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REPORT                               
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ABSTRACT 
Terrain feature points, such as peaks, pits, and saddles, represent 
the macro-structure of the landform. Conventional techniques for 
extracting these points from digital elevation models (DEMs) often 
grapple with issues of inaccuracy, omission and redundancy, 
largely due to the problematic necessity of setting threshold val
ues. This paper proposes an innovative approach for the auto
matic detection of terrain feature points based on the topological 
relationships of contours and the inherent constraints of terrain 
shape characteristics. The study provides a robust mathematical 
model of terrain feature points and an effective algorithm for 
their extraction. Comparing with manually reference data, the 
accuracy metrics including completeness, correctness, and quality 
of our extracted results demonstrate a high level, significantly sur
passing those obtained through existing algorithms. This pro
posed approach not only avoids the spurious feature points 
produced by the local window method, but also prevents the 
omission of valid points and the creation of redundant ones. 
Moreover, by utilizing the contour interval as its only variable, our 
approach eliminates the need for various threshold settings, 
streamlining the extraction process.
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1. Introduction

One of the main tasks of geomorphology is to divide topographic surfaces into units or 
objects (Wilson 2018). The terrain feature points located at the transitions of topographic 
surfaces, such as peaks, pits and various saddles, are the most important morphological 
elements. These terrain feature points can describe the topographic structural characteris
tics and reveal topographic semantic information, and can also be taken as the basic vari
ables in geoscience fields, such as hydrological analysis (Heckmann et al. 2015; Tavares 
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et al. 2019), cartographic synthesis (Ai and Li 2010; Samsonov 2022), surface network 
construction (Wang and Yu 2009; Clarke and Romero 2017) and digital soil mapping 
(Florinsky 2016; Neyestani et al. 2021). Therefore, the objective analysis, description and 
expression of geomorphic morphological elements have long been a focus of geographers.

At present, the topographic features such as peaks, pits, and saddles are basically 
extracted from DEMs. Although DEMs are available in various data formats including 
regular grid models, irregular triangulated networks (TINs), contour lines, and point 
clouds etc. (Wilson 2018), the most common methods for peak, pit, and saddle extrac
tions as well as terrain classification are using grid-based DEMs (Cheng et al. 2022). 
According to predefined rules and local moving windows, these topographic features can 
be classified and extracted from grid-based DEMs (Etzelm€uller 2000; Pike 2000).

One of the earliest algorithms to automatically extract topographic feature points from 
DEMs was the eight-neighborhood method proposed by Peucker and Douglas (1975). In 
a 3� 3 moving window of the DEM, the central grid cell is assigned to terrain feature 
point types according to its elevation difference from its eight surrounding cells, as well 
as the rules governing the changes in this difference. This method, noted for its simplicity 
and easy parallelization, has been adopted by many scholars (Etzelm€uller 2000; 
Bolongaro-Crevenna et al. 2005). Dikau (2020) proposed a terrain classification scheme 
based on the combination of slope and curvature of the central unit in a local window. 
Takahashi et al. (1995) believed that the terrain feature points extracted using the eight- 
neighbor method should satisfy Euler’s theorem (NPeak þ NPit − NSaddle ¼ 2, where NPeak, 
NPit and NSaddle are the numbers of peaks, pits, and saddles respectively). And he pro
posed a local window triangulation method with the introduction of virtual pits or peaks 
to ensure that the extracted features meet Euler’s theorem. Schneider (2005) proposed a 
terrain feature point extraction method from DEMs by using a bilinear interpolation 
scheme, where the type of each grid cell was identified through the elevation of its four 
adjacent grid cells. Wood and Rana (2000) and Schneider and Wood (2004) developed a 
classification method based on quadric surfaces fitted by DEM grid neighborhoods, in 
which the category of each grid cell was determined by the types of quadric surfaces 
(elliptic, paraboloid and hyperboloid). Wood (1996) developed a multi-resolution terrain 
feature classification method based on quadratic surfaces. Weiss (2001) proposed a classi
fication indicator called Topographic Position Index (TPI), which measured the relative 
height of one point relative to its surrounding area using two different window sizes on 
DEMs to perform the terrain classification. Jasiewicz and Stepinski (2013) proposed a 
promising pattern recognition approach called Geomorphons to automatically classify the 
terrain features including peaks, pits and saddles, which was based on the principles of 
local gradient and line-of-sight calculation.

Another approach to identify terrain feature points from DEMs is called stream net
work analysis or hydrological analysis method (Zhang et al. 2014; Li et al. 2022), which is 
usually achieved by Geographic Information System (GIS) software like ArcGIS (Zhang 
et al. 2011; ESRI, 2020). Based on a series of processes, the direction of streams can be 
calculated and watersheds, features points and feature lines can be extracted through the 
water accumulation simulation.

However, in the terrain analysis based on DEMs, the extraction of topographic features 
such as peaks, pits and saddles has always been faced with the following challenges. First, 
the inherent errors and uncertainties in DEM data limit the accuracy of feature detection 
(Anders et al. 2013; Zhou et al. 2019), resulting in many pseudo-terrain features in classi
fication algorithms (Takahashi et al. 1995; Schneider and Wood 2004). Second, terrain 
types are the external manifestations of geological and geomorphological processes, as 
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well as a comprehensive representation related to multiple geomorphological processes. 
The finiteness of terrain classification parameters and the comprehensiveness of geomor
phological types also lead to the uncertainty of terrain feature extraction and classification 
(Schmidt and Allan 2004; Bolongaro-Crevenna et al. 2005). Third, existing terrain feature 
extraction methods are scale-dependent, involving factors such as DEM resolution 
(Arundel et al. 2018; Mokarram et al. 2018), the size of local window units (Wood 1996; 
MacMillan and Shary 2009), and various threshold sizes (Florinsky 2009; Zhao et al. 2014; 
Zhou et al. 2019; Hu et al. 2022).

To achieve a comprehensive, precise, and natural extraction of terrain features from 
DEMs, this study introduces an advanced method for the automatic identification of 
peaks, pits, and saddles. This approach is distinguished by its integration of the contextual 
information inherent in contour lines, enhancing the natural representation of the topog
raphy. The idea originates from the human cognition of contour topographic maps. That 
is, through the adjacent, nested, and hierarchical spatial topological relationships between 
contour lines, the concavity and convexity rules of contour lines, as well as the elevation 
values, people can reconstruct regional 3D topography (Imhof 1982), thereby achieving 
judgements on the overall structure and local morphology of the regional geomorphology 
(Cromley, 1991; Guilbert 2013), especially features like peaks, pits and saddles.

The main contributions of this paper include the following three aspects. (1) 
Mathematical models of terrain features including peaks, pits and saddles have been con
structed by combining representing methods and geomorphological cognition patterns of 
contour topographic maps. (2) Based on grid DEMs, interpretation algorithms for peaks, 
pits and saddles have been proposed, which are also suitable for TINs, contour lines, and 
other forms of DEMs. (3) This paper presents a global method rather than a local window 
means for feature recognition, with the contour interval as its only variable when the 
resolution of DEM is fixed. And the influence laws of the contour interval on the quantity 
and location of key points have also been discussed through experiments.

The remainder of this article is organized as follows. Section 2 describes the develop
ment of a mathematical model and interpretation algorithm for terrain feature point 
extraction based on contour line features, such as peaks, pits and various saddles. Section 
3 presents a systematic experimental analysis of the proposed method. Section 4 has a dis
cussion between our method and the existing literature. Finally, Section 5 presents the 
concluding remarks.

2. Methodology

Based on the location features of terrain feature points, this section first provides an ana
lysis of the basic features of contour lines near feature points, then describes the construc
tion of a morphological mathematical model of feature points, and finally presents a 
novel interpretation algorithm for terrain feature points.

2.1. Mathematical model of terrain feature points based on contour topological 
relationships

2.1.1. Feature contour lines
Here, three types of contour lines are introduced, namely basic contour line, feature con
tour lines and self-intersecting contour line. (1) In topographic maps, the contour lines 
determined according to the basic contour interval are called the basic contour lines 
(Imhof 1982). (2) There are three contour lines in the vicinity of any point on the 
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ground: one contour line passing through the point (the self-contour line), and the two 
contour lines that are closest to the point, namely, the contour lines above the point (the 
higher contour line) and below the point (the lower contour line). These three contour 
lines are termed the feature contour lines of the point. Since a point can also be seen as a 
degenerated line, the self-contour line on this point is termed a degraded contour line. (3) 
In addition to the above contours, there exists a special contour line, self-intersecting con
tour line, which are defined as two adjacent lines in the same plane with the same eleva
tion share a point (such as a saddle point). Obviously, self-intersecting contour line is a 
special case of the self-contour line.

In the definitions above, the higher and lower contour lines are determined by the 
contour interval and the elevation at the focal point. Apart from the self-contour line, the 
higher and lower contour lines at a point are also basic contours. Obviously, there is one 
and only one self-intersecting contour line at a saddle, while there is a self-contour line at 
each peak and pit. Therefore, the topographic features of any point can be completely 
determined by the geometric features of its self-contour line and the topological relations 
between the feature contour lines.

As shown in Figure 1, the feature contour lines at a peak, pit and saddle have the fol
lowing characteristics.

Peak: At a point, if only the lowest contour line containing itself and a self-contour 
line exist, this point is called the global peak (e.g. Point A in Figure 1; a is the self-con
tour line, b is the lower contour line). If all three feature contour lines exist simultan
eously, and the lower contour line containing the point is separated from the higher 
contour line, then that point is deemed a local peak (e.g. Point C in Figure 1; c is the 
self-contour line, b is the higher contour line, d is the lower contour line).

Pit: A point at which only the self-contour line and the higher contour line exist is 
called the global pit. If all three feature contour lines exist simultaneously, and the higher 
contour line containing the point is separated from the lower contour line, then that 
point is deemed a local pit.

Saddle: If the self-intersecting contour line, the higher contour line and the lower con
tour line exist at the same point (e.g. Point B in Figure 1; e is the self-intersecting contour 
line, f is the lower contour line, d is the higher contour line), and the lower (higher) con
tour contains two separated higher (lower) contours with the same elevation, then this 
point is regarded as a saddle. If there is only one higher (lower) contour with the same 

Figure 1. Spatial relationship between feature contour lines (H indicates elevation above the sea level. Since feature 
contour lines are related to point position, more details can be founded in text).
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elevation, the saddle at the basic contour interval is called an invisible saddle, as it cannot 
be displayed at the given contour interval.

2.1.2. Morphological mathematical model
Based on the above analysis, morphological mathematical models of the peak, pit and sad
dle can be defined as follows. Given a topographic surface z ¼ f ðx, yÞ, where its regional 
extent is X, the contour interval is CI, and QðxQ, yQ, HQÞ is any point on f ðx, yÞ, then the 
feature contour line Q can be defined as

Self − contourline : CSðQÞ ¼ HQ ¼ f ðxQ, yQÞ

highercontourline : CHðQÞ ¼ intðHQ=CI þ 1Þ � CI
lowercontourline : CLðQÞ ¼ intðHQ=CIÞ � CI

9
=

;
(1) 

where CSðQÞ, CHðQÞ, CLðQÞ refer not only to the contour lines themselves, but also to 
the area enclosed by the contour lines. This area is a closed region with the boundary X:

If Q is a peak, it must be located in the area bounded by the lower contour line, and 
its elevation must be the same as that of the self-intersecting contour line. Q can be 
defined as

Q 2 CLðQÞÙfCSðQÞ ¼ HQÚðCHðQÞ \ CLðQÞ ¼ ;g
limCI!0 CLðQÞ ¼ Q

�

(2) 

If Q is a pit, it can be stated that

Q 2 CHðQÞÙfCSðQÞ ¼ HQÚðCHðQÞ \ CLðQÞ ¼ ;g
limCI!0 CHðQÞ ¼ Q

�

(3) 

If C0LðQÞ, C0HðQÞ are contour lines with the same elevation as CLðQÞ, CHðQÞ, Q can 
be defined as a saddle with the following formula

Positive Relief : CSðQÞ ¼ HQÙfCHðQÞ \ C0HðQÞ ¼ ;g � CLðQÞ
Negative Relief : CSðQÞ ¼ HQÙfCLðQÞ \ C0LðQÞ ¼ ;g � CHðQÞ

limCI!0 CHðQÞ ¼ limCI!0 CLðQÞ ¼ CSðQÞ

9
=

;
(4) 

The second condition in (2)-(3) and the third condition in (4) express the multi-scale 
characteristic of Q, indicating that as the contour interval approaches zero, the lower con
tour line will shrink to a peak, pit or saddle.

2.2. Interpretation algorithm of terrain feature points from DEMs

According to the above analyses and definitions, the critical steps of topographic feature 
point extraction from DEMs are the acquisition of feature contours and the analysis of 
their topological relationships. As the topological relationships can be converted into rela
tions between points and polygons, they will not be covered again here. The following 
passages focus on the calculation of the feature contour lines.

2.2.1. Contour calculation with arbitrary elevation
For an arbitrary point Q with elevation HQ, the DEM can be converted into a binary 
image BIDEM according to HQ:

BIDEM ¼
1 DEMði, jÞ � HQ
0 DEMði, jÞ < HQ

�

(5) 
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On BIDEM, a series of areas with elevations higher than HQ form a connected region, 
and the boundary of this connected region forms the contour line across point Q, which 
can be identified by a boundary tracking algorithm (Figure 2). The feature contour lines 
can be calculated by replacing HQ in Formula (5) with CS(Q), CH(Q) and CL(Q).

Compared with the conventional contour tracking algorithm, this method based on 
image processing avoids the problem of ambiguity. Furthermore, the extracted contours 
are self-closed within the DEM range, as the connected regions contain the DEM bounda
ries. In contrast, ensuring that contour lines are closed is always challenging in contour 
tree construction (Song et al. 2011). To obtain finer contour lines, DEM resampling can 
be used.

2.2.2. Identification of self-intersecting contour
As mentioned above, a degraded self-intersecting contour line is just one point, so the 
contour linked list has just one entry, which records the position and elevation of this 
point. Meanwhile, non-degraded self-intersecting contour lines (e.g. contour lines through 
a saddle) share a common point that appears twice in a contour linked list. Therefore, 
intersections can be determined by whether there are repeated points in the linked list. 
Once the position of the common point in the linked list is determined, the decompos
ition of self-intersecting contours is completed.

Figure 3(a) and Figure 3(b), respectively, shows a contour C(Q) passing through arbi
trary point Q and its linked list structure. The contour point (x6, y6) (Q) appears twice in 
the linked list, at position 6 (x6, y6) and position 11 (x6, y6). Thus, C(Q) can be deter
mined as a self-intersecting contour. Taking positions 6 and 11 as breakpoints, C(Q) can 
be decomposed into two closed contours, f1, 2, 3, 4, 5, 6, 12 (1)g and f6, 7, 8, 9, 11(6)g.

2.2.3. Interpretation algorithm
Topographically, peaks only exist in positive terrain, pits only exist in negative terrain, 
and saddles appear in both positive and negative terrain. Therefore, the first task of this 
algorithm is to identify whether DEM grid cells are situated in positive or negative ter
rain. The proposed interpretation model for feature point extraction from DEM based on 
contour lines is shown in Algorithm 1.

Figure 2. Workflow for extracting contours from a DEM based on the image processing method (DEM resolution ¼
50 m; HQ ¼ 2310; red triangle signifies the location of point Q). (a) Binary image; (b) boundary of the connected 
region; (c) vectorized contour lines.
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Algorithm 1. Interpretation algorithm for peak, pit and saddle extraction from DEM 
based on contour lines
Input: DEM, CI // CI: Contour interval
Output: Terrain Classification Matrix: DEMC ¼ 0 //1-Peak; 2-Saddle; 3-Pit; 0-Point on 

slope
1: Initialization DEMC ¼ 0
2: For Q 2 DEM Do
3:  Q (Identification of positive or negative terrain Divergence calculation
4:  Calculate CS(Q), CH(Q), CL(Q) Formula (1);
5:  If Q is in positive terrain //Peak area
6:   Get binary images of CS(Q), CH(Q), CL(Q): BIS(Q), BIH(Q), BIL(Q) Formula (5);
7:   Boundaries of the connected domain of binary images form the linked lists of fea

ture contours: CS, CH, CL;
8:   Contours where Q is: CH (Q), CL (Q); // There are multiple lines with the same 

height, and it is necessary to confirm which one contains Q;
9:   If Length (CH(Q)) ¼ 0 & Length (CL(Q)) > 1
10:    DEMC (Q) ¼ 1; //Global peak
11:   Else If Length (CH(Q)) >0 & (CL(Q) \ CH(Q) ¼ Ø)
12:    DEMC(Q) ¼ 1; //Local peak
13:   Else If Length (CS(Q)) > 0 & (CH(Q) \ C0H(Q)¼Ø) � CL(Q)
14:    If max(P)2(CH(Q) ˅ C0H(Q) & HP<CH(Q) & HP > CL(Q)
15:     DEMC(Q) ¼ 0; //Non-visible saddle with the contour interval CI
16:    Else
17:     DEMC(Q) ¼ 2; //Saddle in positive terrain
18:    End If
19:   End If
20:  Else Q is in negative terrain //Pit area
21:   Get binary images of CS(Q), CH(Q), CL(Q): BIS(Q), BIH(Q), BIL(Q) “>” in 

Formula (5) ! “<”
22:   Boundaries of the connected domain of binary images form the linked lists of 

feature contours: CS, CH, CL;
23:   Contours where Q is: CH (Q), CL (Q); // There are multiple lines with the same 

height, and it is necessary to confirm which one contains Q;
24:   If Length (CL(Q)) ¼ 0 & Length (CH(Q)) > 1
25:    DEMC(Q) ¼ 3; // Global pit
26:   Else If Length (CL(Q)) >0 & (CL(Q) \ CH(Q) ¼ Ø)
27:    DEMC (Q) ¼ 1; //Local pit
28:   Else If Length (CS(Q)) > 0 & (CL(Q) \ C0L(Q) ¼ Ø) � CH(Q))

Figure 3. Identification and decomposition of self-intersecting contour lines. (a) An example of a self-intersecting con
tour line (blue circles signify points with the same elevation; the red triangle signifies the point of self-intersection); 
(b) the linked list of the contour in (a).
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29:    If min(P) 2 (CL(Q) ˅ C0L(Q)) & HP > CL(Q) & HP < CH(Q)
30:     DEMC (Q) ¼ 0; //Non-visible saddle with the contour interval CI
31:    Else
32:     DEMC (Q) ¼ 2; //Saddle in negative terrain
33:    End If
34:   End If
35:  End If

3. Experimental analysis

3.1. Dataset description

Considering that the number and location of feature points need to be analyzed statistic
ally, and in order to avoid the influence of DEM errors on the analysis results, high-preci
sion DEM data is selected. The original DEMs are derived by digitizing contour maps 
(Habib 2021). First, a large-scale contour map is scanned and digitized by AutoCAD to 
acquire contour lines with a spacing of 10 m. Second, the CAD mapping is imported into 
ESRI ArcGIS 10.2 as a feature class to generate DEMs using the interpolation technique 
ANUDEM with a resolution of 0.25 m. Finally, each 0.25 m DEM is bilinearly interpolated 
into a DEM with a resolution of 10 m. More details of the DEM dataset can be found in 
Habib (2021).

The experimental data of this study include a mountainous DEM and a hilly DEM 
with resolutions of 10 m (Figure 4). The DEM of the mountainous area covers 2.73 km2, 
with a maximum elevation of 996.490 m and a minimum elevation of 671.076 m. The 
DEM of the hilly area is 2.77 km2, with a maximum elevation of 623.634 m and a min
imum elevation of 321.413 m. The topographies of the experimental areas have large relief, 
and peaks of various heights are clearly distributed across them.

In order to verify the effectiveness of the proposed method, we choose the manual 
extraction features from contour lines derived from DEMs as the reference data 
(Rutzinger et al. 2012; Zhou et al. 2018; Zhou et al.2019; Huang et al. 2020). To further 
ensure the objectivity of the manually extracted features, contour lines are overlayed on 

Figure 4. Terrain surfaces of the test sites (Habib 2021). (a) Mountainous area; (b) hilly area.
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the corresponding hill-shading maps to assist the location interpretation of the terrain fea
tures. And the average value of multiple interpretation results is taken as the final refer
ence data.

3.2. Overall results

Figure 5 shows the results of topographic feature point extracted at contour intervals of 
5-meter, 10-meter and 20-meter in the mountainous DEM and hilly DEM with 10-meter 
resolution. As can be seen from Figure 5, all peaks, pits and saddles except on the DEM 
boundary are correctly extracted by our approach. The extracted results are consistent 

Figure 5. Results of feature point extraction with different contour intervals (DEM resolution is 10 m). (a) Mountainous 
area; (b) hilly area.
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with the manual extraction results (For clarity, the manual extraction results are not 
marked in Figure 5, but a part of them are shown in Figures 10 and 11), without any 
pseudo-topographic features or redundant topographic feature points.

In order to make a quantitative assessment between the peaks, pits and saddles 
extracted by the proposed method and those extracted manually from topographic maps, 
three accuracy metrics have been introduced, which are completeness, correctness and 
quality respectively (Rutzinger et al. 2012). Their calculation formulas are shown in the 
following Equation (6), where TP denotes the point number of true positive (correct 
extract), FN is the point number of false negative (incorrect extract, including redundant 
points) and FP is the point number of false positive (omissive extract). Therefore, for 
each extracted feature point, statistical parameters including the numbers of correct 
points, false points, redundant points and omissive points should be counted.

Completeness ¼
TP

TP þ FN
� 100%

Correctness ¼
TP

TP þ FP
� 100%

Quality ¼
TP

TP þ FP þ FN
� 100%

9
>>>>>=

>>>>>;

(6) 

The overall quantitative evaluation results of the mountainous data set and hilly data 
set are shown in Table 1 and Table 2, respectively. As can be seen from Tables 1 and 2, 
the proposed method can achieve high correctness and completeness in both two data 
sets, with three accuracy metrics almost up to 100%. This mainly results from the fact 
that a set of contour lines, not an individual line itself, depict the major features of a 

Table 1. Accuracy comparison results in mountainous area.

Contour interval (m) Feature points Manual method Proposed method Accuracy metrics

5 Peaks 23 23/0/0/0 (100%, 100%, 100%)
Saddles 25 24/0/0/1 (100%, 96%, 100%)
Pits 2 2/0/0/0 (100%, 100%, 100%)

10 Peaks 14 14/0/0/0 (100%, 100%, 100%)
Saddles 15 15/0/0/0 (100%, 100%, 100%)
Pits 2 2/0/0/0 (100%, 100%, 100%)

20 Peaks 10 10/0/0/0 (100%, 100%, 100%)
Saddles 19 19/0/0/0 (100%, 100%, 100%)
Pits 2 2/0/0/0 (100%, 100%, 100%)

Digit in A/B/C/D represent the number of totals, false, redundant, and omissive feature points respectively in the 
proposed method column. Digit in (A, B, C) denotes the completeness, correctness and quality in the accuracy 
column.

Table 2. Accuracy comparison results in hilly area.

Contour interval (m) Feature points Manual method Proposed method Accuracy metrics

5 Peaks 11 11/0/0/0 (100%, 100%, 100%)
Saddles 10 10/0/0/0 (100%, 100%, 100%)
Pits 1 1/0/0/0 (100%, 100%, 100%)

10 Peaks 9 9/0/0/0 (100%, 100%, 100%)
Saddles 8 8/0/0/0 (100%, 100%, 100%)
Pits 1 1/0/0/0 (100%, 100%, 100%)

20 Peaks 7 7/0/0/0 (100%, 100%, 100%)
Saddles 6 6/0/0/0 (100%, 100%, 100%)
Pits 1 1/0/0/0 (100%, 100%, 100%)

Digit in A/B/C/D represent the number of totals, false, redundant, and omissive feature points respectively in the 
proposed method column. Digit in (A, B, C) denotes the completeness, correctness and quality in the accuracy 
column.
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landscape and retain its intrinsic character (Guilbert 2013). Contour lines are governed by 
clear rules and follow explicit spatial relationships for terrain expression, so that pseudo- 
topographic feature points are effectively avoided due to the mutual relationship between 
contour lines and the topological relation between feature points and contour lines.

Due to the globally closed characteristics of contour lines, not all of the contour lines 
in a subdivision of a map are closed. Therefore, at the boundary of a DEM, the proposed 
method is somewhat subject to boundary effects, that is, there may be redundant feature 
points at the boundary. This is mainly due to the binarization contour extraction algo
rithm. Parts of the contour lines may form closed contour lines together with the bounda
ries, and points within those enclosed areas may be identified as feature points. These 
points can be eliminated by determining whether they are on the boundary. The statistics 
discussed in the following section do not include feature points located at DEM 
boundaries.

3.3. Influence of contour interval on terrain feature points

According to contour theory, given a fixed scale, the contour interval determines the 
details of the terrain representation, and greater intervals have a smoothing effect on ter
rain expression. The smaller the contour interval, the more contour lines exist, and the 
more topographic features are expressed. Conversely, the greater the contour interval, the 
fewer contour lines exist, and the corresponding topographic representation is simpler. As 
the identification and extraction of feature points are based on contour lines in the pro
posed approach, given a fixed DEM resolution, the size of the contour interval will obvi
ously affect the number and location of feature points.

To compare the quantitative integrity and positional accuracy of feature points 
extracted with different contour intervals, feature points are extracted using contour inter
vals of 2.5 m, 5 m, 7.5 m, 10 m, 12.5, 15, 20 and 30 m based on the two DEMs with a reso
lution of 10 m, as shown in Figure 5 (only partial results are shown due to space 
constraints).

3.3.1. Contour interval and number of terrain feature points
Table 3 and Figure 6 show the relationship between the contour interval and the number 
of feature points in the mountainous-area DEM, while Table 4 and Figure 7 show their 
relationship in the hilly-area DEM. The following conclusions can be drawn. (1) The 
numbers of peaks and saddles decrease with the increase in the contour interval. Smaller 
contour intervals enable more detailed features of the terrain to be represented, allowing 
more peaks to be identified and more layers of saddles to be shown (see Figure 6). (2) 
Unlike the numbers of peaks and saddles, the number of pits remains essentially 
unchanged as the contour interval changes. In fact, there are no pits of real significance 

Table 3. Statistical results for mountainous area.

Contour interval (m) Peaks Pits Saddles Total Euler’s equation

2.5 24 2 28 54 −2
5 23 2 24 49 1
7.5 19 2 21 42 0
10 14 2 15 31 1
12.5 18 2 19 39 1
15 15 2 15 32 2
20 10 2 10 22 2
30 11 1 11 23 1
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in the actual DEM. (3) Comparison of Figures 6 and 7 shows that the trends of correl
ation curves between the number of feature points and the contour interval in mountain
ous area are consistent with those in hilly area.

Due to the central role of peaks, saddles and pits in the fields of surface network con
struction and cartographic synthesis, Takahashi et al. (1995) argued that the non-degener
ate feature points extracted from DEMs should conform to Euler’s equation, as 
mentioned in Section 1. Therefore, they suggested introducing a global virtual pit and 

Figure 6. Relationship between the number of feature points and the contour interval in mountainous area.

Table 4. Statistical results for hilly area.

Contour interval (m) Peaks Pits Saddles Total Euler’s equation

2.5 15 1 14 30 2
5 11 1 10 22 2
7.5 8 1 7 16 2
10 9 1 8 18 2
12.5 8 1 7 16 2
15 8 1 7 16 2
20 7 1 6 14 2
30 6 1 5 12 2

Figure 7. Relationship between the number of feature points and the contour interval in hilly area.
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decomposing the degraded pits to satisfy Euler’s equation. However, as shown in Tables 3
and 4, the numbers of feature points extracted from the DEMs usually fail to satisfy 
Euler’s equation, especially at small contour intervals.

In practice, considering the data characteristics of DEMs and their practical application 
requirements, there is no need for the numbers of feature points to satisfy Euler’s equa
tion. This can be explained as follows. (1) The prerequisite of Euler’s equation is a smooth 
surface or a dense discrete surface with high precision, whereas a DEM with a discrete 
regular grid or irregular grid surface does not satisfy this condition (Takahashi et al. 
1995; Jeong et al. 2014). The algorithm proposed in this paper is based on the shapes and 
relationships between contour lines, so it is not subject to this constraint. (2) The intro
duction of a virtual pit or the decomposition of degraded saddles will lead to the appear
ance of topographic features without any morphological significance (�Comi�c et al. 2014). 
In contrast, various feature points can be naturally identified through the spatial topo
logical relationship between contour lines, which is more consistent with human visual 
cognition and judgment. (3) In the construction of the surface network, it is usually 
assumed that a saddle point is associated with two steepest descent gradients (valley lines) 
and two steepest ascent gradients (ridge lines), which imposes more stringent require
ments on the number of feature points.

3.3.2. Contour interval and location of terrain feature points
From a local viewpoint, Figure 8(a,b) show the spatial locations of the feature points 
extracted by the proposed algorithm with contour intervals of 20, 10 and 5 m in the same 
areas of the mountainous and hilly DEMs, respectively. As can be seen, in both DEMs, 
the number of extracted feature points gradually increases with the decrease in the con
tour interval, indicating that more details of the terrain are revealed. However, the spatial 
positions of the extracted feature points in the focal region remain unchanged, without 
any offset. For example, take point P in Figure 8(a), which is an extracted feature point 

Figure 8. Spatial positions of feature points extracted with different contour intervals in a local area. (a) Mountainous 
area; (b) hilly area.
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deemed to be a peak. In the areas marked by blue ellipses, when the contour interval is 
reduced to 5 m, more feature points around point P are extracted, but the spatial position 
of the feature point P remains unchanged.

According to the morphological mathematical model of feature points, a contour line 
containing a feature point will shrink to a point as the contour interval is reduced. In the 
region surrounded by a contour line, the peak can be regarded as the local highest point 
and the pit as the local lowest point, while there is only one self-intersecting contour line 
across the saddle. This implies that the position of a feature point remains constant irre
spective of the contour interval. That is, although the numbers of extracted feature points 
depend on the contour interval, the locations of these feature points remain unchanged. 
Figure 9 presents the superimposed results of peak, pit and saddle extraction at different 
contour intervals in the two sample areas. In both the mountainous area and the hilly 
area, the positions of feature points coincide perfectly, despite the differences in their 
quantitative properties.

4. Discussion

In this section, based on a DEM with 10-meter resolution and 5-meter contour interval, 
the effectiveness and correctness of our proposed algorithm are further discussed. Using 
manually extracted results as references, our results have been compared with those 
obtained from existing methods. These comparative analyses aim to present the strengths 
and improvements our algorithm offers in the terrain feature extraction.

4.1. Selection of existing algorithms

Many geomorphometric analysis methods and techniques have been proposed to extract 
terrain features from DEM, including eight-neighbour method (Peucker and Douglas 
1975), Geomorphon (Jasiewicz and Stepinski 2013), Topographic Position Index (Weiss 
2001), Multiscale Quadratic Polynomial Estimation (Wood 1996), GIS hydrological ana
lysis method (ESRI, 2020) and etc. The first four belong to a local window analysis and 

Figure 9. Spatial distribution of feature points extracted at different contour intervals. The black crosses indicate the 
locations of feature points, and the sizes of the symbols correspond to the contour intervals at which the feature 
points are extracted (2.5 m, 5 m, 7.5 m, 10 m, 12.5, 15, 20 and 30 m), i.e. the smaller the symbol, the smaller the con
tour interval. (a) Mountainous area; (b) hilly area.
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the last can be regarded as a vector analysis model. Considering the methods of 
Geomorphon, Topographic Position Index and Multiscale Quadratic Polynomial 
Estimation need experiments to determine the best scaling parameters, this study selects 
the classical eight-neighbour method and hydrological analysis method as the 
comparisons.

Based on a fixed 3� 3 moving window, the Peucker algorithm extracts feature points 
from the change in height difference between the central grid cell and its surrounding 
eight grid cells (Peucker and Douglas 1975). GIS hydrologic analysis is a procedural 
method including a series of operational steps (ESRI, 2020). For peaks and pits, statistical 
analysis with a variable neighborhood window is used. For saddles, it is considered that a 
saddle point is a topographic feature point with the local highest point in one direction 
and the local lowest point in the other direction. Therefore, a ridge line is extracted by 
tracing the local highest points and a valley line is extracted by tracing the local lowest 
points. Finally, the saddle is extracted at the intersection of the ridge line and valley line 
(Zhang et al. 2011; Li et al. 2022; Hu et al. 2022).

Figures 10(a–d) and 11(a–d) show the extracted results of the manual method, the 
method proposed in this study, Peucker algorithm and GIS hydrological analysis method 
in the two study areas respectively. Using the accuracy metrics of completeness, correct
ness and quality, statistical analyses of the feature points extracted by different methods 
are presented in Tables 5 and 6.

Figure 10. Comparative results of feature point extraction with different methods in a mountainous area (the contour 
interval is 5 m). (a) Manual extraction method; (b) method proposed in this study; (c) Peucker algorithm; (d) GIS 
hydrological analysis method.
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4.2. Accuracy of the extracted peaks and pits

As a peak can be seen as the highest point in a local region and a pit can be seen as the 
lowest point in a local region, then irrespective of whether a fixed 3� 3 moving window 
or a k� k (k is odd) variable neighborhood window is used, the principle is to determine 
whether the central grid cell is the elevation extremum of its neighborhood (Wood 1996). 
Therefore, the Peucker algorithm and GIS hydrologic analysis method can identify peaks 
and pits comparatively correctly, but these may be accompanied by some redundant, false, 

Figure 11. Comparative results of feature point extraction with different methods in a hilly area (the contour interval 
is 5 m). (a) Manual extraction method; (b) method proposed in this study; (c) Peucker algorithm; (d) GIS hydrological 
analysis method.

Table 5. Accuracy comparison results of different methods in mountainous area.

Methods Peaks Saddles Pits

Manual method 23 25 2
Proposed method 23/0/0/0 24/0/0/1 2/0/0/0

(100%, 100%, 100%) (100%, 96%, 100%) (100%, 100%, 100%)
Peucker algorithm 38/0/15/0 60/39/4/8 4/2/0/0

(60.5%, 100%, 60.5%) (17.3%, 52.9%, 15%) (50%, 100%, 50%)
GIS hydrological analysis method 20/1/0/4 43/17/6/5 2/0/0/0

(95%, 82.6%, 79.2%) (46.5%, 80%, 41.7%) (100%, 100%, 100%)

Contour interval is set 5 m. Digit in A/B/C/D represent the number of totals, false, redundant, and omissive feature 
points respectively. Digit in (A, B, C) denotes the accuracy metric of completeness, correctness and quality 
respectively.
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and omissive points for DEM error and size of local window (Li et al. 2022). As shown in 
Figures 10 and 11, our results are consistent with those of the manual method in both 
study areas, except for the redundant feature points caused by the boundary effect (as dis
cussed in Section 3.2).

Statistical analyses in Tables 5 and 6 show a consistent conclusion with the above vis
ual analysis. Compared with the manual method results, although the pit numbers are 
similar, the peak numbers extracted by the three methods are significantly different both 
in the two study areas. In particular, Peucker algorithm and GIS hydrological analysis 
method show almost 100% correctness but the completeness is relatively low (Peucker 
algorithm with 60.5% and 37.9%, GIS hydrological analysis method with 95% and 78.5% 
in Table 5 and Table 6, respectively) due to the generation of a great number of redun
dant, false, and omissive peaks. This is because they are both based on a moving window 
method. When a neighborhood window moves continuously cell by cell throughout the 
DEM, which results in overlapping of neighborhood windows between adjacent DEM 
cells, the contextual information of adjacent windows is not considered while evaluating 
the current window attributes (Xiong et al. 2021; Hu et al. 2022).

While in contour topographic maps, a peak, as well as a pit, is characterized by a 
closed contour line. Although feature contour lines of local peaks and pits may form mul
tiple closed contours, there is only one closed contour containing a peak or pit (Imhof 
1982). Being based on contour lines generated from a DEM, the proposed approach is 
not confined to an analytical visual field within a neighborhood window, nor does it need 
to determine the window size under different terrain conditions through experiments. 
Due to the global attribute of contour lines and their explicit topological relationships 
(Guilbert 2013, 2021), the results of the proposed method are satisfactory with the cor
rectness and completeness up to almost 100%, as shown in Tables 5 and 6.

4.3. Accuracy of the extracted saddles

In terms of spatial distribution, saddles and peaks appear alternately along ridge lines, 
while saddles and pits appear alternately along valley lines (Takahashi et al. 1995), but for 
contour lines, the point shared by two or more contours can be defined as a saddle 
(Guilbert 2021). Compared with a simply closed contour morphology of peaks and pits, 
the surface shape of saddles is more complex, resulting in a large difference in the num
bers of saddles among three algorithms. As shown in Tables 5 and 6, the saddles extracted 
by the three algorithms are 24, 60 and 44 respectively in mountainous areas, while 10, 44 
and 12 respectively in hilly areas. While Peucker algorithm and GIS hydrological analysis 
not only have lower correctness, but also lower completeness.

Table 6. Accuracy comparison results of different methods in hilly area.

Methods Peaks Saddles Pits

Manual method 11 10 1
Proposed method 11/0/0/0 10/0/0/0 1/0/0/0

(100%, 100%, 100%) (100%, 100%, 100%) (100%, 100%, 100%)
Peucker algorithm 29/18/0/0 44/37/0/3 1/0/0/0

(37.9%, 100%, 37.9%) (15.9%, 70.0%, 14.0%) (100%, 100%, 100%)
GIS hydrological analysis method 14/3/0/0 12/11/0/9 1/0/0/0

(78.5%, 100%, 78.5%) (21.4%, 25%, 13.0%) (100%, 100%, 100%)

Contour interval is set 5 m. Digit in A/B/C/D represent the number of totals, false, redundant, and omissive feature 
points respectively. Digit in (A, B, C) denotes the accuracy metric of completeness, correctness and quality 
respectively.
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In the Peucker algorithm, a saddle point is defined as follows. In a local window, first, 
the elevation differences between the center point and its neighbors are calculated, and 
then the changes in the sign of the differences are counted. If the number of changes is 
four and the sum of the positive and negative differences is greater than the threshold, 
the center point can be seen as a saddle. As shown in Figures 10(c) and 11(c), for hilltop 
regions, slope surfaces and other relatively gentle areas, it is easy to meet such a condi
tion. Also, noises in DEMs may lead to a large number of false saddles, 39 and 37 in the 
two study areas respectively (as shown in Tables 5 and 6). Although this can be controlled 
by setting the threshold, determining the threshold value is not easy (Florinsky 2009; 
Zhao et al. 2014). Moreover, a saddle is located between two connected peaks, where the 
terrain is gentle and relatively open. Thus, a saddle point may be omitted due to the vis
ual field limitation of a local window (Xiong et al. 2021). Tables 5 and 6 shows that 8 are 
omissive in mountainous area and 3 in hilly area. Furthermore, the overlapping of neigh
borhood windows between adjacent DEM cells may result in redundant saddles (e.g. 4 
redundancies in mountainous area). As a result, the correctness and completeness of 
Peucker algorithm are very low in both two study areas (52.9% and 17.3% in mountain
ous area, 15.9% and 70.0% in hilly area).

As seen in Figures 10(d) and 11(d), similar to the Peucker algorithm, the GIS hydro
logical simulation method is with 80% correctness and 46.5% completeness in mountain
ous area, and with 25% correctness and 21.4% completeness in hilly areas (as shown in 
Tables 5 and 6). This method produces a number of false, omitted and redundant saddles. 
In GIS hydrological analysis, the delineation of ridge lines (valley lines) is achieved 
through the simulation of runoff concentration, and this process entails a filtering tech
nique that mitigates the impact of negative terrain (positive terrain). This technique, while 
effective in extracting ridge lines (valley lines), often leads to discontinuities along these 
features. Consequently, the resulting fragmented lines may not consistently converge at 
saddle area. This inconsistency can give rise to inaccuracies, manifesting false saddles or 
omitted saddles in certain regions (Huang et al. 2020; Hu et al. 2022).

Unlike the Peucker algorithm and GIS hydrological analysis method, the proposed 
algorithm extracts saddles through the topological relationship between contour lines. 
Seeing Tables 5 and 6, our extracted saddle points are almost consistent with the manual 
methods, and the accuracies of the two study areas are almost 100%. The only omissive 
saddle is in the upper left corner of Figure 10(b). When the contour interval is small, the 
method is prone to producing closed contour lines at the boundary because of the com
pact contour group, resulting in omitted saddles near the boundary. Even so, the global 
properties of contour lines can overcome the limitation of analytical visual fields within a 
neighborhood window, and the extracted saddles are more in accord with the cognitive 
rules of geomorphology. Our extraction method ensures the spatial correspondence 
between saddles, peaks and pits, and effectively avoids the appearance of false, omitted 
and redundant saddles. Another advantage is that contour lines are not sensitive to the 
data noise of DEMs (Li et al. 2022), which can reduce the influence of DEM errors on 
feature point extraction.

4.4. Limitations of the proposed method

Despite the important contributions of this study, it has also certain limitations. In con
trast to the traditional approaches, our approach has the contour interval as the only vari
able, with no need to set various threshold values. This is an important advantage of the 
method, but also creates the problem of how to choose an appropriate contour interval 
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(as shown in Figure 5). Considering that the DEMs with different resolutions in most 
early products generally corresponded to topographic maps of different scales, a feasible 
approach is to learn from the settings of the basic contour intervals of topographic maps. 
For example, for DEMs with a 25 m resolution published in China, the contour interval 
of the corresponding topographic maps is between 10 and 20 m with different terrain 
types. Thus, if the Shuttle Radar Topography Mission (SRTM) DEM or the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global DEM with a 
30 m resolution were used in this approach, the contour interval could be set as 10–20 m 
according to the similar correspondence rules between the resolution of DEMs and the 
topographic maps with known contour intervals. In the future, we will carry out a deeper 
study of the selection of the contour interval. Further investigation is required to examine 
this proposed method in more detail.

5. Conclusion

In this study, a new method of automatically extracting topographic feature points from 
DEMs is developed based on geomorphic intuition regarding terrain feature points and 
the topological relationships of contour lines. Combined with constraints on terrain mor
phological features, morphological mathematical models of peaks, saddles and pits were 
constructed with feature contour lines as the core, and the corresponding interpretation 
algorithms were designed. Compared with existing methods, the proposed approach has a 
higher accuracy and effectively avoids the occurrence of false, omitted and redundant fea
ture points.

The principal conclusions of this study are summarized as follows:

1. Considering the inherent discreteness and presence of data noise in DEMs, the topo
graphic morphology emerges as a critical factor in the successful identification of 
topographic terrain feature points from DEMs.

2. Through the contour topological relationships, which naturally contain topographic 
features, our methodology enables the precise and comprehensive extraction of fea
ture points from DEMs. This approach markedly outperforms existing techniques by 
efficiently avoiding the generation of erroneous feature points often associated with 
the local window method, thereby eliminating omission and redundancy. The out
comes achieved through our method demonstrate a high level of correctness and 
completeness.

3. The contour interval is the only variable of this algorithm once the resolution of the 
DEM is determined. It is observed that an increase in the contour interval results in 
a reduction of the number of topographic feature points, though this does not impact 
their spatial positioning.

4. Our proposed method adopts a global strategy, effectively overcoming the limitations 
posed by the narrow perspective of local window approaches. It negates the need for 
setting various threshold values, offering a more streamlined and efficient process for 
the extraction of topographic features.
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