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Abstract: Digital terrain analysis (DTA) is one of the most important contents in the research 
of geographical information science (GIS). However, on the basis of the digital elevation 
model (DEM), many problems exist in the current research of DTA in geomorphological stu-
dies. For instance, the current DTA research appears to be focused more on morphology, 
phenomenon, and modern surface rather than mechanism, process, and underlying terrain. 
The current DTA research needs to be urgently transformed from the study of landform 
morphology to one focusing on landform process and mechanism. On this basis, this study 
summarizes the current research status of geomorphology-oriented DTA and systematically 
reviews and analyzes the research about the knowledge of geomorphological ontology, ter-
rain modeling, terrain derivative calculation, and terrain analytical methods. With the help of 
DEM data, DTA research has the advantage of carrying out geomorphological studies from 
the perspective of surface morphology. However, the study of DTA has inherent defects in 
terms of data expression and analytic patterns. Thus, breakthroughs in basic theories and key 
technologies are necessary. Moreover, scholars need to realize that DTA research must be 
transformed from phenomenon to mechanism, from morphology to process, and from terrain 
to landform. At present, the research development of earth science has reached the critical 
stage in which the DTA research should focus more on geomorphological ontology. Conse-
quently, this study proposes several prospects of geomorphology-oriented DTA from the as-
pects of value-added DEM data model, terrain derivatives and their spatial relations, and 
macro-terrain analysis. The study of DTA based on DEM is at a critical period along with the 
issue on whether the current GIS technology can truly support the development of geography. 
The research idea of geomorphology-oriented DTA is expected to be an important exploration 
and practice in the field of GIS. 
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1  Introduction 

Geomorphology profoundly controls the redistribution of surface materials and energy, and 
it impacts the evolution and development of surface landscape systems and ecosystems, 
which also influence and determine the form and scale of human activities to a certain extent 
(Yang et al., 1989; Pan and Li, 1996; Zhang et al., 2006; Cui et al., 2011; Chen et al., 2015a). 
The research of geomorphology is viewed as a discipline that considers the morphological 
characteristics, formation mechanisms, distribution patterns, and evolution rules of the 
earth’s surface. The discipline attribute and research field of geomorphology indicate its 
foundation role in the field of geographical research. Since the 1970s, with the development 
of the theory and technique of modern geographical information science (GIS), the analyti-
cal methods of traditional geography have been profoundly improved (Jiang and Chen, 2000; 
Zhang et al., 2003; Lun and Tong, 2008; Wang et al., 2009; Li et al., 2012b; Chen et al., 
2015b; Li et al., 2016; Nan et al., 2016). 

In the field of geomorphology, the basic expression mode of terrains has been fundamen-
tally changed due to the transformation of the surface expression method. The terrain ex-
pression method has also been transformed from the contour map to the digital elevation 
model (DEM). With the help of DEM data, digital terrain analysis (DTA) can effectively 
extract and deeply analyze terrain derivatives and terrain features through GIS platforms. 
Tradition analytical methods in the field of geomorphology have also been fundamentally 
transformed with the emergence and improvement of DTA. From the perspective of research 
scale, DEM data with different scales can help to analyze regional landform patterns from 
the macro-perspective, the exploration of local landforms from the micro-perspective, and 
the investigation of surface reliefs and vertical landscapes from multiple oblique viewpoints. 
Thus, multi-scales DEMs can significantly improve the comprehensive understanding of 
geomorphology by using multiple scales. From the perspective of analytic dimensions, DTA 
methods based on DEM data are able to complete the automated extraction and analysis of 
different kinds of terrain attributes and features. The analytic dimensions of attributes and 
features have also promoted new research directions and revealed deep geographical 
knowledge based on the DTA methods. These works can significantly support the further 
exploration and understanding of deep geographical knowledge. From the perspective of a 
research paradigm, the current paradigm of geomorphological research has the ability to 
simultaneously provide quantitative, qualitative, and positional analysis. By contrast, the 
traditional paradigm of geomorphology research has mainly focused on analyzing qualitative 
descriptions and semi-quantitative expressions. This transformation of the research paradigm 
supports and can improve the understanding of landform characteristics, the quantitative 
expression of landform features, and modeling for related landform processes. 

Currently, the research of DTA based on DEM gradually forms the specific theory, me-
thod, and application system of geoscience. In the GIS, geomorphology, and surveying fields, 
DTA has become an influential and significant direction, as it combines multiple subjects 
and contents. However, the current research of DTA still has several obvious problems that 
need to be solved, even if DTA theories and methods have completed a series of im-
provements. A relevant problem is that the current DTA research centers on the expression of 
surface morphology and the extraction of terrain attributes or features, which largely limit 
the comprehensive understanding of landforms from the geomorphological ontology per-
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spectives (i.e., morphological characteristic, formation mechanism, distribution pattern, and 
evolution rule). In addition, besides surface morphology, the elements of landforms also in-
volve genetic mechanisms, material components, evolution processes, and time-periods. In 
real scenarios, landforms take the form of different spatial objects with certain shapes on the 
earth’s surface. These aspects are not simply abstracted geometric objects but the geo-
graphical combinations of various spatial attributes and relationships of topographical ob-
jects. The combinations contain certain tectonic structures and material components and are 
impacted by the earth’s internal and external forces (Gan, 1980; Cai et al., 1996; Cui et al., 
1996; Lu and An, 1998; Chen, 2002; Li et al., 2003; Zheng and Gao, 2003; Zhu et al., 2009; 
Wang, 2017). Therefore, landforms cannot be fully understood without the knowledge about 
their material components and their characteristics. In addition, landforms cannot be further 
investigated without the knowledge about the properties and transformation patterns of the 
biosphere, hydrosphere, and atmosphere, as they promote the development of these land-
forms. Thus, geomorphology-oriented DTA requires the feature investigation of earth’s sur-
face objects, requires the understanding of internal and external dynamics and processes that 
shape the objects, and necessitates the full consideration of the physical composition of the 
objects and their physicochemical properties and dynamic relationships. In addition, the 
theory and method of traditional geomorphology should be carefully studied, and the scien-
tific tradition and research paradigm of geomorphological research should be fully respected. 
With the abovementioned requirements, the current DTA research can only be truly up-
graded or improved from “form” to “process” and from “terrain” to “geomorphology.” Oth-
erwise, DTA research may lead to the meaningless investigation of “digital games” with 
elevation data. 

This study systematically analyzes the current state of research of geomorphology- ori-
ented DTA. The current state of DTA research contains the understanding of geomor-
phological ontology and geomorphological research, the modeling of surface morphology, 
the extraction of terrain derivative, and the other terrain analytical methods. With the basic 
understanding of geomorphology-oriented DTA, this study also proposes several prospects 
of geomorphology-oriented DTA. These prospects include the value-added DEM data model, 
terrain derivatives and their spatial relations, and macro-terrain analysis. 

2  Progress of geomorphology-oriented DTA 

2.1  Understanding of geomorphological ontology and geomorphological research 

Geomorphological ontology is the core and basis of geomorphological epistemology and 
methodology, and it also determines the macro-direction of geomorphological research. 
From the developmental aspect of geomorphology, the expanding and improving theoretical 
models and analytical methods can be used to reflect the development trajectory of human’s 
understanding of geomorphological ontology. Furthermore, these models and methods have 
been used to form a complete epistemological system of geomorphology, which can further 
provide the theoretical basis of geomorphological research (Walsh et al., 1998; Ru-Lan et al., 
2009). The research of geomorphological ontology and its theoretical construction can be 
traced back to the ancient Greek period and the Northern Song Dynasty, in which Herodotus 
and Kuo Shen can be viewed as the two representative scientists, respectively (Wilcock et 
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al., 2003; Chu, 2010). The term “geomorphology” was first proposed by Lauman, a German 
geographer, in 1858 and has since been widely used in related research (Needham and Ling, 
1959; Tinkler, 1985). Thereafter, and for quite some time, the different geomorphic evolu-
tion theories proposed by Penk and Davis have evolved into processes of thought collision 
and theoretical confrontation, respectively. These two different theories have been used to 
represent the main geomorphological ontology research and the focus of geomorphology for 
a period of time (Ritter et al., 1986; Oldroyd and Grapes, 2008). The two theories can also 
be classified into descriptive geomorphological research and deductive geomorphological 
research, although they have different academic views. In the 19th century, some scholars 
used climate-background research to explain the formation of large-scale landforms, facili-
tating the rise of climatic geomorphology (Lu and Guo, 2013; Shchukin, 2014). The above-
mentioned theoretical and modeling achievements in the recognition of landforms represent 
the early scholars’ understanding and interpretation of geomorphological ontology.  

Since the 20th century, scholars have begun to emphasize the study of dynamic geomor-
phology under the influence of the earth’s internal and external forces (Hails, 1987; Zhou 
and Li, 2003; Zhao et al., 2013). The studies have gradually paid attention to the control of 
internal forces in the formation of landforms. Geomorphological ontology has been further 
studied on the basis of the interaction of the earth’s internal and external forces, and many 
achievements supporting the formation of tectonic geomorphology, rock geomorphology, 
and related categories have been attained (Chen and Cui, 2009; Bowman et al., 2010; Gao et 
al., 2013). Those bodies of research have greatly enriched and perfected human’s under-
standing of geomorphological ontology; subsequently, breakthroughs and improvements 
have also been achieved in the recognition of landform formations affected by the earth’s 
internal and external forces, geological structures, material compositions, and other factors. 
The achievements have also improved the qualitative understanding of the linkage between 
surface morphological features and activities of the earth’s deep plates, which can be re-
garded as a revolution in the field of geomorphology (Cheng, 2016; Lu, 2018). The devel-
opment of geomorphological research during this period has provided a wealth of accumu-
lated knowledge about geomorphological ontology, further allowing its relatively complete 
understanding. The studies have also prompted the description of the real causes, mecha-
nisms, and patterns of objectively existing landforms and the scientific interpretation of 
landforms.  

Geomorphologists have never stopped discussing the recognition and understanding of 
geomorphological ontology. The interpretation of geomorphological ontology has experi-
enced the processes of transition—from shallow to deep, from partial to complete, and from 
single to systemic. These processes also help to form different paradigms of geomor-
phological research, such as erosional cycle, climatic landform, and dynamic landform. 
However, with the development and application of modern earth observation technologies 
and DTA methods, the traditional geomorphological modes of research have undergone 
fundamental changes. These changes require the current theory and method of DTA to be 
updated in view of meeting the new requirement of transformed geomorphological research. 
The origin problem of geomorphological ontology needs to be deeply reconsidered from the 
aspect of DTA. The current DTA methods can be rediscovered and updated, from which a 
new geomorphological paradigm can be formed on the basis of novel geographical science. 
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2.2  Modeling of landform morphology 

The morphology of a landform is the outward manifestation of the interaction of the earth’s 
internal and external forces with the surface material under certain time conditions. This 
aspect is one of the most important elements in the geographical environment. For a long 
time, humans have attempted to describe and express landform by using various methods to 
meet the needs of practical application. In the early stage of the geomorphological study, 
landforms had been described and summarized via pictographic mapping (Tang et al., 2015). 
Then, with the development of mathematics, physics, computer science, and GIS, the re-
search about the modeling and visualization of landforms gradually became popular. Many 
researchers have proposed methods that support the modeling and visualization of landforms, 
such as the use of hill shade maps, terrain sketch maps, and contour maps, etc. 

At present, with the continuous sampling and modeling of surface elevation, DEM data 
can achieve the digital simulation of a landform’s morphology. This type of simulation en-
ables DEM to become the most widely used model for expressing landforms. In the study of 
DEM data models, Wang et al. (2004) systematically summarized its six types as follows: 
regular grid, triangular irregular network, contour line, discrete point, section profile, and 
the mixed type. In addition, landform morphological modeling methods of the hybrid data 
model and multi-level detailed model have been proposed (Gong, 1992; Yang et al., 2005; 
Yue et al., 2007). In the study of DEM construction, researchers have generated DEMs by 
using the methods of traditional elevation interpolation, map algebra simulation, 
high-precision mathematical surface modeling, and feature embedded high-fidelity con-
struction (Li and Chen, 1990; Lars and Ulrik, 1995; Carrara et al., 1997; Wilson and Gallant, 
2000; Ardiansyah and Yokoyama, 2002). Some researchers have studied the interpolation 
methods, such as the binary spline function, Coons surface, and multi-layer surface superpo-
sition interpolation, of local terrains (Wang et al., 2008; Chen et al., 2016). These achieve-
ments have greatly improved the fidelity and practicability of landform modeling and ex-
pression. 

Modern remote sensing technologies have developed rapidly in recent years. The emer-
gence of high-resolution remote sensing image stereo measurement, synthetic aperture radar 
interferometry, UAV aerial survey, Lidar, and oblique photography, as well as other remote 
sensing methods, have greatly promoted the development of DEM data acquisition (Spaete 
et al., 2011; Fisher et al., 2013; Lucieer et al., 2014; Noh and Howat, 2015; Uysal et al., 2015; 
Dang et al., 2017; Jiang et al., 2017; Tang et al., 2018). Mass and high-precision point cloud 
DEM data can be easily and rapidly acquired, thus laying a solid foundation for the modeling 
and expression of multi-temporal, multi-level, and multi-scale landform morphology. 

DEM can accurately express the geometric information of landforms. This technique not 
only can realistically express the earth’s surface and improve the understanding of geomor-
phology, but it also can help to implement calculation, analysis, and visualization based on 
DEM data. However, DEM data only contain location and elevation information, which can 
only express the surface information of landforms. The internal structure and material com-
position of landforms cannot be easily revealed, and scientifically grasping the formation 
and evolution of landforms is even more difficult to conduct. In addition, the geomorpho-
logic process is a nonlinear self-organizing dynamic evolution system with interlaced mate-
rial genesis coupled with a morphological mechanism. A single morphological mathematical 
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model often can rarely express and simulate the geomorphologic process in a scientific 
manner. The current DEM data with a single elevation attribute seriously restrict the 
in-depth study of geomorphology. Therefore, a new value-added DEM data model entailing 
a variety of geomorphological information should be urgently developed. This new model 
will help to lay the foundation for geomorphology-oriented DTA. 

2.3  Extraction of terrain derivatives 

The extraction and analysis of terrain derivatives based on DEM have always served as the 
basis and core content of DTA. These tasks are also important in expressing a landform’s 
morphological characteristics (Liu and Tang, 2006; Ma and An, 2012; Evans, 2013; Zhou et 
al., 2014), simulating a landform’s evolution process (Williams et al., 1990; Fu and Wang, 
1994; Yang et al., 2007; Yuan et al., 2007; Minar et al., 2013), and explaining the genetic 
mechanism of the landform (Moharana and Kar, 2002; Li et al., 2013a; Chen et al., 2014). 
Thus far, more than 100 terrain derivatives have been proposed (Wilson, 2018), conse-
quently forming a complete system of terrain derivative in DTA research. The extraction 
algorithms of these terrain derivatives and their stability, efficiency, and application classi-
fication have always been the research focus of geomorphometry scholars (Li, 2006; Yang et 
al., 2009; Gomez et al., 2015). 

In the study of the terrain derivative extraction algorithm, the types of algorithm can be 
summarized as field factor calculation and object factor extraction (Tang et al., 2015). Field 
factor calculation is mainly based on raster DEM data. By calculating the relevant variables 
of elevation change within a certain window (Tang et al., 2005), a series of first-order or 
second-order terrain derivatives can be determined (Florinsky, 2009), including the slope 
gradient (Liu et al., 2008), slope aspect (Li et al., 2013b), slope of slope (Tang et al., 2017), 
slope of aspect (Tang et al., 2017), curvature (Schimidt et al., 2003), flow accumulation (Qiu 
et al., 2012), flow direction (Qin et al., 2006; Wu et al., 2006), terrain relief (Jiang and Yang, 
2014), elevation variation coefficient (Zhou and Liu, 2006), terrain information capacity 
(Yang et al., 2009), and terrain complexity (Scown et al., 2015), etc. However, the object 
factor is different from the field factor, which is mainly oriented to specific geographical 
objects. Many researchers have proposed corresponding terrain derivatives according to 
specific objects. For instance, for the object of a river, the object factors are river network 
length (Sun and Wang, 2008), river network order (Tarboton et al., 1991), and runoff node 
density (Tang et al., 2017). For the object of a watershed, the object factors are watershed 
roundness (Liu et al., 1965), watershed narrow degree (Li et al., 2012a), watershed asym-
metry (Li et al., 2012a), and specific catchment area (Yang et al., 2011). For the object of a 
gully, the object factors are gully density (Tang et al., 2017), degree of approximation from 
gully shoulder line to ridge (Tang et al., 2007), fluctuation frequency (Tang et al., 2007), and 
gully head density (Zhang, 2011).  

In studying the stability and efficiency of terrain derivative extraction, the parameters of 
extraction efficiency and precision are improved along with the development of the research. 
On the one hand, the uncertainty (Tang et al., 2003; Wang et al., 2007; Wang et al., 2012), 
the appropriate window size (Blaschke, 2001; Li and Zhou, 2003; Zhang and You, 2013; 
Ariza-Villaverde et al., 2015), the object scale of terrain derivative extraction (Tang et al., 
2006; Zhang and Li, 2012), and other related issues can be explored. On the other hand, the 
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parallelized and clustered computing method for high-performance geosciences can provide 
a good solution to improve the efficiency of terrain derivative extraction. Many studies have 
shown that the speed-up ratio of the parallelized and clustered computing method is at least 
ten times of those of the traditional serial algorithms (Qin et al., 2009; Song et al., 2013; Ai 
et al., 2015; Liu et al., 2017). Scholars have also attempted to scientifically classify the 
proposed terrain derivatives according to characteristics. The classification sublimates the 
scientific cognition of the characteristics of the earth’s surface and can effectively assist the 
quantitative study of traditional geomorphology. Thus, terrain derivatives have been system-
atically integrated and classified on the basis of the different aspects of application (Wood, 
1996), factor complexity (Wu, 2001), computational characteristics (Florinsky, 1998), ap-
plication purpose (Tang, 2014), scale characteristic (Tang, 2014), spatial relationship (Zhou 
and Liu, 2006), and expression form (Evans, 2012). Other researchers have proposed the 
corresponding terrain derivative index system by using DEMs based on specific research 
object and purpose (Tang, 2014).  

Despite the numerous classification methods proposed by researchers, the studies regard-
ing the expression mechanism and correlation of terrain derivatives from the perspective of 
the origin of geomorphology are still lacking. A terrain derivative is determined on the basis 
of the morphology of the landform, while a landform is determined on the basis of the 
earth’s internal and external dynamic factors with a certain time-period. Thus, a certain 
landform contains its unique features of terrain derivatives and their spatial combination 
structure. Moreover, the combination structure of terrain derivatives reflects the formation 
mechanism of landform development in a region. Therefore, exploring deep-level landform 
features is of great significance, and revealing landform evolution rules by exploring the 
expression mechanism and correlation characteristic of terrain derivatives should be pur-
sued. 

2.4  Other terrain analytical methods 

Apart from the extraction of terrain derivatives, DTA also includes many other analytical 
methods, such as terrain feature analysis, slope spectrum analysis, terrain texture analysis, 
and landform classification and mapping (Tang, 2014), etc. Among them, terrain features are 
the points, lines, and polygons (i.e., mountain peak, saddle point, ridge line, valley line, 
gully shoulder line, positive, and negative terrain, etc.) that express the core feature infor-
mation of the landform. These core features can help to explain the basic structure and pat-
tern of a regional terrain. In recent years, on the basis of DEM data, researchers have con-
ducted numerous experiments on the extraction and analysis of terrain features, and many 
achievements have been attained (Takahashi et al., 1995; Liu et al., 1999; Pan et al., 2002; 
Xiong et al., 2017a). In addition, by using certain mathematical models, other researchers 
have constructed the terrain features of points, lines, and polygons into an integration. This 
integration lays the foundation for systematic terrain analysis (Zhu et al., 2015). 

Since the 20th century, geo-information TUPU has been used to provide a reference for 
the DTA method based on TUPU (Chen et al., 2000). Through graphical representation, 
geo-information TUPU explores various phenomena, laws, and spatial and temporal varia-
tion characteristics in the geosciences, thus offering an important reference for geomor-
phological research based on terrain analysis. Many kinds of geo-information TUPUs, such 
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as slope spectrum (Tang et al., 2008), boundary spectrum (Wu et al., 2012), profile spectrum 
(Li et al., 2017), integrated spectrum (Zhu et al., 2013), and texture spectrum (Tao, 2011), 
have been proposed with the DTA method, thus enabling preliminary research to progress 
further. For example, the slope spectrum of the Loess Plateau has strong correspondence 
with the loess landform types in different regions, reflecting the regional difference of loess 
landform development to a considerable extent. Meanwhile, TUPU studies have enabled 
DTA to realize the scientific cognition of the law and pattern of landform differentiation 
from the perspective of shape and mathematics.  

The classification of landform types represents the core and basic theoretical issues of 
landform mapping (Qiu and Li, 1982). A number of landform classification research has 
been conducted recently following the combined principles and methods of surface mor-
phology and formation mechanism (Cheng et al., 2011). In this aspect, researchers have 
achieved important progress (Shen, 1956; Li et al., 2008). Other researchers have also pro-
gressed in their classification and mapping of certain special landforms, such as the loess 
landform (Chen, 1956; Luo, 1956; Liu, 1985; Xiong et al., 2014; Xiong et al., 2016; Xiong 
et al., 2017b), eolian landform (Dong et al., 2010; Zhang and Dong, 2014), karst landform 
(Zeng, 1964; Qin and Zhu, 1984), and glacial landform (Cui, 1980; Wang et al., 2015). On 
the basis of DEM data, different automatic classification methods have been proposed for 
the classification and mapping of landforms (Hengl and Rossiter, 2003; Dragut and Blaschke, 
2006; Guo et al., 2007; Qin et al., 2007; Cullum et al., 2017; Xiong et al., 2018). 

The existing DTA methods are able to comprehensively describe and analyze the topog-
raphy of an area. However, due to the defect of DEM data and the shortages of existing 
theories and methods, the current geomorphological research based on DTA cannot effec-
tively express the formation mechanism of landforms. The process of occurrence and de-
velopment of landforms is seldom thoroughly described. Thus, challenges still exist in the 
automatic classification of genetic landforms. Knowing how to embed convertible expert 
knowledge about landform formation mechanism into the DTA method and realize the au-
tomatic classification of landform types are the urgent issues that need to be resolved in 
geomorphology-oriented DTA research. 

3  Perspectives of geomorphology-oriented DTA 

For many years, the research of geomorphology based on DTA has focused on the perspec-
tives of landform morphological modeling and terrain derivative extraction and analysis. In 
the modeling of landform morphology, from the global macro-scale to the local micro-scale 
and then to the lateral fine scale, the technologies of modern remote sensing, oblique pho-
tography, and GIS can realize the multi-level perception, multi-scale expression, and 
high-fidelity modeling of landforms. The expression of landforms based on DEM can pro-
vide the preliminary data and a basis of analysis for the external performance of geomorphic 
features. In terms of terrain derivative extraction, the types of terrain derivatives are con-
stantly enriched and diversified. The derivatives can be classified as slope terrain derivatives 
(i.e., slope, aspect, slope length, slope shape, slope position, etc.) and watershed terrain de-
rivatives (i.e., flow direction, flow accumulation, stream density, etc.) and even composite 
terrain derivatives, which focus on comprehensive geographical features (i.e., hypsometric 
integral, topographical wetness index, terrain power index, etc.). Different terrain derivatives 
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can reflect the various aspects of a landform and its processes, which can enrich the knowl-
edge of geomorphological ontology to a considerable extent. Furthermore, in the analysis of 
terrain derivatives, the dynamic relation between surface material flow and energy flow at 
different geomorphic positions in the micro-pixel scale can be achieved through the method 
of neighborhood or tracking analysis in DTA. The dynamic relation can help to simulate the 
earth’s surface process in geomorphological research. For instance, in hydrologic analysis, 
the calculation of flow accumulation entails the scientific simulation of water flow com-
bined with the knowledge about its dynamic relation with realized water flow. 

A landform generally has a certain unique external manifestation of its surface morphol-
ogy, while the surface morphology of the landform reflects the geomorphological type and 
its development stage. In addition, the surface morphology of a landform is the result of the 
earth’s internal and external forces acting on the surface material. Thus, the external mani-
festation of these forces is a certain landform, and this landform can be described by DEM. 
The landform to be described by DEM reflects a certain result, in which the surface material 
develops to a certain stage at a certain time-period under the interaction of the earth’s inter-
nal and external forces. Therefore, DEM and DTA have the natural potential and advantages 
of solving the problems of geomorphological ontology. Moreover, the research development 
trend of today’s academia has reached the critical stage of DTA research, which has trans-
formed from paying attention to surface morphology to revealing the formation mechanism 
of landforms. Hence, in this research, we propose the geomorphology-oriented DTA per-
spective by referring to the three aspects of value-added DEM data model, terrain spatial 
relationship, and macro-terrain analysis. 

3.1  Value-added DEM data model 

The traditional DTA approach of using DEM pays close attention to the study of surface 
morphology. However, geomorphological research is characterized by the combination of 
morphology and mechanism, static and dynamic, space and time, and qualitative and quan-
titative characteristics. From the perspective of the current research of using DEM data, 
landform morphology and its feature expression can only meet to a certain extent the geo-
morphological research needs of spatial characteristics. However, due to the lack of several 
major geomorphic elements in DEM research (i.e., “time” and “surface material” in geo-
morphological analysis), the current DTA research requiring the analysis of process and 
mechanism from morphology to geomorphology is difficult to achieve. For example, the 
surface material is often both the cause of geomorphologic phenomena and the result of 
geomorphologic action. Thus, in their research, scholars often analyze the distance between 
deposited area and provenance area according to the grain size of the loess deposit; they also 
judge whether the fragmental material is a glacier or debris flow deposit according to indi-
vidual shape and accumulation characteristics; and they determine the age and geomorphic 
effect of material exposure based on the results of material dating. Unfortunately, due to the 
lack of effective calibration of corresponding surface material properties in the current DTA 
research, the geomorphology-oriented DTA has lost an important analytical support. There-
fore, geomorphologic elements and properties need to be urgently added to DEM data or-
ganization and modeling. In other words, on the basis of the position and elevation (I, J, and 
H) elements in traditional DEM, core geomorphic elements and properties, such as “time,” 
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“material” and “underlying topography,” are effectively added to construct a new “val-
ue-added DEM data model.” Then, a new DTA theory and method can be constructed on the 
basis of the new DEM data model (Figure 1). With the support of the new DEM data model 
and DTA method, the research is expected to be expanded from simple surface morphology 
analysis to geomorphic process and mechanism analysis, consequently realizing the innova-
tion of DTA methods. 
 

 
 

Figure 1  Geomorphology-oriented value-added DEM 
 

3.2  Terrain derivative and its spatial relationship 

The quantitative expression of landform morphology based on terrain derivatives is one of 
the core research contents of DTA. However, since the creation of DEM data, hundreds of 
terrain derivatives have been proposed, and the terrain derivatives differ from the mathe-
matical variables. The connotation and value of terrain derivatives can be reflected only 
when they are combined with specific problems in geoscience. Some examples are as fol-
lows: different levels of river terraces can be judged on the basis of terrace surfaces posi-
tioned at the different distances and elevations on both sides of the river; the developmental 
process of loess erosion landform can be analyzed on the basis of the approaching distance 
of the shoulder lines to the watershed boundary lines; the planation surface in geological 
history can be identified on the basis of the height consistency of mountainous peaks; the 
prevailing wind direction can be determined according to the trend of crescent dune in ae-
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olian landform; and the landform inheritance characteristic can be determined on the basis of 
the similarity between the current loess landform and the pre-Quaternary underlying pa-
leotopography. 

The analysis of spatial relationships of terrain derivatives or terrain objects to reveal 
morphological features and formation mechanisms has been the basic method of geomor-
phological research from the beginning. However, at present, the previously proposed hun-
dreds of terrain derivatives cannot be easily used to express this kind of terrain spatial rela-
tionship. More importantly, the terrain derivatives are still in a chaotic state. The existing 
studies have not yet explored the effective semantic definition, functional analysis, induction 
and deduction, effective supplement, and system integration for the aforementioned terrain 
derivatives. Only then can a scientific, systematic, and practical terrain derivative system be 
formed from the perspective of geomorphological ontology (Figure 2). The realization of  

 

 
 

Figure 2  Geomorphology-oriented terrain derivative analysis 
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this terrain derivative system will lay an important foundation in the emergence of a 
new-generation DTA. 

3.3  Macro-terrain analysis 

The previous DTA research is mainly based on neighboring and tracking analysis. These 
analytical methods can solve the simulation and expression of the structure and process be-
tween adjacent grids to a certain extent. However, due to the limitation of “nearsightedness” 
with only 3×3 cells (or 5×5 cells, etc.), DTA research cannot easily solve the problems of 
regional geomorphologic analysis and mapping; however, these regional issues are much 
more important and truly need to be solved in geography. For many years, scholars have 
adopted the effect of the earth’s internal and external forces on the surface material to build 
regional patterns in macro-scale landform types and units. These scholars not only need the 
integration and induction of geomorphic units by means of bottom-up raster cluster analysis 
but also the macro-scale interpretation of geomorphic patterns and the top-down decomposi-
tion and deduction of geomorphic units. The DTA research based on neighboring and track-
ing analysis can effectively extract geomorphic objects, which have the characteristic of sig-
nificant morphological change (e.g., the loess shoulder line with a significant change in to-
pographic relief and the watershed boundary line with a significant change in confluence 
direction). However, the existing analytical methods are inadequate or even powerless in 
determining landforms that involve complex elements and rely heavily on the comprehen-
sive analysis of the spatial relationship of surrounding terrains. Thus, the “nearsightedness” 
of analysis should be alleviated, new spatial analytic theories and methods should be pro-
posed, and scientific method innovation should be realized. In addition, landform classifica-
tion and regionalization mapping are often the effective embodiment of the research results 
of geomorphology. However, the delineation of landform boundaries is extremely complex. 
In the previous studies about the delineation of different loess landform types on the Loess 
Plateau in China, most of them are the results of comprehensive investigation and systematic 
analysis of multiple topographic elements of the loess landform.  

The available of massive and multi-resolution DEM data and the high-precision automatic 
extraction of various terrain derivatives currently provide important support for geomorphic 
mapping. However, the problem of geographical boundary is a complex, abstract, and com-
prehensive theoretical problem. A few decades ago, geomorphological scientists have manu-
ally drawn geomorphological boundaries by using expert knowledge based on topographic 
maps and their perceptual understanding of field work. By contrast, in the current GIS era, 
the primary task of current research is to scientifically refine the thoughts and knowledge 
from geomorphologists and transform these thoughts and knowledge into expert models that 
can be recognized by GIS. Therefore, the scientific understanding of “geomorphological 
boundary,” which is a fundamental theoretical problem of geography, and the technical re-
quirements of geomorphic mapping need to be clarified. On this basis, current researchers 
need to develop a whole set of new terrain analytic theories and methods, such as terrain 
feature analysis, TUPU analysis, and texture analysis. Consequently, an organic whole of the 
geomorphological boundaries, patterns, and rules can be formed to serve as an important 
theoretical exploration and method of practice for landform classification and regionaliza-
tion mapping based on the proposed new-generation DEM data (Figure 3). 
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Figure 3  Macro-terrain analytical methods for macro-geomorphological characteristics 
 

4  Discussion and conclusions 

Currently, with the great progresses achieved by scholars in DTA, building a new generation 
of DTA oriented towards geomorphology is an inevitable requirement in the discipline de-
velopment of geomorphology. As the most basic branch discipline of geography, geomor-
phology also urgently needs the support of modern GIS theories and technologies. The sup-
port of these theories and technologies can help the discipline of geomorphology to realize 
the transformation of the research paradigm and study focus from pure DEM-based surface 
morphological research to one that is oriented towards geomorphological ontology. If the 
research neglects the mechanism of landform and only focuses on the morphological fea-
tures, then the inherent dialectical relationship between morphological features and its mate-
rial composition cannot be easily understood. Such an incomplete knowledge may result in 
cognitive misunderstanding, such as the cognitive misunderstanding of viewing general 
platforms (or flat areas) and river terraces as the same landform type because of the lack of 
knowledge about the formation mechanism of these two objects. In addition, if the research 
only discusses morphological features and ignores the relationship between surface shape 
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and landform mechanism, then the scientific understanding of the internal formation mecha-
nism of the different landform development stages will be hindered. The knowledge gap can 
also cause an incorrect recognition of landforms, leading to the prevalence of metaphysics in 
the research process. Meanwhile, the causality between the elements of natural laws, forma-
tion mechanisms, and morphological characteristics may be neglected and misunderstood. 
Moreover, if the surface morphology is divorced from the landform formation mechanism, 
then the landform evolution process of the different development models cannot be effec-
tively interpreted, and the change in landform in the whole evolution process cannot be ac-
curately recognized. Consequently, surface morphological research will become too ideal-
ized and eventually fall into the “digital game” trap in expressing the evolution processes of 
geomorphological research. Finally, if the morphology is not combined with landform, then 
researchers cannot correctly interpret the spatial differentiation pattern of the landforms 
based on geography. This spatial differentiation pattern should serve as the basis of spatial 
distribution and reorganization of the material and energy on the earth’s surface, as these 
elements have a great significance in the strategic adjustment of national land and resources. 

The present forms of DTA research have generated analytic paradigms to extract and vi-
sualize terrain derivatives and terrain features based on DEM and terrain feature statistics 
and landform regionalization mapping. However, the research of DTA has currently entered 
an important development bottleneck period. The focus of DTAs urgently needs to be trans-
formed from the current surface morphology to a deep research of the different aspects of 
geomorphological ontology. Formation mechanism, evolution process, and differentiation 
pattern are all necessary in the research of geomorphological ontology. The following as-
pects should be immediately considered by scholars working in the field of DTA.  

(1) The development of various data acquisition technologies has generated important 
conditions to deeply investigate the causes, mechanisms, and processes of landforms. The 
development of geomorphology also needs the support of in-depth integration of modern 
geographic information technologies. Moreover, the traditional methods of DEM and DTA 
need to be upgraded, especially the geomorphology-oriented DTA theories and techniques, 
which can promote the development of geomorphology and even geography. 

(2) A multi-scale, high-precision, and global coverage DEM data system has been formed 
recently. In addition, other related data, such as geology and surface coverage data, have 
become increasingly abundant. The development of data acquisition methods also provides 
favorable conditions for the application of the proposed value-added DEM data model. 
Therefore, the values for representing the information of geomorphological ontology should 
be added to the current DEM data model. In addition, scholars in the field of geographic 
information science should consider the new theories and methods of constructing val-
ue-added DEM data models and data structures. 

(3) Undoubtedly, the core part of the current DTA research should be the DEM-based ex-
traction and analysis of terrain derivatives. Preliminary statistics show that more than 100 
terrain derivatives have been proposed and extracted. In future studies, researchers should 
clearly define the actual semantics, geomorphological meanings, and application suitability 
of these derivatives. In addition, terrain derivatives that can effectively describe the geo-
morphic mechanism, process, spatial relationship between geomorphic elements and re-
gional geomorphic features need to be proposed. 
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(4) The DTA method has constantly improved the existing analytical method of terrain 
derivative calculation, terrain feature analysis, and terrain statistical analysis. Except for the 
traditional DTA methods, Chinese scientists have attempted to preliminarily explore and 
promote the analytical methods of terrain information TUPU and the development mecha-
nism and process of landforms. The new methods are unique and have formed certain char-
acteristics and advantages, further laying a foundation for the systematic conduct of geo-
morphology-oriented DTA research. However, the current achievements are still decentral-
ized and in the preliminary phase. The top-level design and research planning of the system 
are urgently needed prior the conduct of geomorphology-oriented DTA. 

On the basis of this study, we do not expect DTA to fully cover all fields of geomor-
phological research. On the one hand, the current status of geomorphological research in-
volves rich expert knowledge and rules of landforms, which can serve as important founda-
tions of DTA in the study of geomorphology. We presume that DTA research has realized the 
achievements of value-added DEM data model, clear spatial relationship qualification, and 
macro-terrain analysis. However, DTA still cannot replace the existing expert knowledge 
and rules of landform, such as the terrace formation and geomorphic evolution rule. On the 
other hand, from the perspective of geomorphological research, even if the landform evolu-
tion model takes into consideration DEM, geological time, underlying strata, surface materi-
als, and other factors, it still needs the support of the data model, data structure, data expres-
sion, data analysis, algorithm design, and other aspects in GIS–DTA research. In addition, 
the construction of value-added DEM is not a simple superposition of data layers of different 
geomorphic elements but a re-reconstruction of the data model and data structure (i.e., a new 
value-added DEM construction method based on a space–time cube or tetrahedron, as shown 
in Figure 1).  

The scientific answers and breakthroughs related to the abovementioned issues bring im-
portant theoretical and method innovations in geomorphology while enriching the research 
connotation of geography in the new era. This study emphasizes that constructing a new 
generation of geomorphology-oriented DTA is an inevitable requirement for the develop-
ment of GIS. The DTA research is already in a critical crossroads. The current practice of 
GIS is facing the question of whether it can truly support the development of geography; 
furthermore, the research of DTA based on DEM is under a similar situation. In recent years, 
scientists around the world have deeply explored how GIS can generate its own unique 
theoretical and method system. The limitations of the current data processing and analytical 
methods should be alleviated to enable GIS to truly support the development of geography 
and other corresponding disciplines. Some scholars have proposed the concept of “rediscov-
ering GIS” by basing it on the in-depth consideration of the current problems in the GIS 
field. Nowadays, GIS is supported by emerging technologies, such as big data, artificial in-
telligence, and high-performance computing. If the future research is able to initiate impor-
tant breakthroughs in the analytical concepts, analytical models, and analytical methods, 
then they will certainly bring great changes and development. Additionally, if the research 
idea of geomorphology-oriented DTA can be realized, then we can expect it to become an 
important exploration and practice of theoretical and method innovation in the field of geo-
graphic information science. 
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