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A new method to retrieve the star data from the onboard catalog is presented. A query to find stars that lie
within a cone of uncertainty angle of a given unit vector is answered quickly. If stars are present, a set of catalog
numbers is returned along with the nearest neighbor to the center of the cone. An index to the star catalog is formed
with a hash function that maps the given unit vector to an index in a hash table. The hash function preserves the
stars’ closeness even after their translation to the hash table and thus facilitates the query of a star with a noisy
measurement. The proposed organization of the star catalog, other data structures used, and their access methods
are described. When subjected to a numerical simulation test with 10,000 random star vectors corrupted with
noise, all of the queries are answered correctly. A hash table of 5773-word (16-bit) size is required for a star catalog
containing 1613 stars (10,485 words). This method requires only 2.2 average catalog accesses and 2.0-us process
time per query, compared to a traditional binary search that requires 24 accesses and 3.8 ps.

Introduction

N important question that comes up repeatedly in the star iden-

tification process is whether a star is really present in the refer-
ence catalog at the given coordinates. This is analogous to the search
for a meaningful word in the dictionary with the given letters. If it
exists, on what page is it, and what is its meaning? The referral to
the star catalog occurs more often, after the inertial attitude matrix
of the spacecraft is determined. As and when a new star is encoun-
tered that has not been identified, one needs to know whether this
star has an analog in the catalog. Another requirement is to access
a range of stars in the catalog that are centered around the candi-
date star’s direction. Both of the needs routinely occur in one step
or the other, in an automatic star pattern identification for real-time
attitude determination of a spacecraft.

Kudva and Throckmorton' and Bauer? describe the intricate se-
lection of the stars for the onboard catalog. Strunz et al.* explain the
computation of instrument magnitude (IM) of the stars as a func-
tion of the visual magnitude (VM), the spectral response of the star,
tracker optics, and the charge-coupled-device (CCD) detector. The
star tracker optics might not be able to resolve two closely spaced
stars (e.g., binary stars) because of the hyperacuity* principle (the
star image falls on at least 3 x 3 pixels), and hence the centroid
location reported by the star tracker might not be accurate. Hence
the removal of these stars from the reference catalog is suggested
by Kudva and Throckmorton.! However, Mortari et al.’> propose
replacing it with an equivalent pseudostar that matches the combined
brightness and position of each of the binary stars in the catalog.
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Star positions in the catalog are denoted with the spherical co-
ordinates of right ascension (RA) and declination (DEC) (refer to
Ref. 6, pp. 26-28). Alternatively, the catalog can contain the compo-
nents of the star vectors along the x, y, z axes in a unit sphere fixed in
Earth-centered inertial (ECI) reference frame. Traditionally, the star
catalog is organized by grouping stars either by declination bands
or overlapping zones on the unit sphere (Ref. 6, pp. 143-150). A
method described by Bone” uses nonoverlapping spherical rectan-
gles based on the field of view (FOV) of the star tracker. Despite
using an index to access the cells or rectangles containing the stars,
these methods suffer from the sequential access of a large number
of stars within the candidate cell and the neighboring cells. They try
to access all of the stars of the catalog that are likely to be present in
the tracker FOV. This approach carries an unnecessary burden when
the presence of a single star is to be verified without regard to the
FOV of the tracker.

The presence of a star in the catalog is often resolved by a binary
search of one of the attributes of the given star, either the direction
or brightness. It is assumed that the onboard star catalog is presorted
based on either of the attributes selected for the query. This assump-
tion makes an addition or deletion of a star in the onboard catalog
cumbersome. The star presence is often resolved by computing the
angular separation between the given star and two or more known
stars that were identified previously.® The identification of the new
star is often carried out with the help of an ordered database of an-
gular separation®!? of all possible stars seen with the given FOV.
However, this method cannot be applied for stars whose angular
separation is beyond the FOV of a single star tracker.

In this paper, a method that returns all of the onboard catalog
stars that lie within a cone from a given unit vector direction with an
uncertainty angle on the celestial sphere is described. If stars exist
in this cone, this method returns the nearest star to the specified
direction. The method uses a locality-preserving hashing technique
that allows a query with noisy sensor measurements. This technique
also results in a lesser number of catalog accesses as compared to
the earlier procedures. A star catalog organization is suggested that
is free from the FOV constraints of the star tracker. Though these
techniques of hashing and indexing are widely used in the computer
database applications (Ref. 11, pp. 531-553), these are hitherto not
well known in the field of the spacecraft attitude determination. This
paper intends to combine the traditional and the latest research tech-
niques in data access methods and apply it to a practical engineering
problem of the real-time automatic star pattern identification.



RAO, BHAT, AND ALEX 1033

In this paper, the background of the hashing technique used for the
star catalog access is discussed. The onboard data structures required
for the star catalog as well as its fast access are defined. The methods
of creation and access of the hash table are described. The procedure
to solve the star presence problem using a conventional binary search
technique is also given. Later, the proposed new algorithm along
with the binary search method is subject to a numerical simulation
test to verity its relative performance and the memory requirements.
Based on the performance, an optimal parameter setting for the hash
table creation is recommended. An area of further improvement is
also suggested.

A classic description of search methods based on hashing is given
by Knuth (Ref. 12, pp. 506-549). A full treatment of hashing is
beyond the scope of this paper, but a brief description follows in the
next section.

Hashing Algorithm

Hashing (meaning chopping into fine pieces) is a technique
wherein the small chunks of the given data are arranged a particular
way, based on a key to facilitate faster access of the data. Murtagh'3
has used this concept to store the data in bins using angular separa-
tion as the key, though he did not use the word hashing. Delivering
letters to the respective mailboxes with the name of a person (key)
is another typical example of this technique. As long as the key is
unique, the data are directly stored and accessed from the same loca-
tion. Based on the key x;, an index for the ith dataitem (i =1...N)
is generated using a randomization algorithm f (x;), in a hash table
of size M (M > N) entries. This random access technique speeds up
the data access compared to the sequential access methods. Using
the hashing technique, the data can be accessed in one or two trials
[O(= 1)] depending on the hash table load factor a(« = N/M),
whereas a binary search typically requires 11 trials [O(log, N)] for
a catalog of 1500 stars. Note that the hashing method provides ac-
cesses that are independent of the number of records N of the data
table, though at the expense of additional memory due to index. This
is a great boon for larger star catalogs.

Note that the hashing (as well as the binary search) method, al-
though providing fast access, expects the key to be uncorrupted. If
the key is corrupted for any reason (the most common analogy is
typing a wrong letter or digit in a computer password), the hashing
function will return a completely different location as a result of
randomization. Hence, the search will eventually fail. This situation
commonly occurs as aresult of, either the star tracker’s measurement
noise or the truncation error in the computation during the transfor-
mation of the vectors from the sensor to the reference frame. The
hashing function should tolerate the errors in the key, if it has to be
used for star identification.

Recently, Linial and Sasson'* have developed a nonexpansive
hashing algorithm that tolerates noise in the key. Unlike the regular
hashing, the nonexpansive functions do not increase the distance be-
tween the data items. Linial and Sasson’s solution maps the objects
that are close in the domain to close locations in the range. Thus
one can search a few locations around the mapped index (nearest
neighbor) with the given noisy key to find the actual data item. This
technique has been extended to multidimensions by Indyk et al.,'
while retrieving text and multimedia documents that match a query.

The essential property of this kind of distance-preserving hashing
function'* f;(x), where x is the key [both f;(x) and x are in the
integer form],is f,(x + 1) = f,(x) + lor f(x + 1) = fi,(x) — 1.In
addition, Linial and Sasson use dynamic turning points computed
on the fly to confine the range of the function f}, (x) to the limits of
the hash table. In the case of insertions and deletions of data items
to the dictionary, it is required to rehash the hash table if its size
exceeds the limits, in order to maintain O(1) access.

Hash Function

While adopting this nonexpansive hashing theory to the problem
of onboard star catalog access, some simplification is possible. An
imaginary unit sphere in ECI frame in Fig. 1 represents the surface
where stars are located. Point O is the center of the sphere. All N
stars in the catalog are represented by unit vectors that emanate from
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Fig. 1 Definition of the distance used as key for hashing.

the center. Because the star distribution is fairly random in nature, the
suggested pair-wise independent hashing function'* can be replaced
by a simple hash function that maps from the components (R®*) of
the unit vector to the table index (R') that preserves the distance
just mentioned. Note that only two of the three components of the
unit vector are mutually independent. The main requirement of a
hashing function is to distribute the data fairly uniform over the
given range. It shall also be numerically simple to compute so as to
gain the advantage of speed. Keeping the preceding points in view,
the y component of the star catalog is found to have more uniform
distribution compared to the other two; hence, it is selected as the
primary key for hashing.

For atypical star vector V,., r € [1, N], the key suitable for hashing
can be taken as the distance d, € [0, 2.0]. This hashing distance d,
is the projection of the given star vector V, on the y axis from an
extreme point A (0, —1, 0) on the celestial sphere. The distance thus
computed is mapped to the length M of the hash table.

d, = d(V,)=1+(V'[0,1,0]") M

P, = £ (V) =int{d(V,) % M/2} + 1 @)

where P, denotes the index to the hash table and int{x} is a function
that results a largest integer <x.

Above simple hash function f}, (V,) maps the unit vectors of stars
that are close by in the inertial sphere to the indices that are nearby
in the hash table memory. The mapping is always carried within the
limits of the hash table size. Thus, the requirement of dynamically
changing folding points'* is eliminated. However, there is a higher
probability of multiple star vectors getting mapped into the same
location as a result of the deterministic nature of the suggested hash
function. This condition is called collision and is handled by various
methods described by Knuth in Ref. 12.

Among the various collision-handling techniques, the method of
separate chaining with ordered lists'? fares well in both successful
and unsuccessful searches. The ordering of the lists is required when
multiple data items (stars in this case) map to the same index. This
condition is resolved by using another independent attribute (like
the z coordinate of the vector) to build the ordered chains or linked
lists. The disadvantage is that an additional memory is required for
the chains. This method is chosen as it gives the best performance
for access of the data. In addition, this approach provides a neat way
to insert and delete stars from the onboard catalog. This is possible
by manipulation of the pointers in the lists without the excessive
computation involved in the case of rehashing the entire table. The
data structures used for the star pattern identification as well as
hashing algorithm are described in detail as follows.

Data Structures

The data structures required onboard for star identification (refer
to Fig. 2) are as follows:

1) The reference onboard star catalog C is selected based
on the criteria of magnitude sensitivity! and uniformity of star
distribution.? The number of records in C is N. As shown in Fig. 2a,
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Fig. 2 Data structures for the fast access of star catalog.

the catalog consists of three components (direction cosines along
X, Y, z axes) of the unit vector corresponding to the J2000 epoch
and the instrument magnitude of the stars. The choice of direction
cosines of the stars over the RA and DEC coordinates marginally in-
creases the memory requirements, but speeds up the computation as
aresult of the elimination of transcendental functions that convert to
unit vectors. Note that the catalog need not be stored in any particular
order, but can have a provision to add or delete a few stars postflight.

In case of multiple stars that are close by, only the brightest star
within a circle of radius of ¢ deg is retained with a DOUBLE_STAR
flag in the star catalog. Note that ¢ depends on the resolving power
of the star tracker optics. The star images on CCD that are closer
than this separation can get mixed up, and their determined centroid
location can be inaccurate. Though the double-stars cannot be used
for precise attitude determination, they can still be made use of as
guide stars for lost-in-space identification, as the presence of bright
stars reduces the search time considerably. The proposed scheme
eliminates a possible ambiguous identification for close-by stars in
the sky, as the double-stars are filtered out from the list of identified
stars later. The value for ¢ is set as 0.2 deg in this study.

2) A hashtable is formed using a hash function f;, (V,) thatis based
on the components of the unit vector V, of the stars (r €[1...N])
in the catalog as keys. The table is shown in Fig. 2b, and its creation
is explained in the following section. This table requires an array of
length M (M > N). The ratio of N to M is called the load factor «
of the talgle (¢ =N/M). A reciprocal of the parameter « is defined
as B (B =1/a=M/N). The lower « will improve the speed of the
catalog access at the expense of memory'?; hence, « is a crucial
design parameter.

3) Ordered linked lists are built in the case of collisions of the
stars, in the ascending order of the z coordinate (z € [—1, 1]) of the
corresponding stars. These are indicated in the Fig. 2c.

The creation and access of the star catalog with the hash table are
described in the following sections.

Creation of Hash Table

A hash table (Fig. 2b) facilitates a fast access to the onboard star
catalog data by the components of a given unit vector V,. This is
created as follows:

1) Initialize all entries of an integer array called a hash table of
size M (M = N/a) to zero. A zero in any location indicates the
absence of a star with the given coordinates in the catalog.

2) For each catalog star V,, [r=1...N], compute an index
P, (1 <P. <M) by the hash function f;,(V,) using Eq. (2) and
carry out steps 3, 4, and 5.

3) If the entry in the hash table at the index P, contains a zero,
then r is inserted in to the table because this is the first star in that
location.

4) If the entry in the hash table at this index contains a positive
number, already another star is present in this location indicating a
collision of the stars. A linked list is then formed with the previous
star by inserting the given star in the ascending order of z coordinate.
The index of the first node in the list (say, pth record in the chain
table) represented by a negative number (— p) is stored in the hash
table.

5) If the entry in the hash table contains a negative number, the
star is appended in the appropriate node in the list that is already
created.

The order in the linked lists reduces the search time. Though
a double linked list provides even better access time, the present
implementation is restricted to a single linked list.

Figure 2 shows the arrangement of data structures for the fast
access of the star catalog. The star catalog consists of [1...N]
rows of unit vector [x y z] of stars and their IM. This is shown in
Fig. 2a. Figure 2b depicts the structure of a hash table. This con-
sists of a table of [1...M] entries that act as pointers (indicated
by arrows) to either to the rows of the catalog or to the directed
chains. The index to this table is obtained by the hash function
fn(V,) defined in Eq. (2). The pointers with positive numbers (i, k,
etc.) represent the “singles” that point directly to a star in the cat-
alog. The absence of a star in the given direction V, is marked by
a zero in the corresponding row of the hash table. The negative
numbers (—p, —g, etc.) indicate “collisions,” and these point to
separate ordered chains. Here p and g refer to the record numbers
in the separate table allocated for the chains. Figure 2¢ represents
the structure of the ordered chains. These contain a data field (like
J) that points to another star in the catalog and a pointer field that
points to the next node in the chain. The ground symbol indicates
a null in the pointer field of a node or the end of the respective
chain.

Note that the hash table and the linked lists are not precomputed,
but are dynamically created onboard either during startup of the
spacecraft computer or initiated by a ground command. Similarly,
when stars are inserted or deleted into the onboard star catalog,
the entries to the hash table and the corresponding linked lists are
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also updated. This feature allows the postflight maintenance of the
onboard star catalog.

Access of Hash Table

A set Cpeignbor can be defined as the row numbers of those stars in
the onboard catalog, which lie within a cone defined by a principle
axis aligned to the given vector V, and a half-cone uncertainty an-
gle of € given in radians from the axis. Note that € depends on the
uncertainty in attitude determination of the platform. The hash table
can be accessed to obtain the set Cpeighvor and to find a star within
the set that is closest to the center of the cone. Refer to Fig. 1 for
the graphic representation of some of the terms. The hash table is
accessed as follows:

1) Make Ceighvor empty. Generate the higher and lower bound of
the index (Pyign and P,y ) for the given vector V, =[V,, V,, V.17
and uncertainty € using the hashing function P, = f,(V,) as given
here:

tiep = 28in(€/2) 3)

6 = sin~' (Vyy) “)

6, = min[(6 +¢€), /2] 5)
6= max[(0 —€), —7/2] (6)
Vyy = sin(6,) N

Viy = sin(6)) ®)
Va=[Va Viy Vul® ©)
Va=[Va Viy Vul' (10)
Prigh = [ (Vi) (11

Piow = fn (V) (12)

Note that #.,, in Eq. (3) denotes the maximum separation from V.,
to the star vectors that are included in the required cone (refer to
Fig. 1). The 0 in Eq. (4) denotes the polar angle of the vector V,.
Though the entities in Egs. (9) and (10) are not unit vectors because
of perturbation of the y component, it will not affect the computation
of index because Eq. (2) depends only on single component of the
vector.

2) Because of the specified uncertainty cone around the given
vector V,, the neighborhood of P, in the memory, that is, hash table
locations [Ploy -+ Phign] might have to be searched. Note that this
span of the neighborhood changes with €, which varies with the star
tracker direction measurement noise. If € is small, the span can be
approximated by [ P, & k], where k can be a constant. Repeat steps
3,4, and 5 in this neighborhood.

3) If the location in the hash table contains a zero, no star is present
with the given key; hence, the next location is searched.

4) If the location contains a positive number ¢, then it is likely
to be a star V, whose hashing distance d(V,) as per Eq. (1) is
approximately the same as that of the vector V,. The nearness of
the gth star to the given reference direction is ascertained by the
computation of the square of the Euclidean distance d(V,, V,)%:

d(Vy, V) =V, =V, |? 13)

Ifd(V,, V,)? < (tep)?, then it is included in the set of neighbor stars
Cheighbor- Note that the preceding step is critical.

5) If the location in the hash table contains a negative number,
then it is the index of the first node in the linked list. The list is
searched linearly for neighbor stars, finding square of the distance
with each of the stars in these nodes to the reference vector V.. This
linear search can be restricted by the z coordinate of V, or various
other techniques given in Ref. 16.

6) If the set Cpcignvor 1S NOt empty, the set of neighbor stars to
the given direction V., is returned along with the star catalog record
number R that corresponds to the nearest neighbor Uy with the

smallest distance square d(Ug, V,)? among the set Cheighbor- Oth-
erwise, a flag is returned to indicate that no star is present in the
catalog in the given direction V, within the uncertainty angle of €.

This completes the description of creation and access of the hash
table for the fast access of the star catalog.

Binary Search

The traditional binary search locates any item that exactly matches
the key in an ordered data set of N items typically in log, N steps.
However, because the given key V, might not exactly correspond
to the catalog data from the measurement noise and computation
errors, the search is to be extended to a specified uncertainty with a
half-cone angle €. The following additional steps are necessary in
order to find the actual stars that may fall into the cone. Refer to
Ref. 11 for more details.

1) The onboard catalog C is sorted in the ascending order of the
key. Any one component of the unit vector (say, z coordinate) of the
stars can be chosen as the key.

2) Make Cieighbor €mpty. Find the higher and lower bound
(Bhigh and B,,) record of the catalog with the given key
Vi=[Vx Vy V1" and uncertainty angle € as follows:

tiep = 28in(€/2) (14)

¢ = sin”" (V) 1s)

¢, = min[(¢ +€), 7/2] (16)
¢ = max[(¢ — €), —7/2] a7
Ve = sin(y) (18)

Vi, = sin(¢y) (19)

Byigh =bin{V,,} (20)

Biow =bin{V},} 2D

where bin{z} denotes the star catalog number returned by binary
search (Ref. 11, pp. 167-170) that closely matches the given key z
among its N records. Note that ¢ in Eq. (15) denotes the elevation
angle of the vector V, from the x—y plane.

3) Search each of the stars V, linearly in the range of star cat-
alog records, where (Biow < ¢ < Bhig). Include star g in the set of
neighbor stars Creighbor Only if d(Vy, V,)? < (fsep)*

4) If the set Cyeighvor is not empty, find the nearest neighbor R
and return it along with the obtained set. Otherwise, return a flag
indicating the absence of star in the specified direction.

Numerical Simulation

The performance of the proposed technique is verified along with
the conventional binary search method using a numerical simulation.
For the simulation of new algorithm, the following data structures
are used: 1) an onboard star catalog C that consists of 1613 stars
up to 5.0 VM drawn from the SKYMAP'” catalog (N = 1613);2) a
hash table with different table load factors « varying from 1.0 to
0.2; and 3) ordered linked lists in the case of collisions of stars. To
meet the requirement of binary search, the catalog is sorted in the
ascending order of the z coordinate of the stars.

To simulate a query encountered in the star identification process,
astar vector is picked randomly from the onboard catalog and a zero-
mean Gaussian noise of 0.04-deg standard deviation is added in a
perpendicular plane. The corrupted vector is normalized, and a query
is made to both the new algorithm and the binary search method
to find any star that is present in C in the given direction within
an uncertainty half-cone angle €. Note that € is another important
design parameter (apart from «), which is frozen in this simulation
test to a direction measurement noise of 0.04 deg (i.e., two pixels of
star tracker) (1o0'). This typically returns 68.27% successful searches.
Note that the maximum limit on € is 0.1 deg, as the chosen catalog is
void of stars that are closer than 0.2 deg. For a larger €, care can be
taken as the returned nearest neighbor might not always correspond
to the simulated star.
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There are three possible answers for a query, namely, match,
mismatch, or nomatch. If the returned catalog number matches that
of the original star, then the query is successful (match) and if it does
not match then it is a mismatch or a failure. If the query indicates
that no star is present within the given error radius, then it is a
nomatch. The performance of both the methods is logged by the
number of accesses made to the onboard star catalog before a query
is answered along with the CPU’s time taken for the query. The
mean, the 3o limits, and the maximum value per query for both the
catalog accesses as well as the process time are logged for all of the
runs. The preceding statistics are obtained with the program run for
10,000 random star vectors and by changing the seed of the random
number generator for each run, 20 times. The timing is recorded on a
personal computer based on a AMD-K6-2 processor with 475-MHz
clock speed. The program is compiled in gcc compiler ver. 3.2 with
optimization level set at two and run on the Linux operating system
(RedHat distribution ver. 8.0). The results of the simulation carried
out are given in the next section.

Results

Table 1 gives the analysis of the memory requirements of the
given algorithm with varying B, that is, the reciprocal of the table
load factor . The “singles” column indicates the entry of a single
unambiguous star in the hash table. The number of times two or more
stars are mapped to the same location in the hashing table is indicated
in the column “no. of collisions.” The “Max. collisions” column
indicates the maximum number of such collisions that have occurred
with the chosen hashing function. The column “Empty” represents
the memory locations containing zero, indicating the absence of the
stars in that area of the sky. The last column gives the total memory
size given in 16-bit integer words. The first subcolumn under the
last column indicates the memory locations M occupied by the hash
table, second and third subcolumns show the memory for ordered
chains and the star catalog respectively, and the last subcolumn gives
their total. It can be seen from this table that the collisions of stars
have progressively reduced with increasing S, but at the expense of
the total memory size of the hash and chain tables. However, there
is no reduction in the maximum number of collisions after § > 3.

Table 2 gives the performance comparison of the traditional bi-
nary search along with the new hash search technique with the vary-

Table 1 Analysis of the memory requirement

Memory size in 16-bit words

No. of Max.
B Singles collisions collisions Empty Hash Chains Catalog Total
1 581 414 5 618 1,613 2,064 10485 14,162
2 972 297 5 1,957 3,226 1,282 10,485 14,993
3 1,146 222 3 3,471 4,839 934 10485 16,258
4 1,263 167 3 5,022 6,452 700 10485 17,637
5 1,304 149 4 6,612 8,065 618 10,485 19,168
Table 2 Performance comparison of search methods
Binary New hash search g
Parameter search 1 2 3 4 5
No. of catalog accesses for match
Mean 24.39 2.80 2.34 2.17 2.09 2.04
30 0.14 0.16 0.14 0.13 0.13 0.13

Maximum 3000 700 700 700 600 600

No. of catalog accesses for nomatch
Mean 23.89 2.74 2.31 2.12 2.03 1.98
30 0.25 0.20 0.16 0.20 0.16 0.15
Maximum 29.00 7.00 8.00 6.00 7.00 6.00

Process time for match, s

Mean 3.77 2.08 2.03 2.02 2.01 2.02

30 0.04 0.03 0.03 0.02 0.03 0.02

Maximum 5.50 3.50 3.50 3.50 3.50 3.00
Process time for nomatch, s

Mean 3.68 2.03 1.97 1.95 1.95 1.95

30 0.06 0.05 0.04 0.03 0.04 0.04

Maximum 5.00 3.00 3.00 3.50 3.00 3.00

ing parameter 8. The number of records accessed in C for each query
answered is indicated separately for both matches and nomatches.
Note that mismatches were not observed in any of the runs; hence,
the entries for this response are deleted from the table.

From the results in Table 2, it is evident that the proposed hash
search performs better than the binary search technique, to access
the onboard star catalog. For g =1, the mean number of catalog
accesses is only 2.8, whereas it is 24.4 trials for the binary search.
Even the maximum trials of seven for the new algorithm is con-
siderably less than the 30 of the binary search method. For both of
the methods, the number of accesses made and the process time for
each query is approximately the same irrespective of whether the
outcome is a match or a nomatch. In absolute terms, the process
time taken for the new method is 2.1 us only, whereas the binary
search consumes 3.8 us per query. In spite of the overhead associ-
ated with the hash table, the new method is at least 40% faster than
the conventional binary search technique for all values of g.

The reason for the improvement in the performance by using
a hash search is as follows. Searching for a random catalog en-
try of N records, there is only a (1/N) probability of finding
that star in a single trial in a binary search. A hash table (for the
case of B =3, N =1613) improves that probability to around 0.71
(1146/1613), as seen from the unambiguous stars present in the
“singles” column of Table 1. This situation changes with the oc-
currence of collisions, but even then the proposed hash search has
a better chance of achieving the minimum number of catalog ac-
cesses compared to the binary search that halves the search range
successively (N /2, N/4, ..., and so on) and iterates log, N times.

There is a tradeoff between access time and memory with the
hash table load factor «. The performance improves with a higher
B and seems to be optimal for a setting of § = 3, that is, with a hash
table three times the catalog size N. In this condition, the mean
catalog access reduces to 2.2 steps and mean process time to 2.0 us
for a query for the new hash method. Further increase in 8 does not
give proportional reduction either in the number of catalog accesses
or in the process time, but the total memory size of the hash table
increases linearly as seen in Table 1, and therefore such an increase
in B is not recommended.

The new algorithm has a modest memory requirement as given
in Table 1. Assuming four bytes for a float, each record in the star
catalog requires 12 bytes for three components of direction and one
byte for IM. For N records, this works out to 13N bytes or 6.5N
words (16 bit) of memory. Assuming N < 32,768, each entry in
the hash table requires one word or two bytes. With the catalog C
chosen (N =1613) and B =3 as set in this experiment, the hash
table requires 4839 words or 6N bytes. The chains require another
934 words or 1.2N bytes of memory. The total memory requirement
is 16,258 words (32,516 bytes) or 20.2N bytes, which is linearly
proportional to the catalog size N.

Our hash search method provides a star catalog access of the
constant order O(~ 1) of 2.2 trials, which is independent of catalog
size N. However, there is a further scope of improvement in the
catalog access by the use of two or more hashing functions instead
of one.!® It is possible to extend the idea of this paper to form
two hash tables, one with the y component and another with the
x component of star catalog as their respective primary keys. The
neighbor star set for any given direction can easily be obtained
by finding the intersection of the sets of stars returned by both hash
tables. This might be useful to predict the stars that might be required
to be tracked and processed in the next exposure. Another practical
application of the hash table in the star pattern identification in lost-
in-space conditions is described in another paper.'®

Conclusions

In this paper, a star catalog that consists of a linear table of the
Cartesian components of unit vector and instrument magnitude of
the selected stars is proposed. Multiple stars are eliminated in the
catalog within a 0.2-deg spacing from a bright star that is retained
with an appropriate flag. A hash table for the fast access of the star
catalog is defined. This table is formed with a locality preserving
hashing function that converts the direction (the y component of
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the unit vector) of a star into the corresponding location in a hash
table. The condition of multiple stars mapping to the same location
is resolved by the formation of ordered chains by using another
attribute of the star, like the z component of the unit vector. With
the new method, a query for the presence of a star in the onboard
star catalog can be answered with a search in the hash table around
the index obtained from the observed direction, when the inertial-
to-body attitude of the spacecraft is known. The method accounts
for the noise in the measurement or computation and also facilitates
the postflight maintenance of the star catalog and the associated data
structures.

In this method, a hash table of 5773-word (16-bit) size is required
for a star catalog containing 1613 stars (10,485 words). The memory
requirement of the method is linearly proportional to the onboard
star catalog size. There are no mismatches found when this algorithm
is subjected to a test with 10,000 random vectors corrupted with a
Gaussian noise of 0.04-deg standard deviation. The average number
of catalog accesses and process time required for both successful
and unsuccessful queries are reduced to 2.2 and 2.0 us, respectively,
as compared to the 24 and 3.8 us that are required for a binary
search. This technique can be a part of a tool set in the star pattern
identification that can be accomplished without the restrictions of
the star tracker’s field of view or to predict the stars that can be
tracked and processed in the next frame of exposure of the star
tracker during the on-orbit operation.
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