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Abstract:

 Attitude jitter is a common phenomenon in the application of high resolution satellites, which may result in large errors of geo-positioning and mapping accuracy. Therefore, it is critical to detect and compensate attitude jitter to explore the full geometric potential of high resolution satellites. In this paper, a framework of jitter detection and compensation for high resolution satellites is proposed and some preliminary investigation is performed. Three methods for jitter detection are presented as follows. (1) The first one is based on multispectral images using parallax between two different bands in the image; (2) The second is based on stereo images using rational polynomial coefficients (RPCs); (3) The third is based on panchromatic images employing orthorectification processing. Based on the calculated parallax maps, the frequency and amplitude of the detected jitter are obtained. Subsequently, two approaches for jitter compensation are conducted. (1) The first one is to conduct the compensation on image, which uses the derived parallax observations for resampling; (2) The second is to conduct the compensation on attitude data, which treats the influence of jitter on attitude as correction of charge-coupled device (CCD) viewing angles. Experiments with images from several satellites, such as ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiaometer), LRO (Lunar Reconnaissance Orbiter) and ZY-3 (ZiYuan-3) demonstrate the promising performance and feasibility of the proposed framework.
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1. Introduction

Over the past decade, high resolution satellite images obtained from linear array CCD sensor have been widely used in surveying and mapping. For the sake of accurate geo-positioning and co-registration, good geometric performance is crucial for the processing of satellite data [1–4]. According to [5–7], the accuracy of spacecraft position and attitude are two vital factors that affect geometric performance of high resolution satellites. The spacecraft position is determined by high-accuracy on-board global position system receiver and its accuracy can be enhanced with help of post-processing using accurate ephemeris if the device’s performance cannot meet the requirements or some malfunctions happen [8]. By contrast, the attitude of spacecraft is merely obtained from the star-tracker and gyro onboard and the performance of these devices make a dominant contribution to its accuracy. Consequently, accurate attitude estimation is a crucial issue for improving the accuracy of geo-positioning and mapping with high resolution satellites.

With respect to the satellite equipped with CCD linear array sensors, the attitude jitter, which refers to the instability and distortion of satellite attitude, could deteriorate geo-positioning and mapping accuracy of high resolution satellites in both plane and height. With the increasing complexity of satellite platforms and agility of satellite observation, most earth-observation satellites suffer from attitude jitter on the impact of various noise and disturbance torques, which are mainly caused by satellite dynamic structure, body thermal change, attitude control operation and other impacting factors [9]. However, for the majority of remote sensing satellite currently in use, their attitude information is estimated by interpolating the measurement data of star-tracker and gyros sampled at a relatively low frequency. When the frequency of satellite jitter is higher than the sampling rate of attitude data, the geometric processing of imagery would be affected by the undetected and uncompensated attitude distortions [3]. Moreover, the requirement of attitude stability will become more and more severe with increasing spatial resolution of remote-sensing missions. Therefore, it is necessary to estimate and correct the spacecraft attitude jitter information accurately with additional methods in order to improve the geometric performance of satellite images.

Generally, there are two traditional ways to detect and analyze spacecraft attitude jitter [9]. The first is to use ground control points (GCPs) in the scene [10,11], and the second is to use high-performance attitude sensors to obtain the attitude information with high time and angular resolutions [12]. However, those methods that depend on accurate GCPs or high-performance attitude sensors are economically and technically infeasible for many on-orbit satellites. For such reasons, a number of studies have been carried out to detect and analyze attitude jitter based on imagery, provided attitude data, RPCs and products such as digital elevation model (DEM) and orthoimages [3,13–20].

Some of the researchers have taken advantage of the property of the high resolution sensors to detect and retrieve the attitude instabilities. Iwasaki and Teshima used the parallax between the short-wave infrared (SWIR) sensors of ASTER to detect and estimate the frequency and amplitude of the fluctuation of Terra satellite [3]. In their studies, a fluctuation with a frequency of around 1.5 Hz is discovered. Kirk et al. used the parallax resulted from the adjacent CCD arrays of the focal plane to detect the jitter components of High Resolution Imaging Science Experiment (HiRISE) [13]. With the help of the software module hijitreg of ISIS 3.0 developed by USGS, the jitter components were generated from the HiRISE imagery and the accuracy of digital surface model (DSM) product was enhanced by compensating the jitter effect. Similarly, the parallax formed by a pair of narrow angle cameras onboard the LRO was utilized by Mattason et al. [14]. They succeeded in acquiring the frequency and amplitude of jitter. Furthermore, using the parallax formed by neighbouring multispectral sensors, Amberg et al. detected the attitude micro-vibration of PLEIADES-HR satellite without the help of additional devices [15].

In addition, some jitter analysis methods, which consider the provided attitude data, RPCs and digital products, have been proposed. Li et al. evaluated HiRISE jitter effects by differencing the SPICE kernel (telemetry) EO parameters and EO parameters calculated from third-order polynomials. In their study, attitude jitter was compensated by introducing three high-frequency terms in the polynomials which were used in the bundle adjustment (BA) model [16]. Schneider et al. found the periodic residuals on ALOS-PRISM images when generating RPCs to replace the rigorous sensor model [17]. The reason is that the inherent defects of RPCs could not inherit validly high-order distortions from the satellite attitude [21]. Schwind et al. constructed the satellite attitude by attaching sinusoidal disturbance in the geometric simulator for the hyperspectral satellite Environmental Mapping and Analysis Program (EnMAP). They corrected the images geometrically with the rigorous sensor model [18]. Kirk and Mattson identified the problem of jitter of HiRISE and LRO through unexpected ripples on DTM products [13,14]. Ayoub et al. detected the attitude jitter of ASTER, QuickBird and HiRISE satellites by analyzing undulating pattern on parallax maps obtained from dense matching of two orthoimages, and thus eliminated these artifacts on orthoimages [19]. Nuth and Kääb proposed a co-registration method for elevation data and found jitter of ASTER through significant biases in DEM after 3D co-registration [20].

The objective of this paper is to develop a framework of satellite attitude jitter detection and compensation for high resolution satellites, and to illustrate a preliminary investigation on jitter detection and compensation methods using various high resolution satellite images which are acquired from linear array CCD sensors. The contribution of this study lies in the following: (1) A comprehensive investigation of jitter detection and compensation methods with respect to different types of data and processing modes are presented; (2) An initial study on jitter detection and compensation of China ZY-3 satellite is performed, and the results of attitude jitter for ZY-3 is reported for the first time.



2. Framework

The proposed framework for attitude jitter detection and compensation includes three main components, which is depicted in Figure 1.

Figure 1. Overall framework of jitter detection and compensation.
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2.1. Jitter Detection

With respect to the different types of sensors used in the satellite, three methods for jitter detection are investigated. (1) The first one is based on multispectral (MUX) images using parallax between two different bands in the image; (2) The second is based on stereo images using rational polynomial coefficients (RPCs); (3) The third is based on panchromatic (PAN) images employing orthorectification processing. All these three methods make use of satellite images acquired from linear array CCD sensors, which will be described in the following sections.


2.1.1. Jitter Detection Based on Multispectral Images

The idea of jitter detection based on multispectral images is to utilize the small parallax formed by the multispectral sensors with a short interval of observation time. This kind of observation system is often called the parallax observation system [9].

In the parallax observation system, each linear sensor scans the identical ground feature at different times. In other words, there exists a time difference between the observation moments of each linear sensor’s scanning in along-track direction. In an overlapping area of the two images obtained from a linear sensor system with parallax observation, an object is supposed to be imaged at the exact same location in the two images but at different times [14]. However, during the interval of observation time, some exterior orientation elements of the camera used in the observation system might have some small changes due to attitude jitter, and thus the same ground object might be imaged at slightly different locations on the two images. As a result, if we match a specific ground target between the two images, the matching result of the overlapping area between the two images would be affected by attitude fluctuation of the satellite [9].

Therefore, the parallax disparity φ(t) of each pixel in both along-track and cross-track directions can be measured based on the overlapping area between the two images. This relationship is described as follows:
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(1)




where t is the current imaging time, Δt represents the along-track time interval caused by parallax, and f(t) is the jitter displacement at time t which refers to image distortion caused by attitude jitter.
In the case that there is no influence of jitter displacement, the attitude change of the satellite is supposed to be smooth, and the parallax interval between the two sensors is fixed and associated with the arrangement of focal plane. As a result, the measured value of parallax disparity φ(t) should be a constant one. However, if the satellite attitude information contains jitter components, the offsets φ(0 < t < t0) during the entire time series of image observation would show some obvious periodic characteristics or witness a periodical trend in both along-track and cross-track directions.

With respect to the differential value of jitter displacement f(t), the frequency and amplitude of φ(t) are different accordingly. The frequency of f(t) is equal to that of φ(t) based on the principle of synchronous vibration, and the frequency of φ(t) can be obtained using spectral analysis. To retrieve the amplitude of f(t), we first calculate the phase difference caused by Δt, and then revise the amplitude of φ(t) with the phase difference so that the amplitude of f(t) can be acquired.

Therefore, the detection method based on multispectral images consists of three essential steps as follows:


	(1)

	Co-registration of multispectral images from different bands. The original image pairs are mutually registered in order to remove the entire shift between the two images. This kind of shift results from the arrangement of focal plane.



	(2)

	Dense matching of registered image pairs based on subpixel phase correlation. In order to obtain the accurate parallax disparities, a dense matching strategy based on phase correlation using a peak evaluation formula (PEF) approach [22] is adopted. Phase correlation is more accurate and effective than the traditionally used area-based matching methods, such as normalized cross correlation [23]. It is based on the well-known Fourier shift property: a shift in the spatial coordinate frame results in a linear phase difference in the frequency domain of the Fourier Transforms [24]. Therefore, the pixel-level displacements between two images can be calculated from inverse Fourier transformed results of phase difference in Fourier space approximated by finding the peak position of the delta function [24]. The basic principle of PEF is to utilize a peak evaluation formula to directly estimate the peak location from the actual data array of the phase correlation function [22]. The closed-form expression of the phase correlation function is given by:
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(2)




where α is the peak value which is normally assumed to be lower than 1 in practice, a and b represent the peak location and the displacement between two images, and i and j are the indices of pixel in matching template. According to [22], the displacements a and b can be estimated in one dimension independently when assuming that the parameters of the other dimension are fixed.
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(3)




where N represents the size of the matching template, and V is an odd integer satisfying 0 ≤ V ≤ N, which defines the size of weighing function. Equation (3) illustrates the one dimensional correlation peak model. The accurate displacements can be estimated by sampling the selected point values set in one dimension around the peak and applying the least square method [22].



	(2)

	Subsequently, correlation coefficients threshold of 0.7 is set in this stage to ensure that most of the mismatched points can be masked off. The parallax disparity is averaged at each scan line with removal of abnormal measurements that exceed the range of threefold standard deviation compared to the averaged value in each line.



	(3)

	Acquisition of jitter displacement. A spectral analysis is conducted to acquire the frequency of the jitter. Afterwards, the amplitude is retrieved from the amplitude of the parallax disparity with the help of the phase difference caused by Δt in Fourier space [15].







2.1.2. Jitter Detection Based on Stereo Images

Owing to the long time interval between the stereo images and different pointing views, the parallaxes disparities cannot be measured directly between the stereo images. Thus, we proposed a new method to detect the jitter displacement in the cross-track direction using stereo images.

The method of jitter detection based on stereo images includes two main steps as follows:


	(1)

	Image matching based on geometrically constrained cross-correlation and least squares matching. The grid points with 100 pixels space are selected as the reference points on nadir image. The corresponding conjugate points on forward and backward images are matched based on geometrically constrained cross-correlation (GC3) [25]. Then, the least squares matching (LSM) [26] is performed to refine conjugate points (CPs) to subpixel accuracy (about 0.2 pixel accuracy). The mismatching points are eliminated with the threshold of the correlation coefficients (for instance, 0.7 in this study).



	(2)

	Relative orientation and back-projection. Relative orientation is firstly conducted to minimize the relative geometric inconsistencies among the image triplet. Afterward, two photogrammetric stereo models with CPs are defined, which are ND-FW (nadir and forward) and ND-BW (nadir and backward) images. Two sets of object coordinates are then calculated from the two stereo models with RPCs respectively, and they are back-projected to the nadir image. The RPCs model can be expressed as [27]:
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(4)




where (S, L) denote the normalized image sample and line coordinates of the CPs, Pi(i = 1, 2, 3, 4) are the polynomial coefficients, and (X, Y, Z) are the normalized ground coordinates.





The CPs in the nadir image are considered as the reference points to show the distortions in the nadir image. Therefore, the back-projection residuals are defined as the differences between the coordinates of the back-projected image points and those of the reference points in the nadir image. Because of the influence of attitude jitter, these back-projection residuals show obvious periodic patterns.



2.1.3. Jitter Detection Based on Panchromatic Images

Similarly, the impact of satellite jitter is significant on panchromatic sensors. Most panchromatic sensors are installed on a satellite but their imaging occurs on different planes. Therefore, it is more difficult to achieve the parallax observation from panchromatic images than that from multispectral images. As a result, the detection method based on panchromatic images adopts the process of orthorectification.

The proposed method can be divided into three steps as follows:


	(1)

	Orthorectification of panchromatic images. In order to achieve parallax observation of panchromatic images and to reflect satellite jitter information, the panchromatic images are first orthorectified through vendor-provided RPCs [27] using external DEM as elevation reference.



	(2)

	Coarse-to-fine dense matching of orthoimages based on phase correlation. After the orthorectification, the orthoimages are co-registered and georeferenced in a common ground reference system. Furthermore, the orthoimages are resampled on equivalent ground sampling distance (GSD), and the process of dense matching is further implemented. For purpose of accurate parallax disparities, a coarse-to-fine matching strategy using Fourier-based phase correlation method is adopted to determine pixel-to-pixel subpixel shifts. In the matching strategy, pixel-level phase correlation algorithm [28] with a larger matching window is initially implemented to get integer pixel shift value as the coarse matching result. Because phase correlation can only measure the maximum displacement constrained to half of matching window, the coarse matching step with larger matching windows can enhance the robustness of the dense matching operation considering errors along with the orthorectification process. Moreover, the coarse matching step would not cost too much time due to computational efficiency of pixel-level phase correlation algorithm. A precise step using subpixel phase correlation algorithm [22] described in Section 2.1.1 is subsequently carried out on each pixel after image translation. Finally, two parallax maps are generated in East-West (E-W) and North-South (N-S) directions, with which jitter information can be detected.



	(3)

	Outlier removal and Jitter analysis. The above-mentioned dense matching method generates parallax maps in ground E-W and N-S directions. However, satellite jitter information in cross-track and along-track directions are needed. There exists an angle between these two directions which can be computed according to the four corner projected coordinates of each panchromatic image. After rotating parallax maps using the computed angle, we can derive satellite jitter information in cross-track and along-track directions which keep pace with the detection method based on multispectral imagery. False matches and decorrelation areas need to be removed from the parallax maps before characteristic analysis. Two criterions, which include large unphysical measurements and large deviations from the averaged value at each scan line, are considered to eliminate unreliable disparity points. At last, the resulting parallax maps operated by the above processes are employed to compute the frequency and amplitude of jitter using Fourier spectral analysis.








2.2. Jitter Compensation

Jitter compensation is carried out following the process of jitter detection. In this section, jitter compensations on both image and attitude data are considered.


2.2.1. Jitter Compensation on Image

The influence of jitter reflected on the image plane can be divided into two directions. Therefore, the corresponding parallax observations in the along-track and cross-track directions, which are obtained using the above-discussed process of jitter detection, are used to correct parallax disparities caused by jitter to achieve the purpose of compensation on image. The compensation method on images contains the following two essential steps.


	(1)

	Resampling. In this step, in order to eliminate the unexpected parallax disparities, the cubic convolution interpolation method, which approximates to ideal sinc interpolation, is adopted to resample the image that needs to be compensated, and then to derive the compensated image using parallax observations. The cubic convolution formula S(x) is expressed by:
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(5)




where x represents the pixel coordinates.



	(2)

	Validation. The process of jitter detection is conducted again on the compensated image. The averaged parallax disparities at each scan line derived from redetection process are used to assess the performance of jitter compensation on image.







2.2.2. Jitter Compensation on Attitude Data

Similar to Schwind’s opinion [18], the jitter displacement is modeled by cumulative cosine functions as follows:
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(6)




where A0i, ωi and f0i are the amplitude, frequency and phase of the ith component of jitter information respectively, which are derived from spectral analysis in the detection step, and t corresponds to the imaging time.
The influence of jitter on satellite attitude can be treated as corrections of CCD viewing angles, which is described as follows:
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(7)




where Δψx and Δψy are the corrections of viewing angles in x- and y-directions in the image, fx and fy are the corresponding jitter displacements, and fc is the camera’s focal length. The corrections due to jitter compensation are considered as additional terms to original viewing angles. The corrected viewing angles can be applied in the following geometric processing [29].



2.3. Accuracy Assessment

In order to assess the effect of jitter compensation, the jitter model presented in Equation (6) is introduced into the geometric sensor model. The performance of the combination model of the sensor model and jitter model is assessed in direct georeferencing. The purpose of direct georeferencing is to estimate the ground coordinates of the homologous points measured in the images through a forward intersection. Therefore, the computed coordinates on GCPs with and without the jitter model are compared with the measured ground coordinates to estimate the effect on geo-positioning accuracy of jitter compensation.




3. Results and Analysis


3.1. Results of Experiment on ASTER and LRO Data

Experiments using ASTER and LRO imageries were conducted to investigate jitter detection method based on multispectral images.


3.1.1. Results of Experiment on ASTER-L1A Data

ASTER instrument is an imaging camera mounted on the Terra satellite, which was launched on December 1999 as part of NASA’s Earth Observing System (EOS). The ASTER instrument has a wide spectral region of 14 bands, ranging from the visible spectrum to the thermal infrared spectrum with high spatial, spectral and radiometric resolution. The spatial resolution varies with wavelength: 15 m in the visible and near-infrared (VNIR), 30 m in the SWIR, and 90 m in the thermal infrared (TIR) [30].

The SWIR images are acquired by a push-broom sensor system that contains six adjacent linear array sensors. These adjacent linear array sensors are arranged in parallel on the focal plane. The time interval between the adjacent linear array sensors during push-brooming is 356.238 ms along the flight direction [31]. Parallax exists with images of the same ground object which is imaged by the neighboring band sensors. Therefore, the image parallax of the neighboring bands can be used to detect the attitude jitter. As shown in Figure 2, we chose band 5, band 6 and band 7 images as the test ones in this study. The linear array sensor of band 5 is arranged adjacent to those of band 6 and band 7. In addition, band 7 and band 6 are arranged at the two ends of the focal plane separately, thus the two pairs of images have different parallax intervals. Furthermore, the spectral wavelengths of those three bands are similar in that they are very conducive to correlation. The experimental dataset is provided by the online Data Pool at the NASA Land Processes Distributed Active Archive Center (LP DAAC), USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota [32]. The study area is in Songshan district of Henan province in China. The level of data used is ASTER-L1A, which is formally reconstructed and unprocessed [31]. Therefore, the images maintain their original geometric characteristics and are free from the influence of map project and geometric corrections. The parallax maps and averaged parallax disparities at each scan line are shown in Figures 3 and 4.

Figure 2. ASTER multispectral images used in the experiment. (a) Band 5 image; (b) Band 6 image; (c) Band 7 image.
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Figure 3. Results of dense matching using ASTER multispectral images. (a) Parallax maps of Band 5 to Band 6 in the cross-track direction; (b) Parallax maps of Band 5 to Band 6 in the along-track direction; (c) Parallax maps of Band 6 to Band 7 in the cross-track direction; (d) Parallax maps of Band 6 to Band 7 in the along-track direction.
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Figure 4. Results of the averaged parallax disparities at each scan line of the two bands in the image. (a) Result of Band 5 to Band 6 in the cross-track direction; (b) Result of Band 5 to Band 6 in the along-track direction; (c) Result of Band 6 to Band 7 in the cross-track direction; (d) Result of Band 6 to Band 7 in the along-track direction.
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From the results in Figure 3, we can see that these parallax maps show apparent dark and light periodic stripes in both cross-track and along-track directions. Those periodic stripes demonstrate the jitter motion of sensor arrays [3,9]. Interestingly, although the periodic stripes can be seen in both cross-track and along-track directions, the values of parallax in the cross-track direction are more striking than those in the along-track. The reason for such a phenomenon can be explained by the fact that the jitter components in the along-track direction are so small that they can hardly be identified through the adopted matching method. In addition, the topographic information contributes to the error in the along-track direction [33,34], with a tiny parallax between CCD arrays forming a tiny stereo vision.



3.1.2. Results of Experiment on LROC-NAC Data

LRO was launched on 18 June 2009 from the Cape Canaveral. The Lunar Reconnaissance Orbiter Camera Narrow Angle Camera (LROC-NAC) is a pair of high resolution push-broom cameras on board the LRO. The two NAC cameras, named NAC-Left (NAC-L) and NAC-Right (NAC-R), are designed to provide 0.5 m scale panchromatic images over a combined 5-km swath. The LOS of NAC-L is arranged with an about 2.85° offset from the NAC-R in the cross-track direction. That means the angle from the LOS of NACs provides two images with an overlap of about 68–136 pixels width. Moreover, the NAC-R is mounted 0.106° forward of the NAC-L, which leads to a parallax interval of about 67–127 lines between NAC-R and NAC-L during the imaging process [35]. The experimental dataset is obtained from the online Data Access offered by NASA LROC team and Arizona State University [36]. Figure 5 shows the test NACs images of LRO used in the experiment. Slight parallax between NACs can be utilized to detect the attitude jitter of LRO. The results of the averaged parallax disparities in both directions at each scan line are shown in Figure 6.

Figure 5. NACs images of LRO used in the experiment. (a) NAC_Left image; (b) NAC_Right image.
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Figure 6. Results of the averaged parallax disparities in the cross-track and along-track directions at each scan line in the image. (a) In the cross-track direction; (b) In the along-track direction; (c) Enlarged view in the cross-track direction; (d) Enlarged view in the along-track direction.
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The detection results presented in Figure 6 show that the averaged parallax disparities demonstrate a significant periodic trend in both cross-track and along-track directions, which reflects the jitter motion of the satellite platform. Compared with that of ASTER satellite, the jitter motion of LRO is more likely to be the mixture of a variety of jitter components, which can be decomposed into some high frequency values and low ones through spectral analysis.




3.2. Result of Experiment on ZY-3 Data

The overall performance of our proposed framework of jitter detection and compensation, including three jitter detection methods and two jitter compensation methods, were demonstrated in experiments using ZY-3 data.

ZY-3 is the first civilian high resolution three-line-array stereo mapping satellite in China, which was launched on January 9, 2012. ZY-3 carries three high resolution panchromatic cameras which the GSD of the nadir image is about 2.1 m, and the forward and backward images are both about 3.5 m and a multispectral camera with a GSD of 5.8 m operated in four spectral bands. Each camera consists of a telescope and several CCD arrays. The forward and backward cameras are tilted 22° and −22° from the nadir camera, forming a large base-to-height (B/H) ratio of about 0.8 [37].


3.2.1. Results of Experiment on Three-line-array Stereo Images

The study area is located northwest of Shijiazhuang City in Hebei Province of China, and this area is characterized by mountains and hills with elevations ranging from 100–2000 m. The data set includes three images, as shown in Figure 7, acquired with ZY-3 forward, nadir and backward cameras almost simultaneously along-track in 16 September 2012. The purpose of this experiment is to detect image distortion in the cross-track direction and to compensate the distortion in the image space based on the method discussed in Section 2.1.2.

Figure 7. Three-line-array ZY-3 images used in the experiment. (a) Forward image; (b) Nadir image; (c) Backward image.
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Consistent geometric restoration using the CPs of the line of sight (LOS) vectors of sensors is one of the cores in this study [9]. The corresponding ground position of CPs can be intersected using LOS vectors. However, the LOS vectors do not perfectly intersect in one ground point in practice due to the exterior orientation errors which include the satellite attitude jitter [9]. Based on this principle, the ground position can be computed with the least squares adjustment and back-projected to the nadir image using the proposed method introduced in Section 2.1.2 to obtain the back-projection residuals. Figure 8 shows the results of jitter detection based on the stereo images. In the figure, the horizontal axis presents the line number of the conjugate points and the vertical is the back-projection residuals. From the figure, we can see that (1) there are periodic back-projection residuals in the cross-track direction in the image. The back-projection residuals illustrate that images are periodically disturbed by the attitude jitter motion. Owing to the periodic property of the residuals, the traditional bias correction methods can not compensate this type of error [38]. Both frequencies of the back-projection residuals are about 0.62 Hz derived by spectral analysis.

Figure 8. Results of the periodical residuals between the back-projected and reference image points. (a) Result of the periodical residuals between the forward and nadir images; (b) Result of the periodical residuals between the backward and nadir images.
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3.2.2. Results of Experiment on Panchromatic Images and DEM

In the experiment, subsets of ZY-3 panchromatic images acquired on 3 February 2012 were used to validate our proposed jitter detection method based on panchromatic images. The test image covers Songshan district located in Dengfeng, Henan Province of China. The quality of external DEM affects the accuracy of image orthorectification and the result of subsequent jitter detection. For this reason, an accurate DEM with a GSD of 2 m, a height accuracy of about 2 m and ground size of 20 km × 20 km generated from aerial triangulation was used in the experiment. In the following, the forward and nadir panchromatic images are processed using the above-mentioned detection method, which is referred to as Forward-Nadir case.

Figure 9 shows the orthoimages of the forward, nadir panchromatic images. These images are projected into Universal Transverse Mercator (UTM) coordinates and resampled on equivalent GSD of 3.5 m.

Figure 9. Results of image orthorectification. (a) Forward orthoimage; (b) Nadir orthoimage.
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Figure 10 shows the results of dense matching and modified parallax maps of Forward-Nadir case in both directions. In the figure, the dark and light unexpected periodic stripes in the dense matching resulting image in E-W direction, as well as the regular vertical parallax variations in parallax map in the cross-track direction, are manifestation of satellite attitude jitter. Figure 11 shows the variation curve of the averaged parallax disparities at each scan line in the cross-track direction. In the figure, the variation curve is a quasi-sinusoidal trend. Through Fourier spectral analysis, the frequency of attitude jitter is calculated as 0.645 Hz.

Figure 10. Results of dense matching of Forward-Nadir case. (a) Parallax maps in E-W direction; (b) Modified parallax maps in the cross-track direction; (c) Parallax maps in N-S direction; (d) Modified parallax maps in the along-track direction.
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Figure 11. Result of the averaged parallax disparities at each scan line in the cross-track direction of Forward-Nadir case.
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3.2.3. Results of Jitter Compensation on Multispectral Images

In the experiment, Band 1 and Band 2 from CCD 1 of ZY-3 multispectral image, which is captured almost simultaneously with panchromatic images used in Section 3.2.2, were used. Following the detection method described in Section 2.1.1 and the compensation method described in Section 2.2.1, Figure 12 shows the results of the averaged parallax disparities at each scan line in the cross-track direction before and after compensation. From Figure 12, we can see that a quasi-sinusoidal periodic pattern with the frequency characteristic of 0.654 Hz is revealed before jitter compensation and the periodic distortions are significantly corrected after compensation. The amplitude of the averaged parallax disparities is reduced from 1 pixel to 0.3 pixel. However, there still exits some residuals after compensation, which would be caused by topographic effects. Therefore, it is worth further consideration of the influence of terrain on jitter compensation.

Figure 12. Results of the averaged parallax disparities at each scan line in the cross-track direction before and after jitter compensation. (a) Result before compensation; (b) Result after compensation.
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Following three detection methods for estimation of attitude jitter of ZY-3 satellite, the results are depicted in Figures 8, 11 and 12a. We can see that all of detection results present a quasi-sinusoidal periodic trend, which is caused by attitude jitter. The periodic patterns estimated by three different methods are consistent with the frequency characteristic of around 0.6 Hz. The periodic patterns can be significantly attenuated by jitter compensation. However, it is worth noting that further study on the periodic patterns requires temporal analysis with long-strip images.



3.2.4. Results of Jitter Compensation on Attitude Data and Accuracy Assessment

In the experiment, the same ZY-3 images used in Section 3.2.2 were implemented based on the compensation method described in Section 2.2.2. A total of 20 well-distributed GCPs were chosen for accuracy assessment. The image coordinates of these GCPs were manually measured in three-line-array images. To verify the validity of our proposed jitter model, forward intersection was applied to calculate the ground coordinates. Further, the results of direct georeferencing with or without consideration of the influence of jitter were compared with the measured ground coordinates of 20 GCPs. Table 1 shows the result of geometric accuracy before and after jitter compensation, which represents the performance of jitter compensation on attitude data. From the table, we can see that (1) in N-S and E-W directions, the root mean squared (RMS) errors after jitter compensation become smaller; and (2) a correction of about 0.6 m is achieved in height. The result shows that the positioning accuracy is indeed affected by jitter.


Table 1. The statistical result of stereo geometric accuracy before and after jitter compensation.



	
Accuracy

	
N-S Direction (m)

	
E-W Direction (m)

	
Height (m)




	






	
Before

	
After

	
Before

	
After

	
Before

	
After






	
Maximum error

	
28.8913

	
28.5682

	
19.8704

	
19.7708

	
7.8080

	
4.7206




	
RMS error

	
24.8034

	
24.7491

	
17.1251

	
17.1023

	
3.1250

	
2.5745













4. Conclusions

This paper presents a framework of jitter detection and compensation for high resolution satellites. In the framework, three methods for jitter detection based on parallax observation with different types of sensors are proposed. Parallax maps are acquired using the three methods, and the jitter characteristics including its frequency and amplitude are analyzed. This is followed by introducing two approaches for jitter compensation, which removes the influence of jitter on image and attitude data. The performance of jitter compensation is assessed by comparing the difference of GCPs with or without consideration of the influence of jitter. The proposed framework is demonstrated with experiments using images from ASTER, LRO and ZY-3 satellites. The experimental results show the feasibility of the proposed framework for jitter detection and compensation of high resolution satellites. Several conclusions were drawn as follows:


	(1)

	The proposed detection method based on multispectral images can precisely estimate and retrieve attitude jitter in both cross-track and along-track directions. The proposed detection method based on stereo images can detect satellite jitter in the cross-track direction by discovering the periodic back-projection residuals. The proposed detection method based on panchromatic images, which includes orthorectification process, can successfully estimate attitude jitter in the cross-track direction. The proposed three detection methods achieve a similar quasi-sinusoidal periodic pattern with the frequency characteristic of around 0.6 Hz in the case of ZY-3 satellite.



	(2)

	The proposed compensation method on image can significantly correct the jitter effect. The amplitude of the averaged parallax disparities is reduced from 1 pixel to 0.3 pixel after jitter compensation for ZY-3 image. In the case of experiment with ZY-3 stereo images, a better accuracy is acquired after jitter compensation on attitude data, particularly the accuracy in height is improved by about 0.6 m. The results show that the introduced jitter model can express well the jitter components of the attitude observations.



	(3)

	Our proposed framework, including three jitter detection methods and two compensation methods, can detect attitude jitter with use of different types of data, and compensate effects of jitter by correcting image or sensor models for multipoint observation platforms which frequently cause attitude jitter. Our study provides a framework to improve imaging quality and geometric performance for multipoint observations. Therefore, to the best of our knowledge, our work would be considered as one of the most comprehensive investigations for multipoint observations on attitude jitter.
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