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where o, and o, represent the x and y coordinates of the centroid respectively and n represents the number

of pixels in the spot cluster.

3. Intensity-Weighted Centroiding

An intensity-weighted centroid follows the methodology of a center-of-mass calculation where the
individual pixel coordinates are weighted by the intensity of the pixel value. This type of centroid is sub-
pixel accurate and is used on images where intensity variations are accurate. Equation (3.3) details the

calculation process

o = P X x; o = P Xy
* P Y =1 P (3.3)

where o, and o, represent the x and y coordinates of the centroid, n represents the number of pixels in the
spot cluster, P represents the individual pixel values and x and y represent the individual pixel horizontal

and vertical coordinates.

4. Predictive Centroiding

Predictive centroiding was developed specifically for star trackers and involves predicting centroids
based on previous image data containing the same stars. The scheme is initialized by intensity-weighted
centroids. All recurring images use a predictive processing method to predict future centroids. The
predictive processing method requires attitude projection abilities such that as new images become
available there is an attitude solution which can be used to predict where the stars should appear on the
focal plane. This allows the extraction of spot cluster based on the positions where stars are predicted to be
and therefore prevents the need of searching the entire sensor array for new spots every time there is a new

image [26].

III. Methodology

This section will describe the methods and steps used to extract and centroid spot data from star

images. As is seen in Figure 3.1 there are four main stages to this process. The stages described below all
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follow the standard image coordinate system definition; the top-left corner of the image has the coordinate

(0,0), x is positive left to right and y is positive top to bottom.
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Figure 3.1 Flow diagram of the image sensor processing stages

A. Threshold Image

The first stage upon receiving image pixel data is to threshold the image. The threshold value is camera
and scene dependent. Various values following the thresholding technique described earlier in this chapter
will be used. For implementation MATLAB code utilizing logical indexing will be used to set pixels

having intensities lower than the chosen threshold to zero.

B. Extract Spot Pixel Clusters

To extract spot pixels from the thresholded images two methods will be used. The first will utilize the
MATLAB regionprops function from the Image Processing Toolbox. The second will use a custom
MATLAB function which scans the image row-by-row until finding all non-zero pixels. As non-zero pixels

are found they are added to spot clusters. Both techniques use 8-point boundaries on all pixels as seen in












Figure 4.9 Example of the calibration toolbox corner extraction process

Figure 4.10 Example of the calibration toolbox grid square intersection results
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Figure 4.11 Example of calibration images causing excessive error

B. Analysis of the Calibration Results
Following the various camera calibrations their results were organized and compared to identify

calibration trends and any visible camera limitations.

1. Droid X2 12.5mm Grid Calibration Results

Table 4.2 represents the final camera calibration results for the Droid X2 camera using a 12.5mm grid.
As shown the overall pixel error lies within 0.935 pixels of resolution which for the Droid X2 is equivalent
to 0.8469 arc-minutes of accuracy. It is also shown that the distortion of this calibration is primarily due to
radial effects as the tangential components are small. It can also be seen that the last component of radial
distortion and the first tangential component were manually set to zero due to their errors being larger than
their respective values.

Figure 4.12 and Figure 4.13 show the reprojection error and overall lens distortion effects for the
12.5mm grid calibration, respectively. The reprojection error consists of a uniform statistical cluster of

points with few outliers. This type of point cluster represents a proper calibration and shows uniformity
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between all input calibration images. The lens distortion effects consist of a relatively uniform central lens
area with significant distortion appearing in the corners of the focal plane. It is also seen that the principal
point is slightly off-center yielding more distortion on the left half of the image. The distortion effects also
show slightly more tangential distortion on the right half of the lens in the form of a non-uniform central
contour. This contour however is the effect of a highly undistorted lens center causing minor distortions to

show through.

Table 4.2 Droid X2 camera calibration parameters resulting from a 12.5mm grid

Parameter Name Value Standard Error (1o )
Overall Pixel Error (0, 0) pixels +/-(0.935, 0.6744) pixels
Focal Length (3510.99, 3511.11) pixels +/- (5.096, 5.033) pixels
Principal Point (1646.59, 1221.46) pixels +/-(2.379, 2.513) pixels
Skew 0 +/-0

Radial Coefficients (0.1245,-0.5885,0) +/- (0.002534, 0.01148, 0)
Tangential Coefficients (0,0.002903)  +/- (0, 0.0002204)

Reprojection error {in pixel)

Figure 4.12 Droid X2 12.5mm checkerboard reprojection error
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Figure 4.13 Droid X2 12.5mm checkerboard overall distortion effects showing displacement in pixels

2. Droid X2 6mm Grid Calibration Result

Table 4.3 represents the final camera calibration results for the Droid X2 camera using a 6mm grid. As

shown the overall pixel error lies within 0.642 pixels of resolution which for the Droid X2 is equivalent to

0.5815 arc-minutes of accuracy. It is also shown that the distortion of this calibration is due to only radial

effects as the tangential components were manually set to zero due to their standard errors being greater

than their respective values. The last radial coefficient component was also manual set to zero for the same

reason.

Table 4.3 Droid X2 camera calibration parameters resulting from a 6mm grid

Parameter Name

Value

Standard Error (16 )

Overall Pixel Error
Focal Length
Principal Point
Skew

Radial Coefficients

Tangential Coefficients

(0, 0) pixels

(3520.75, 3521.15) pixels
(1620.66, 1214.52) pixels
0

(0.1043, -0.4592, 0)
(0,0)

+/- (0.6419, 0.5182) pixels
+/-(1.142, 1.118) pixels
+/-(0.3997, 0.6557) pixels
+-0

+/- (0.0008596, 0.003787, 0)
+/-(0,0)
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Reprajection error (in pixel)
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Figure 4.15 Droid X2 6mm checkerboard overall distortion effects showing displacement in pixels
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Figure 4.14 and Figure 4.15 show the reprojection error and overall lens distortion effects for the 6mm
grid calibration, respectively. The reprojection error consists of a uniform statistical cluster of points with
few outliers. Though a few images resulted in cross-axial error which if removed should yield a higher
accuracy calibration, when tested the effects were negligible and therefore it was decided that the higher
number of calibration points would be better. The lens distortion effects consist of a relatively uniform
central lens area with significant distortion appearing in the corners of the focal plane. It is also seen that

the principal point is slightly off-center yielding more distortion on the left half of the image.

3. Aptina 12.5mm Grid Calibration Results

Table 4.4 represents the final camera calibration results for the Aptina camera using a 12.5mm grid. As
shown the overall pixel error lies within 0.259 pixels of resolution which for the Aptina is equivalent to
0.2953 arc-minutes of accuracy. It is also shown that the distortion of this calibration is primarily due to
radial effects as the tangential components are small. It can also be seen that the last components both the
radial and tangential coefficients were manually set to zero since their errors were larger than their

respective values.

Table 4.4 Aptina camera calibration parameters resulting from a 12.5Smm grid

Parameter Name Value Standard Error (16 )

Overall Pixel Error (0, 0) pixels  +/- (0.259, 0.1994) pixels
Focal Length (2745.88, 2747.75) pixels  +/- (1.212, 1.219) pixels
Principal Point (1351.9,975.691) pixels +/- (0.4928, 0.4857) pixels
Skew 0 +/.-0

Radial Coefficients (-0.1755,0.1983, 0) +/-(0.0005591, 0.001984, 0)

Tangential Coefficients (0.0002264,0)  +/- (0.0000379, 0)
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Figure 4.16 Aptina 12.5mm checkerboard reprojection error
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Figure 4.17 Aptina 12.5mm checkerboard overall distortion effects showing displacement in pixels



