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Abstract 

This paper is an overview of some of the current technology in star identification, 

and an explanation of an algorithm implemented to attempt to identify single stars. The 

overview section of the paper will describe the current trend in star imaging hardware, 

and how the charge coupled device (CCD) has revolutionized the star imaging process 

(No in-depth description of CCD technology will be made). It will also briefly describe 

the identification algorithms used prior to the advent of CCD technology. A portion of 

the paper will describe the triplet star identification algorithms, and the bright star 

matching technique. The bulk of the paper will be a detailed description of the single-star 

identification algorithm developed, an explanation of its implementation into 

MATHCAD format, and some explanation of problems associated with the 

implementation. An additional section overviews how well the algorithm works, as 

tested for a variety of stars. The conclusion of the paper will include a basic assessment 

of the value of the algorithm, and possibilities for future improvements to the algorithm. 
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Background 

Star trackers have historically been a superior means of attitude determination. 

Because the celestial sphere remains essentially fixed, star positions provide an excellent 

inertial reference frame for determining attitude. Other means of attitude determination, 

such magnetometer measurements, sun sensing, or inertial measurement do not generate 

anything near the accuracy obtained by systems which use the celestial sphere stars as a 

reference [3]. 

The basic idea behind a star-tracking type system is as follows: given a satellite's 

position in its orbit, and knowledge of a vector from a satellite coordinate system to a 

given star, the attitude of a satellite relative to the Earth can be determined. This attitude 

can then be altered by attitude control systems such as reaction wheels, for pointing 

purposes. Accurate pointing capabilities are extremely important for remote sensing as 

well as astronomy missions, in which the pointing accuracy requirements for a mission 

are usually less than a degree [3]. 

In order to obtain the determination of attitude necessary for generating the 

pointing capabilities mentioned above, it is first necessary to generate an accurate star 

vector from the satellite in question to a star in the celestial sphere. In order to generate 

an accurate star vector, it is necessary to have an idea of which star, or which point in the 

celestial sphere the star tracker is oriented towards. This star identification process is one 

of the principle tasks of any on-board star tracker, and increasing the speed at which star 

identification is achieved will increase the speed of attitude control for fine guidance 

purposes. 



From a hardware standpoint, initial efforts towards star identification involved the 

use of slit star sensors, or image dissector tube fixed head star trackers. Slit sensors made 

observations of star magnitude and position based on light intensity patterns crossing slits 

in the instrument. By timing the duration required for a star to cross a slit (called transit 

time[4]), it is possible to generate star positions in a given angular frame. Image 

dissector tubes measure the position of a star on a focal plane, based on planar geometry. 

After observations are made using slit sensors or image dissector tubes, the stars in the 

field of view are identified, by comparing the observed stars to stars in an on-board 

catalog. 

While these older types of hardware worked, identification methods for these 

systems usually required some a-priori knowledge of the spacecraft attitude. Basic 

algorithms for identifying specific stars in these older systems were based on the "direct 

match" technique, which matches observations of star fields to catalog stars, with the 

catalog star being within a certain tolerance of a given position in the field of view. The 

"angular separation" technique was based on measuring the angular distances between 

stars in an observation, and then comparing those angular measurements to a catalog of 

angles for specific stars. The "phase matching" technique determines a phase angle 

around the spin axis of a spinning spacecraft, by matching star observations about the 

spin axis to a catalog of star positions for the given spin axis. It basically determines a 

phase angle by comparing the observed star field to a catalog of possible observations for 

a given spin axis, and then determining what possible angles at which the observation 

could be made, based on the observed stars. Finally, the "discrete attitude variation" 

technique, was used to determine attitude without prior information, and was based on 



pointing the spacecraft in various directions, and then using one of the previously 

mentioned methods to generate a "score" as to how precisely that attitude has been 

determined. After repeated observations, attitude can be determined, although it may 

take many minutes to do this [4]. 

The new technology in star tracking is the charge coupled device, or CCD [6]. 

Instruments using a CCD provide an actual image of a star field, with the number of 

pixels in the image being determined by the size and quality of the CCD itself. Each 

illuminated pixel in the image will have an intensity associated with it, based on the 

amount of light striking the portion of the CCD corresponding to the pixel. Large values 

for the numbers associated with each pixel represent brightness, whereas small values for 

the given numbers represent lack of brightness. The amount of brightness is a function of 

the amount of light striking the CCD, and hence the brightness of the star that is being 

imaged by a particular portion of the CCD. The output of the CCD will look like a 

matrix of numbers, low numbers corresponding to dim regions in the field of view, and 

'high numbers corresponding to bright regions within the field of view, such as stars. 

Star trackers using CCDs have the advantage of being able to determine the visual 

magnitude of stars, and track multiple stars. CCDs are a substantial improvement from 

the fixed head star trackers, which could only track one star at a time, and were incapable 

of making high-quality magnitude comparisons [6]. CCDs also have the advantage of 

being relatively light-weight, although they do present some challenges in terms of 

temperature control and calibration. 

Current CCD identification techniques have centered primarily around the use of 

the distances between stars, and angular measurements between stars— these angles being 



taken about a single star to be identified. Data concerning the angular displacement in 

arc-seconds of star pairs relative to an individual star is cataloged, as are the distances in 

arc-seconds between stars. When an observation is made of a star field by a CCD device, 

the angular data and/or distance data is compared to the data for all of the stars in the 

catalog. The data set from the catalog star which most closely matches the data set for 

the observed star is found, and the observed star can be identified as that specific catalog 

star [10]. CCD techniques can be used to determine attitude without any a priori 

information, due to the high accuracy of CCD measurements, and the speed of modern 

star identification algorithms and processing. 



Introduction 

Problem statement: 

The problem addressed here will be star identification. Given a star field 

generated from a CCD observation, it is necessary to identify a star in the field of view. 

This is done based on comparing observed features of the star field with data for specific 

stars, kept in a catalog. It is assumed that the field can be generated in a random 

orientation, meaning that the same field when observed twice may be rotated relative to 

other observations of the same field. This implies that the identification algorithm will 

need to be rotationally independent. Further assumptions for the problem will be 

described for different solution techniques. 

Problem relevance: 

Star identification is an important part of the attitude acquisition process. 

Because these instruments are relatively light-weight, they may eventually replace other 

means of attitude determination aboard spacecraft. In order for these instruments to meet 

the sometimes rapid pointing requirements of modern space missions, it is becoming 

more and more important for attitude to be determined rapidly. Improving star 

identification algorithms can speed up attitude determination, making this type of 

research very beneficial to the attitude determination process. 

Description of Contents: 

This paper addresses the problem of star identification, and the algorithms used in 

actually identifying stars. Obviously, there are many different methods used in 

attempting to identify stars, and two of those will be presented here. In addition to this, 



an attempt has been made to develop and implement a new identification algorithm, 

which is actually somewhat similar to one of the algorithms presented here. 

The remainder of this paper is organized as follows: The concepts of two of the 

more common CCD star identification techniques will be presented. A somewhat new 

approach to the problem will then be described.   The assumptions made in the detailed 

algorithm designed for that approach will then be listed.   The detailed algorithm and its 

implementation are included, as are some discussions of the limitations and applications 

of these types of algorithms. Concluding remarks will be directed towards the 

effectiveness of the new algorithm developed, and some lessons learned for future 

attempts to solve this problem. 



Tri-Star Techniques 

The basic idea behind what is referred to as "tri-star" matching techniques is the 

observation of the angles, as well as the distances between observed stars, and 

comparison ofthat data to data in a star catalog. Observed stars are grouped into 

"triplets," a triplet being a group of three observed stars, as shown in Figure 1: 

dAB 

Figure 1: Star triplet 

In the above triplet, the star being identified is star A. It forms a triplet with stars B and 

C. The distances dAB and dAC are the distances between stars A and B and stars A and 

C [7]. Common star identification algorithms oriented towards the use of triplets will use 

the angle X, as shown above, as an initial identifying feature of a star. The angle X is 

taken between the star of interest, and the two nearest stars. In conjunction with the 

distances dAB and dAC this angle is placed into a data set. This data set would probably 

look something like (A,,dAB,dAC). This triplet data would then be compared against a 

catalog of triplets for stars within the observed magnitude range, until a matching star 

triplet within the catalog was found. 



Initially this technique may look rather easy to implement, but actual catalogs can 

become somewhat ambiguous, including many triplet data sets for each individual star. 

The reason for this is the fact that there is usually a certain amount of error in any 

observation, so multiple data sets are included in the catalog in hopes of generating a 

match. In addition to this, there is often a difficulty in CCD observations measuring 

different stars as the B and C points of the above-mentioned triplet. This might happen if 

a dimmer star near the star being identified were registered as a star in the field of view, 

changing the size and shape of the observed triplet for the star being identified. To 

compensate for this, the data sets in the catalog include multiple distances and angular 

measurements. Star catalogs can have up to 150 triplet sets for each individual star [6]. 

In actual application, every star in a field of view will have its triplet calculated, and 

compared to the stars in an onboard catalog. Attitude determination is then done by 

comparing all of the matches to positions of those matches on the celestial sphere. 

Lindsey [6] states that a certain degree of "common sense" logic is used in algorithms 

determining what star field is being observed. If most of the triplet matches in a field 

correspond to one portion of the celestial sphere, and a few are in different regions of the 

sky, the region with the most matches is obviously the region being observed by a star 

tracker. 

Matched Group Techniques 

Matched group techniques are another form of star identification, based on 

magnitude matches of multiple stars. In this technique anywhere from 8 to 12 stars are 

used in the matching algorithm [9]. Figure 2 illustrates the basic setup: 



Figure 2: Match Group technique 

In the above diagram, star A is a kernel star, meaning that it will form star pairs with all 

of the other stars in the given match group (Usually limited to a maximum of 8 to 12 stars 

[9]). Together, stars A, B, C, and D form a match group. The generation of this match 

group occurred because of matching of star pairs. Pair matching involves finding the 

visual magnitudes of observed stars, and then attempting to match pairs of observed star 

magnitudes to pairs of stars of the same magnitudes kept in a star catalog. In the above 

example, the kernel star A is matched to stars B, C, and D, forming three star pairs. 

These pairs are compared to pairs in a catalog, to determine which pairs they might be. 

The pairs AB, AC, and AD form a match group, the quality of which is determined by the 

differences between the observed pairs (AB, AC, and AD) and the catalog pairs they are 

most similar to. The general search algorithm will find numerous match groups in a field 

of view. The match group of highest quality is selected as a correct match group, 

representative of the catalog stars in the match group, and the identification is complete. 

The match group technique is probably superior to the tri-star technique. The reason for 



this is that the catalog required for a match group algorithm is an order of magnitude 

smaller than that required for a tri-star algorithm [9]. 

Modified Tri-Star Approach 

The approach toward star identification taken in this paper has been oriented 

towards the format used in the tri-star algorithm. The difference is in the number of stars 

chosen for comparison. While the tri-star approach is oriented towards identification of 

one star based on two stars located near it, a multi-star approach seeks to identify the star 

in the center of a field of view based on observations of all of the stars around it. A 

diagram of this approach is shown in figure 3: 

Figure 3: Modified tri-star approach 

Once an observation has been made, the angles between all of the stars 

surrounding the central star are calculated. In the above figure, these angles would be A, 

B, C, D, E, and F respectively. These angles are then compared to angles defined for a 

specific star, kept in a star catalog. To avoid any discrepancies in the order in which the 

angles are compared, they are arranged in order from lowest to highest. The catalog star 

with the fewest differences in angle size and number from an observed star will be treated 

as the star being observed. This approach does not take into account the distance 

10 



information from stars to the central star, but it is unclear as to whether or not adding that 

information would assist in the identification process. 

Algorithm and Implementation 

The implementation of a multi-angle identification algorithm was done in 

MATHCAD, a mathematical software package useful for numerical calculations, and 

capable of basic programming functions (The complete implementation is shown in 

Appendix A). The algorithm was designed to find the best match for a single star out of a 

catalog of 10 different stars. The data input into the program is a set bitmap files taken 

from the digitized sky survey. The files are 5 minutes by 5 minutes in angular size, and 

form an array of 176 X 176 pixel elements. These files are taken from the Digitized Sky 

Survey produced by the Space Telescope Science Institute, and are a decent 

representation of what a CCD instrument will generate after some basic image processing 

(They are actually digitized photographic plate images). The algorithm assumes that the 

data arrays placed into it have already been processed, and are of reasonably high 

resolution, meaning that it is possible to distinguish stars in the field of view. The output 

of the algorithm is a data string, which will consist of the angular separations of the stars 

surrounding the central star in the field of view, and a number corresponding to the 

catalog star which the observed star is most similar to. 

Assumptions 

In order for the multi-star algorithm to be implemented correctly, there are some 

basic assumptions that are made about the data being placed into it. One of the first 

assumptions is that the field of view for any observed star is the same as the field of view 
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used to generate the star catalog. This is important because in the event that the star 

catalog field of view is larger or smaller than the field of view used for observation, there 

could be a large difference between the number of angles found for a catalog star and the 

number of angles that could be observed in the observational field of view. For instance, 

in Figures 4 and 5, different fields of view are applied to the same star. Notice that the 

largest field of view is capable of observing 5 stars around the central star, whereas the 

smaller field of view is only capable of observing 2 stars. Although the same star is 

being observed, if Figure 4 were the catalog star, and Figure 5 were the observed star, or 

vice versa, the star would not be properly matched. 

Figure 4. Figure 5. 

There is another assumption made in reference to the field of view. Since most 

star trackers have a relatively wide field of view (on the order of degrees), and many stars 

can occupy a wide field of view, the problem here will be limited to a field of view much 

smaller than that of the normal star tracker. Part of the reason for this is that the data 

used for implementation of the star identification algorithm presented here was taken 

from the Digitized Sky Survey (DSS), which represents digitization of photographic plate 
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images of the entire sky, taken with an enormous telescope on top of Mt. Palomar, in 

California. Since the images were taken with such a high quality instrument, there will 

be considerably more stars found in the field of view of the DSS then would be detected 

in the field of view of an ordinary star tracker, which does not have the optics or exposure 

time which was used on Palomar.  In addition to this, standard CCD instruments aboard 

a Star Tracker generate an image that is from 500-600 pixels in both width and height, for 

around 8X8 degree fields of view. The data from the DSS is shown with a pixel spacing 

of 530 pixels corresponding to 15 arcseconds, or 1 quarter of a degree, so obviously the 

DSS images are of much higher resolution than those of a normal star tracker. The 

images used for analysis will be of approximately 175X175 pixels (5X5 arcminutes), 

which is much smaller in terms of pixel count than the image generated by a star tracker, 

but should be large enough to validate the basic concept. 

Steps in the Algorithm: 

Step 1: Once a star field array has been read into the MATHCAD program, it is 

necessary to determine what parts of the array will be treated as stars, and what parts of 

the array will be treated as space. For the purposes of this program, a "cut" is made, 

eliminating all array values less than 100, and setting them equal to zero. This value for 

the cut was selected based on trial and error, and a rough guess at how bright an object 

should be to be treated as a star. Whatever is left after the cut is bright enough to be 

considered a star. The output of this step is another matrix, similar to the original array 

read into the program, with elements less than 100 set equal to zero. This "cut," as 

implemented in MATHCAD, is shown as follows: 
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Zeroes(M) Cut*- 100 

i^-0 
for me 0.. rows(M)- 1 

for ne 0.. cols(M)- 1 

Mm   <-0  if Mm „<Cut m,n m,n 

Lm „<- Mm „ m,n m,n 

i^i+1 

Step 2: Once the original array has been cut to remove points not considered to be 

stars, it must be determined whether or not there are any points in the remaining array 

which might be considered to be stars. In order to do this, the numerical values of the 

array are evaluated at evenly space points. Those points which are greater than zero are 

probably a part of a star, and are set to a value of 1. Those points equal to zero are not 

part of a star, and are set to a value of 0. Once all of these points are evaluated, a 

True/False matrix is generated. The True/False matrix is the same size as the original 

array, and most of its elements will be set equal to zero. Those elements which are not 

equal to zero are parts of a star, although they may or may not be the actual center of the 

star. Implementation of this part of the algorithm is shown as follows: 
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TrueFalse(M) Zeroes <— Zeroes (M ) 
for me 0.. rows(Zeroes)- 1 

for ne 0.. cols(Zeroes)- 1 

K 

Zeroes „ 0  if n=cols(M)- 1 

Zeroes^ „<- 0   if n=0 m,n 

Zeroesm „<- 0   if m=0 

Zeroesm„^0   if m=rows(M) - 1 m,n v     ' 

L   „<- 1   if Zeroesm _> 1 m,n m,n 

L   „<- 0  if Zeroesm   < 1 m,n m.n 

K_ 

K. m,n 

L
m „  lf --"«floor L- m.n 3 \3 

0  if 
m ,„      /m 
y*floor(y 

^floorL 

Step 3: One intermediate step useful for this program is an algorithm designed to 

record coordinates of a matrix whose values are greater than zero. This step of the 

program does this, and the output is list of array coordinates for each element of an array 

which is greater than zero. This is shown as follows: 

Locate(M) : = i^O 

L^O 

for me 0.. rows(M)- 1 
for ne 0.. cols(M)- 1 

if Mm   >0 m.n 

L0>< 

i^i+1 
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Step 4: In the True/False section of the program, it was determined which points 

within the array were points on a star. Once those points have been found, it is necessary 

to determine the coordinates of the actual center of the star. For the purposes of this 

algorithm, the center of the star will be considered to be the point of greatest numerical 

magnitude within the star. This section of the program solves for that point by generating 

a submatrix around each True/False point greater than zero. The coordinates of the 

center of the star will be treated as the coordinates of the point within the submatrix of 

greatest magnitude. This may not be the geometrical center of the star, but for the 

purposes of this paper, this will be the method used. The output of this section of the 

program consists of a series of coordinates. These coordinates are the possible 

coordinates for the center of each star. This part of the algorithm is as follows: 

Bright (M) L<- Locate (TrueFalse( M)) 

TrueFalse«- TrueFalse(M) 

i^O 
while i<cols(L) 

for me 0.. rows(M)- 1 
for n e 0.. rows(M) - 1 

S^-submatrix| M, (L <i> 
)o.o-2.(^)0.0+2.(^)1.0-2.(^)1.0+2] 

if ^m-O^ol] +[|n-(L<I>)If0|] <5   if Mm n=max(S) 

i<   i +- 1 

K 

Step 5: While the above portion of the algorithm solves for what are supposed to 

be the coordinates of the center of the star, there are many repeated identical coordinates, 

as well as many coordinates which are too close together to represent anything other than 

parts of one star. This next section of the algorithm eliminates identical coordinates, and 
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also selects one coordinate set out of multiple coordinate sets that are probably a part of 

the same star. 

LLocate (M) P^ Bright (M) 

while i<cols(P)- 1 

H<!>- 
0" 
0 

i 

„<i>JPo,i 
Lpu_ 

!<— i -I-1 

p.,i-p.,i-.i)+ Opo.i-po.i-iD -5 

ifV(lpi,i-pi.i-i Opo.i-po.i-iD>5 

V^ augment (P
<0>

,H) 

j«-o 
for ie 0.. cols(V)- 1 

tf(VC,>)o.o+(*<,>)I>o''0 

c<j>^ 

JH + i 

(v<i>; 

7<i> ' 

0,0 

'1,0 

Step 6: Given the coordinates of all of the stars in the field of view, it is necessary to 

determine the coordinates of the star closest to the center of the matrix. This star will be the 

central star, and it is this star that will be identified in the program. In order to solve for the 

central star, the distances from all of the stars to the center of the matrix are calculated using 

the Pythagorean Theorem, and the star closest to the center of the matrix will be treated as 

the central star. 
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q(a,b,x,y,g) (a-x)2-h(b-y)2 
<g 

starcentei(M,q) 
L^LLocate(M) 
Base^- 100 
for ie 0.. cols(L)- 1 

cols(M) 
if q^o.i'Li.i'*100^—2 floor! 

rows(M) 
,Base=l 

Ll,i 

Base«- V-««!^ floor MSl,0    [—2 
rows(M) 

Step 7: Now that a central star has been selected, the vectors from the central star 

to all of the stars in the field of view are calculated. The important part of this step is 

ensuring that all of the given vectors are in the correct quadrant in the x-y plane relative 

to the central star. Since the vectors are taken as the difference between the array 

coordinates of the central star and the star in question, it is necessary to make the x 

component of a vector positive if the first array coordinate of a star is greater than that of 

the central star, and negative if the first array coordinate of a star is less than that of the 

central star. Similarly, if the second array coordinate of a star is less than the second 

array component of the central star, the y component of the vector will be positive, and if 

the second array coordinate of a star is greater than the second array coordinate of the 

central star, the y component of the vector will be negative. The output of this part of the 



algorithm will be a series of vectors, from each star to the central star. 

Vectors(M) 

Locate <— LLocate (M) 

starcenter <- starcenter( M, q) 

for ne 0.. cols(Locate)- 1 

/"starcenter 

,<i> 

i^i+1 

, 0- Locate j n"\ starcenter , 0> Locate , n 

("Locate, n- starcenter, Q\   if starcenter, 0<Locate,n 

(starcenter 0 0- Locate0 n)   if starcenter00>Locate0n 

(Locate 0 n- starcenter0 QY 1   if starcenter0 0<LocateQ n 

Step 8: Since it is not needed to generate a data string, the origin vector (0,0) is pulled 

out of the list of vectors. 

starvecs(M) i^O 

L^-0 
Vectors«— Vectors(M) 
for ne 0.. cols(Vectors)- 1 

if I VectorsQ n I +1 Vectors, n 1*0 

rVectors0n 

Vectors l,n 

i^i+1 

Step 9: As a preliminary step to finding angular displacements between stars, the 

angles from each star surrounding the central star are calculated, in an x-y plane. These 

angles are calculated as the arctangent of the y coordinate divided by the x coordinate of each 

vector, the sign of the angle being determined by the quadrant in which the vector lies. For 

those cases of a zero x value for the vector of a star, the angle is set to 90 or 270 degrees, to 
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avoid a singularity. The output of this section of the algorithm is a series of angles, in no 

particular order. 

Angles   (M ) 

starvecs    «— starvecs    (M ) 

n e 0.. cols (starvecs    ) - 

L.<—    if starvecs    .   "0 o.n 

for )- 1 

—   if starvecs    . 
2 !.n >0 

    if starvecs    , 

if starvecs    n    ^0 u ,n 

<0 

if >0 starvecs    . u ,n 

/ starvecs \ 
atan     —     if starvecs > 0 

\ starvecs   0>J 

/starvecs \ 
 -jl I -+- 2 -TC    if starvecs    , n < 0 atan     — 

^starvecs   0 ^ 

0   if  starvecs    ,    ■ 
l ,n 

if starvecs    .    <0 0,n 

■0 

-i-h 1 

/ starvecs    .    \ 
atan     —   +- 7t    if  starvecs       n>0 

\ starvecs   „    / 

/ starvecs    .    \ 
atan     —   +- n    if  starvecs < 0 

^starvecs    Q^J 

-%    if  starvecs    .    =0 
l ,n 

Step 10: In this step, the angles in the x-y plane are sorted in order from least to 

greatest. The output is a series of angles, in order of least to greatest. 

Bestlist (M) = sort( Angles (M)) 
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Step 11: Because they are not needed, identical angles in the x-y plane are eliminated. 

This is done to allow for a check of the final data string, in which all of the angles between 

stars should add up to 360 degrees. This basically eliminates the angle for a star vector that 

is a linear multiple of another star vector, and while this does eliminate one star from the 

angular calculations, the impact on the desired data string should be somewhat negligible, 

since it would basically mean repeating an angle already calculated. The output is a series of 

angles, arranged in order from least to greatest, with no angle identical to another. 

Sorter(M) 
Bestlist <-Bestlist(M) 

L0<— Bestlist0 

i^l 
for ne 1.. rows(Bestlist)- 1 

if Bestlist *Bestlistn   , n n— 1 

Lj<-Bestlist n 

i^i+1 

Step 12: In this step, the actual angles between the stars in the field of view are 

calculated. This is done by taking the differences between the angles in the x-y plane. The 

first angle calculated will be the difference between the smallest and largest angles in the x-y 

plane, subtracted from 360 degrees, as shown in figure 6: 
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/      1st calculated /V 

Vs" 
Figure 6: calculation of angles between stars 

The rest of the angles will be calculated as the differences between angles. The output of this 

section of the algorithm is a series of angles, which add up to 360 degrees. 

Reducesort(M) 

Sorter^ Sorter(M) 

k<^rows( Sorter)    1 

2-71 - Sorter, LQ<- SorterQ - 

for n e 1.. rows( Sorter) - 1 

Lj<- Sortern - Sortern   , 

i<— i -t-1 

Step 13: In this step, the angles calculated above are ordered from least to 

greatest. The sort command in MATHCAD will sort the elements in an array in order 

from least to greatest. Output of this section of the algorithm will be a series of angles, in 

order from least to greatest. This series of angles is the data string, which will be 

compared to catalog data to determine a match. 

finalsort(M) :=sort(Reducesort(M)) 
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Catalog Generation: For comparison purposes, a catalog was generated by 

augmenting the individual data strings for a group of stars and creating a catalog matrix. 

The columns of this catalog matrix represent the data strings for catalog stars. The 

augmentation process was done manually, and is shown as follows: 

Catl : = augment ( StringStarl, StringStar2 ) 

Cat2 = augment (Catl, StringStar3) 

Cat3 : = augment (Cat2, StringStar4) 

Cat4 = augment (Cat3, StringStar6) 

Cat5 : = augment (Cat4, StringStar7 ) 

Cat6 : = augment ( Cat5, StringStar8) 

Cat7 := augment(Cat6,StringStar9) 

Catalog : = augment (Cat7, StringStarl 0) 

Step 14: At this point, the data string for a star can be compared to the catalog, in 

order to find a match. This comparison is done by comparing the elements in the data 

string for an observed star to the elements in the columns of the catalog matrix. When 

the sum of the differences between the elements of the catalog columns and the star data 

string is the smallest, the star corresponding to that column in the star catalog is identified 

as the star observed. The output of this section of code is the catalog star which most 

closely matches the observed star: 
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Match (M) StringM^String(M) 

Diffin-100 

for h e 0.. cols(Catalog) - 1 

for i e 0.. rows(Catalog) - 1 

Suppj^-   (Catalog <h>' (StringM <0>' 

rows( Catalog) - 1 

Diflfyh<- V   Suppj 
i = 0 

if Diffyh<Diff 

Diff<-Diffyh 

Match«- h 

Match 

Results of Implementation 

The algorithm and implementation discussed above was applied by first 

generating a catalog of 9 stars, and then comparing star fields to those nine stars, in hopes 

of finding a match. The catalog would have been larger, except for the fact that the fifth 

star field analyzed did not have enough stars to generate a catalog entry. Because of this, 

star field 5 was left out of the algorithm. The algorithm was first tested by comparing all 

of the catalog stars to the catalog. As expected, this test identified each tested catalog star 

as being a match to itself. After this comparison, an attempt was made to identify one of 

the catalog fields, after rotating it 90 degrees. This proved unsuccessful, and some 

reasons for this will be discussed in the next section. To check the calculation of the 

angles, a test was run on 10 by 10 test matrices, in which given patterns were rotated into 

different positions. The data strings for all of these tests were identical, indicating that 

the angular data is being properly calculated, and the weakness for application to an 

entire star field is probably a result of difficulties in distinguishing stars in the data arrays. 
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Discussion of Limitations 

There are some definite weaknesses of the star identification algorithms presented 

here. One of the biggest involves the field of view used for cataloging and observation. 

In situations where observations are made using a small field of view, there will generally 

be only a few stars surrounding a central star which can be used for comparison. This 

means that the number of identifying features for a given star may be so small, that it will 

become difficult to distinguish the star from other stars in an equally small field of view. 

Smaller fields of view usually mean smaller numbers of identifying features, which will 

mean significant identification problems. On the other hand, using a very large field of 

view may generate such a large number of angles in the multi-star approach, that all of 

the stars begin to look alike, due to the very small angular separations between 

larger numbers of stars surrounding a central star. It is probable that there exists some 

intermediate field of view which will generated the best results for this algorithm, but the 

actual dimensions of an optimal field of view would probably require extensive testing. 

For the time being, the angles calculated in the algorithm are organized from least 

to greatest, which weakens the quality of the search algorithm, because while the data 

string has been organized for comparison, the angular separations are no longer in the 

specific order found in observation. For instance, the angles between the stars in Figure 7 

and Figure 8 are all identical, but they are clearly not the same stars. 
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Figure 7. Figure 8. 

The algorithm implemented here would not be able two discriminate between the 

central stars of Figures 7 and 8, because of the fact that it does not take into account the 

order of the angles between the nearby stars [2]. Despite the above noted problem, the 

program implemented does provide significant information for identification. It should 

be noted that there are hopefully not many star fields where the angles around the central 

star are all the same size, but appear in different order, especially when using small fields 

of view. 

Unfortunately, one of the discoveries made researching this paper has been that 

the detailed algorithms and programming done to perform any basic identification 

technique are generally considered proprietary information, and are therefore protected 

by the aerospace companies doing this type of research and development. Both Ball 

Aerospace and Lockheed Martin have star trackers, and the accompanying identification 

algorithms and software, but were unwilling to make that information available because 

of the competitive nature of the market for these items. 

Possibilities For Improvement 

There are a variety of ways to improve the quality of the algorithm presented 

here. One way which is gaining interest involves the use of a neural network, in which a 
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catalog of stars is divided up into various classes [6]. When a star is observed, it is then 

determined which class of stars the observed star most likely falls into. The star is then 

compared to all of the stars in that specific class, in hopes of finding a likely match. One 

quick way of determining how to classify an observed star might be the use of a non- 

geometrical characteristic, such as magnitude, or spectral type. Magnitude classification 

would probably be easiest to implement right now, because CCD observations can 

determine the magnitude of an observed star quite easily. While CCD observations can 

take a certain amount of spectral data, determining the spectral type of a star might take 

either a larger number of CCDs, or the addition of another instrument, such as a 

spectrometer, to a star tracking device. This latter option will probably not be very 

popular, due to the increase in weight and complexity. 

Discussion of Applications 

The importance of star tracking is obvious. In the space environment, the ability 

to rapidly orient a spacecraft can be very important, and rapidly determining attitude is a 

significant step in accomplishing this task. Rapid star identification contributes to rapid 

attitude determination and control, so developing quick, robust identification algorithm is 

an important task. Missions with high pointing accuracy requirements will continue to 

require improved identification techniques. 

One example of a mission with a need for a star tracker is an interplanetary 

mission. There is a star imaging unit aboard the Cassini spacecraft, and it is used for 

attitude determination purposes [1]. The advantage of using a star imaging attitude 

sensor for interplanetary missions is that the positions of the stars will remain essential 
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fixed relative to an interplanetary probe for the duration of a mission. Other methods of 

attitude determination used for Earth orbiting missions, such as magnetometers, sun 

sensors, or horizon sensors could not be used for interplanetary missions, because there is 

no horizon or magnetic field to measure. In these situations, star trackers are superior, 

because the star reference frame is constant for mission duration. 

Another possible application for this type of technology is in planetary navigation. 

A zenith pointed star sensor could be used to determine the point in the celestial sphere 

which is directly above a planetary rover. When combined with knowledge of the time of 

observation, it would be possible to determine position with some degree of accuracy [9]. 

More common applications of this type of technology are oriented towards rapid 

attitude acquisition, improving other attitude measurements, and fast recovery of attitude 

knowledge [9]. 

Conclusions 

The algorithm designed and implemented as part of this paper was moderately 

successful at identifying stars. Obviously, the implementation of the program was not 

done with a large enough catalog to justify making any concrete conclusions as to the 

value of this particular algorithm. Also, it may have been a good idea to have 

implemented one of the other approaches to the problem, such as the tri-star approach, in 

hopes of comparing the tri-star concept with the multi-star concept developed here. This 

paper has, however, validated the basic idea of the multi-star concept, and the 

implementation can probably be further refined to make it more effective. 
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Further work on this type of algorithm would be dedicated towards improving the 

speed at which an identification was achieved, and also attempting to lessen the number 

of identification runs which generate false identifications. Overall, the project has proved 

some basic ideas with regards to star identification, and the need for further research in 

this area is evident. 
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As a preliminary step to the algorithm, a series of pictures has been placed into 
the program, for analysis. These pictures are input and displayed as follows: 

Starl   =READ_IMAGE("A:/starl.gif) Star2  = READ_IMAGE( "A:/star2.gif') 

Star3  =READ_IMAGE("A:/star3.gif) Star4 : = READ_IMAGE( "A:/star4.gif') 

Star5   =READ_IMAGE("A:/star5.gif ) Star6  =READ_IMAGE("A:/star6.gif) 

Star7  = READ_IMAGE( "A:/star7.gif ) Star8  = READ_IMAGE( "A:/star8.gif') 

Star9  = READ_IMAGE( "A:/star9.gif') Starl0  = READ_IMAGE( "A:/starl0.gif ) 
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One of the first steps in the star identification process outlined below is to process the actual 
image. The process outlined below is somewhat simple, but does do basic processing for the 
purposes of this project. 

One of the first steps involved in the image processing is deciding how bright 
an object in the observation field must be to be called a star. For the purposes 
of this paper, the cuttoff point will be magnitude of less than 100 registered at 
an individual pixel. Anything of magnitude less than 100 will be set to zero. 

Zeroes(M) Cut^ 100 

i^0 

for me 0.. rows(M)- 1 

for ne 0.. cols(M)- 1 

Mm „^0  if Mm „<Cut m,n m,n 
Lm,n^Mm,n 



Once the pixels of magnitude less than zero have been set equal to zero, it is necessary to 
determine whether or not there are any possible star candidates in a given observational field. 
In order to do this, I have chose to treat each star as a blob. The True/False algorithm 
determines for equally spaced points in the field whether or not there is an actual star near the 
point. The true condition is set if the pixel in question has a magnitude greater than 100, and 
is hence on part of the "blob" representing a star. The False condition is set for situations in 
which a pixel is not touching a part of the blob. The output of this algorithm is a Matrix of the 
same size as the star field in question, with ones within a the matrix representing points close 
to the actual location of a star. 

TrueFalse(M) Zeroes«- Zeroes( M ) 

for me 0.. rows(Zeroes)- 1 

for n e 0.. cols(Zeroes) - 1 

Zeroesm „<-0  if n=cols(M)- 1 m,n v     ' 

Zeroesm „«- 0   if n=0 m,n 

Zeroes,,, „<- 0  if m=0 m,n 

Zeroes„ _<- 0  if m=rows(M) - 1 m,n v     ' 
L™ „«- 1   if Zeroesm _> 1 m,n m,n 

L <-0  if Zeroes„ „< 1 

m,n 
.„ m   „     /m 

Lm>n  .fT=floorT 

K, m,n 0  if 
m ^„     /m 
y*floor(y 

^floorL 

K 



The coordinate location function below is used to determine the coordinates of specific 
points within a matrix which meet a certain criteria. For this specific example, the 
criteria is being greater than zero. This function will be important in determining the 
actual coordinates of a star of a star, the output is a series of coordinates, representing 
points within the matrix which meet the aforementioned criteria. 

Locate(M) i^O 

L^O 

for me 0.. rows(M)- 1 

for ne 0.. cols(M)- 1 

if Mm n>0 m,n 

L<s>- 
m 

n 

i-i+1 



The above function has successfully found a point near the point of greatest Magnitude of the 
star. Now it is necessary to identify the actual center of the star, which for the purposes of 
this paper will be the point of greatest magnitude within the "blob" which represents the star. 
The Bright algorithm is designed to generate a submatrix of the original star field around the 
points in the True/False matrix which register true. The m,n coordinates of the point within 
this submatrix that is the maximum value of all points within the submatrix are then treated 
as the actual m,n coordinates of the star. 

Bright(M) L<- Locate( TrueFalse( M ) ) 

TrueFalse^- TrueFalse( M) 

while i<cols(L) 

for me 0.. rows(M)- 1 

for n€ 0.. rows(M)- 1 

S^Submatrix[M)(L<i>)0>0-2,(L<i>)0(0+2)(L<i>)li0-2,(L<i>)lj0+2] 

m 

"J[ m-CL^Volf+fln-^»),^!]2^   if Mm>n=max(S) 

K 



This section of programming statements further resolves the coordinates solved for 
in the Bright algorithm by eliminating identical coordinates (a problem which occurs 
for multiple True registers in the True/False matrix for the same star), and eliminating 
all but one of any series of coordinates too close together to represent anything more 
than a single star 

LLocate(M) P<-Bright(M) 

while i<cols(P)- 1 

0 

0 *."lpi.i-pi..-l )2+(lpo,i-po,i-i|)2£5 

0,i 

l,i 

if ."lPl,i-Pl.i-l )2+(|p0>i-
po,i-i|)2>5 

V^augment(P<0>,H) 

j-o 
for ie 0.. cols(V)- 1 

(Oo,o~ 

(O..0 



Once the LLocate algorithm has solved for the coordinates of all of the stars in a given 
field of view, it is necessary to determine the center star for all of the stars found in the 
matrix. This center star is the star which will it is hoped will be identified. 

q(a,b,x,y,g) : = | ^(a-x)2+(b-y)2 |<g 

starcenter(M,q) 
L^LLocate(M) 

Base«- 100 
for ie 0.. cols(L)- 1 

ifq(L0)i)L1.)f.oor(^),floor(rO^f1>))BaseJsl 

J0,i 

'l.i 

Base<^ 
cols(M)\\2    I          a     /rows(M)V2 

JU  +[S,f0- floor ^-' So,o-floorl 2 



The Vectors Algorithm solves for the vectors of the stars surrounding the central star in 
a rectancular coordinate system, with the center star within the matrix being treated 
as the origin. 

Vectors(M) i<-0 

L<-0 

Locate«- LLocate(M) 

starcenter <— starcenter( M, q) 

for ne 0.. cols(Locate) - 1 

^starcenter 

r<l> 

1<-1 

Locatej   \ starcenterj 0>Locatej n 

('Locate l,n 

1,0 

starcenter i.o 
/'starcenter, 0,0 Locate, '0,nJ 

('Locate. '0,n starcenter, 0,0 

if starcenterj 0<Locatej n 

if starcenter0 0>Locate0 n 

1   if starcenter0 0<Locate0 n 

The vectors above have been solved for, but now it is necessary to pull the origin vector (0,0) out 
of the vectors. The algorithm starvecs does this: 

starvecs(M) i<-0 

L<-0 

Vectors«- Vectors(M) 

for ne 0.. cols(Vectors) - 1 

if I VectorsQ n I -t-1 VectorSj n I ^0 

r<l> 
" Vectors, 

Vectors 
'0,n 

l,n 
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Once the vectors of the surrounding stars to the central star have been calculated, it 
is necessary to determine what the angles (measured in radians), of each surrounding 
star are, as measured in the previously mentioned x-y plane. The algorithm Angles does 
this, by implementing Euclidian Geometry: 

Angles(M) i^O 

starvecs^- starvecs(M) 

for ne 0.. cols(starvecs)- 1 

L:^-   if starvecs0 n=0 

-=-  if starvecs. „>0 
2 '>n 

3 it   .,. -=-  if starvecs, „<0 
2 '>n 

if starvecsQ n^0 

if starvecsQ n>0 

atan 

atan 

starvecs l,n 

starvecs, 0,n 
if starvecSj n>0 

starvecs l,n 

starvecs, 0,n 
+ 2-7t  if starvecsj n<0 

0  if starvecs, n=0 

if starvecs0 n<0 

atan 

atan 

starvecs l,n 

starvecs, 

starvecs 
0,n 

l,n\ 

x  if starvecs, n> 0 

starvecs, '0,n/ 
+ it  if starvecs, n<0 

it  if starvecs, n=0 

i+1 

The above section of code accurately calculates the x-y angles of all stars 
in the Matrix! 
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It is now necessary to sort the angles calculated above in order from least to 
greatest. This is the smallest line in the program 

Bestlist( M ) : = sort( Angles( M)) 

Now the angles calculated above can be calculated into the more general angles between the 
stars near the star of interest. As a first step, however, we eliminate any angles in the x-y plane 
system that are identical. This is only necessary for situations in which one of the star vectors is 
an integer multiple of another star vector. For instance in a situation where one star vector is 
(1,1), and another star vector is (2,2), only one angle will be used for the two stars. 

Sorter(M) 
Bestlist*-Bestlist(M) 

L0^ Bestlistjj 

for ne 1.. rows(Bestlist)- 1 

if Bestlist ^Bestlist    , 
n n— 1 

Lj*- Bestlistn 

i<—i+ 1 
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Now that any uneccesary angles have been eliminated, the actual angles between the 
stars are calculated in the Reducesort algorithm: 

Reducesort(M) i<-0 
Sorter«-Sorter(M) 

k<- rows( Sorter) - 1 

LQ<— Sorter0 - 2-71- Sorter. 

i<-l 
for ne 1.. rows(Sorter)- 1 

L«-Sorter -Sorter    . l n n— 1 

i<-i+l 

finalsort( M) = sort( Reducesort( M)) 

Now that the above angles have been reduced to the proper order, they can be put into an 
identification string, this identification string will be used for comparing the data in the 
first observation to a catalog of data sets. 

String(M) reduce«— finalsort(M) 

for n e 0.. rows(reduce) - 1 

Str <—reduce„ 
n n 

for me rows(reduce).. 10 

Sir«- 0 
m 

Str 
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In order to determine which star an observed star is, it will be necessary to have a catalog 
for comparison purposes. The following nine data strings will be used as a catalog for 
nine different stars, which the central star in an observed field of view will be compared to: 
(Notice that star 5 does not have a data string, since it lacked a good central star. 

StringStarl 

0.361 

0.638 

0.851 

1.153 

1.377 

1.904 

0 

0 

0 

0 

0 

StringStar2 

0.016 

0.113 

0.414 

0.418 

1.87 
3.452 

0 

0 

0 

0 

0 

StringStar3 

0.195 

0.353 

0.478 

0.53 

0.8 

1.878 

2.049 

0 

0 

0 

0 

StringStar4 

0.225 

0.227 

0.339 

0.363 

0.5 
0.584 

0.631 

0.669 

1.211 

1.534 

0 

StringStar6 

0.041 

0.522 

0.701 

0.897 

4.122 

0 

0 

0 

0 

0 

0 

StringStar7 

0.307 

0.673 

0.93 

1.07 

3.303 
0 

0 

0 

0 

0 

0 
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StringStar8 

0.529 

0.54 

2.545 

2.668 

0 

0 

0 

0 

0 

0 

0 

StringStar9 

r 0.014] "0.14 

0.084 0.536 

0.783 0.791 

1.929 1.142 

3.473 3.674 

0 StringStarlO : = 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Catl : = augment( StringStarl, StringStar2) 

Cat2 : = augment(Catl, StringStar3 ) 

Cat3 : = augment(Cat2,StringStar4) 

Cat4 :=augment(Cat3,StringStar6) 

Cat5 = augment(Cat4,StringStar7) 

Cat6 = augment(Cat5,StringStar8) 

Cat7 = augment( Cat6, StringStar9 ) 

Catalog :- augment(Cat7, StringStarlO) 

The commands to the left are joining 
the individual data strings for each 
star into a Catalog matrix, with each 
column of the matrix representing a 
specific star. 
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The Catalog Matrix is shown as follows: 

Catalog 

0.361 0.016 0.195 0.225 0.041 0.307 0.529 0.014 0.14 

0.638 0.113 0.353 0.227 0.522 0.673 0.54 0.084 0.536 

0.851 0.414 0.478 0.339 0.701 0.93 2.545 0.783 0.791 

1.153 0.418 0.53    0.363 0.897 1.07 2.668 1.929 1.142 

1.377 1.87   0.8     0.5     4.122 3.303 0 3.473 3.674 

1.904 3.452 1.878 0.584 0 0 0 0 0 

0        0        2.049 0.631 0 0 0 0 0 

0        0        0        0.669 0 0 0 0 0 

0        0        0         1.211 0 0 0 0 0 

0        0        0         1.534 0 0 0 0 0 

0        0        0        0        0 0 0 0 0 

The following section of code is where it is determined which star of the stars in the 
catalog an observed star is the most similar to. This is done by summing up the 
differences between all of the angles, and then setting the star catalog with the 
smallest sum of differences as being the actual star: 

Match(M) StringM^- String(M) 
DiffV- 100 

for he 0.. cols(Catalog)- 1 

for i e 0.. rows(Catalog) - 1 

Suppr| (Catalog<h>),- (StringM^). 

rows( Catalog)- 1 

Diffyh^ V   Suppj 
i = 0 

if Diffyh<Diff 

Diff<- Diffyh 

Matche h 

Match 
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The above Matching algorithm matched correctly identified all of the catalog stars, based on the 
pictures used to generate the catalog. To further test the algorithm, the picture used for the first 
catalog star was rotated 90 degrees, and run through the Algorithm: 

UNK     READ_IMAGE( "A:/starunk.gif' ) 

0.5- 

-0.5- 

UNK Starl 

When the "unknown" star was run through the matching algorithm, it was not properly 
identified. A probable reason for this is that the star imaging process was not working 
correctly, but it would require further development to determine the source of this problem. 
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r 
To test the basic concept of generating the data strings, a series of 10X10 matrices were 
generated, and then run through the algorithm. The matrices all represent the same star field, in 
terms of angular separations, but have been rotated in various ways for testing. Two of these are 
shown. The data strings for both are identical, indicating that the angle determination and matching 
technique works, and the problem with the algorithm is probably in initial processing. 

Matl 

0000000000 

0 0 10 10 10 0 0 

0000000000 

0000000000 

0000100000 

0000000000 

0000000000 

0000100000 

0000000000 

0000000000 

Mat2 

0000000000 

0000100000 

0000000000 

0000000000 

0000100000 

0000000000 

0000000000 

0 0 10 10 10 0 0 

0000000000 

0000000000 

String(Matl) 

0.588 

0.588 

2.554 

2.554 

0 

0 

0 

0 

0 

0 

0 

String(Mat2) = 

0.588 

0.588 

2.554 

2.554 

0 

0 

0 

0 

0 

0 

0 
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