flows only through triangles edges, either along channel edges or
edges chosen from a particular condition that verifies the differ-
ence between two contributing areas in a triangle that are sepa-
rated by the gradient vector. This approach constitutes a simplified
model that changes flow directions, and thus inserts a restriction
in the sequence of flows.

Despite the similarities of the aforementioned methods, no
description is given on the use of drainage paths that strictly fol-
low paths of steepest descent on the TIN for the generation of
drainage networks from accumulated flows. This work describes
how gradient vectors of triangles can form a proposed drainage
graph structure that allows the calculation of accumulated flows
for the extraction of drainage networks from arbitrary threshold
values with the subsequent delineation of watersheds.

3.3. Drainage paths

TIN terrain models are continuous piecewise linear functions
obtained from a set of points that represents the terrain surface.
Usually, the flow of water in a terrain model is a purely geome-
trical problem that does not consider aspects such as soil type and
land cover (Tsirogiannis, 2011). However, this exclusively geome-
trical representation defines good-quality approximations of ter-
rain surfaces and their associated drainage patterns.

As previously mentioned, this work considers drainage paths
based on the flow directions given by gradient vectors calculated
from the TIN (Jones et al., 1990). Each triangle with vertices
vi= X, Yy, 21), Vo= (X3, ¥y, 22) and vz = (x3, 5, z3) defines a linear
plane (Eq. (3)) with coefficients A, B, C and D determined from the
coordinates of each point (Egs. (4)—~(7)).

Ax+By+Cz+D=0 3)
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From Eq. (3), writing the elevation z as a function of the co-
ordinates x and y (Eq. (8)), and then calculating the negative gra-
dient of this function (Eq. (9)), the direction of steepest descent is
given by the vector components g and g that represent the x and y
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variations in the flow direction to be followed from a point in a
triangle, respectively:
D

z=fxy = —(%x+%y+6)

®)
B~
c )

The drainage paths are traced from the gradient vectors of the
triangles by following either from a vertex or from an intersection
with an edge (Jones et al., 1990). In this work, drainage paths start at
the centroid of the triangles ordered from highest to lowest with
elevations considered as priority values associated to each triangle
(Freitas et al., 2013). Moreover, when a drainage path reaches a tri-
angle where another path is already defined, then the current path is
just connected to the existing path at the outflow of the triangle.

Steps of this procedure are illustrated in Fig. 6 that includes tri-
angles centroids (red), and intersections between triangles edges and
drainage paths (cyan). The first drainage path is traced from a higher
centroid, then other drainage paths are traced from lower centroids
in subsequent steps, and connected to the outflows previously de-
fined. At the end, this procedure generates a drainage structure that
represents the flow directions on the TIN (Freitas, 2014).

It is noteworthy that drainage paths strictly following paths of
steepest descent on the TIN, either across the triangles or along
the edges, define better approximations of the water flows in
contrast to simplified models that only consider flows along the
edges, thus restricted to just part of the TIN surface, and affecting
the quality of the flows (Tsirogiannis, 2011).

A>
_Vf=2=
'f C1+

3.4. Drainage graph

The drainage structure obtained from the drainage paths is
referred to as drainage graph (Freitas, 2014), which allows the
calculation of accumulated flows for the generation of drainage
networks by threshold values. The drainage graph comprises
nodes and edges defined from the drainage paths with nodes re-
presented by triangles centroids, intersections between gradient
vectors and triangles edges, and also vertices of channel edges,
whereas edges by flow segments across the triangles (overland
flows) and along the edges (channel flows).
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Relevant properties of the drainage graph for the calculation of
accumulated flows are: (a) it defines a tree structure as a directed
acyclic graph, not presenting cycles between the nodes; (b) flow
directions are unique for any node, by the standard flow model in
digital terrain analysis (Tsirogiannis, 2011).

Each flow segment between two nodes defines a flow direction
that promptly indicates the source (upstream) and destination
(downstream) of the water flow accumulated from node to node
added with the contributing areas of the triangles in two different
cases: (a) the area of the triangle crossed by a flow segment
(yellow arrows in Fig. 7(a)); (b) the sum of the areas of two tri-
angles adjacent by a channel edge that contains a flow segment
(purple arrows in Fig. 7(b)). Additionally, even though a node N
may present upstream nodes with different flow segments cross-
ing the same triangle, the contributing area of the triangle is ac-
cumulated only once in the node N.

It is important to mention that if the downstream node of a
flow segment is located along a channel edge, and the upstream
node is located at another edge (overland flow), then the con-
tributing area accumulated from the downstream node to the
lowest vertex of the channel edge is equal to zero, in order to avoid
the contributing areas to be accumulated twice from node to node
in a sequence of flows along channel edges. This particular case is
depicted in Fig. 7(b) where the contributing areas accumulated
from node N14 to N18, and from node N31 to N34 are zero, i.e., the
accumulated flows from the nodes N14 and N31 are not added
with any contributing areas.

Fundamentally, the accumulated flows are calculated from a
topological sort (Cormen et al., 2001) of the nodes by starting at all
the nodes of in-degree zero, i.e., nodes without upstream nodes.
Whenever all the upstream nodes of a node p are already pro-
cessed, then the flow of p is accumulated in its downstream node
added with the contributing areas defined by its flow segment, so
that this procedure continues until all the nodes are processed.

3.5. Drainage networks and watersheds

Drainage networks are key components in hydrological models
and in resource management plans (O'Callaghan and Mark, 1984)
providing significant information on water resources, possible
flood areas, erosion, and other natural processes (Agarwal et al.,
1996). In essence, drainage networks represent the main courses
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Fig. 11. Drainage networks — (a) Reference drainage network. (b) TIN drainage network.
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Fig. 12. Overlap between the reference (red) and the TIN (blue) drainage networks with collocated points (green). (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this paper.)

of water on a terrain surface, and can be used for the delineation of
watersheds that play an important role in hydrological studies
with a wide variety of applications (Zhang et al., 1990).

In this work, drainage networks are generated from the drai-
nage graph by including all the flow segments that contain nodes
with accumulated flows equal to or greater than a given threshold.
An example of drainage networks generated from different
threshold values is illustrated in Fig. 8, indicating that the lower
the threshold value, the higher the number of flow segments in-
cluded in the drainage network.

As important as drainage networks, watersheds form natural
units in hydrology because the amount of water that flows out of a
watershed can be measured and used in hydrological computa-
tions. More precisely, a watershed is defined as the region that
contributes water to a particular point on the terrain surface,
considered the watershed's outlet point.

In a TIN, a watershed is delineated from any initial point lo-
cated on the drainage network by recursively following the flow
segments connected to each upstream node reachable from the
initial point along the drainage paths, then including all the tri-
angles traversed in the process as part of the watershed. Since this
work considers flow segments strictly following paths of steepest
descent, the watershed delineation in this case represents a more
realistic approximation (Guercio and Soccodato, 1996; Tsir-
ogiannis, 2011; Yu et al., 1996) in contrast to one that only con-
siders channel edges (Jones et al., 1990).

Fig. 9 exhibits all the flow segments (light blue) of a given re-
gion that contribute to the flows accumulated in the nodes of a
drainage network (dark blue) defined from an arbitrary threshold
value of 8000 m?. Fig. 9(a) includes the triangles crossed by the
flow segments that delineate the watershed illustrated in Fig. 9
(b) from the initial point at the left (cyan).

Besides the delineation of a single watershed, it is also possible
to subdivide a given watershed into several subwatersheds, where
this subdivision depends on the drainage segments present in the
drainage network. The points where the drainage network pre-
sents branches define different drainage segments, and each
drainage segment is associated to a particular subwatershed.

4. Results
The input dataset used in this work for the generation of the

TIN is composed of 202,137 points that define contour lines in
intervals of 5 m and sampled points irregularly distributed over a

geographic region of 753.6 km? ranging from —45.813° to
—45.712¢° in longitude, and from —23.253° to —23.122° in lati-
tude, in S3o José dos Campos (Brazil). All the points are located at
an average distance of 17.03 m between each other. Fig. 10
(a) exhibits the area of study with a RapidEye image of 5 m re-
solution from 2011 (BlackBridge, 2008).

The hydrological results obtained from the TIN are qualitatively and
quantitatively compared to a reference drainage network (blue lines in
Fig. 10(a)) manually produced by specialists from an analysis of con-
tour maps and available in the ‘Living City’ database (Cidade, 2003).

The reference drainage network presents an average accuracy
of 9.29 m calculated from 1800 points in the high-resolution im-
age that represent the first 90% of 2000 control points (red dots in
Fig. 10(a)) arranged in a non-decreasing sequence according to the
distance between two corresponding points that are located on
the reference drainage network and on the water courses present
in the high-resolution image. Figs. 10(b) and (c) show the regions
depicted by the upper and lower rectangles in Fig. 10(a), respec-
tively, illustrating control points, drainage points, and also collo-
cated points where the location of the first two is the same.

Fig. 11 exhibits the reference and the TIN drainage networks for
an extent of the area of study. The main courses of water are
present in both drainage networks, indicating that high-quality
and real-world consistent drainage networks can be automatically
generated from TIN terrain models. In this example, the TIN
drainage network was generated from a threshold of 40,000 m2.

Differences in the number and length of the drainage segments
are expected because the reference drainage network is a result
from a subjective analysis of contour maps whereas the TIN drai-
nage network is generated from a fixed threshold value. Therefore
it is unlikely that all the courses of water in each drainage network
can match exactly.

The red rectangles in Fig. 11 highlight some of the differences,
where the region indicated below presents a higher number of
drainage segments in the reference drainage network when com-
pared to the TIN drainage network, whereas the opposite occurs in
the region highlighted above. These regions are illustrated with
more details in Figs. 12(a) and (b) for the upper and lower rec-
tangles, respectively, showing the reference and the TIN drainage
networks overlapped together with collocated points, visually in-
dicating the main similarities and differences between the drainage
segments of each drainage network.

In order to quantify the differences between the reference and
the TIN drainage networks, Table 1 presents values of the length of
the drainage segments (Agrawal et al., 2006; McCoy, 1970) as well



Table 1

Measures from drainage segments of the reference and the TIN drainage networks for different threshold values.
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as the area and the average distance between corresponding
drainage segments (Collischonn et al., 2010), the latter calculated
as the area divided by twice the length of the TIN drainage seg-
ment, thus representing an average distance in both directions
from the segment. The values in Table 1 are related to Figs. 13
(a) and (b) with drainage networks generated from threshold va-
lues of 28,000 m? and 12,000 m?, respectively.

The results in Table 1 indicate that for the region illustrated in
Fig. 13, the drainage networks derived from the TIN present small
differences with relation to the reference drainage network. In the
first case, the TIN drainage network generated from a threshold of
28,000 m? has as minimum and maximum absolute length dif-
ferences the values 0.9 m and 64.4 m with the average around
24.7 m. The minimum and maximum average distances between
drainage segments are 0.4 m and 3.7 m around 2.3 m when con-
sidering the distances of all the segments.

In the second case, the TIN drainage network generated from a
threshold of 12,000 m? presents absolute length differences ran-
ging from 0.1 m to 79.5 m with the average around 24.3 m, and the
average distances range from 0.4 m to 3.8 m around 2.1 m. These
results exemplify how different threshold values produce drainage
networks from the TIN with segments that may represent few or
many of the real drainage patterns of the terrain without sig-
nificant deviation and loss of quality.

The TIN results are also compared to drainage networks, wa-
tersheds and subwatersheds obtained from a regular grid pro-
cessed with the TerraHidro software (TerraHidro, 2008) that is
developed at the Image Processing Division (DPI) of the National
Institute for Space Research (INPE).

The TerraHidro software is a distributed hydrological modeling
system that ensures a better drainage extraction regarding the
topographical aspects (Abreu et al., 2012; Rosim et al., 2013). The
software removes flat areas with a carving process that creates a
downward path from the border of the flat area until reaching the
center, thus avoiding the generation of parallel drainage lines. It
also removes pits by linearly re-interpolating the elevation values
of specific points selected after performing a Priority-First Search
(PFS) algorithm (Jones, 2002), in order to find a path of grid points
between the pit and a nearby point of lower elevation by con-
sidering for each visited point the elevation difference as a priority
value, so that the points are stored in a priority queue, and the
point of smallest difference is selected.

In this work, the regular grid processed with the TerraHidro
software was interpolated in 5 m cell resolution from the same
input dataset used for the TIN with a weighted mean by quadrant
and elevation method available in the Spring software (Camara
et al., 1996). Regarding the comparison between the TIN and the
regular grid results, Fig. 14 illustrates a region with part of the
drainage networks obtained from each structure by considering
the threshold value of 40,000 m?. This example also includes the
entire watersheds and the subwatersheds of each drainage seg-
ment, both delineated from initial points located on the drainage
networks.

The drainage networks present approximate patterns, indicat-
ing that hydrological results derived from either a TIN or a regular
grid reveal similarities between each other. Moreover, the water-
sheds and subwatersheds are also similar in size and shape, al-
though local differences occur due to the distinct flow directions
defined from each structure. For this reason, the areas around
some regions (red circles) do not properly agree as one structure
contains paths to the drainage segments with more flows whereas
the other fewer flows.

Many factors can contribute to the occurrence of the differ-
ences between the hydrological results derived from each terrain
model, such as the interpolation method used to generate the
regular grid when it is not readily available, the procedures
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performed to remove inconsistencies of flat areas and pits, and
also how the flow directions are defined from point to point.

A quantitative comparison between the TIN and the regular grid
results for the region illustrated in Fig. 14 is presented in Table 2,
which includes the length of the drainage segments, the area and the
average distance between them. Additionally, Table 2 also includes
the area and the perimeter of the watersheds and subwatersheds
together with the differences between these measures.

The absolute length differences between corresponding drainage
segments present minimum and maximum values equal to 1 m and
86.6 m, respectively, with the average around 44.6 m. The average
distances between segments range from 0.5 m to 2 m around 1.3 m.
These values indicate similar results derived from each structure
with respect to the drainage networks. In addition, TIN segments are
mostly shorter because these segments follow smoother paths.

However, the minimum and maximum absolute differences between
the areas of the subwatersheds are 78 m? and 14,555 m?, in this order,
with an average of 4448.8m?, and the perimeter absolute differences
range from 30 m to 723 m around 382.6 m. These differences indicate

that many flows defined from each terrain model follow distinct direc-
tions, thus aggregating different contribution areas, and changing the
delineation. Despite of it, the percentage difference between the areas of
the watersheds is small and approximately within 1%.

In order to illustrate how sensitive the drainage networks are if
a different threshold value is considered, Fig. 15 exhibits the TIN
and the regular grid drainage networks generated from a thresh-
old of 25,000 m? for the same region of Fig. 14. In this case, the
regular grid drainage network contains a drainage segment that is
not present in the TIN drainage network, thus producing 3 new
subwatersheds (indicated by the red circle).

For a detailed view of the data obtained by processing the TIN,
Table 3 presents the output information for different number of input
points, including the number of intersections between contour lines
and triangles edges, and the number of flat triangles, both on the
original TIN, as well as the number of triangles and pits on the final
TIN, and also the number of nodes in the drainage graph.

Additionally, computational times are also an important aspect
related to the algorithms developed in this work that perform
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Table 2

Measures from drainage segments, watersheds and subwatersheds of the regular grid and the TIN drainage networks for the region in Fig. 14.

Number 1 2 3 4 5 6 7 8 9 10
Segments Regular grid length (m) 1711 4741 98.6 178.1 291 291 2859 4575 480.8 790
TIN length (m) 1194 4159 24.7 159.8 301 235 2449 4139 394.2 723.9
TIN-grid length (m) -51.7 -582 -739 -183 1 -56 -41 -43.6 -86.6 —66.1
Area between segments (m?) 2642 16948 84.9 250.9 1164 231 6615 9499 12964  1303.5
Average distance (m) 11 2 1.7 0.8 19 0.5 14 11 1.6 0.9
Subwatersheds Regular grid area (m?) 68,700 111,400 49,125 37,650 975 1275 70,250 155,075 124,300 215,250 Watersheds 834,000
TIN area (m?) 68,431 113,500 47,141 26,400 1513 1197 84,805 164,769 121977 213,553 843,286
TIN-grid area (m?) -269 2100 -1984 -11,250 538 -78 14,555 9694 -2323  -1697 9286
Regular grid perimeter (m) 1440 2240 1340 1180 190 200 1740 2340 2360 3090 4664
TIN perimeter (m) 1142 1649 914 692 220 160 1619 1866 1725 2367 4332
TIN-grid perimeter (m) 298 591 426 488 30 40 121 474 635 723 332
Table 3
Output information.
Points Intersections Flat triangles Triangles Pits Drainage graph nodes
51,145 2398 24,804 15,2554 209 307,447
100,928 7469 32,421 26,7600 179 539,189
150,605 10,446 47,623 39,7810 164 802,175
202,137 15,861 54,644 514,578 12 1,037,775

linear-time DFS and BFS procedures. All the algorithms were im-
plemented in C+ +, compiled in a 64-bit machine, and executed
on a PC with Intel Core i7 2.93 GHz CPU and 8 GB of memory. The
TIN computational times are shown in Table 4 together with the
computational times obtained from regular grids of different re-
solutions and number of cells (rows by columns) processed with
the TerraHidro software.

The TIN execution times include the following procedures:
constrained Delaunay triangulation; removal of flat areas and pits;
re-triangulation with critical points; calculation of the gradient
vector of each triangle; generation of the drainage paths; defini-
tion of the drainage graph; and calculation of accumulated flows.
The regular grid execution times include the removal of flat areas
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and pits, the generation of flow directions, and the calculation of
accumulated flows.

One consideration about this comparison is that the TIN compu-
tational times depend mainly on the number of triangles because
most of the procedures are performed on the TIN, with the only ex-
ception of the accumulated flows that are calculated from the nodes
of the drainage graph. The regular grid computational times depend
predominantly on the number of grid cells. From Table 4, by com-
paring the execution times from closer numbers of triangles and grid
cells such as, for instance, 267,600 triangles and 273,452 grid cells or
even 514,578 triangles and 485,450 grid cells, both presenting similar
resolutions, the results indicate that the algorithms developed for the
TIN are likely to be more computationally efficient.
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Fig. 15. Drainage networks, watersheds and subwatersheds delineated from initial points (cyan) for the TIN (left) and for the regular grid (right) for a threshold value of
25,000 m?. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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Table 4
TIN and regular grid computational times.

TIN

Regular grid

Points Triangles (average area) Drainage graph nodes

Execution time (s)

Cells (Rx C) Resolution (m) Execution time (s)

51,145 152,554 (608.15 m?)
100,928 267,600 (346.11 m?)
150,605 397,810 (255.30 m?)
202,137 514,578 (207.09 m?)

307,447 2.34
539,189 3.87
802,175 5.77
1,037,775 9.02

273,452 (548 x 499) 20
485,450 (730 x 665) 15
1,091,715 (1095 x 997) 10
4,369,050 (2190 x 1995) 5

75.8 (1 min 15s)
17712 (2 min 57 s)
308.24 (5 min 8's)
1848.86 (30 min 48 s)
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Fig. 16. Execution times for a different number of input points with fitting curve
(red) adjusted to the data. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

The execution times as a function of the number of input points
can be visualized in Fig. 16 as a dispersion plot (blue) together with
a fitting curve given by a quadratic regression function (red). From
the equation of the quadratic polynomial curve, the fitting adjusts
to the data with a R? coefficient equals to 0.9985."

5. Conclusions

This work considered the extraction of drainage networks and
watersheds from terrain models represented by TINs. Inconsistencies
in the TIN, such as flat areas and pits, were removed with specific
procedures in order to improve its quality for the generation of more
exact hydrological results.

More importantly, a proposed drainage graph structure de-
fined from drainage paths that strictly follow paths of steepest
descent allowed to derive drainage networks from accumulated
flows on the TIN that were qualitatively and quantitatively
consistent with the main courses of water present in a real-
world reference drainage network, presenting small differences
and thus reinforcing that the TIN is an attractive alternative to
other terrain models, specially for hydrological applications.

1 If the R? coefficient of a regression curve derived from a sampled data equals
to 1.0, then the curve perfectly fits the data (Kirk, 2008).

Moreover, all the algorithms developed for the TIN presented
low computational times.

Additionally, qualitative and quantitative comparisons be-
tween hydrological results generated from the TIN and from the
regular grid showed approximate patterns with drainage net-
works mostly agreeing on the quantity and lengths of the
drainage segments as well as watersheds and subwatersheds
presenting regions considerably similar in size and shape, al-
though differences in some of the subwatersheds occurred due
to the distinct flow directions defined from each terrain model.

All the results indicate that the procedures presented in this
work can be used in hydrological models for the generation of
essential and useful drainage patterns to decision-making systems
that support studies and researches of natural phenomena and
environmental issues based on hydrological processes.

As future work, one intends to include the procedures de-
scribed in this work as hydrology-specific functionalities in the
TerraHidro computational system with the Terralib library (Ca-
mara et al., 2000) developed at DPI/INPE, a library of GIS classes
and functions for spatial databases available as an open source
project, thus providing the end user with a broad and rich set of
tools for hydrological applications, not limited to only one type
of terrain model. In addition, the procedures developed to re-
move flat areas and pits can be modified to allow the user to
properly identify the regions of flat landscapes or water bodies
that must not be modified in order to not present flows and
drainage paths. A sensitivity analysis of the hydrological results
when using contour lines in different elevation intervals can be
also considered.
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See Algorithms 1 and 2.Algorithm 1
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Algorithm CP = RemoveFlatAreas(T)

Input:

A set T of triangles in the plane

Output: A

set CP of critical points with elevation values interpolated

Initialize set CT with all nct corner triangles of T (flat triangles first, then not flat);

Initialize set CP with all critical points in T;

Mark all critical points in CP as not visited and not interpolated;

for i + 1 to nct do

end

end

Return:

Set DiffElevPointFound = false;

Initialize empty queue BT of branching triangles;
Initialize empty set CPPATH of critical points;
Initialize empty set FIRSTPATH of critical points;
for j + 1 to 3 do

if edge e; of CT; is critical and point cp; is not visited or interpolated then

end

end

Mark cp; as visited;
Insert point of CT; opposite to e; as initial point into CPPATH,;
Insert critical point cp; into CPPATH;
// traverse triangles from adjacent triangle adj;
DefinePathOfTriangles(adj;);
if DiffElevPointFound = true and elevation of initial point of CPPATH is
equal to the flat area then
Interpolate elevation of critical points in CPPATH;
else
if elevations of initial and final points of FIRSTPATH are equal to the
flat area then
Define elevation of middle point in FIRSTPATH as the elevation of
the flat area incremented by the contour lines interval (hilltop);
else
Define elevation of middle point in FIRSTPATH as the mean
between the elevation of the flat area and the initial point (saddle);
end

Interpolate elevations from initial to middle points in FIRSTPATH;

Interpolate elevations from middle to final points in FIRSTPATH;

end

while BT is not empty do

Set DiffElevPointFound = false;

Remove branching triangle BRT from BT;

Initialize empty set CPPATH of critical points;

Insert interpolated critical point of BRT as initial point into CPPATH;
DefinePathOfTriangles(BRT);

Interpolate elevation of critical points in CPPATH;

CP;

35
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Algorithm 2

Function CP = DefinePathOfTriangles(t)

Input:
Output:

A triangle t in the plane

A set CP of critical points with elevation values to be interpolated

1 if t s a corner triangle and contains point p with elevation different from the flat area or

from the initial point in CPPATH then

2 Set DiffElevPointFound = true;

3 Insert p into CPPATH;

4 Return: CPPATH;

5 end

6 for i+ 1 to 3 do

7 if DiffElevPointFound = true then

8 | Return: CPPATH;

9 end

10 if t contains 3 critical points not interpolated and t is not in BT then
11 | Insert t into queue BT of branching triangles;

12 end

13 if edge e; of t is critical and point cp; is not visited or interpolated then
14 Mark cp; as visited;

15 Insert critical point cp; into CPPATH;

16 if FIRSTPATH is empty and adjacent triangle adj; is a corner triangle then
17 Define FIRSTPATH = CPPATH;

18 Insert point of adj; opposite to e; into FIRSTPATH;

19 end
20 // traverse triangles from adjacent triangle adj;
21 DefinePathOfTriangles(adj;);
22 if DiffElevPointFound = false then
23 Remove last point from CPPATH;
24 Mark cp; as not visited;
25 end
26 end
27 end

28 Return: CPPATH,;
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