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Abstract:



Given the low accuracy of the traditional remote sensing image processing software when orthorectifying satellite images that cover mountainous areas, and in order to make a full use of mutually compatible and complementary characteristics of the remote sensing image processing software PCI-RPC (Rational Polynomial Coefficients) and ArcGIS-Spline, this study puts forward a new operational and effective image processing procedure to improve the accuracy of image orthorectification. The new procedure first processes raw image data into an orthorectified image using PCI with RPC model (PCI-RPC), and then the orthorectified image is further processed using ArcGIS with the Spline tool (ArcGIS-Spline). We used the high-resolution CBERS-02C satellite images (HR1 and HR2 scenes with a pixel size of 2 m) acquired from Yangyuan County in Hebei Province of China to test the procedure. In this study, when separately using PCI-RPC and ArcGIS-Spline tools directly to process the HR1/HR2 raw images, the orthorectification accuracies (root mean square errors, RMSEs) for HR1/HR2 images were 2.94 m/2.81 m and 4.65 m/4.41 m, respectively. However, when using our newly proposed procedure, the corresponding RMSEs could be reduced to 1.10 m/1.07 m. The experimental results demonstrated that the new image processing procedure which integrates PCI-RPC and ArcGIS-Spline tools could significantly improve image orthorectification accuracy. Therefore, in terms of practice, the new procedure has the potential to use existing software products to easily improve image orthorectification accuracy.
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1. Introduction


With the development of remote sensing technology, the spatial resolution and spectral resolution of remote sensing images have been greatly improved, and thus application fields of remote sensing technology are expanding [1,2,3]. High resolution satellite remote sensing imagery is a basic spatial data source to construct the digital Earth and can be widely applied in multiple subjects and areas, such as geology, vegetation, agriculture, forestry, and oceanography, etc. [4,5,6], especially in disaster emergency monitoring, real-time monitoring of land cover, ocean monitoring, and Earth-crust displacement and ground settlement monitoring [1,2,7,8].



Given the fact that high resolution satellite images possess the characteristics of timeliness and authenticity, rapidly acquiring information, relatively low cost, no geographic restrictions, and abundant spatial information and texture information, etc., developing high resolution satellite image processing techniques and conducting various application studies have continuously received attention [7,8,9]. However, it is still challenging for us to develop an effective and accurate image processing method in order to rapidly, automatically identify and extract useful information for various application purposes from processed remote sensing images [7,10]. In the processing of high resolution satellite images, investigating orthorectification models of satellite imaging is not only their core content but also a basis for high accurate orthorectification of remote sensing images [11]. This is because only if a mathematical model of satellite imaging is established can the mathematical relationship between three-dimensional spatial coordinates of ground control points (GCPs) and corresponding pixel coordinates of image points be reflected [12,13].



The mathematical models of satellite imaging are generally divided into two categories. One is a strict imaging geometry model based on imaging properties of a sensor, commonly referred to as a physical model, which is established according to a strict geometrical relationship among GCPs of imaging, the center of the sensor lens and the corresponding image points in a straight line [2]. The other is the general imaging geometry model only based on a simple mathematical function unrelated to the specific sensor, commonly referred to as a rational function model, which is established according to a relationship between GCPs and the corresponding image points [14,15]. Similar to the general imaging geometry model or called a rational function model, the homography transformation is also one of the most popular and efficient geometric transformation models, and is frequently used in alignment of images and related fields in a single coordinate system to acquire 3D information, to detect/measure geometric difference, or to increase the field of view or signal-to-noise ratio [16]. Typically, homographies are estimated between images by finding feature correspondences in those images. Homographic transformation of an image can be implemented by multiplying the image coordinate with the homography transform matrix [17]. Since the physical model is applicable for a collinear equation model, satellite orbit ephemeris parameters and sensor parameters are necessary. However, it is either very difficult or impossible for most users to obtain such parameters [18]. Therefore, nowadays rational function models are adopted by most users for an orthorectification of remote sensing images, and commonly used models include the polynomial correction model and the rational polynomial coefficients (RPC) correction model [2,15].



The polynomial correction model is more suitable for a plain area with a relatively smooth terrain because it does not need to consider the spatial geometry relation of imaging process. Rather, the RPC correction model is widely used in mountainous regions with a greater topographic relief due to the relief factor. Furthermore, the rectification accuracy of the RPC model is close to the collinear equation model [15,19]. However, there are some limitations for the RPC model. First, the RPC correction model is in the form of a fraction, so it may fail to work when the denominator is equal to zero [13,20]. Second, the RPC correction model may only correct errors of GCP but cannot eliminate the image distortion, so the accuracy of corrected images would be still affected by the accuracy of DEM [15]. Third, because the RPC correction model is established based on specific points, theoretically, it is not strictly applicable to other points [19]. Additionally, since the accuracy of the RPC model is dependent upon the GCP accuracy, distribution and quantity, it is necessary for users to have a set of high-quality GCPs running the PRC model [13,18]. Therefore, at present, for a high resolution satellite image covering a mountainous area with a greater relief, it is essential for users to increase the image orthorectification accuracy.



In this study, to improve the orthorectification result for high resolution satellite images covering mountainous areas, a new operational and accurate processing procedure was proposed and tested, and the proposed procedure made a full use of mutual complementary satellite image processing software functions of PCI-RPC and ArcGIS-Spline [21,22]. To do so, the raw image data were firstly processed into an orthorectified image using PCI with a RPC correction model, and then the orthorectified image was further processed using an ArcGIS-Spline tool for a local geometric correction [23,24]. Local geometric correction is one of the key technologies to improve the accuracy of image orthorectification. A correlation coefficient method is frequently adopted in the search area to obtain the most relevant points (i.e., GCPs) because of the good consistency and pixel-level accuracy of the orthorectified image. Therefore, the spline function is established for these points respectively to calculate the correct value and obtain local geometric corrected coordinates point-by-point, so as to improve the accuracy of image orthorectification [19]. Essentially, local geometric correction is used to transform physical coordinates to user coordinates so that the spatial information of ArcGIS database has a practical significance [2,25]. Finally, based on the tested results, the proposed procedure was evaluated and relevant issues were discussed.




2. Methodology


2.1. Study Area


The experimental area is located in Yangyuan County (39°53′N–40°22′N, 113°54′E–114°48′E), which is in the transition zone of Loess Plateau, Inner Mongolia Plateau and the North China Plain, Figure 1a shows the location of the experimental region [7]. It is mountainous in the northern and southern portions of the county and Sanggan River runs across the whole county from west to east. The geomorphic types include mountains, hills, plains, and rivers, etc. The terrain of the experimental area is high in southwest, low in northeast, high in southern mountains and low in northern mountains. Because of the special topographical characteristics, it is difficult to get high-accuracy orthorectification results for high resolution satellite images covering the study area [18].


Figure 1. The location of the experimental area and presentation of experimentally used image data: (a) the location of the experimental area; (b) base image; (c) DEM data; and (d) warp images: HR1/HR2.
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2.2. Data Sets


In this study, the experimental data, including base image, high resolution warp image, and DEM (Digital Elevation Models) data, were collected and used as follows.



	
Base image: An image of the second national land survey of China was collected to be used as a base image (Ministry of Land and Resources of People’s Republic of China), which was shown in Figure 1b.



	
Warp images: High resolution CBERS-02C HR satellite images, track number No. ZY02C-HRC-E114.6_N40.3_20140904 _L1C0001836234, including two scenes, HR1 and HR2, with GeoTiff format were acquired from Yangyuan County, Hebei Province, China, on 4 September 2014, which was shown in Figure 1d. Both HR1 and HR2 scenes covered most of mountainous areas with a greater topographic relief. As China’s first satellite of land and resources, CBERS-02C carries a P/MS multi-spectral camera and two high resolution cameras (HRCs). The P/MS cameras can provide multispectral data with 10 m spatial resolution (MUS image) covering visible and near-infrared spectral regions with three bands: band2 (0.52–0.59 μm), band3 (0.63–0.69 μm), and band4 (0.77–0.89 μm), and one panchromatic band image (PAN image) with 5 m spatial resolution covering spectral range 0.51–0.85 μm (band1). The HRC cameras can acquire 2.36 m spatial resolution image, covering spectral range 0.50–0.80 μm [26]. In this study, only two scenes of HRC images (HR1 and HR2) were tested.



	
DEM data: DEM SRTM data with 30 m spatial resolution were collected, which are shown in Figure 1c [18]. So far, the DEM data are the best (resolution) we could use in the study area.







2.3. Rectification Models


Because the rational function models can run without satellite orbit and sensor parameters, they are widely used for orthorectification. Polynomial and RPC models are typical rational function models.



2.3.1. Polynomial Rectification Model


Polynomial rectification model is a mathematical model based on an image without regard to spatial geometry relationship of imaging process [27]. The quadratic polynomial model is frequently adopted in the modeling, which is established based on a relationship between ground coordinates X, Y and image coordinates of control points x, y, as follows [14,28]:


[image: there is no content]



(1)







Based on the principle of least squares, the coefficients of quadratic polynomial a00, a10, a01, a20, a11, a02, b00, b10, b01, b20, b11, b02 can be solved by the Equation (1). Then the new coordinates of images can be calculated according to the transformation coefficients [14]. This method is usually adopted for plains with relatively smooth terrain, and is not recommended for mountainous regions. Therefore, it is not used for this study as this experimental area has a greater topographical relief [18].




2.3.2. RPC Rectification Model


(1) Expression of RPC Model



The RPC (Rational Polynomial Coefficients) model is based on ground control points (GCPs) and DEM data to orthorectify an image [14]. Actually, it is a broader and better expression of the sensor model, which is utilized to obtain the rows and lines of an image by the ratio and similar ratio of two polynomial functions respectively. Furthermore, both polynomials are the functions of ground coordinates. Therefore, the RPC model is for further generalization for polynomial model and linear transform model and it is suitable for different types of sensors [8,12]. In the RPC rectification model, the image coordinates are the ratio of two polynomials in which the three-dimensional coordinates of GCPs are set as independent variables as follows in Equation (2) [2,15,20,25,27,29,30]:
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(2)




where (rn, cn) and (Xn, Yn, Zn) are the normalized image coordinates (r, c) and ground coordinates (X, Y, Z) by translating and scaling in a RPC model [20,29,31]. Generally, ground coordinates and image coordinates are translated and scaled into parameter values between (−1,1) to enhance the stability of parameter solutions, to reduce the computational errors caused by a large data magnitude, and to avoid causing a morbid matrix. The conversion relationship is shown in Equation (3) [19,20,29]:
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(3)




where (X0, Y0, Z0, r0, c0) are the translating parameters of standardization, and also are the coordinates of the origin of a RPC model in the mapping coordinate system; (Xs, Ys, Zs, rs, cs) are the proportional parameters of standardization. In the polynomial Pi(X, Y, Z) (i = 1, 2, 3, 4), the maximum and the sum power of each coordinate component would not be greater than three [29]. According to Boccardo et al. [2], Hu et al. [15], Tao et al. [20], Li et al. [29], and Aguilar et al. [30], the polynomial representation is shown as follows:
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(4)




where the polynomial coefficients a0, a1,…, a19 are designated as the coefficients of the rational polynomial function.



(2) Othorectification Principle of the RPC Model



Substitute Equation (4) into Equation (3) and let [image: there is no content], [image: there is no content], [image: there is no content], then [image: there is no content], [image: there is no content], [image: there is no content]; substitute [image: there is no content] and [image: there is no content] into Equation (2), which can be written as:
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(5)







Let [image: there is no content], and [image: there is no content], then Equation (5) can be re-written as:
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(6)







Equation (6) may be written using theTaylorformula as follows:
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(7)







The error equation of Equation (7) is written as:
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(8)







Equation (8) can be re-written as:
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(9)







And let [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], so Equation (9) finally can be written in a vector and matrix form as:


V = AΔ + l



(10)







Based on Tao et al. [20] and Fraser et al. [13], the least squares solutions of coordinate corrections can be obtained from Equation (10) as follows:
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(11)







Substituting Equation (11) into Equation (7), the coordinates of orthorectified image can be obtained. Because Equation (7) is a linearized model, iteration is operated to obtain an optimal solution for the image coordinates.



All above is the basic principle of the orthorectification model based on the RPC model, in which the projection distortion caused by the topographical relief can be rectified by combining the RPC model with DEM data [15]. Due to considering the relief factor, the rectification accuracy of the RPC model is only lower than that of a collinear equation model [13]. Given the experimental area covering more mountainous area with a greater topographical relief, this study adopted the RPC model to orthorectify both HR1 and HR2 images [13,20]. Although the RPC model can produce a higher accuracy of image orthorectification than the other models, due to the properties of the model itself, the PRC model still has some limitations, addressed in the introduction section.




2.3.3. Spline Function Model


A spline function is selected for local geometric correction because it can overcome the trouble of unstable and slow speed from high order interpolation [32]. The properties of minimum modulus and best approximation of the spline function can explain the resolution of the variational problem. Geometrically, the spline function describes a smooth-curved “thin beam” which “clamps” both end points through each interpolation point [33]. The cubic spline function is widely used because of its simple calculation, good stability, high precision, and certain smoothness.



Cubic spline function has two types of expression, first derivative and second derivative, both of which are continuous and have a unique solution. Suppose the spline function S3, i(x) is in a small interval (xi−1, xi) (i = 1, 2, …, n), which can be obtained by an interpolation condition as follows [34,35,36,37]:
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(12)







Let
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(13)







Then Equation (12) can be re-written by the Hermite’s interpolation formula [34,35,36] as follows:
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(14)




where hi = (xi − xi−1), xi−1 ≤ x ≤ xi. According to the definition of the cubic spline function, the second derivative is continuous, so it can be written as:
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(15)







Calculate the differential coefficient of Equation (14) and then substitute it into Equation (15) to obtain Equation (18) as follows:
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(16)




where [image: there is no content]; λi = 1 − µi; and [image: there is no content].



Equation (18) contains n − 1 equations with n + 1 unknown variables, so it is necessary to add two more equations to obtain aunique solution, i.e., two boundary conditions. This model may adopt the first boundary condition, which is [37]:
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(17)







In this case, Equation (16) reduces two sum variables so that the unique solution for the equation can be obtained, and then the solution values of mi (i = 1, 2, …, n) can be substituted into Equation (14) to establish a primary spline function.



In the procedure of orthorectification, the spline function relationship of x, y can be established by Equation (14) according to the coordinates of the same GCPs identified from both base image and warp image [33,37]. Actually, the values of m0, mn+1 can be replaced by the reciprocal values of the slopes of the straight lines connected by the first two points and the last two points, respectively, and the values of hi depend on the situation. Finally, the correction values of x, y can be calculated to correct coordinates of each GCP in a local area of an image [33].





2.4. A Procedureof Orthorectification


Figure 2 presents a flowchart to show the procedure of conducting orthorectification of images in this study [28,38,39]. In this study, firstly, we set the base image as a reference image, the CBERS-02C HR images as warp images and overlaid DEM data over both base and warp images. Secondly, RPC rectification model was adopted and satisfied GCPs were identified and collected from the both base image and warp images. Thirdly, the conversion model was calculated and the warp images were re-sampled. Finally, the warp images were orthorectified and outputted with an acceptable accuracy [40,41]. To do so, commercial software products PCI with RPC (Rational Polynomial Coefficients) model (PCI-RPC) and ArcGIS with Spline model (ArcGIS-Spline) were adopted to perform the proposed procedure of orthorectification of images. In order to improve the accuracy of orthorectifying satellite images that cover mountainous areas, we proposed a new operational and accurate processing procedure by making full use of the mutually compatible and complementary characteristics of the remote sensing image preprocessing software products PCI-RPC and ArcGIS-Spline tools [23,24].


Figure 2. The procedure used for orthorectifying images in this study.
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CBERS-02C HR images acquired in the study area were used to test the procedure in three operational steps: (1) executing the PCI-RPC tool; (2) executing the ArcGIS-Spline tool; and (3) executing both the PCI-RPC and ArcGIS-Spline tools. The consistent ground control points (GCPs) used for processing images with the three steps were identified and collected for comparison, analysis and verification of orthorectified images created by the three operational steps. In mountainous and hilly areas, the number of GCPs for calibration should be more than that required in plain areas [18,42]. When selecting GCPs from the both base image and warp images, the locations of GCPs should meet the following requirements:

	
All points should be evenly distributed to represent the entire experimental area [42,43];



	
Selected feature points should be clear enough to distinguish, such as road intersections, bridges corners, stadium horns, building corners, and wall angle positions, etc. [18,25];



	
It is necessary to select a certain number of GCPs at the mountainside and mountaintop [18,44];



	
The mean residual errors (i.e., RMSEs) of GCPs should be controlled in one pixel in the plains and hills, two pixels in the mountains. In this study, because the re-sampling pixel size is 2.0 m and the study area was featured with mountainous areas mixed with a portion of plain area, the RMSEs of GCPs should be controlled from 2.0 m to 4.0 m [18,45].










3. Experiment and Results


Given the mountainous areas in the study area, the same locations of the 27 GCPs were identified and selected from the base image and the warp images (or the orthorectified images created using PCI-RPC model) for all three operation steps for calibrating orthorectification models and tools. The spatial distribution of the 27 GCPs located on the base image was shown in Figure 3. Three sets of orthorectified images processed by the PCI-RPC tool, ArcGIS-Spline tool and integrating PCI-RPC and ArcGIS-Spline tools, respectively, were obtained. Their rectified accuracies were verified, analyzed and compared.


Figure 3. The spatial distribution of the rectification GCPs located on the base image: (a) the rectification GCPs were used for rectifying image HR1; (b) the rectification GCPs were used for rectifying image HR2.
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3.1. Orthorectification by PCI-RPC Tool


At the first operation step, the satellite CBERS-02C HR images HR1 and HR2 were orthorectified by using the PCI-RPC model with the base image and DEM data. After re-sampling to 2.0 m pixel size by cubic convolution and calculating RMSEs [13], the orthorectified images a1 and a2 (corresponding to HR1 and HR2) were produced with the ArcGIS format of “img”. Table 1 reports the residual errors of GCPs of orthorectified images a1 and a2.



Table 1. A summary of residual errors of GCPs for orthorectified images a1/a2 (unit: meter) *.







	
Model

	
Warp Image

	
Orthorectified Image

	
RMSE X

	
RMSE Y

	
RMSE






	
PCI-RPC

	
HR1

	
a1

	
1.26

	
1.37

	
1.86




	
HR2

	
a2

	
1.33

	
1.21

	
1.79








* “RMSE X” and “RMSE Y” represent the residual error values of GCPs in the directions of X and Y, respectively; “RMSE” represents the mean residual error values of GCPs.








In Table 1, the RMSE of calibration GCPs for image a1 was 1.86 m, and for image a2 was 1.79 m. According to Cheng et al. [42], Wolniewicz [46], and Aguilar et al. [18], for mountainous areas, the maximum residual error should be controlled within 4 pixels, i.e., 8 m. Thus the orthorectification accuracies of calibration GCPs had been controlled within an allowable error range.




3.2. Geometric Correction by the ArcGIS-Spline Tool


At the second operation step, the HR1/HR2 images were geometrically corrected based on the base image and using ArcGIS-Spline tool. In this study, since HR1/HR2 images were only given the setting of image projection parameter, the number of GCPs directly affects the geometric correction accuracy [23,47,48]. After calculating the RMSEs automatically (Table 2), the corresponding rectified images b1/b2 were created. In the table, the RMSEs of GCPs were 0.4199 m/0.2001 m for images b1/b2, respectively, which were controlled in the allowable error range [46].



Table 2. The RMSEs of GCPs for rectified images b1/ab1, b2/ab2 (unit: meter).







	
Model

	
Warp Image

	
Corrected Image

	
RMSE






	
Spline

	
HR1

	
b1

	
0.4199




	
HR2

	
b2

	
0.2001




	
RPC + Spline

	
a1

	
ab1

	
0.0907




	
a2

	
ab2

	
0.0507











3.3. Integrating the PCI-RPC and ArcGIS-Spline Tools


At the third operation step, the orthorectified images (a1/a2) created by using the PCI-RPC model were further processed by using ArcGIS-Spline tool with the same locations of calibration GCPs used for the rectification of images separately using the PCI-RPC model and ArcGIS-Spline tool, which could significantly improve the geometric corrected accuracy of the orthorectified images completed at the first operational step. The orthorectified images ab1/ab2 produced by using both PCI-RPC and ArcGIS-Spline tools were presented in Figure 4. The corresponding RMSEs of GCPs for rectified images ab1/ab2 were also listed in Table 2. In the table, it is clear that the RMSEs of GCPs were 0.0907 m/0.0507 m for images ab1/ab2, respectively, which indicates that errors were controlled in the allowable error range and also much lower than those created at the second operation step.


Figure 4. The improved rectification images ab1/ab2.
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3.4. Comparison of Image Rectification Approaches


A total of 15 validation GCPs were identified and selected from the base image and all three sets of rectified images created at the corresponding three operation steps to validate the accuracy of three sets of corrected images a1/a2, b1/b2, and ab1/ab2 (Figure 5). After automatically calculating the RMSEs of the 15 validation GCPs, their results were listed in Table 3. In the table, the RMSEs of the validation GCPs for the three sets of geometrically rectified images a1/a2, b1/b2, and ab1/ab2 were 2.94 m/2.81 m, 4.65 m/4.41 m, and 1.10 m/1.07 m, respectively.


Figure 5. The spatial distribution of the validation GCPs located on the base image: (a) the validation GCPs were used for validating images a1/b1/ab1; (b) the validation GCPs were used for validating a2/b2/ab2.
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Table 3. The RMSEs of 15 validation GCPs for validating rectified images a1/b1/ab1 and a2/b2/ab2 (unit: meter).







	
Modes

	
Warp Image

	
Corrected Image

	
RMSE X

	
RMSE Y

	
RMSE






	
RPC

	
HR1

	
a1

	
1.78

	
2.35

	
2.94




	
HR2

	
a2

	
2.06

	
1.91

	
2.81




	
Spline

	
HR1

	
b1

	
3.04

	
3.52

	
4.65




	
HR2

	
b2

	
3.13

	
3.10

	
4.41




	
RPC + Spline

	
a1

	
ab1

	
0.72

	
0.83

	
1.10




	
a2

	
ab2

	
0.80

	
0.73

	
1.07










Through the comparative analysis of verification results (Table 3) among the three sets of rectified images a1/a2, b1/b2, and ab1/ab2, the experimental results demonstrate that:

	
The accuracy of validation GCPs was consistently the highest for images ab1/ab2 among the three sets of geometrically corrected images, which indicates that the orthorectification accuracy has been significantly improved by using the new image processing procedure of integrating PCI software with the RPC orthorectification model and ArcGIS-Spline tool [49];



	
The accuracy of validation GCPs was consistently the lowest for images b1/b2, which means that although running the ArcGIS-Spline tool could lead to high geometrical correction accuracy for the calibration GCPs in Table 2, for the other areas in the corrected images, the geometrical correction accuracy is actually very low, as the Spline model only works well for local geometric correction around GCPs without considering the topographic relief in the study area [20,42,43];



	
The accuracy of validation GCPs was secondary for images a1/a2 among the three sets of corrected images, which means that when conducting image geometric correction, incorporating DEM data (thus called orthorectification) will help improve the image geometric correction accuracy compared with the case without using DEM data in image geometric rectification.










4. Discussion


The test results show that the new image processing procedure which integrates PCI-RPC and ArcGIS-Spline Tools is operational and effective for improving the accuracy of image orthorectification by local geometric correction. The basic principle of the RPC model is to orthorectify images by using GCP and DEM data, and all the polynomials are the function of ground coordinates (longitude, latitude and elevation). For the image orthorectification, the projection distortion caused by the elevation difference can be rectified by the PCI-RPC with DEM data [8,12,14]. In the RPC model, the errors caused by an optical projection system can be expressed by a function of a rational polynomial. The errors caused by the Earth’s curvature, atmospheric refraction and lens distortion can be modeled by a quadratic rational polynomial. Some other unknown error with high order components, such as camera shake, can be expressed by a cubic rational polynomial [15,20].



Without sensor imaging parameters, the RPC model can not only guarantee the strict positioning accuracy with evenly distributed error, but also allow different geographic reference coordinate system. Therefore, it has great application potential in the field of high-resolution satellite imagery [26,28]. However, the accuracy of orthorectified images is still affected by the DEM accuracy. Because the RPC correction model is in the form of fraction, the denominator will change obviously when the control points used to calculate the RPC parameters are in the non-uniform distribution or excessive parameterization. Therefore, it is easy to cause the morbidity of a normal equation obtained by a modeled function, and then affect the stability of model and decrease the accuracy of image orthorectification image [19,20,30,31]. The calculation results obtained by orthorectifying images with the PCI-RPC model showed that the errors were obvious in both line and column directions, while the newly proposed image processing procedure integrating the PCI-RPC and ArcGIS-Spline models can correct the position errors of the RPC model. The ArcGIS-Spline model can improve the accuracy of the orthorectified image and realize the error compensation by the correction values of points with spline function.



The RPC model has 90 coefficients in total, including 10 normalized coefficients and 80 rational function coefficients. Therefore it is necessary to calculate RPC coefficients using a large number of control points [20,30]. In this study, experimental data of CBERS-02C HR provided with corresponding RPC coefficients, so warp images could be orthorectified by the RPC parameters with DEM data. The RPC coefficients usually have two formats, RPC text format and RPB format. Remote sensing images CBERS-02C HR provided the second format, which included 4 groups of parameters, i.e., LINE_NUM_COEF, LINE_DEN_COEF, SAMP_NUM_COEF, SAMP_DEN_COEF, corresponding to the four coefficients of Equation (2), respectively. Each group includes 20 values, corresponding to the 20 coefficients of Equation (4). Consequently, the warp images could be orthorectified by the RPC model.



Comparing the accuracy of orthorectified images obtained by using only the RPC parameters provided by satellite data providers with the base image, the orthorectified results by the RPC model showed significant displacement of control points. For example, the RMSEs of GCPs for orthorectified image HR1 in X and Y directions were 1.78 m and 2.35 m, respectively. The RMSEs of GCPs for orthorectified image HR2 in X and Y directions were 2.06 m and 1.91 m, respectively. A large number of studies and data analyses show that the main cause of errors in the RPC model is the re-parameterization of thephysical sensor model. The errors of both interior and exterior orientation elements may cause the errors in RPC parameters, so it is necessary and urgent to develop new methods to improve the accuracy of image orthorectification [13,15,20].



The spline function is widely used because of its simple calculation, good stability, high accuracy, certain smoothness, and the significant accuracy improvement. However, with the increase of the number of control points, the number of unknown variables is also increased. It is difficult to calculate the unknown variables with a lot of control points [42,43]. In order to solve these problems, based on the theory and method of spline function, this study adopted a cubic spline function with derivative to correct control points, which could convert the dual function into unary function to simplify the complexities of the problems, and to correct the coordinates of arbitrary points in a wide range to improve the accuracy of orthorectified images by using a local geometric correction. Compared with the base image, the results of the RPC and Spline (cubic) tools produced a dramatic accuracy improvement, and the orthorectification accuracies (RMSEs) of images HR1 and HR2 in X and Y directions were 0.72 m/0.83 m, 0.80 m/0.73 m, respectively.



In this study, SRTM data with a 30 m spatial resolution were collected as DEM data, up to now, which are the best DEM data we could use in the study area. If the higher spatial resolution DEM data are available for orthorectifying images, a better result for image orthorectification may be expected. However, this does not influence the performance of the proposed procedure for improving image orthorectification.



In this study, the experimental results fully demonstrate that the new procedure has a potential to improve the accuracy of rectifying images by using PCI and ArcGIS existing software products. The new image processing procedure integrating the PCI-RPC model and ArcGIS-Spline tool has resulted in the best image orthorectification result. The improvement of image geometric rectification may be explained by the following three points:



(1) The software PCI with RPC orthorectification model considers three dimensional factors (X, Y, and Z coordinates) and the whole image scene for an image orthorectification. Given the great topographic relief in our study area (a mountainous area), if a geometric correction model only considers correcting X-Y two dimensional distortion for a warp image, it may be work well in a plain region. However, such a model for a mountainous area might be expected to work poorly due to not considering image distortion caused by the elevation variation. Thus, compared to the geometric correction result created by using ArcGIS-Spline which just considers X-Y two dimensional distortion of a warp image, the PCI-RPC model outperformed the ArcGIS-Spline (Table 3).



(2) The ArcGIS-Spline tool only considers two dimensions (X, and Y coordinates) and local areas around GCPs (i.e., local geometric correction). The Spline function can work well in a plain area in considering image two-dimensional distortion and may result in high local geometrical correction accuracy around GCPs [46]. Consequently, the ArcGIS-Spline could create a very good geometrical correction result for the set of calibration GCPs (Table 2), but it worked very poorly for the validation GCPs (see its worst result in Table 3).



(3) The new image processing procedure that integrates PCI with the RPC orthorectification model and ArcGIS-Spline tool has a synergic advantage from the RPC model (performing a three-dimensional correction over the whole scene) and Spline tool (performing a two-dimensional correction working very well over a local area around GCPs). In this study, the orthorectified images (a1/a2) created by the PCI-RPC tool has been corrected for most three dimensional distortions at the first operation step, especially correcting the distortion caused by the elevation variation in a mountainous area. Therefore, continuously correcting the corrected images (a1/a2) with the ArcGIS-Spline tool (i.e., further correcting remained distortion at the X-Y dimension) might be expected to further improve the image orthorectification accuracy. The lowest RMSEs of validation GCPs for the corrected images (ab1/ab2) in Table 3 supported this expectation.




5. Conclusions


In this study, we analyzed various reasons for geometric distortions, identified the differences in typical models of image geometric rectification, and discussed the definitions and rectification theories of the Rational Polynomial Coefficients (RPC) model and Spline function. Relevant disadvantages and difficulties were discussed for executing the RPC model and Spline function using commercial software products for orthorectifying high-resolution satellite images. A new processing procedure was proposed by integrating PCI software with the RPC model (PCI-RPC) and ArcGIS with the Spline tool (ArcGIS-Spline) to improve the accuracy of image orthorectification. The new image processing procedure was tested using two scenes of high-resolution satellite images that were acquired from a mountainous area. The experimental results demonstrated that the newly proposed procedure could significantly improve the image orthorectification accuracy by comparing with the traditional procedures such as using either the PCI-RPC model or ArcGIS-Spline function. They suggest that the new procedure would have a broad potential application, and thus it is worthy and valuable to research and develop.



With the widening application of high-resolution satellite imagery, using existing commercial image processing packages, the development of operational and efficient satellite image processing procedures such as high accurate image orthorectification will benefit those users who have a limited knowledge of remote sensing image processing.
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