A Star Map Recognition Algorithm Based on
New Feature Extraction Method

Summary

The star sensor is the core component of the autonomous attitude mea-
surement of the navigation body of the space vehicle. Through observing
the stars in space, it calculates with several stellar vectors in order to gain
high precision attitude measurement. It has various advantages and broad
application prospects in space flight.

We develop a model not only exhibits the location of D-Point(the defi-
nition of D-Point would be discussed in section 2.1), but also optimize the
method of star feature extraction for star tracker. Specifically, we accom-
plished the following:

e Initial Coordinate Determination: We set up an auxiliary rectangular sys-
tem to model the position of intersection of optical axis and celestial sphere.
Furthermore, we extended the model by reducing its parameters, achiev-
ing a more efficient way to measure the location of the intersection, that is,
by knowing three sets of navigation star celestial coordinates.

e Navigation Star Selection and Error Discussion: We set series methods to
select three finest stars from the provided data to determine D-Point by the
rules stated as follows:

1 The magnitude should be adequately large.

2 Under the condition of satisfying the previous rule, the magnitude
should be small enough.

Besides, we have evaluated the corresponding error of the method by cal-
culating the distance of theoretical coordinates and actual coordinates.

e Construction of Feature Extraction Model and Implementation: By ana-
lyzing the possible influence of recognizing D-Point, we proposed a feature
extraction model. Firstly, we pre-divided the celestial sphere into several
sub-blocks in order to speed up the navigation star scanning process. Then
we perform match identification by giving each condition a state identifier
in case to reduce the iterations of searching matching triangles to secure the
position the D-Point. Lastly, the identification is being validated to ensure
the accuracy of the results.

Keywords: Coordinate Systems; Selection Algorithm; Navigation Star; Fea-
ture Extraction
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1 Introduction

1.1 Overview

With the development of the aerospace industry, the demands for precise space
vehicle control and navigation keep thriving. Projects like high-resolution earth
observation and deep space exploration need extremely accurate attitudes to ac-
complish the tasks."” Star trackers are attitude sensors which widely applied in
space vehicles, especially in satellites in advantages of high accuracy, non-drift
feature, and autonomy.”” The centroid locations of the observed stars are trans-
formed into observed star vectors with model parameters’’ and then utilized by
star trackers, which push forward a immense influence on precise space vehicle
control and navigation.

One of the key factors that affect the performance of star trackers is the accu-
racy of feature extraction. High certainty of feature extraction could improve the
cruise of the spacecraft and reduce unnecessary cost. In this thesis, we will start
from the simplest situation to model several coordinate systems of star map for
the foundation of star tracker and based on these systems to further discuss the
extraction of the star feature and ultimately, to build a more accurate positioning
recognition algorithm.
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1.2 Nomenclature

Symbols

Description

f
(Oéu&;),i = 1,2,3

(l’i, Yis Zi),i = 1, 2, 3

(OéDu(SD)
aii=1,2,3
Ti,i = 1,2,3

giai = 17 27 3’ 05)4
g
N

dm,127 dm,237 dm,lB

The distance between the optical center and
photosensitive surface (O0’)

The celestial coordinates, as right ascension and
declination of navigation stars

The rectangular coordinates of navigation stars
The celestial coordinates, as right ascension and
declination of D-Point

The distance between the photosensitive plane
center and the centroid projection of the star
(O0'Qi)

The distance between the optical center and the
centroid projection of the star (OQ);)

The error of each row of data selection

The error of each scenario of data selection

The side length of each sub-block

The observation sides (angular distance) of the

original triangle in match identification process
C(dm12), C(dm,23), C(dm13) Groups of d,, 12, d, 23 and d,,, 13 which satisfy the
matching pairs of stars
The containing star pairs of each side of match
identification triangles

n(dm,12)> n<dm,237 n(dm,lg)

1.3 Simplifying Assumptions

The accuracy of our models rely on certain key, simplifying assumptions. These
assumptions are listed below:

For astronomical navigation,

e the star sensor of the spacecraft would utilize nearby stars for positioning.

e the magnitude judgment threshold of the star sensor is 5.0. That is, the star
sensor would tend to select the navigation stars whose magnitude is less
than 5.0.

For simplifying calculation, regarding to Appendix A.1,

e while analyzing the relative position of nearby stars, we would assumed
they are at the same plane.

e we recognize stars as stationary point light sources, located at infinity and
do not affect each other.
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. . [13]
Considering current star sensor market ~,

¢ while transferring pixel units to millimeters, we assumed the pixel geome-
try of star sensor is 512 x 512 and the image resolution is 96 dpi.

2 Model Theory

2.1 Model of Determining the Coordinates of D-Point

During the navigation process, it is vital to determine the boundary of space
flight. Accordingly, we define D-Point as the intersection of optical axis and
celestial sphere. Under the condition of knowing the coordinates of 3 nearby
navigation stars P, P, P3;, whose associated coordinates are («;,d;),7 = 1,2,3 in
celestial coordinate system, we developed the model of determining the position
of D-Point as follows.

Figure 1: Model of solving D-Point, black objects serve as auxiliary spatial rectan-
gular coordinate system, purple items function as star sensor coordinate system,
and the brown lines operate as image coordinate system

As Figure 1 illustrates, we set an auxiliary rectangular coordinate system
O — z*y*z*. Initially, the distance of OO’ is f and the celestial coordinates of
Py, Py, Ps are (ay,6;),7 = 1,2,3. Under the rule of projection, the celestial coor-
dinates for )1, ()2, 3 are the same as former. Therefore, the rectangular coordi-
nates for ()1, (2, Q3 can be acquired by following formulas:

ri=\/f? +a? (1)
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T; = T; COS 0; COS
(@3, Yi,21) = i = ricosdysiney i =1,2,3 2)
Z; =T sin 51
Thus the normal vector of photosensitive plane, also the vector of z-axis of the
star sensor coordinate system, can be attained by
— i j E - - 7
=002 x Qs = |12 —71 Yo—y1 22— 2| =ai+bj+ck=(abrc) (3)
I3 —T1 Y3s— W 23— 2

where a = (y2 —y1)(23 — 21) — (Y3 —y1)(22 — 21), b = (20 — 21) (w3 — 1) — (23 —
z1)(xa—2x1), ¢ = (g —21)(ys—11) — (x3— 1) (y2 — y1). In this situation, the celestial
coordinate value of D-Point is

« = arctan — 4)
a

1
0 = arctan — 5
7 5)

Based on the assumptions in 1.3. If the star sensor choose the navigation stars
near the spacecraft, the rough direction of the normal vector of photosensitive
plane should be in the range of three navigation stars. So the signs of ap, a;
should be consistent with (o, d;),i = 1,2, 3. Specifically, as Figure 1 shows, let
the navigation stars in the first octant. In this degree, the signs of ap, dp would
be positive.

Having discussed how to Determine the D-Point Coordinates, the remain-
ing of this subsection addresses ways of extending the existed model. Based on
reality, measuring the f-distance would raise additional cost for related adminis-

trative units "', this subsection would model D-Point Coordinates without using
parameter f.

From 1.3, we represent the radius of celestial sphere as R. Intuitively, R —
+00. Thus from the perspective perpendicular to the photosensitive plane, we
can depict the diagram as Figure 2.

Under the law of projection, we could readily judge that AP, P, P; is similar
to AQ1Q2Q3. In consonance with previous experience,

r; = Rcosd; cos q;
(i, Yiy 2i) = S y; = Reosdysiney  i=1,2,3 (6)
z; = Rsin 9,
Again, the normal vector of photosensitive plane can be attained by

i j k
. —_— —_— - - g
M=0Q1Q2 X QiQ3 = |vg—x1 y2o—y1 20— 21| =ai+bj+ck=(ab,c) (7)
T3 —T1 Ys—W1 23— 2
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Top view

Figure 2: Top view of star sensor

where a = (y2 — yl)(23 - 21) - (3/3 - 3/1)(22 - 21), b= (22 - 21)(333 - xl) - (23 -
21)(xe—x1), ¢ = (x2—x1)(ys —y1) — (£3— 1) (y2 — y1). In this situation, the celestial
coordinate value of D-Point is

a = arctan o (8)
C
(5 = arctan W (9)

Note that parameter R is removed by the process of dividing. Similarly, The
sign of these values should be consistent with the navigation stars based on sim-
plifying assumptions.

2.2 The Navigation Star Selection Criteria and its Error Analysis

Despite we have constructed the model in the previous subsection, generally
speaking, as the actual scenario shows, there are more than three stars in the
tield of view of the star sensor. Hence a selection of proper navigation stars must
be applied. Through our research, a good selection algorithm ought to obey the
following rules stated in A.3.

Reference [12] has discussed the accepted Field of View (FOV) of star sensor.
Finally, we use 0 = 8° as FOV of star sensor, which is consistent with the lit-
erature. The following table exhibits part of the data implemented in reference

[15].



Team # H204 Page 7 of 34

-
-
—F‘wN
~
~

~ ;i{?jsemq

Lens
— hood

-~
~

-~
~
~
~

4
-~

lens

I

~
3

~,
~
~
s
\5

~
N
-~

Autonomous
Procedure

I

I 3
\l
25

Figure 3: The mechanism of star sensor identification, note that the photosensi-
tive plane is not plotted in the diagram

FOV/° Focal Length/mm SZA =20° SZA = 40° SZA = 60" SZA =80°
4 180 12.93% 28.2% 58.7% 85.4%
a6 121 9.2% 25.6% 61% 85.6%
a8 92 6.25% 22.3% 62.6% 86.4%

@10 73 3.6% 16.6% 56.4% 86.18%
12 61 1.89% 11.1% 50.7% 84.5%

Figure 4: Part of the data in parameter optimization in reference[15], SZA rep-
resents Sun Zenith Angle, the percentage stands for the detection rate for each
condition.

Suppose the visual axis of the star sensor points to the right ascension, the
declination is (ayp, dp), and the radius of circular FOV is R. When the whole ce-
lestial sphere is photographed, the right ascension « and the declination ¢ of the
observation stars which satisfy the following two conditions simultaneously, the
star can be successfully imaged in the optical system of the star sensor:

R R
a€|ag———, a0+ (10)
cos 0 cos dp

o€ (50 — R, 5() + R) (11)

Ideally, assume that M navigation stars are evenly distributed in the celestial
sphere. For a circle with a radius of ¢, the average number of navigation stars
that appear in FOV is:

M (1 — cos?)
2

N = (12)
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For a 0 x ¢ square FOV, the average number of navigation stars that appear in

FOV is:
M (1 — cosf)

™
From reference [13], the squared-design FOV takes the monopoly of the cur-
rent star sensor market. Therefore, by equation (13), the average number of nav-
igation stars that appear in FOV is approximately around 15. Based on this foun-
dation, here we implement two sets of conditions to discover the criteria of se-
lecting proper navigation stars in order to ensure the high accuracy location of
D-Point. The data we use is the simple star catalog provided in Annex 1.

N = (13)

Before presenting our results, we would like to address the how we process
the provided data.

e Step 1 From reference [16], we would give two basic standards of our se-
lection:

1 we defined the maximum sensitive magnitude value of star sensor at 5.0,
that is, we denote stars whose magnitude are less than 5.0 with blue dots,
and red dots are representing stars whose magnitude are greater than 5.0.
To be more precise, we define "bright" stars as their magnitude are less than
5.0 and vice versa.

2 we defined a parameter to measure the aggregation of the stars. That is,
when the longest distance between two stars are nearer than 4.0, we call
this group of stars are "dense". Otherwise, we call them "sparse" Then we
plotted the whole dataset.

100
sof -

60

60 1. "

80 [

-100

I I I I I I |
0 50 100 150 200 250 300 350 400

Figure 5: The initial navigation star map. The vertical axis represents the decli-
nation, and the horizontal axis represents the right ascension

e Step 2 Under different criteria, we selected a random region from the orig-
inal star map where contains 15 navigation stars and choose the naviga-
tion star which is nearest to the center of the selected region as D-Point,
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whose celestial coordinates are (ap, dp). The remaining stars could form C%,
kinds of triangles. Each apex of corresponding triangle could be denote as

(ai7 62)’ (CY], 51])7 (aka 5/€)

e Step 3 By repetitive applying equations (6)-(9), we can computed the C%,
theoretical values of D-Point, whose coordinates are (o, ).

e Step 4 The error of theoretical value and actual value could be figured out
by calculating their spatial distance.

E; = \/(O/ — Oéo)2 + (5, — 50)2 (14)

e Step 5 By doing duplicate calculations and comparisons, the minimum er-
ror of each criterion should be the minimum value of ¢;

€ =ming; (15)
Step 2

Random Selected area Under Certain Conditions (@i 9. (051, 9, (e, 61
(ie., Bright and Dense) and Calculations

-, D-Point,
% (@09

Step 1
Plotted Dataset

[x[=
Step3, 4, 5
Repetitive Computation of (a, §), (a,, §,), &;and &

Figure 6: Our method

We perform the above algorithm under the two sets of conditions. For
the magnitude of star, we divided them into Bright/Dim groups. For the
aggregation of star, we divided them into Sparse/Dense groups. Each time
we randomly selects two conditions for classification criteria. The raw re-
sults are shown in Appendix B.1. From them, we draw the following table:
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Bright and Sparse Bright and Dense Dim and Sparse Dim and Sparse

1 5.4796 29914 3.4526 10.8948
2 12.0920 8.9973 13.6996 7.0012
3 12.9183 0.1180 11.5610 7.0637
avg. 10.1633 4.3557 9.5711 8.3199

Table 1: The processed result for each condition

avg.of Bright Dim Sparse Dense
7.2595 8.8566 9.8672 6.0489

Table 2: The average result for each single condition

From what is implemented above and background knowledge in Appendix
A.3, we can conclude that in the case of even star distribution: the bright error is
lower than the dark group, and the dense error is lower than the sparse group.
To conclude, the selection of stars must be satisfied the following statements:

1 The magnitude should be adequately large. The term "adequate” means
the magnitude should be large enough to let the star to be captured by the
star sensor.

2 Under the condition of satisfying the previous rule, the magnitude should
be small enough. That is not only because the memory of star sensor is
limited, but also would cost more time for other navigation component to
do the analysis.

Thus far, this subsection has argued the navigation star selection principle.
Nevertheless, it is limited to the amount of the utilization of three stars. There-
fore, the remaining of this subsection would discuss whether the number of stars
used for star navigation and the geometric position between the stars will affect
the positioning accuracy.

Firstly, we would discuss the star amount influences. Consider current 3-
star positioning model, which is modeled after the assumption that the stars are
distributed evenly. However, the real situation may include region that the stars
are distributed unevenly, e.g., the selected stars would present on a same line as
shown below:
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Figure 7: The failure of the model presenting in Section 2.1

According to figure 7, P;, P», P; are accidentally selected as navigation stars.
In this situation, the projection of the stars would be a line. Therefore, the normal
vector of photosensitive plane does not exist. Hence the model would fail.

To solve this problem, based on the algorithm stated in Section 2.2, when the
method fails. Another measure must be applied. From the three selected stars,
the star sensor processing unit should choose two brightest stars, then separately
taking them as two centers of two independent circles. The radius of these circles
gradually growing from zero until them intersect with another navigation star or
the boundary of FOV.
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Figure 8: The schematic diagram for solution

As for the amount of the navigation stars used for positioning, reference [14]
defines how an observation mode matches a navigation pattern.

1 The measured angular distance of each observation star pair matches the
corresponding navigation star diagonal distance within the angular dis-
tance decision threshold of star sensor;

2 The magnitude of each observation star and the corresponding navigation
star matches within the magnitude judgment threshold range of star sensor.

The sum of the number of magnitude and the number of angular distances is
called the feature dimension of this navigation pattern. Obviously, a star map
pattern consisting of n stars has a characteristic dimension that

V==0C+n (16)

Reference [17] has made statistics on the relationship between the feature di-
mension of the star map model and the ambiguity matching rate. The result
shows that the ambiguity matching rate decreases with the increase of the fea-
ture dimension of the star map. It can be seen that increasing the number of
navigation stars constituting the star map can bring significant improvement to
the accuracy of the algorithm recognition rate.



Team # H204 Page 13 of 34

Percentage of recognition rate / %

100 [~

e LT~ -

- e

e TYRE
——
-

95 r
90 r
85 F

80

————— 3416 Stars
- — —- 3587 Stars
75 k 3687 Stars

70 ! L 1 ! 1 1 ! 1 ] 1
0 0.1 02 0304 05 06 0.7 0.8 09 1.0

Magnitude error

Figure 9: The result between n and recognition rate

Based on what is discussed above, we can clearly see that the geometry dis-
tribution and the number of navigation stars have a great impact on recognizing
D-Point. Thus they have an immense influence on the positioning.

2.3 Feature Extraction Model

Actually, the triangle algorithm proposed previously is a mature star map
recognition method. If the coordinates of a navigation triangle matches the ob-
servation triangle, the recognition is successful. The flooding number of naviga-
tion triangles is the most crucial problem faced by the algorithm. The existence
of this problem makes the algorithm recognize rate relatively low. On the other
hand, the required storage for these triangles is relatively large, and it would
be a time-consuming process. This subsection aims to develop a feature extrac-
tion pre-processing process in order to reduce the amount of the triangles and
increase the efficiency of recognition.

2.3.1 The Sub-Block Division Method

Normally, the arrangement of the navigation stars in the navigation catalog
is irregular, which means that if a navigation star of a certain range of celestial
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regions pointed by a certain visual axis is to be selected, the entire navigation
star catalog must be traversed entirely. Obviously, the efficiency of such a search
is very unsatisfied. Therefore, the celestial sphere is often divided into several
sub-blocks to form the division of the star catalog.

The general procedure of our sub-block division can be performed as follows:

e Step 1 The celestial sphere is evenly divided into six regions by the in-
scribed cube of the celestial sphere, The line between the center of the ce-
lestial sphere and the four vertices on each side of the cube forms a cone,
the cone and the sphere intersect and divide it into six pieces: S; ~ S

e Step 2 For each region in S; ~ S5, we divide it into small blocks of N x
N. Thus, the entire celestial sphere can be divided by 6 x (N x N) sub-
blocks. Divided in this way, the area contained in each sub-block is equal
and corresponds to a range in which FOV is (£-) x (£).

b)

2
N oo -
o bW

6
d

)

Figure 10: The sub-block division process

c)

According to the above method to divide the celestial sphere, scan the naviga-
tion star catalog so that each navigation star is attributed to the corresponding
sub-block, and a partition table is established. The form of the partition table is
as shown in figure 11.
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1 [ 2 [ 55T 7 [ 5§

index

(x,y,2)
Member number

Member list

Neighbor number

Neighbor list

Figure 11: Partition table structure

Each partition records the following information:

e Index—the sequence number of the sub-block;
e (z,y, z)—the directional vector of each partition;

o Member number—the total number of the stars contained in current sub-
block;

e Member list—the list of the stars of current sub-blocks;
e Neighbor number—the adjacent sub-block number of current sub-block;

e Neighbor list—the list of neighboring blocks of current sub-block;

Note that (z, y, z) are sorted in ascending (or descending) order. If the direction
vector of the visual axis is known (by the discussed method of Section 2.1-2.2),
the corresponding sub-block and the adjacent sub-block can be quickly found
in certain celestial area. In order to efficiently retrieve the navigation star of the
adjacent area from the serial number of the navigation star, the serial number of
the sub-block to which the navigation star belongs is also stored in the navigation
star catalog.
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2.3.2 Generation and Storage of the Star Pairs

Direct storage of all navigation triangles will result in large storage capacity
and redundant matching. With this in mind, triangle matching is implemented
here in the form of storing star diagonals. Since the number of pairs of stars is
much smaller than the number of triangles, the storage capacity will be greatly
reduced. At the same time, a reasonable storage star pair can facilitate quick
retrieval and speed up the recognition.

The generation process of the star pairs is as follows: scan the filtered naviga-
tion star catalog. If there are 2 stars whose angular distance is less than d, record
the angular distance and the serial number of 2 stars (star pairs). Here, d is the
diagonal of FOV.

we proposed the pairs of stars are stored in ascending order of angular dis-
tance. In order to facilitate the matching search of the star diagonal distance, all
the angular distances are divided into a plurality of interval segments, and each
interval segment represents an angular interval of 0.01°. In this way, calculat-
ing the angular distance of the two observation stars will quickly find a pair of
navigation stars that may match them.

i ! 1
1 1
! 4.959 126911692 |
D A Number
126 28 —————— of star
e g _ ______ 1 .
: 4.960 13166 1651 : \ pairs
| 4.960 ' 1341 1857 :
| . |
| |
Interval I
. | | . .
serial " " List of star pairs
number | : (angular distance|
: : star pair serial
I I number)
| |
| |
| i |
: 1 1385 3152 :
I 1564 2465 |
34
i ; i
I 4971 11148 2687 |
1 i 1
1 1

Figure 12: Structure chart of star pair storage. Here is an datasheet example of
interval serial number 126
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2.3.3 Match Identification

Let d, 12, 23 and d,, 15 to be the observation sides (angular distance) of the
original triangle, the match identification process is to find the matching pairs
in the star pair database according to the 3 angular distances. Let the groups of
dm 12, dm 23 and d,,, 13 which satisfy the matching pairs of stars call C(d,;, 12), C(d;,.23)
and C(d,,13). The containing star pairs is n(d, 12), n(dm 23) and n(d,, 13). The pro-
cess of triangle matching is actually looking for 3 pairs of stars P, € C(dy,12), P2 €
C(dm23), Ps € C(dp,13) and fulfills the condition that P;, P, and P; end to end.
That is, there is only one common star between the two. (P, P, P3) which satis-
ties such condition can constitute a matching triangle of the observation triangle.

As an optimization of conventional match method"”, we put forward the suc-
cessive operation to speed up the matching time:

1 Scan C(d,, 12), set the state of the group of the navigation star contained in
all star pairs to I, and record the serial number j of the other star that forms
the star pair;

2 Scan C(d,, 23), if the state of the navigation star contained in the star pair
has been set to condition I, set the condition of this navigation star to II, and
note the serial number k of another navigation star that forms the star pair;

3 Scan C(d, 13),if (j, k) € C(dpm13), then a matching triangle is found, and the
state of another navigation star that forms a star pair with (j, k) is changed
from 1II to III. (¢, j, k) is the navigation triangle that matches the observed
triangle.

1
dm‘ﬁ--""‘*\ 13

*.—.—::Z::::: ________________ S £
2 23 3

a) The observation triangle

C(dm,]2) / -+

Star pair 1 2 v
Star pair 2 *4

C(dm,ﬂ) % C(d 31)

. . M ¢) Status identifier
Star pair 1 Star pair 1
S — Star pair
ar pair -
P n(dm]j Star pair 2
e |
Star pair SHaE
n(dmzjj) n(dm,j’l)

b) Angular distance matching

Figure 13: Matching identification process
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2.3.4 Validation Identification

Through the above identification process, the navigation triangles which the
observation triangle can match may not be unique. At this time, other methods
must be relied on for further filtering.

The basic idea of verifying identification is: If the recognition is correct, i.e.,
the navigation triangle is the correct match of the observed triangles, the pose
calculated using these matches should be accurate. Furthermore, a simulated
star map (called a reference star map) generated according to this attitude should
also be consistent with the original observation star map.

3 Implementation of the Feature Extraction Model

From what is discussed above, we implemented our model into practice. In
this subsection, we would use four star maps given in Annex 2 to determine the
star number corresponding to each star image.

3.1 Sub-Block Division

From the proposed model and reference[13], we supposed the FOV of the Cur-
rent prevailing star sensor is fixed at 12° x 12°. As Section 2.3.1 stated, in order
to make full use of FOV of star sensor, we set parameter N = 9, which lets the
visible range of navigation stars falls in 10° x 10°. So the number of sub-blocks
should be 6 x (9 x 9) = 486 pieces.

0 50 100 150 200 250 300 350

Figure 14: An example of sub-block division, different sub-blocks are marked as
different colors, N = 1
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3.2 Star Pair Generation and Match Identification

Based on Section 2.3.2, we obtained (3, star pairs. Due to space limit, we
present part of the complete list of star pairs generated by Annex 1 below.

re-=-== T T T T T 1
: 0.014 i 4650 4688 :
| 0.029 1} 36434558 |
| ! |
| [
| . |
| . [
| ° [
I . I
| - |
| " [
I : I
| . [
| * [
I : |
| - [
| - [
| [
| i |
| 0.098 i 44624358 |

1
1148 2687 |
1
1

- .______.I

Figure 15: part of the complete list of star pairs generated by Annex 1

As for Match Identification, in general, the traversal method for triangle match-
ing search requires n(d,, 12) X n(dy, 23) X n(dm 13) times of comparison operations,
if each edge corresponds to the matching star If the number of pairs of stars con-
tained in the set is about 100, then one match requires 10° comparison operations.
Such a search takes a considerable amount of time. However, with the method
of setting the status identifier stated in 2.3.3, as introducing the status identifier,
the number of searches greatly reduce to n(d,, 12) + n(dm.23) + n(dm13)-
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3.3 Validation Identification

As for the data provided in Annex 2, we performed our algorithm, and the
results are illustrated as follows.

80 [

60 [

20

-20 [

60

-80 [

1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Figure 16: The result of starmap01

The corresponding serial number of the original starmap for each star is: 3804,
4650, 4046, 3472, 4688, 4061, 4462, 4867, 1774, 4892, 4867, 4650, 4462, 3804, 4650.
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Figure 17: The result of starmap02

The corresponding serial number of the original starmap for each star is: 3760,
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4061, 4046, 3784, 3643, 4462, 3074, 4523, 4229, 3643, 3804, 3074, 4523, 3740, 4546.
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Figure 18: The result of starmap03

The corresponding serial number of the original starmap for each star is: 228,
2951, 3643, 2957, 4650, 1442, 4724.
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Figure 19: The result of starmap04

The corresponding serial number of the original starmap for each star is: 979,
1278, 4, 629, 4688, 1462, 4558, 4229, 4724, 1278, 4506, 3784, 4109.
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4 Strengths and Limitations

4.1 Strengths

e With three sets of celestial coordinates, our model is able to produce the
celestial coordinates of D-Point, which is practical in actual scenario.

e By the sub-block division prerequisite, the efficiency of our model has been
improved comparing to the conventional model. Moreover, this technique
does not required to do a traverse of all star map data.

4.2 Limitations

e While our model is capable of extracting accurate star features, it does not
apply on circular FOV star sensors. Regarding the monopoly of the current
market and time limit, we did not model this situation.

e In real scenario, the implement of navigation star selection, feature extrac-
tion are undergo through a spherical plane. Our model consider it to be a
flat plane in order to obtain a simplified calculation.
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Appendices

Appendix A Background Knowledge

A.1 Basic Definition of Star Map

In order to describe the orientation of the star, a coordinate system must need
to be established to represent the position information of the star at a certain
moment by the coordinate value. This coordinate system is the celestial coordi-
nate system. The astronomical definitions and concepts related to the celestial
coordinate system are as follows:

o Celestial sphere The establish of celestial sphere is formed on the idea to fit
people’s intuitive feelings in astronomy. It sets the universe to be spherical,
as shown in Figure 20. The celestial sphere is an imaginary sphere with an
infinite radius , which centering the center of the earth.”

(>Celestial axis

Celestial
North Point

—— Celestial Equator|

Earth Equator

Celestial
South Point

Figure 20: Celestial Sphere

e The main elements of the celestial sphere The main elements of the celes-
tial sphere contains the celestial equator, the celestial plane, etc.

— The celestial equator and the celestial plane The celestial equator is
defined as a circumference lays on the same plane with the center of the
celestial sphere and perpendicular to the celestial axis. The plane where
the celestial equator is located is called the celestial plane.

— The ecliptic plane and the ecliptic The average orbital plane of the
earth’s center orbiting the sun is called the ecliptic plane. The great circle
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formed by the intersection of the ecliptic surface and the celestial sphere
is called the ecliptic.

— vernal equinox The equator and the ecliptic intersect at two points. The
point where the celestial equator is transferred from the southern hemi-
sphere to the northern hemisphere is called the vernal equinox.

Celestial Equator]

—— Ecliptic

vernal equinox

Figure 21: The main elements of the celestial sphere

Figure 21 shows the main elements discussed above.

A.2 Frequently Used Coordinates in Star Map Recognition

In the related work of star map recognition, there are three coordinates fre-
quently used. This section would introduce their basic definition as follows:

e Celestial coordinate system In astronomy, a celestial coordinate system is
a system for specifying positions of satellites, planets, stars, galaxies, and
other celestial objects. This coordinate system takes the plane of celestial
equator as the fundamental plane (plane that 0 latitude lays on). De-
fine primary direction circle as a circle vertical to the celestial equator and
passed vernal equinox. The primary direction circle determines the 0 -180
circle, orienting at vernal equinox. The celestial coordinate system uses the
right ascension and declination as the coordinate quantities. The former is
ranging from 0 to 360 , and the latter varies from -90 to 90 , taking the
north position as the positive direction. Figure 22 depicts this system.

e Star sensor coordinate system and image coordinate system The star sen-
sor coordinate system Takes the projection center as the coordinate origin,
and the optical axis as the z-axis. A straight line parallel to both sides of
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0°/360° longitude

|

1right ascension

7 0° ~-90°

vernal equinox

The declination value increases as the arrow indicates

Figure 22: Celestial coordinate system

the photosensitive surface is regarded as the x-axis and the y-axis.The Im-
age coordinate system takes the center of the photosensitive surface as the
coordinate origin, and the line parallel to both sides of the photosensitive
surface is the x-axis and the y-axis, Figure 23 is a schematic diagram of a
star sensor coordinate system its relevant image coordinate system.

&
(Photosensitive| Surface Center)
X
Y

(Projection Center)

Figure 23: Star sensor coordinate system and image coordinate system

A.3 The Selection of Star Catalog

A star catalog is an astronomical catalog that lists stars. In astronomy, many
stars are referred simply by catalog numbers. Star catalog and star map process-
ing are the basic work of star map recognition. Therefore, the information of
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the star is indispensable. The star information utilized by the star sensor mainly
includes the position of the star (right ascension, declination coordinates) and
brightness. The star sensor’s memory stores basic information about a range of
stars in a range of brightness. This simple star catalog is often referred to as the
Guide Star Catalog (GSC) . In order to speed up the retrieval speed of navigation
stars, it is usually necessary to divide the star catalog" . The division of the star
catalog plays an important role in improving the star map recognition and star
tracking efficiency.

Name RA(1950) Dec(1950) pm angle Viad SpType m, B-V U-B Rl =y M.,
Sun G2y -2B.72 D.E5 010 4.85
NN 0000 06 -34 287 0758 1686 Dcy 14.90 046 -0.44 752 1428
GJ 1001 000z o5 -40 57.8 1618 1545 -3 M35 12.84 1.63 1.30 1.23 1042 1293
NN 000z 16 +34228 0776 830 +64 VAR G2V B.11 062 0.09 298 4.56
NN oooz 2 +22595 0380 9.5 Gay 7.82 074 0.249 033 5.78
Gl 1 Qoonzzs -37 36.2 B.097 1125 22.9 M4V 8.54 1.48 0.56 082 2218 1027
Gl 2 oonoz 3z +45 306 0.884 1005 0.1 dm2 e 9.93 1.49 1.18 0es 870 963
NN 000z 43 +483120 0.009 3055 GA 8.30 6.54
Gl 3 000z 48 -68 06.2 0582 14907 41 K5 Y 848 1.06 1.03 042 7245 7
NN Q0onz 54 -50 20.0 0167 2760 Ma 11.95 1.50 +0.95t 10.31
Gl 4 A ponosoz +45322 0839 1018 +0085B dkE e 887 1.44 121 +071J 870 867
Gl 4 B oono3 oz +45 321 0.885 983 01 MosY 9.02 1.45 1.20 g7.0 8.72
Gl 4.1A 0ons 38 +58095 0260 76T -11.6 GV B.43c +0E4c +011c 465 477c
Gl 4.18 oono3 38 +58095 0260 TET -16 dG8 T.20c +0.78c +0.33c 465 5S54c
NN 0003 40 -BE 07.5 0593 1B0.6 M4 1216 1455 1.04 10.86
Gl 4.2A oon03 44 -4921.2 0592 9349 26 G1 IV 5.71 052 0.03 017 483 413
Gl 4.28 0003 44 -4921.2 0592 9349 11.50 483 84+
Gl 5 0o 04 01 +28447 0422 1141 -5.5 KO Ye 6.14 075 0.33 702 5.37
GJ 1002 ooo413 -07 47.5 2041 2036 -42 M5-5.5 NS 1.98 +1.60: 163 2128 15.39
GJ 1003 0004 46 +28 588  1.880 1272 m 14.18 1.49 1.40 114 534 12.82[11]

Figure 24: Part of a sample star catalog

Appendix B Calculation Results

B.1 The Twelve Results of The Navigation Star Selection Algo-
rithm and Validation

e Condition 1: Bright and sparse
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Figure 26: The plot of selected region, ¢ = 12.0920
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Figure 27: The plot of selected region, ¢ = 12.9183

e Condition 2: Bright and dense
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Figure 28: The plot of selected region, ¢ = 2.9914
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Figure 29: The plot of selected region, ¢ = 8.9973
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Figure 30: The plot of selected region, ¢ = 0.1180

e Condition 3: Dim and sparse
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Figure 32: The plot of selected region, ¢ = 13.6996
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Figure 33: The plot of selected region, ¢ = 11.5610

e Condition 4: Dim and dense
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Figure 34: The plot of selected region, ¢ = 10.8948
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Figure 35: The plot of selected region, ¢ = 7.0012
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Figure 36: The plot of selected region, ¢ = 7.0637
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