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Abstract: The extraction of terrain feature lines is an important yet challenging problem in the
processing and usage of contour lines. Most research has focused on identifying terrain feature
points by using methods such as the Douglas–Peucker (D–P) algorithm and on determining contour
adjacent relations for closed contour lines by using methods such as Delaunay triangulation and
its dual Voronoi diagram, with few attempts made to address open contour lines and identify the
direction of contour lines. Here, we propose a novel method for terrain feature line extraction based
on adjacent relation trees. First, a contour adjacent relation tree is constructed. The tree is used to
determine the directions of closed and open contour lines and thereby form a “directed adjacent
relation tree” (DART). Terrain feature points are then extracted using the classic D–P algorithm,
followed by the identification and connection of valley and ridge points via the aforementioned
DART. Finally, integrity compensation for terrain feature lines is performed based on a slope extension
algorithm. The effectiveness and accuracy of this method is verified by experimental results obtained
from 1:10,000 topographic map data.

Keywords: contour adjacent relation; directed adjacent relation tree; D–P algorithm; integrity compensation
for terrain features

1. Introduction

Terrain feature lines describe the skeletal structure of a terrain and they are the basis for a variety
of important applications, including terrain analysis [1], contour generalization [2–4], and hydrologic
analysis [5]. Thus, the automatic extraction of terrain feature lines has become a hot topic in topographic
research [6–8], with researchers all over the world conducting many related studies in recent years.
One of the most common approaches in these studies is to begin by detecting feature points according
to terrain geometry and then to construct terrain feature lines by connecting strongly hierarchical
and symmetrical feature points that lie on adjacent contour lines (contours) [5,9]. Methods of terrain
feature line extraction may be divided into two types based on the data source used for the detection
and connection of feature points, namely, DEM-based [1,10] and contour-based methods [11,12].
This study falls in the latter category. There are two forms of contour lines in the database of
topographic maps: open contours and closed contours. The surface of closed contours is unambiguous.
In contrast, the surface of open contours is ambiguous. Methods of contour-based terrain feature line
extraction depend on two fundamental processes: the detection of contour adjacent relations and the
determination of contour directions for closed and open contours within a map. The former ensures
that we can reduce the search range when connecting feature points, whereas the latter ensures that
ridge and valley points can be accurately distinguished.
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Currently, the methods for determining contour adjacent relations are derived from the following
four approaches: the geometric calculation method, the Voronoi diagrams method, the Delaunay
triangulation method, and the region expansion method.

• Geometric calculation method [13–15]: The inclusion relationships between the areas contained by
contour lines are calculated to determine the “parent–child” hierarchies of the contours, which are
subsequently used to identify contour adjacencies. Methods of this type are intuitive and easy to
understand; however, they are unsuitable for maps that contain open contour lines.

• Voronoi diagrams method [16]: Contour adjacent relations are identified through the first-order
adjacencies of the contour line Voronoi diagram.

• Delaunay triangulation method [17,18]: The edges of the triangles generated in Delaunay
triangulation can also be used to identify adjacencies between contour lines. However, owing to
the nested nature of the contours, the triangles generated from individual contour lines will cross
the adjacent contours, which can lead to erroneous adjacent relation judgments. Poorten and
Jones [17] proposed recognizing contour adjacencies based on constrained Delaunay triangulation,
which effectively prevents the triangles from crossing polygons, thus ensuring the accuracy of
contour adjacent relation judgments.

• As Voronoi diagrams and constrained Delaunay triangulation are not affected by open contour lines,
these methods are widely applicable for the judgment of contour adjacencies. However, both methods
are inefficient when processing contours over a large area because they consume large amounts of time
during spatial meshing computations and searches for associated contour pairs.

• Region expansion method [19]: The region expansion method operates under the following
premise. As contour lines expand, the intersection of the expanded boundaries with other contour
lines indicates that the intersecting contour lines are adjacent to each other. This method does
not rely on the elevation of a contour, but if an area contains open contour lines, the judgment of
adjacent relations using this method is susceptible to errors.

The Douglas–Peucker (D–P) algorithm [20] is a classic line simplification algorithm. The algorithm
effectively identifies curved feature points by setting a suitable distance threshold. Many researchers
use the D–P algorithm as a topographic feature point extraction method [21]. After recognizing
terrain feature points, contour directions are important references for differentiating between concave
and convex feature points on a contour line [22]. Contour line direction reflects the direction of
elevation change between contours. When the elevation of the contours increases, progressing forward,
the contour directions point left, while decreasing elevation is indicated by contour directions pointing
to the right [23–25]. Most studies assume that the directions of all contours are correct when used
as input for the extraction of terrain feature lines. However, in actual topographic map databases,
most contour directions are not ordered. The directions of closed contour lines are easy to adjust,
but the direction of open contour lines can be ambiguous. This ambiguity has been a persistent
challenge for this field of cartography. In studies on open contours, researchers have proposed the use
of map boundary distances to group open contour lines as closed contour lines, thus determining their
directions of closure. The adjacent relation and elevational relationships between contours have also
been used to unite open contours as closed contours [26]. In the methods just described, open contours
are generally converted to closed contours for further consideration. However, these methods tend to
be inaccurate in complex scenarios that involve a large number of open contour lines in a map.

In summary, current methods for the identification of terrain feature points from contours and
contour adjacencies are generally based on Delaunay triangulation and its dual, the Voronoi diagram,
or on the D–P algorithm. However, the extraction of terrain feature lines using Delaunay triangulation
and Voronoi diagrams is inefficient and often leads to the extraction of redundant feature points.
Furthermore, the D–P algorithm is limited to the extraction of terrain feature points and requires
contour directions for the differentiation of ridge and valley points. Moreover, as the D–P algorithm
cannot be used to recognize adjacent relations, the algorithm is incapable of constructing terrain feature
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lines by connecting terrain feature points. Considering that the detection of contour adjacent relations
and the determination of contour directions are important elements in the automatic extraction of
terrain feature lines, this paper introduces a new method of terrain feature line extraction based on
adjacent relation trees. The aim of this paper is to contribute to the area of contour application research
by developing an efficient and accurate method for automatic terrain feature line extraction that
processes both closed and open contour lines.

The remainder of this paper is organized as follows. Section 2 presents the overall framework of
our proposed method. Section 3 outlines the algorithm of construction of directed adjacent relation
trees. Section 4 details the proposed terrain feature line extraction method using the directed adjacent
relation trees. Section 5 discusses the experiments and analyses. Section 6 presents concluding remarks.

2. Framework for Terrain Feature Line Extraction Method

As depicted in the four boxes beneath the dotted line in Figure 1, our proposed method for terrain
feature line extraction is composed of four steps:

(1) Detect feature points using the D–P algorithm.
(2) Classify each feature point as one of two types, concave or convex, which correspond to valley

and ridge points in positive landforms.
(3) Connect feature points based on connection principles to form initial terrain feature lines.
(4) Perform integrity compensation for terrain features to form the final complete terrain feature

lines, which possess tree structures.

Our proposed method for terrain feature line extraction is based on the “directed adjacent relation
tree” (DART), depicted above the dotted line in Figure 1. The directed adjacent relation tree consists of
two processes: the determination of adjacent relation and the detection of direction for contour lines.
The algorithms used in the former process vary depending on whether the contour line is closed or open.
Once constructed, the directed adjacent relation tree provides the information necessary to execute
our method, furnishing direction information when feature points are classified, adjacent relation
information when the feature points are connected, and integrity compensation for terrain features.

Figure 1. Framework of the proposed method.

3. Construction of Directed Adjacent Relation Tree (DART)

A contour line may be treated as the combination of a curve, Li, and the area it contains, Pi [27]. In this
context, the contour adjacent relation simply refers to the topological adjacent relation. As closed and open
contours differ significantly in geometric structure, different adjacent relation judgment algorithms are applied
to each contour type. We identify open contours by determining whether a contour intersects the boundaries of
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the map. Adjacent relation trees have been used to record the adjacencies between contours in their respective
categories [28,29]. The nodes and edges of an adjacent relation tree represent the contours and adjacencies
between the contours, respectively, whereas the singular root node of the tree represents the whole map.

3.1. Closed Contours

3.1.1. Determination of Adjacent Relation

The structures of closed contours are usually more regular and intact than those of open contours,
and inter-contour relationships can be converted to surface-to-surface relationships. Hence, the judgment
of adjacencies between contours can be treated as the judgment of inclusion relationships between surface
elements. The judgment of an adjacent relation may therefore be described as follows:

If APi < APj and Pi ∩ Pj 6= ∅, where Li and Lj represent any two contours, Pi and Pj represent
the physical areas contained by Li and Lj, and APj represents the area calculation of Pj, with i 6= j,
then place Lj in the set of contours containing Li.

If Ln is the contour that has the smallest surface area in the set, then Li and Ln are adjacent contours,
with Li being internally adjacent to Ln and Ln being externally adjacent to Li. If Li and Lm, the other
contours, are both internally adjacent to Ln, then Li and Lm are parallel-adjacent.

3.1.2. Branched Tree of Closed Contours

The closed contours are organized according to the size of the area that each contains, in ascending
order, to form a candidate set R {L1, L2, . . . }. The aforementioned definition of adjacent relation is applied
to identify the adjacent contours. The algorithm for constructing the contour adjacent relation tree begins
with the contour with the smallest area and iterates until all the contours in the candidate set have been
processed. The tree structure offers an intuitive representation of internal, external, and parallel adjacency
between contours. Extending the previous explanation, if Li is internally adjacent to Lj, Li is a sub-node of
the parent node Lj. If Li and Ln are parallel-adjacent, they are displayed as sibling nodes. Figure 2b is the
contour adjacent relation tree corresponding to the closed contours illustrated in Figure 2a. Note that in
Figure 2a, the ascending order of the contours by area is (L1, L3, L2, L4). We first obtain L2, which is the
contour that is externally adjacent to L1. By repeating this calculation, we then obtain L4, which is externally
adjacent to L3, and find that L4 is also externally adjacent to L2. Thus, L2 and L3 are sibling nodes, with the
root node of L4 being the map. All of this information is succinctly presented by the resulting contour
adjacent relation tree, as shown in Figure 2b.

Figure 2. An adjacent relation tree for closed contours: (a) closed contour lines and (b) adjacent relation tree.

3.2. Open Contours

3.2.1. Determination of Adjacent Relation

Generally, an open contour will intersect the boundaries of a map at two points. Hence, we deduce the
following rules:
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Rule 1: If there are no contour intersections between the two intersections that belong to the same
open contour line, then the two intersections are “adjacent” to each other, and the corresponding open
contour is denoted a “seed contour”.

Rule 2: A seed contour’s intersections with the map are ordered counterclockwise along the map
boundary. Based on this order, these intersections are designated the “starting node” (SNode) and
“ending node” (ENode).

Rule 3: The map intersections of non-seed open contours are labeled according to their adjacencies
and distance from the intersections of the seed contour. In other words, the map intersection of a non-seed
open contour, the nearest node of which is the SNode of a seed contour, is also denoted a SNode. Similarly,
the map intersection whose nearest node is the ENode of a seed contour is denoted an ENode.

Rule 4: The portion of the map boundary between a SNode and ENode pair is referred to as the
“auxiliary map boundary” of the open contour.

Defining the bottom left corner point of the map boundary as the origin, the distances are calculated
between each intersection and the origin point moving counterclockwise around the map boundary.
These intersections are then labeled 1, 2, 3, . . . , n, in ascending order of their distance from the origin.

As depicted in Figure 3a, contours L1–L6 are open contours, with L1, L5, and L6 being seed
contours. Points 9, 2, and 4 are the SNodes of L1, L4, and L5, whereas points 10, 3, and 5 are the ENodes
of L1, L5, and L6, respectively.

The adjacent relation of open contours may then be treated as the determination of the adjacent
relation between each intersection, as defined in the following: If an adjacent relation exists between
SNodeLi and SNodeLj , ENodeLi and ENodeLj , and the auxiliary map boundary of Li is a part of the
auxiliary map boundary of Lj, then Li, and Lj are adjacent to each other, with Li being internally adjacent
to Lj, while Lj is externally adjacent to Li. If adjacencies are present between SNodeLi and SNodeLj

(or ENodeLj ) and between ENodeLi and SNodeLj (or ENodeLj ), and there is no overlap between their
auxiliary map boundaries, then Li and Lj are denoted parallel-adjacent.

3.2.2. Branched Tree of Open Contours

First, an arbitrary seed contour is selected as the initial contour, such as L1 in Figure 3a.
The contours are then ordered and marked according to the distances between their boundary
intersections and the origin, the bottom left corner of the map, to determine the adjacent contours of
the initial contour. As demonstrated in Figure 3a,b, L2 is the externally adjacent contour of L1, and L3

is parallel-adjacent to L4. An “outwards” search for adjacent contours is then iterated continuously
until all contours have been processed. The definitions of parent nodes and sub-nodes are the same as
those implemented in the closed-contour adjacent relation tree. Figure 3a represents a simple case of
open contours, which Figure 3b interprets as an adjacent relation tree.

Figure 3. An adjacent relation tree of open contours: (a) open contour lines and (b) adjacent relation tree.
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3.3. Merging of Branched Tree and Direction Adjustments

3.3.1. Merging of Branched Tree

Because maps usually comprise both closed and open contours, it is necessary to merge the
branched tree structures of both types of contours. Since a closed contour cannot contain an open
contour, in the branches of the closed-contour tree, each child node of the root node and its descending
child nodes are wholly “inserted” into the open-contour tree. The position of the insertion is determined
by the presence of internal or external adjacencies between the closed surfaces formed by the contours.

Suppose that the child nodes of the root node for a closed-contour adjacent relation tree are
{N1, N2, . . . , Nm} and the child nodes of the root node for an open-contour adjacent relation tree are
{M1, M2, . . . , Mn}. We first perform assisted closure on the open contours to form “pseudo-closed
surfaces”. These pseudo-closed surfaces refer to closed areas formed by auxiliary map boundaries and
open contours and are expressed as {PM1, PM2, . . . , PMn}. The algorithm for merging the closed-contour
tree (TreeC) and open-contour tree (TreeO) is shown in Figure 4.

Figure 4. Flow diagram of merging of branched tree algorithm.

To summarize the algorithm, if Ni, which is the child node of the root node in TreeC, does not
lie within any pseudo-closed area PMi in TreeO, then Ni is inserted as the child node of root node in
TreeO. In contrast, if Ni is located within the pseudo-closed area PMi but not within the pseudo-closed
area of any child node of Mi, then Ni is inserted as the child node of Mi.

Figure 5a shows the complete structure of the contours shown in Figures 2a and 3a, where N4 is
the singular child node representing the root node of the closed contours. Moving outward from N4,
we identify the node with the smallest pseudo-closed surface that contains N4; in this case, the node is
M4. Because N4 is not enclosed by the pseudo-closed surfaces of the child nodes of M4, the contour
tree below the N4 node is inserted into the open-contour adjacent relation tree as a child node of M4,
as shown in Figure 5b.
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Figure 5. Merging of open- and closed-contour adjacent relation trees: (a) complete structure of the
contour lines in the area and (b) unified adjacent relation tree.

3.3.2. Direction Adjustments

The direction of a contour can be determined as follows: When moving along the contour line in
a given direction, high and low elevation values should lie to the left and right of the line, respectively.
Consequently, positive landforms of closed contours should be presented counterclockwise, and the
negative landforms should be presented clockwise. The elevation values of nested contours should be
equal or exhibit an arithmetic decline between vertical intervals from the inner layers to the outer layers.
Therefore, the determination and reconciliation of contour directions can be realized by assigning
contour directions according to the adjacent relation tree. Owing to the nesting properties and vertical
interval consistency of the contours, the process of assigning contour direction would begin at the leaf
nodes of the tree, at the innermost contour with the highest elevation on the map.

Principle for the Determination of Contour Direction

For positive landforms, the basic principles of contour direction adjustments are as follows:
Counterclockwise closed surfaces, or pseudo-closed surfaces, formed by contours with high

elevations will be contained by the counterclockwise closed surfaces, or pseudo-closed surfaces,
of contours with low elevations. Counterclockwise closed surfaces (or pseudo-closed surfaces) formed
by contours with the same elevation will not contain each other.

Hence, we designed an Automatic Contour Direction Adjustment Method (ACDAM), which may
be functionally expressed as follows:

ACDAM = FA(MContour, FContour, NContour)

where FA refers to the automatic adjustment function; MContour is the set of maximum elevation
contours, i.e., the contour or contours with the highest elevation in the map area; FContour refers to
a previous set of contours whose directions have already been adjusted and initially occur as a null
value; NContour refers to the next set of contours for direction adjustment, and the initial value of
NContour is the adjacent contours of the maximum elevation contours identified by MContour.

Direction Adjustment for the Set of Maximum Elevation Contours (MContour)

If a map only has a single maximum elevation contour, which is an open contour, this contour
is a seed contour. However, the direction of its closure cannot be determined if there are no adjacent
contours. This scenario is usually overlooked, as it is relatively uncommon.

If there are multiple maximum elevation contour lines and some, or all, of these contours are
open contours, based on the known characteristics of positive landforms, maximum-elevation open
contours must be located in the innermost section of the region’s contours. Hence, maximum-elevation
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open contours must be seed contours. The direction of closure of these contours is counterclockwise
around the pseudo-closed surface formed by the open contour and its auxiliary map boundaries.

After the directions of the maximum elevation contours have been determined, we then select
an arbitrary maximum elevation contour from which to begin to deduce the directions of other
contours, moving from the innermost contour to outermost contour on the map or moving from leaf
node to root on the adjacent relation tree.

Adjusting the Direction of Adjacent Contours

Three possible scenarios for the adjacent contours of a contour may be inferred because of the
characteristics of contours:

(1) Direction adjustment for adjacent open contours with the same elevation: If an elevational
relationship such that NContour = FContour exists, then the adjacent contours have the same elevation.
If these contours are open contours, the method for adjusting their direction is as follows:
A counterclockwise pseudo-closed surface is formed for the open contour. The open contour’s
direction of closure is reversed if an inclusion relationship exists between the closed surface of
FContour and the pseudo-closed surface. Figure 6a shows that after processing closed contour N4,
its adjacent contours are represented by the parent and sibling nodes depicted in the adjacent
contour tree created in Figure 5b. Hence, M4, M5, and M6 are taken as NContour. Note that M5 and
M6 have the same elevation as N4, i.e., 800 m, and the counterclockwise pseudo-closed surfaces
formed by these contours, as indicated by the darkened regions in Figure 6a, do not overlap with
the closed surface enveloped by N4. Hence, the current counterclockwise direction of M5 and M6

is their direction of closure.
(2) Direction adjustment for adjacent open contours with lower elevations: If an elevational

relationship such that NContour < FContour exists, then the adjacent contours have lower
elevations. If these contours are open contours, the method for adjusting direction is as follows:
A counterclockwise pseudo-closed surface is formed for the open contour. If an inclusion
relationship exists between the pseudo-closed surface and the closed surface formed by FContour,
the direction of the contour does not require adjustment. Otherwise, the contour’s direction is
reversed. In Figure 6a, M4, which is adjacent to N4, has a lower elevation than N4, i.e., 700 m
versus 800 m, respectively. Because the pseudo-closed surface of M4 encloses the closed surface
of N4, the initially counterclockwise direction of M4 is confirmed as its direction of closure.

(3) Direction adjustment for adjacent open contours with higher elevations: If an elevational
relationship such that NContour > FContour exists, the adjacent contour has a higher elevation.
If these contours are open contours, the method for adjusting direction of closure is as follows:
A counterclockwise pseudo-closed surface is formed for the open contour. If an inclusion
relationship is present between the closed surface of FContour and the pseudo-closed surface,
the direction of NContour is reversed. Otherwise, no further processing is required. In Figure 6a,
once M3, whose elevation is 700 m, has been processed, its adjacent contour, M2, is selected as
NContour, and the elevation of M2 is 800 m. Because the pseudo-closed surface of M2 is contained
in the pseudo-closed surface of M3, the initially counterclockwise direction is confirmed as the
direction of closure of M2.

By extending the directional information of the “directed contour lines” on the map in Figure 6a to
the adjacent relation tree, the DART is obtained, as delineated in Figure 6b. Note that the directions of
open contour lines are described according to their SNode-to-ENode directions, whereas the directions
of closed contours are described as either counterclockwise or clockwise.
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Figure 6. Automatic direction adjustment of contour direction: (a) contour lines labeled with elevation
and direction and (b) “directed adjacent relation tree” (DART).

4. Terrain Feature Line Extraction Based on DART

In this section, valley lines are extracted using the terrain feature line extraction method based
on DART. To identify valley feature points located downward from a maximum elevation contour,
one must search among the adjacent contours of the maximum elevation contour [30,31]. In this paper,
the search range is significantly narrowed by the existence of a DART.

4.1. Feature Point Detection and Connection

4.1.1. D–P Algorithm-Based Feature Point Detection

It is possible to achieve high levels of accuracy in feature point detection using currently available
contour curvature-based methods of detection. However, the features of neighboring curves can
interfere with each other. Therefore, we chose to use the D–P algorithm to extract contour feature
points. The D–P algorithm is a classic line simplification algorithm. The basic principle of this algorithm
addresses the interference issue by setting distance thresholds to detect the feature points of a curve.
Figure 7 illustrates the results of the calculations of the D–P algorithm on L2 in Figure 3.

Figure 7. Extraction of terrain feature points based on the D–P algorithm: (a) feature point C is derived
from start and end nodes A and B and (b) feature point D is derived from segment BC.

The first step of the D–P algorithm is to detect the point on the curve the distance of which from
the line connecting the start and end nodes of the curve is maximal and meets the distance threshold.
This procedure detects feature point C in the first step, as depicted in Figure 7a. Feature point C is
then used as a segmentation node. In Figure 7b, feature point D is obtained by repeating the previous
process on the BC line segment. The distance threshold value, which is usually an empirical value,
directly affects the identification of feature points by the D–P algorithm. In this paper, the threshold
value was determined by the contour interval of the original data. That is, the distance threshold is
equal to the contour interval or a multiple of the contour interval.

For the directed L2 curve, the vector cross-product method [32] can be used to determine the
convexity or concavity of each feature point according to the counterclockwise direction of the contours.
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When the direction of the curve is counterclockwise, if the cross-product result of
→

Pi−1Pi and
→

PiPi+1
for point Pi is positive, Pi is convex point. However, if the result is negative, Pi is a concave point,
as indicated by the blue and red points in Figure 8. The feature points are then tracked as sets of either
convex or concave points and connected to each other to form ridge and valley lines, respectively.
Figure 8 displays the output of this process, with the ridge line shown in blue and the valley line in red,
corresponding to the colors identifying the individual feature points as convex and concave [33,34].

Figure 8. Identification of concave or convex points.

4.1.2. Connection of Feature Points

The connection of feature points is the process of connecting ridge or valley feature points to form terrain
feature lines. Feature points on adjacent contour lines are matched according to the following principles:

(1) The principle of closest distance: it is likely that the two closest feature points on adjacent contours
can be connected to form a terrain feature line.

(2) The principle of natural extension: feature points on adjacent contours that naturally extend
along the advancing trend are most likely to be connected to form a terrain feature line.

(3) The non-crossing principle: the connection of feature points on adjacent contours cannot cross
a contour or other pre-existing terrain feature lines.

The principles of closest distance and natural extension are used to connect feature points that
are spatially adjacent and extendable into lines. The non-crossing principle is used to eliminate
unreasonable feature point connections.

In this study, the tracking and connection of terrain feature lines were based on the directed
adjacent relation tree. To improve the accuracy of the extension direction of each terrain feature line,
valley lines were tracked starting from the root node of the adjacent relation tree, which represents
the contour with the lowest elevation, and moving out along the branches to the leaf nodes of the
DART. In contrast, ridge lines were tracked starting from the leaf nodes, which represent the maximum
elevation contours, and moving along the branches to the root of the DART.

4.2. Integrity Compensation for Terrain Features

Although line feature extraction using the D–P algorithm will not lead to the extraction of
redundant feature points at each terrain feature segment, a small number of curvature features are
sometimes overlooked during extraction using this algorithm. Hence, the connection of feature
points using the aforementioned principles can lead to local discontinuities in the terrain feature lines.
To address this issue, we propose a “slope extension method” to perform integrity compensation on
terrain feature lines. Drawn from the directed adjacent relation tree, the essential idea of this algorithm
is as follows: When calculating the direction of slope extension for each valley line, the initial direction
is determined by the direction between the two feature points in the maximum elevation contour and
its adjacent contour. Then, the valley line is extended toward the contour with lower elevation. If the
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branch valley line intersects with a main valley line after being extended to a predetermined range,
the compensation of the valley line is complete. However, if the valley line does not intersect with
a main valley line after being extended, this segment of the valley line is left as-is.

After many experiments, we selected the 5th-order adjacent domain, which contains contours
that are adjacent within five contours, as the predetermined range. Figure 9a illustrates the original
contour data and the valley terrain features extracted from the contours using the D–P algorithm.
The feature points were then connected according to the aforementioned matching principles to form
the valley feature lines L1, L2, L3, L4, and L5, as shown in Figure 9b. Note that there are discontinuities
in the feature lines due to differences in density of the feature point distributions. The proposed slope
extension method was used to perform integrity compensations, which lead to the joining of L5 to L4

and the joining of L4 and L2 to L1. L3 was not joined to L1, as the distance between these lines exceeds
the 5th-order adjacent domain. The results of integrity compensation are shown in Figure 9c.

Figure 9. Connection of terrain feature lines: (a) terrain feature points, (b) terrain feature lines,
and (c) compensation of terrain feature lines.

5. Experiments and Analysis

To validate the accuracy and efficiency of our methods, our directed adjacent relation tree
and method for the extraction of terrain feature lines were embedded within the WJ-III mapping
workstation developed by the Chinese Academy of Surveying and Mapping. The visual comparison
method was applied to evaluate the accuracy of the terrain feature lines extracted by our method.
Cartographic expert knowledge also enabled us to judge the terrain feature lines extracted by the
proposed method as complete, continuous, and consistent with the actual terrain. Moreover, to validate
the efficiency of our method, we compared the processing time of the approach based on Delaunay
triangulation with that of the method proposed in this paper on three sets of contour data.

5.1. Experimental Area

An experiment was performed using the contour data of a region in Shanxi Province, which is displayed
in Figure 10a. The scale of the experimental dataset is 1:250,000, and the contour interval is 100 m. This region
includes a variety of topographic features, such as hilltops, low-lying land, and saddles, and highly complex
and varied contour shapes. Furthermore, large numbers of open contours are interrupted by the boundaries
of the map. These varied features make the experimental dataset a representative test set for our method.

5.2. Experimental Result and Accuracy Analysis

Figure 10a illustrates the set of valley points obtained by performing direction adjustments
according to the DART. The direction of each contour line shows great consistency in Figure 10a,
and the ordered arrangement of the valley points on the adjacent contours verifies the accuracy of
our method from another perspective. Our method for extracting valley points was not affected by
terrain complexity and proved highly effective in contour curvature detection. The terrain feature
points were extracted in an exhaustive manner without redundancy. The extracted feature points also
exhibit distinct structured features. However, there are weaknesses in our method. The extraction of
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feature points is significantly affected by the distance threshold values in the D–P algorithm. In this
experiment, 100 m was selected as the distance threshold value, consistent with the contour interval
of the original data. Rectangle A in Figure 10a depicts the terrain feature points of a hilltop contour
that were not extracted successfully because the calculated distance of each point is smaller than the
distance threshold. In addition, excessive feature points appeared in segments with high curvatures,
as observed in the areas defined by rectangles B and C.

Figure 10b illustrates the valley lines formed by the connection of valley points in Figure 10a.
The extracted terrain feature lines in Figure 10b are complete and continuous. The connections of the
feature lines in rectangles D and E demonstrate the natural extension and non-crossing principles
However, local discontinuities do occur during the connection of features to form feature lines due to
differences in density in the feature point distributions, as indicated in rectangles F and G. The single
points that cannot form a valley line are deleted, as shown in rectangles H and I in Figure 10b.
Figure 10c illustrates the results of performing integrity compensation on the terrain feature lines
via the slope extension method proposed in this work. The compensated feature lines form a complete
valley line system and provide an excellent overview of the region’s topography.

Figure 10. Comparison between the valley points extracted before and after contour direction
adjustments: (a) valley points extracted prior to direction adjustment, (b) valley points extracted
after direction adjustments, and (c) valley lines compensated by the slope extension method.

5.3. Efficiency Analysis

Delaunay triangulation is a geometric structure of computational geometry [35]. The method is widely
applied in map generalization and adjacency relation processing owing to its excellent properties, such as
proximity, optimality, regionality, and generation of convex polygons [36,37]. Shewchuk [38] proposed
the most commonly used method for Delaunay triangulation. We programmed this method based on
the TRIANGLE LIBRARY, a Delaunay triangulation library developed by Shewchuk’s research group,
and packaged it into the WJ-III mapping workstation. The processing times of this approach were then
compared with those of the proposed method to evaluate efficiency.

Delaunay triangulation and the methods proposed in this work were used to process three sets
of contour data, which covered larger areas than did the previous dataset. The relationship table
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of the pairwise adjacencies between all contours in the area was used as a target for validating the
efficiency of our method in determining contour adjacencies. The conditions of each dataset and
the corresponding processing times of each method are detailed in Table 1. When the area of the
dataset was approximately 1000 km2, the efficiencies of our method and Delaunay triangulation in the
determination of contour adjacencies were similar, as evidenced by the short processing times achieved
by both methods. When the area of the dataset was increased to 5000 km2, the number of contours
was more than doubled, and the number of processing points was increased by a factor of 4.36 over
the 1000 km2 dataset. The time required by our method to determine contour adjacencies increased
by only 0.392 s and was thus insignificant, whereas the processing time for Delaunay triangulation
increased by 13 s due to the increase in the number of processing points. When the area of the dataset
was increased to 15,000 km2, the time required for the judgment of contour adjacencies by Delaunay
triangulation was more than one minute, nearly 11 times as long as the processing time of our method.
Hence, our method demonstrates significantly higher efficiency than does Delaunay triangulation
when processing large contour datasets.

Table 1. Overview of experimental results.

Dataset
Area Represented

by the Dataset
(km2)

Number of
Contours

Number of
Processing Points

Processing Time
Using Our Method

(s)

Processing Time Using
Delaunay Triangulation

(s)

Dataset 1 1183.26 695 93,494 0.212 2.453
Dataset 2 4996.74 1528 408,168 0.604 13.235
Dataset 3 14,609.37 4270 1,150,239 5.616 61.505

6. Concluding Remarks

The extraction of terrain feature lines from contours in an automated, efficient, and rational
manner has posed a persistent challenge for topographic research. Key aspects of this problem are
the detection of contour adjacencies and contour direction determinations for both closed and open
contours within map. As currently available methods for terrain feature line extraction are either
inefficient or inaccurate, we proposed a method for terrain feature line extraction based on directed
adjacent relation trees. In our method, the first step is to construct a directed adjacent relation tree.
The classic D–P algorithm is then used to extract terrain feature points. Valley and ridge points are
identified accurately from the extracted points and connected to form terrain feature lines. The slope
extension method is then applied to perform integrity compensations on these terrain feature lines.
Integrity compensation mitigates the major weaknesses of the D–P algorithm, specifically its inability
to form terrain feature lines in areas of local discontinuities due to the lack of terrain feature points.
The results of the experiment demonstrate that our method is more efficient than conventional methods
and produces terrain feature lines that are complete, continuous, and consistent with actual terrain.
The superior performance of our method demonstrated in this study indicates that it is highly suitable
for a wide range of applications.

Nonetheless, there is room for improvement in our method. The first weakness is the method’s focus
on the contours of unidirectional landforms. Our method is unable to account for uncommon scenarios with
complex combinations of positive and negative landforms. If these scenarios are encountered, we suggest
first distinguishing negative from positive landforms. The basic idea of this process is as follows: If the
closed surface of a contour with low elevation is contained by a closed surface with higher elevation, then the
contour is a negative landform. However, if the closed surface of a contour with high elevation is contained
by a closed surface with lower elevation, then the counter is a positive landform. The second weakness of
our method is that the identification of feature points is extremely sensitive to the threshold value selected
for the D–P algorithm. A feature point will not be identified if the threshold is too large, whereas redundant
feature points will be extracted if the threshold is too small. Therefore, further research on the selection of
threshold values in different regions and topographies must be performed.
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