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Abstract:

 As digital terrain models are indispensable for visualizing and modeling geographic processes, terrain information content is useful for terrain generalization and representation. For terrain generalization, if the terrain information is considered, the generalized terrain may be of higher fidelity. In other words, the richer the terrain information at the terrain surface, the smaller the degree of terrain simplification. Terrain information content is also important for evaluating the quality of the rendered terrain, e.g., the rendered web terrain tile service in Google Maps (Google Inc., Mountain View, CA, USA). However, a unified definition and measures for terrain information content have not been established. Therefore, in this paper, a definition and measures for terrain information content from Digital Elevation Model (DEM, i.e., a digital model or 3D representation of a terrain’s surface) data are proposed and are based on the theory of map information content, remote sensing image information content and other geospatial information content. The information entropy was taken as the information measuring method for the terrain information content. Two experiments were carried out to verify the measurement methods of the terrain information content. One is the analysis of terrain information content in different geomorphic types, and the results showed that the more complex the geomorphic type, the richer the terrain information content. The other is the analysis of terrain information content with different resolutions, and the results showed that the finer the resolution, the richer the terrain information. Both experiments verified the reliability of the measurements of the terrain information content proposed in this paper.
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1. Introduction

Terrain (or landform) represents various patterns of the land surface. Specifically, it reflects the relief of the Earth surface [1]. A digital elevation model (DEM) is the main approach to expressing terrain, and it is indispensable for topographic analysis and visualization [2,3,4,5]. Because terrain is an indispensable factor for modeling geographical processes (e.g., hydrologic processes [6], geologic processes [7], and natural hazard processes [8]), terrain information content can be applied to many fields along with other geo-spatial information. For example, we can evaluate the effectiveness of a rendered DEM for the render designer. Terrain information content can also be used for terrain generalization and visualization. We can use it to build level of detail (LOD) models for fast three-dimensional terrain visualization in a virtual geographic environment. Moreover, it can be used for the choice of terrain multi-scale for geographical process modeling. Therefore, methods for measuring the terrain information content are significant and meaningful for topographic analysis and geographic process modeling. Terrain information content can be considered as one type of geospatial information content. The pioneering work for the geospatial information content can be traced to a map’s information content [9,10,11,12], which was proposed by Sukhov. In his research, the map information is measured by the entropy of the map symbols. After his research, increasing numbers of researchers have paid attention to the information content of geospatial information [13,14,15] such as topographic information of maps [16], information content of contour maps [17], information content of remote sensing images [18,19,20], information content for thematic maps [21], information content for hydrological DEM [22], and information content for place names [23]. Geospatial information content of maps or images is important for the map designer to evaluate the effectiveness of the map, and it is also used for digital map generalization and data compression [11]. However, most of the geospatial information content is measured for the media of maps and remote sensing images, and there is not a unified definition or method for measuring terrain information from a DEM, which is still important for the geographic modeling, terrain generalization and evaluation of the quality of a rendered terrain service.

Because a unified definition and measurement methods have not been acquired for terrain information content, a definition and measurement method for terrain information content are proposed in this paper, and experiments are conducted to verify the measurement method. Specifically, this paper is dedicated to the following aspects:


	(1)

	First, we propose the definition of the terrain information content, which is based on the theory of geospatial information content. The terrain information content is defined based on three aspects: the syntactic information content, the semantic information content, and the pragmatic information content.



	(2)

	Second, we propose specific measurement methods for the terrain information content based on DEM. The methods for measuring the terrain information are expounded in detail from three aspects: the syntactic information content, the semantic information content, and the comprehensive information content.



	(3)

	Finally, experiments are carried out to verify the measurement methods for the terrain information content. First, for geomorphic analysis of the terrain information content, we suppose that the more complex the terrain surface, the richer the terrain information. Second, for the resolution analysis, we suppose that the finer the resolution, the richer the terrain information.







2. Study Basis

Terrain information content is based on the geospatial information content, so the geospatial information content will be introduced first.


2.1. Geospatial Information Content

Most of the geospatial information content is based on the information theory, e.g., topographic information content [17] and spatial information content [15]. Thus, we will introduce the information content and the geospatial information content as follows.


2.1.1. Introduction to Information Content

Information content is a statistical description of the information characteristics. The definitions of information content are different in different fields. Generally speaking, in the field of information theory [24], information is defined as the uncertainty of the motion or exiting status of objects, which is measured by the information entropy, and information content is the uncertainty after obtaining the state of the things and is equal to the information entropy. In the communication field, information is focused on the transmission ability and anti-interference ability, and the information content is from the perspective of the observer (it is the information that transferred). In the field of control science, the concept of information includes the receiver response to the information, hence the information content is in the perspective of the receiver (it is the information that the receiver obtained and described). In the field of epistemology, information content is different according to the different receivers and their comprehensive abilities (it is the superior level of information content).

In epistemology, information can be divided into three levels from low to high [14]: syntactic information, semantic information and pragmatic information. Syntactic information is the information about the form and motion state of the objects, such as points, lines and polygons in a map. Semantic information is the implication of the specific motion state and other syntactic information. Pragmatic information is the value of the information for the information sink; it always depends on the demands of the information receivers, and it is difficult to evaluate [14,25].



2.1.2. Geospatial Information Content

Geospatial information contains all of the information that we can obtain from maps or other geographic media. Thus, with different geographic media, the geospatial information content can be grouped into various types. Among them, the most used geographic media are maps and remote sensing images. Thus, in this Section, we introduce map geospatial information content and remote sensing image information content:

(1) Map geospatial information content

If the geospatial information is defined as the spatial features and their diversity, which can be recognized from the map, the map geospatial information content can be defined as the level or the degree that can be measured for the spatial features and their diversity from the map. It represents the richness of the map information.

(2) Remote Sensing image information Content

With the advancement of remote sensing, the quality and the richness of the imagery at different spatial, spectral, and temporal resolutions is considered as the remote sensing image information content. The remote sensing image information content represents the usefulness and the richness of the remote sensor images.



2.1.3. Basic Measurement Methods for Geospatial Information Content

(1) Basic theories

In information theory, the concept of entropy is defined to determine the uncertainty of a message or an event. Entropy is the key measure for the information content. If there is an event X, and its value (event results) range is X = {x1, …, xn}, the probability of every event result happens is P = {P(x1), …, P(xn)}. The entropy for event X is (with units of bits):
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(1)




where H(X) is the uncertainty of the event X, which is also the information content of the event, and P(xi) is the probability of the event with result xi.
(2) Measurement method for map spatial information content.

Sukhov [9] first introduced information entropy as the main method for measuring map information content. He supposed that the total number of the symbols in the map is N and that there are M types of symbols in a map. Then, for every type of symbol, its probability can be calculated as:
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(2)




where Pi is the probability of the i-th type of symbol, and Ki is the number of symbols of type i.
The map information content is defined as the sum of entropies of every type of symbol, which can be described as:
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(3)




This is the first measurement method for the map information content. However, the distribution of the symbols in the map and spaces occupied by map symbols is not considered. The entropy of the symbols may be the same whether the symbols are highly assembled or widespread. Thus, Li [15] proposed that the Vonoroi region be used for every symbol to calculate the map spatial information content. In his research, three measures are proposed, which involve the metric information, the topological information and the thematic information. The metric information content is measured by the Vonoroi region areas, and the probability of the Vonoroi region is the ratio of this Vonoroi area to the total map area. It is shown as follows:
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(4)




where Pvor.i is the probability of the Vonoroi region vor.i, Svor.i is the area of the Vonoroi region vor.i, and S is the total area of the map.
The metric information content is the entropy of the Vonoroi region, expressed as:
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(5)




where H(GM) is the geometric information content, and N is the total number of Vonoroi regions.
The topological information content is the average number for each Vonoroi region and is based on the idea of Neumann [17]. It can be calculated as:
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(6)




where H(T) is the topological information content, Ns is the sum of the neighbors for all of the map symbols, and N is the total number of map symbols (as in formula 1).
The thematic information content is calculated by the probability of different Vonoroi types. The entropy of the Vonoroi types is defined as the thematic information content. It represents the differences of the symbols of the map. It can be calculated as:
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(7)




where Psym.i is the probability of the symbol sym.i, Ntype.j is the number of the same symbol type type.j, and Nsym.i is the total number of the neighbors of the symbol sym.i.
The thematic information content is the entropy of the Vonoroi neighbors, which can be calculated as:
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(8)




where H(TM) is the thematic information content, which is the sum of the Vonoroi neighbor entropy of all of the symbols. H(sym.i) is the entropy of the symbol sym.i, N is the total number of the symbols in the map, and M is the total types of symbols in the map.
(3) Measures for remote sensing image information content.

The information content of the remote sensing image is mainly measured by the image pixel information entropy and some rectification for geometric distortion and the attribute equivocation [18,19]. Here, we simply introduce how to calculate the image pixel information content, which will be used for our study. The image pixel information entropy is calculated by the probability of the gray values of different bands in a color image, which can be shown as follows:
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(9)




where H(P) is the pixel information entropy of the color image, Hi is the entropy of the band i, and Pj is the frequency of gray value j in the total gray values, Nband is the number of the band for a color image.



2.2. Proposed Terrain Information Content

A map can be considered as a medium carrying geographic information, and the map’s information content was proposed for judging the map quality [15]. Hence, the rendered digital elevation model can also be regarded as the medium carrying the terrain information. In this way, when the terrain information is transformed in the internet or some service system, the terrain information can be calculated to justify the quality of the terrain information service (e.g., Map World of China, Google Maps) which provides the rendered terrain services for users. Then, the terrain information content can be defined similar to the map information content. The terrain information content is the information that can be obtained from DEM. Terrain information content can be described as three aspects in the epistemology, which are syntactic information, semantic information and pragmatic information.

(1) Terrain syntactic information content.

Syntactic information content is the information representing the motion state and the construction of the objects. It is the information that can be seen from the surface of the object, such as lines, points, and polygons from the thematic maps. Hence, the terrain syntactic information content can be defined as the information that can be directly seen from the rendered DEM surface. As shown in the rendered terrain in Figure 1, the following information can be directly seen from the surface of the rendered DEM: (a) geometric information such as the area and the resolution of the region; (b) color information, in which different colors represent different levels of elevation, as shown in Figure 1: the light brown and dark brown represent the high elevations, and the yellow and green colors represent the low elevations of the region.

Figure 1. A rendered digital elevation model (DEM) of mountainous terrain with high altitude; the elevation values are rendered with different colors.
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(2) Terrain semantic information content.

Semantic information is the information representing the meaning of the object’s motion states, constructions and relations. It is the potential information that can be obtained from the syntactic information. Hence, the terrain semantic information can be defined as the potential information and the meaning of the terrain surface’s formation. From a terrain surface, we can obtain a horizontal variation and a vertical variation, both of which can be viewed as the potential information that can be obtained indirectly from the DEM.

(3) Terrain pragmatic information content.

Pragmatic information content is the application of the information. The application of the information depends on the usefulness of the information to the thematic users. Therefore, the terrain pragmatic information content is the specific application and values for specific users. For example, for a hydrologist, the watershed unit information is generated from DEMs; for a soil researcher, the slope angle and slope length used in soil erosion models are two of the terrain factors.




3. Method for Measuring Terrain Information Content

Specific measures are proposed for evaluating the terrain information content from a DEM, especially a rendered DEM. As depicted above, the definition of the terrain information content can be divided into three parts: syntactic information content, semantic information content and the pragmatic information content. Thus, the measures of the terrain information should be divided into these three parts, but because the pragmatic information depends on the uses and the application fields, we only propose pervasive measures in this paper for the terrain information content, and the pragmatic information content is not considered. Generally, in this paper, we propose measures for syntactic information content, semantic information content and the final comprehensive terrain information content.


3.1. Terrain Syntactic Information Content

Terrain syntactic information is the information that can be obtained from the terrain surface. Three types of information can be directly obtained from the rendered DEM: geometric information, terrain structure information, and rendered color information. Because every type of the information contributes equally to the syntactic information content, the terrain syntactic information content is the average value of the three values.


3.1.1. Terrain Geometric Information Content

Based on the theory of Li [15], geometric information should consider the space occupied by map symbols. In a raster DEM, every grid can be taken as a grid point with the grid center as its coordinate. Hence, in the terrain surface of DEM, the symbols are grid points (i.e., grid points in the DEM), the occupied space of each symbol is the same, and the measure for the geometric information content is defined as:
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(10)




where HGEO is the geometric information content, and N is the total numbers of grid points of the DEM.


3.1.2. Terrain Structure Information Content

The structure information represents the structural properties of a terrain (i.e., the properties of the elevation distribution). Because the terrain surface from a DEM is always a continuous surface, the elevation is distributed from low to high value in sequence. Hence, the structure of the terrain structure can be defined as a series of elevation subsets, which can be considered as the elevation unit with a specific method of elevation division (e.g., equal interval, natural breaks, geometric interval or user defined interval). In this paper, the unique integer elevation value is defined as the segmentation value for the elevation dataset. The partitioned elevation units are represented as a series of datasets, and [image: there is no content] is utilized to represent the i-th dataset, e.g., the integer elevation value of 10 is identified as the segmentation value for the datasets of [image: there is no content] and [image: there is no content], which are the datasets of [9,10) and [10,11). Hence, it doesn’t matter whether the DEMs values are integer values or floating values when we partition the elevation to subsets for the entropy computation. The main differences between the source DEM data type are the probability computation of every elevation subset. e.g., for the elevation subset of [10, 11), the former is the frequency of the integer value of 10, the latter it the total number of the value between this data range [10, 11).

The terrain structure information content can be defined as the entropy of probability of the elevation unit, i.e., the unique integer elevation value. The calculation formula is:
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(11)




where HSTR is the terrain structure information content; P1, P2, P3, P4, …, Pn are the frequencies of the unique elevation unit 1, 2, 3, 4, …, n; ni is the number of the elevation unit i in the total terrain regions; and N is the total number of elevation values (i.e., the elevation points).


3.1.3. Rendered Color Information Content

As the information content of the remote sensing images [19], the raster DEM also has the information content calculated from the rendered colors. In this paper, we defined this type of information content as the rendered color information, which is part of the terrain syntactic information. We describe the rendered information as two parts: one is the pixel entropy which is calculated from the red, green, and blue values of the rendered DEM, and the other is the pixel difference entropy, which describes the relationship of the center grid with its eight neighborhood pixels. Here, when the terrain information content is applied to different regions or different resolutions, all terrain regions should render with the same color ramp. The terrain rendered color information content is different from the terrain structure information content. It represents the color information from the rendered terrain maps and the color differences during the visual perception. When using the same color ramp, the rendered color information content represents the rendered information and the vision differences from different DEMs (i.e., different region of DEM). The rendered color information content can also be used for quality evaluation of different color rendering method, e.g., the terrain rendering tile map services in different electronic map navigation websites.

(1) Pixel information content.

This represents the properties of the rendered color maps. For the pixel entropy, we defined the value frequency to calculate the R, G, B entropy for the rendered color information, as in the following formula:
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(12)




where HRGB is the pixel entropy for the rendered DEM, H(R), H(G) and H(B) represent the information entropy of the red, green and blue bands iband, is the band code of the rendered DEM, and the total number of bands is always three. H(iband) is the different band information entropy, and ni is the color pixel value, which is from 0 to 255.
(2) Pixel difference information content.

It represents the relationship of a pixel’s value to those of its neighboring pixels, as shown in Figure 2. We calculated the frequency of the same pixel value among the eight neighbors as the probability of the current pixel value. The total pixel difference information is the average of all of the center pixels.

Figure 2. 3 × 3 window for the pixel difference information content calculation. The number in each window is the window’s code.
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For every center pixel p, its RGB difference information content is defined as the entropy of its eight neighbor pixels. The total pixel difference information content is the average of the difference information content of all of the pixels, as in the following formula:



HRGB_DIFF=[HDIFF(R)+HDIFF(G)+HDIFF(B)]/3=∑iband3HDIFF(iband)={−∑iband3[∑i=0Nnnei_i8×log2(nnei_i8)/N]}/3



(13)




where HRGB_DIFF is the pixel difference information content for the rendered DEM; HDIFF(R), HDIFF(G), and HDIFF(B) are the information entropies of the red, green and blue bands; nnei_i is the number of the pixel value of pixel i’s neighbor; and N is the total number of elevation values.
There is a related problem that needs to be resolved before computing the pixel difference information content. For the margin pixels of the rendered DEM, not all of the eight neighbors exist. There is then the problem of how to compute the values of the neighbor’s pixels. Thus, we need some special process. Two columns and two rows should be added to the original DEM, with the pixel values being the same as the nearest pixel values. As shown in Figure 3, the green region is the original DEM, and the value of every pixel is the red band pixel value. The yellow region is the added columns and rows, with the value of each pixel being the same as the nearest pixel’s value in the original DEM.

Figure 3. Margin value setting for processing the move window when we calculated the pixel difference information content with the gray value of one band.



[image: Entropy 17 07021 g003 1024]







(3) The rendered color information content.

This is the average value of the pixel information content and the pixel difference information content. It not only represents the pixel distribution properties but also the neighbor relation of the pixel distribution. The calculation formula is as follows:
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(14)




where HREN is the rendered color information content.


3.1.4. Terrain Syntactic Information Content

The syntactic information content is the average value of the geometric information content, the structure information content, and the rendered color information content. Before the calculation, a unification of the value’s magnitude is necessary. We should ensure that all types of the information value are set at the same magnitude. This can be shown as follows:
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(15)




where HSYN is the terrain syntactic information content.



3.2. Terrain Semantic Information Content

Terrain semantic information content is proposed to represent the potential meaning of terrain. Horizontal and vertical variations are the potential information of terrain. Slope angle of slope angle (SOS) and slope angle of slope aspect (SOA) [26] are chosen to represent the horizontal and vertical elevation changes of the terrain surface. If we use the other terrain information, such as relief degree, slope, roughness, most of them can only reflect some of the terrain information, but not the horizontal and the vertical totally. We should choose more than one terrain factor, but it is hard to find a suitable factor to just make up the parts that the current factor is not involved. But the SOA and SOS can reflect the horizontal variation and vertical variation comprehensively. Hence, the terrain semantic information content is computed as the entropy of the SOS value and the SOA value with a proper subset.

There are three main problems for computing the terrain semantic information content. One is how to compute the SOS and SOA. Another is how to partition the SOS and SOA values into subsets, and the third is how to compute the terrain semantic information content with the subsets of SOA and SOS.


3.2.1. SOA and SOS

To compute the values of SOS and SOA, we should first know the slope angle and slope aspect calculation models because they are the basis for the computation of SOA and SOS.

(1) Slope angle, as one of the most important parameters of terrain features, has been used in many aspects, such as hydrological models, soil erosion models, and land use planning. On the surface of the earth, the slope of a certain point is the elevation variability in the earth’s surface z = f (x, y) from the east-west (X axis) to the north-south (Y axis). Based on Grid DEM, slope is generally calculated at a local scale (such as a 3 × 3 moving window, as shown in Figure 4). The most used slope calculation model is the three-order inverse distance square weight difference, which has been used in ArcGIS software (Environmental Systems Research Institute Inc., Redlands, CA, USA). The variation rates of the surface at the horizontal (dz / dx) and vertical (dz / dy) directions from the center cell determine the slope. Slope is commonly measured in the units of degrees, and the data range is from 0 to 90. The basic algorithm used to calculate the slope is [26,27,28]:

Figure 4. The 3 × 3 moving window for the slope computation.
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(16)




If the letters from a to h represent the grid elevation in a 3 × 3 window. As shown in Figure 4, e is the center grid’s elevation. Then the horizontal change (dz / dx) and the vertical change (dz / dy) can be computed as [27,28]:
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(17)
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(18)




(2) Slope aspect is the slope angle direction. With the grid DEM, all of the points can indicate the compass direction of the terrain surface. Methods of calculating slope aspect are based on the slope angle in accordance with the instructions of the compass; the output includes nine directions (as shown in Figure 5): median (Flat), north (N), northeast (NE), east (E), southeast (SE), south (S), northwest (NW), southwest (SW) and west (W). Every direction has an aspect value data range (with units of degrees), i.e., flat: [image: there is no content], north: [image: there is no content], northeast: [image: there is no content], east: [image: there is no content], southeast: [image: there is no content], south: [image: there is no content], northwest: [image: there is no content], southwest: [image: there is no content], west: [image: there is no content]. The output of the slope aspect is represented as these nine directions (mostly the result is a rendered aspect map, with nine colors to represent different directions). While the output of the slope aspect data is stored as a raster dataset, and every grid has a slope aspect value.

Figure 5. Slope aspect compass.
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The slope aspect can be calculated as (units is degrees) [27,28]:
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(19)




The aspect value is then converted to compass direction values, according to the following rule [27,28]:

If Aspect < 0, then the new aspect value will be set as 90-Aspect; Else if Aspect > 90, the new aspect value will be set as 360-Aspect + 90; if 0 < Aspect < 90, the new aspect value will be set as 90-Aspect. Then according to the slope aspect direction compass and the slope aspect data range, the slope direction can be defined.

(3) SOS is the slope angle of the slope angle. It is based on the slope angle calculation model, after calculating the slope angle of the terrain surface, and then the calculated model is superimposed with the input of the slope angle. The SOS is the expression of the change of the ground elevation, which is characterized by the second order derivative of the surface elevation relative to the horizontal plane. Because of its simple calculation method, it is used to replace the curvature factor of a terrain profile. Because SOS is calculated by the slope degree calculation model, its output value range is the same as the slope degree, which is from 0 to 90. The output value of SOS stores as a raster dataset, and every grid has a SOS value.

If [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] represent the slope degree of the 3 × 3 window (Figure 4), the SOS can be computed as [26]:
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(20)




(4) SOA refers to the slope aspect variability in the horizontal direction. The extraction method is based on the calculation of the surface slope angle. SOA can be obtained from the input of slope aspect in the slope angle calculation model.

If [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] represent the slope aspect of the 3 × 3 window (Figure 4), the SOA can be computed as [26]:



[image: there is no content]



(21)




Because SOA is calculated with the slope degree model, its output data range is the same as the slope degree. Its value data range is from 0 to 90. The output value of SOA is stored as a raster dataset, and every grid has a SOA value. There are some situations may met for the SOA computation, i.e., when two of the aspect value are 350 and 15, according to the SOA calculation model, the aspect variation will be very large, but in fact, it is small, which can be seen from the slope aspect compass. So in reference [26], a rectification has been made for the SOA computation. The rectified method can be realized by two steps: First, the negative terrain should be calculated out, with the maximum elevation value minus every grid elevation value in the DEM raster dataset. Second, with the SOA calculation model (Equation (21)), the SOA values of the original DEM and the negative DEM can be computed out. We use SOAori and SOAneg to represent them, respectively. Then the rectified SOA (SOArec) can be computed as:
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(22)




The terrain information parameters SOA and SOS should be normalized. The extremum standardization method is used for the normalization. The normalization method calculation formula is as follows:
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(23)
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(24)




where C(xi) is the normalized of value xi, xmax is the maximum value of xi, xmin is the minimum value of xi, NSOS is the normalized value of SOS, and NSOA is the normalized value of SOA.


3.2.2. Partition Method for SOS and SOA

When we compute the terrain semantic information, the values of SOA and SOS should be partitioned into subsets to calculate the entropy. The normalized values of SOA and SOS are from 0 to 1. Then, the normalized values of SOA and SOS are partitioned by a simple generated processing method. At the same time, the normalized value is enlarged 10 times and with an integer conversion. Then, the value’s region is from 1 to 10, and we only calculated the frequency of these integer values.



3.2.3. Terrain Semantic Information Computation

According to a certain subset partition method described above, we assumed that the SOS or SOA values are divided into n sub sets, where each subset occupies the area percentage, which is the same as the value frequency. The terrain semantic information content is the average of the entropy of the SOA and SOS values with their subsets:



[image: there is no content]



(25)
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(26)




where H(X) is the entropy calculation function for the SOS and SOA values, nset is the number of the subset of the X values, N is the total number of the elevation points, Nsub_i is the number of the elevation points for the subset sub_i, and HSEM is the terrain semantic information content.



3.3. General Information Content of Terrain

The general information content of terrain is utilized to represent the comprehensive terrain information. With it, the transferred terrain map services can be qualified. Moreover, with the general information of terrain, different geomorphic terrain areas will be endowed with different terrain information content, i.e., the more complex the terrain, the larger the value of the general information content.

The general information content (HT) is set as the sum of terrain syntactic information and terrain semantic information content. Before the calculation, a unification of the value’s magnitude is necessary. We should ensure that the two types of information values are set at the same magnitude. After that, we can use the following formula for the calculation:
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(27)






3.4. Method Implementation

Based on the method of measuring the terrain information content, a terrain information computation tool is realized with the C++ programing language. There are nine key processes for extracting the terrain information content with the terrain information tools: (1) Data preparation: DEM data of the region, which we need to compute its terrain information content, should be prepared in advance. (2) Compute the geometry information content of the terrain from the DEM files. (3) Compute the structure information content of the terrain from the DEM values. (4) DEM rendering: the basic rendered color ramp should be the same when at the same analysis. (5) Compute the pixel information content and the pixel difference information content of the terrain from a rendered DEM. (6) Compute the syntactic information content of the terrain from the geometry information, structure information, pixel information and pixel difference information contents. (7) Compute the terrain information parameters from DEM, i.e., SOA and SOS. (8) Compute the semantic information content from the terrain information parameters. (9) Compute the general information content of a terrain from the syntactic information content and the semantic information content. The whole process is shown in Figure 6, which presents the main flow chart describing how to extract the terrain information content from the DEM.

Figure 6. Flow chart for extracting terrain information content from a DEM.
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4. Experimental Analysis

With simple logical deduction, we can presume two rules. One is that the more complex the terrain surface, the richer the terrain information. The other one is the finer the resolution, the richer the terrain information. The following will verify the two rules.

Before verifying the two rules, we will introduce the DEM data quality first. The DEMs used are from the ASTER DEM. The resolution of the DEM is 30 m. DEM data quality needed is different depending on different applications. The higher the data quality, the more accurate the terrain information content analysis. For the geomorphic analysis and resolution analysis, a unified data quality is necessary.


4.1. Different Geomorphic Terrain Information Content Analysis

There are seven basic geomorphic types of China [29], which are plain areas, tableland areas, hill areas, mountainous areas with low relief (low relief mountains), mountainous areas with moderate relief (moderate relief mountains), mountainous areas with high relief (high relief mountains), and mountainous areas with very high relief (very high relief mountains). For every geomorphic type, there is a relative elevation (relief height or elevation difference) range. If we use H to represent the elevation difference (with units of meters), the data range of H for different geomorphic types can be described as: for plain areas, H < 50 m; for tableland areas, H (especially the elevation difference between the table center and the table margin) > 500 m; for hill areas, [image: there is no content]; for the low relief mountains, [image: there is no content]; for the moderate relief mountains, [image: there is no content]; for the high relief mountains, [image: there is no content]; for the very high relief mountains, H > 2500 m.


4.1.1. Extraction of Results

Before analyzing the relationship of terrain information content with different geomorphic types, we should determine the study area and the color ramp of rendering the DEM:

(1) Study area.

For every geomorphic type of China, specific areas are chosen as the study area, which are 40 km × 40 km. The following will describe the basic properties of each geomorphic area:


	Plain area: For this type of geomorphic area, the area of the middle part of the Jiangsu plain in China is chosen as one of the study areas, for which the longitude is from 120.03° to 120.39°, and the latitude is from 32.53° to 32.835°.


	Tableland area: For the tableland area, the middle part of Anhui Province in China is chosen. It is a low altitude and proluvial tableland. Its region is from longitude 117.05° to 117.409° and latitude 31.724° to 32.03°.


	Hills area: The experimental area chosen for this geomorphic type is located in the east of Sichuan Province and adjacent to Chongqing in China. It is a low altitude region, with longitude from 105.115° to 105.474° and latitude from 30.042° to 30.354°.


	Low Relief Mountains: The northeast of Liaoning Province is chosen as the study area for this geomorphic area. It has low elevation and lies within longitude 124.568° to 124.927° and latitude 42.026° to 42.293°.


	Moderate Relief Mountains: For this geomorphic experimental region, the area of north Guangxi Province and adjacent to the south of the province is selected. It is a middle elevation area, with longitude from 105.734° to 106.093° and latitude from 24.472° to 24.802°.


	High Relief Mountains: This experimental area the area of northeast Qinghai Province adjacent to the southeast of Gansu Province is chosen. It is a high altitude area, with longitude from 101.908° to 102.267° and latitude from 37.178° to 37.464°.


	Very High Relief Mountains: For this types of geomorphic terrain, the chosen area is in the southeast of the Tibet plateau, lying in high altitude mountains. The longitude of this region is from 96.183° to 96.543°, and the latitude is from 28.387° to 28.703°.




Figure 7 shows the selected experimental areas of the different geomorphic types of terrain. The red rectangles, which are labeled from 1 to 7, represent the experimental areas of the plains, tableland, hills, low relief mountains, moderate relief mountains, high relief mountains, and very high relief mountains in sequence.

Figure 7. Distribution of the experimental areas for different geomorphic types of terrain.
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(2) DEM render color ramp

Note that all of the DEMs should be rendered with a same color rendering method, which means that all of the seven areas should be mosaic to a whole DEM and be rendered with one rendering method. Alternatively, you can also extract the rendered DEM from a larger region which includes all of the seven DEMs, e.g., China’s rendering terrain maps in the Web services. Figure 8 shows the rendering DEMs of the experimental areas and the color ramp.

Figure 8. Rendered digital elevation model (DEM) for different geomorphic types of terrains. All of the DEMs use the same color ramp, with the same minimum and high elevation values.
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(3) Results

With the flow chart for the terrain information computation, we can extract the results of the terrain information content. The following Table 1, Table 2 and Table 3 show the syntactic information content, semantic information content and the general information content and their components’ values for different geomorphic types.


Table 1. Terrain syntactic information content of the seven different geomorphic types.



	
Geomorphic types

	
Information content




	
HGEO

	
HSTR

	
HREN

	
HSYS






	
plain area

	
2.076

	
3.085

	
1.009

	
2.057




	
tableland area

	
2.076

	
6.014

	
1.244

	
3.111




	
hills area

	
2.076

	
7.538

	
1.670

	
3.761




	
low relief mountains

	
2.076

	
8.918

	
2.014

	
4.336




	
moderate relief mountains

	
2.076

	
9.386

	
2.498

	
4.653




	
high relief mountains

	
2.076

	
10.529

	
4.139

	
5.581




	
very high relief mountains

	
2.076

	
11.255

	
4.704

	
6.012










Table 2. Terrain semantic information content and its subsets for the seven different geomorphic types.



	
Geomorphic types

	
Information content




	
HSOS

	
HSOA

	
HSEM






	
plain area

	
0.011446

	
2.657806

	
1.334626




	
tableland area

	
0.086478

	
2.725792

	
1.406135




	
hills area

	
0.784252

	
2.942306

	
1.863279




	
low relief mountains

	
0.86868

	
2.942426

	
1.905553




	
moderate relief mountains

	
1.357056

	
2.905492

	
2.131274




	
high relief mountains

	
1.407882

	
2.803122

	
2.105502




	
very high relief mountains

	
1.588496

	
2.618376

	
2.103436









Table 3. General terrain information content of seven different geomorphic types.


	Geomorphic types
	Information content HT





	plain area
	3.391



	tableland area
	4.518



	hills area
	5.625



	low relief mountains
	6.242



	moderate relief mountains
	6.785



	high relief mountains
	7.687



	very high relief mountains
	8.115








Because the areas of all of the study regions are the same, as are the numbers of elevation points, the geometry information contents of these seven experimental areas are the same, as shown in Table 1. Moreover, note that the magnitude of the geometric information content value, the structure information content value and the rendered color information content value should be the same.









4.1.2. Analysis of Results

With computational results of different geomorphic terrain information contents, we can analyze the characteristics of the terrain information content from the follow aspects: (1) the syntactic information content with its components, and (2) the semantic information of the terrain with its components. Finally, the general information content is analyzed in total:

(1) Syntactic information content

From Table 1, the data trends can be plotted as follows. From Table 1 and Figure 9, the following points for the syntactic information content can be concluded: (I) Due to the experimental areas being all the same, the geometry information content is the same for every type of geomorphic terrain. (II) For information content other than the geometry information content, the more complex the geomorphic terrain type, the larger the values of the rendered, structure and the syntactic information contents. (III) The value of the structure information content is the maximum value among them.

Figure 9. Data variation trends for the syntactic information content analysis for the seven geomorphic types.
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Generally speaking, the variation trend of the structure, geometry, render and terrain syntactic information contents are in accord with the rules stated above.



(2) Semantic information content

From Table 2, the terrain semantic content data variation trends can be plotted as follows. From Table 2 and Figure 10, we can conclude the following: (I) The value of the information content of SOS increases with the terrain complexity from the plains area to the very high relief mountains. (II) The values of the SOA information content increase with the terrain complexity at first, and get the maximum value at the low relief mountains, then the values decrease with the terrain complexity. The low relief mountains area has the largest SOA information content value, and the hills area has a value of the SOA information content that is closer to the value for the low relief mountains area. They have two of the higher information content values of the geomorphic terrain types. (III) The semantic information content is combined with the characteristics of the SOA and SOS information contents. Except for the value of the medium relief mountain geomorphic type, the others increase progressively with the complexity of the geomorphic types. The information content for the medium relief mountain area is the largest value among them.

Figure 10. Data variation trend for the semantic information content analysis in the seven geomorphic types.
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Generally speaking, the information content of the semantic information content follows the rule where the more complex the terrain is, the larger the terrain information content. For the mountainous areas, the semantic information content values are larger than the values in the plain, tableland and hills areas. However, within the mountainous areas, the values are closely approximate.

(3) General information content

From Table 3, the variation trends of the general information content and its component information content can be plotted as in the following Figure 11. From Table 3 and Figure 11, we can conclude the following: (I) the value variation trends are mostly the same for the semantic information content, syntactic information content and the general information content. They all changed with the geomorphic terrain types: the more complex the geomorphic terrain type, the larger its information content value. (II) The semantic information content values are close to each other at the mountains areas (i.e., the small relief, medium relief, high relief and very high relief mountains).

Figure 11. Data variation trend for the general terrain information content analysis for the seven geomorphic types.



[image: Entropy 17 07021 g011 1024]







Generally speaking, the terrain information content can reflect the terrain geomorphic types, and the terrain geomorphic types influenced the value of the terrain information content. This verifies the hypothesis that the more complex the terrain, the larger the information content value, and hence the richer the terrain information.




4.2. Resolution Analysis


4.2.1. Extraction of Results

With the flow chart for the computation of the terrain information content, the terrain information contents at different resolutions are computed. The resolutions we choose are 30 m, 60 m, 120 m and 240 m.

Before analyzing the relationship between terrain information content and resolution, the following things should be determined: first, the study area we choose; and second, the color ramp for rendering the DEM, where all of the resolutions should be rendered with the same color ramp:

(1) The hills area was chosen as the experimental study area for the resolution analysis because the hills area has rich terrain information, and it is a common terrain geomorphic type in China. The original experimental area has a resolution of 30 m, and the resolutions of 60 m, 120 m, and 240 m are resampled from the 30 m DEM with the bilinear interpolation method.

(2) The same color ramp used in the geomorphic analysis is chosen, as shown in Figure 12.

Figure 12. Rendered digital elevation model (DEM) of different resolutions. For each resolution, a small region in the right top of the origin DEM is enlarged to illustrate the differences of the resolutions.
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With the four different resolution DEMs, terrain information content is extracted with the same method introduced above. The following tables show the syntactic information content, semantic information content and the general information content and their components’ values. The magnitude of the geometric information content value is different from the other types of terrain information content values; we should minimize its magnitude and make it the same as the others. The geometric information content value should be reduced by a factor of 10; the following table shows the values that have been reduced by one order of magnitude.






Table 5. Terrain semantic information and its components: SOA information content and SOS information content.


	Resolution
	HSOA
	HSOS
	HSEM





	30 m
	6.205
	3.966
	5.086



	60 m
	5.957
	2.544
	4.251



	120 m
	5.401
	0.986
	3.194



	240 m
	4.597
	0.021
	2.309











4.2.2. Result Analysis

With the results of the terrain information content at different resolutions, we can analyze from the following respects: first, the influence of resolution on the syntactic information content and its components (i.e., geometric information content, structure information content and rendered information content); second, the influence of resolution on the semantic information and its components (SOA information content and the SOS information content); and the influence of resolution on the general information content:

(1) Syntactic information content

From Table 4, the value variation trend of the syntactic information content with its components can be generated as in Figure 13.

Figure 13. Data variation trend for the terrain syntactic information content analysis with different resolutions.
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Table 4. Terrain syntactic information content and its components: geometry information content, structure information content, and render information content.


	Resolution
	HGEO
	HSTR
	HREN
	HSYS





	30 m
	2.192
	7.790
	4.246
	4.743



	60 m
	1.992
	7.784
	4.381
	4.719



	120 m
	1.792
	7.783
	4.450
	4.675



	240 m
	1.592
	7.779
	4.478
	4.617










From the Figure 13 and the data in Table 4 for the syntactic information content, the following can be concluded: (I) Except for the render information content, the values of other information contents are in accordance with the variation roles, the finer the resolution, the larger the value of the information content. The resolution of 30 m has the richest terrain information. (II) The render information content rises as the resolution is decreased. The reason for that may be because the lower the precision of a picture, the higher the uncertainty.

(2) Semantic information content

A variation trend can be drawn from Table 5, as shown in Figure 14, for the semantic information content and its components, which are SOA information content and the SOS information content.

Figure 14. Data variation trend for the terrain semantic information content analysis with different resolutions.
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From the above Figure 14 and the data of Table 5, we can conclude the following for the semantic information content: (I) The SOA information content, SOS information content and the semantic information content values all follow the rules where the larger the information content value, the finer the resolution. (II) The information content of the SOA is larger than that of the SOS, which means that the terrain information is richer from the horizontal variation.

(3) General information content

From Table 4, Table 5 and Table 6, the value variation trend for the terrain syntactic information content, semantic information content, and the general information content can be generated, as shown in Figure 15.

Figure 15. Data variation trend for the general terrain information content analysis with different resolutions.
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Table 6. General terrain information content.


	Resolution
	HT





	30 m
	9.828



	60 m
	8.969



	120 m
	7.869



	240 m
	6.925










As Figure 15 and Table 4, Table 5 and Table 6 show, the general information content for the terrain shows the following characteristics: (I) With the decrease of the resolution, the value of the syntactic information content, the semantic information content and the general information content are also decreased. (II) The decrease rate of the information content value is larger for the semantic information content than for the syntactic information content.

Generally speaking, the terrain information content is clearly influenced by the DEM resolutions, i.e., the finer the resolution, the richer the terrain information content. The opposite is true for the same experimental area: when the information content value is larger, we can judge that the resolution of the DEM is larger.





5. Discussion and Conclusions

Based on the theories of the map information content, remote sensing image information content and other geospatial information content, a definition and measures for extracting the terrain information content from DEM data are proposed in this paper. Moreover, experiments are carried out from two aspects: one is the analysis of terrain information content in different geomorphic types, and the other is the analysis of terrain information content with different resolutions. The geomorphic types analysis showed that the more complex the terrain surface, the richer the information content. The resolution analysis showed that the finer the resolution, the richer the terrain information content. Both of the experiments reflected the reliability of the measurement method for the terrain information content.

The definition and measurement method for the terrain information content is different from the traditional measurement method for geospatial information content. The existing measurement method for geospatial information content is always computed from the feature maps (e.g., transport, topographic, and contour maps). However, the terrain information content proposed in this paper is one type of geospatial information content; it was computed from a rendered DEM and is a supplement to the geospatial information content. Moreover, the terrain information content is also superior to the information measurement method for DEM in some specific applications. The existing information measures with DEM always focus on elevation entropy and terrain factor’s entropy. Elevation entropy is related to the subset of the elevation dataset and its elevation dataset partition way (i.e., terrain structure information content defined in our paper). Terrain factor’s entropy is the value entropy of the terrain factor (e.g., roughness, curviness of terrain) extracted from DEM. It is related to the subset of the terrain factor value and its partition method. Elevation entropy and terrain factor’s entropy computed from DEM usually applied to the following applications. For example, in the research of Wise [30], the elevation entropy is used for DEM quality evaluation, particular the DEM information loss when aggregating the DEM to a coarser scale. In reference [31], the elevation entropy is applied to determine the optimum resolution of DEM in prior to hydrological modeling. In reference [32], entropy of terrain curvature, as a measure of information loss at different scales, are useful for correcting conductivity values when upscaling the subsurface flow equation in macro scale hydrological modeling. In reference [33], elevation corrections entropy is used to evaluate the information loss of the DEM interpolation method. However, terrain information content will improve the way of information evolution applied to DEM described above. Its superiority can be described as follows.

Based on the theory of the epistemology, two levels of terrain information content are introduced, which are terrain syntactic information content and terrain semantic information content. The general terrain information content is the combination of these two. For the two levels of terrain information content, they are also constituted by some other information, as shown in Figure 16. In the first level of terrain information content, the rendering information content can be accessed by a combination with other visual method for some specific applications, e.g., bipolar differentiation visual method [29] for geomorphic analysis, or analytical shading method for 3-dimensional analysis. Generally, we use the general information content for the most of the applications, like optimizing the terrain generalization method. However, according to your data source and your demands, you can use them individually or with an arbitrary combination. For example, when evaluate the DEM quality in reference [30], the elevation entropy can reflect the elevation variation, but it cannot represent the potential meaning of this variation. Hence, if the measurement method is combined terrain semantic information with the terrain structure information, it will better reflect the DEM quality and the information loss when aggregate it. For the application of finding the optimize resolution in the hydrological modelling [31], the best resolution will be determined by the least terrain information loss when DEM was aggregated from fine scale, so the entropy of terrain curvature can be replaced by the terrain semantic information content, which has a better represent of the terrain variation in horizontal and vertical aspect.

Figure 16. Framework and components for the terrain information content.
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Besides these applications above, there are many other applications that could use the terrain information content, and all of these applications are needed intensive studies in the future. For example, the rendered color information content can be used for evaluating the quality of the rendered DEM tile service from some famous websites. The larger the rendered color information content, the better the terrain map rendering quality. As shown in Figure 17, two kinds of rendered terrain maps are extracted from the websites of Google Maps and Map World. The two rendered terrain maps are using completely different color rendering methods. From the rendering surface of the two maps, we may feel the Google Maps renders better. The results we calculated from our terrain information tool showed that the values of the rendered color information content are 7.19 bits and 7.59 bits for Figure 17a and Figure 17b, respectively. Hence we can conclude that the rendered color information content may represent the rendered terrain map quality. For another example, the terrain information content can also be used as a new way of dividing the basic geomorphic types, which is traditionally divided by the relative elevation. Statistics of the general terrain information content can be extracted from different geomorphic types. Then we can analyze and define the value threshold of terrain information content for different geomorphic types. Meanwhile it is necessary to study the relation between terrain information content and the different geomorphic types classified by Landform Genesis, e.g., Danxia landform, Karst landform, Yardang landform (wind-erosion landform). Furthermore, other visual method (as stated in reference [34]) would be taken into account as one way of the rendering method for DEM to access the rendering color information content. We should study whether we can combine them into some specific analysis to improve the effectiveness of the analysis result. e.g., with the bipolar differentiation visual method to render the DEM for the geomorphic analysis, as it is sensitive to different geomorphic types. In short, future works will be focused on the specific applications for the terrain information content above.

Figure 17. Rendered terrain tile maps from Google maps and Map word of China. They are rendered with completely different color ramp.
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