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What is the ROSIA

a rotation-search-based approach for addressing
the star identification (Star-ID) problem, The
proposed algorithm, ROSIA, is a heuristics-free
algorithm that seeks the optimal rotation that
maximally aligns the input and catalog stars in

their respective coordinates.
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Previous Star-ID algorithms

Subgraph-lsomorphism-Based Methods (F&E[E1) :

Subgraph-isomorphism

Query graph
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The subgraph isomorphism method
typically employs a bottom-up approach
for subgraph matching, and its drawback
Is the requirement for a large static
memory to store the star catalog.




Previous Star-ID algorithms

Pattern-Recognition-Based Methods (FRTVIRAIE)

The pattern-recognition-based methods (middle) first generate a query pattern with the input
scene upon preprocessing heuristics, which rely on a subset of the stars (indicated by blue
cells). Then, the query pattern is used to query the database, and the closest match is

returne d . Pattern-recognition

, Onboard
Input Query catalog
scene pattern
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The derivations and effectiveness
of the objective and upper bound
functions of ROSIA

1. Wahba's Problem: Wahba’'s problem seeks to find the 3-D rotation that
relates two reference frames from a set of corresponding vectors

N
> " IRs; — ¢l
i=1

S; : a detected star (unit) vector in the input star
C; : its corresponding catalog star in the inertial frame
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

Wahba’'s problem is the goal of the attitude estimation module in a star
tracker system

Slar image Catalog Attitide
1|r Visual magmitude l {Iﬂrrgspnmjm T
Star detection "|  Staridentification ertiak-vectors : —
and centioiding | Body-vectors | (StarID) Attitude estimation

Fig. 1. Established attitude determination pipeline of a star tracker.
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

2. Correspondence-Free Rotation-Only Point Cloud Registration (FcX R jiEss =
= BeE) :is the general form of Wahba's problem, where the correspondences

are unknown. N
Ocuc(R) = rgmx L[| Rs; — E_,r'” < €] (2)

Qouc(R) : This symbol represents the Euclidean distance metric.

1:is an indicator function that returns 1 if the internal relation is true and 0.
The max operation : is in place to ensure one query star si only contributes at most
one vote to the overall objective.
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The derivations and effectiveness

of the objective and upper bound
functions of RyOSIA

Qang{R) — 1mﬂ}fw LZ(Rs;, Ej) < o] (3)
i=1 =J=

Qang(R): This symbol represents the angular distance metric.

Associating with the maximum Qang is also the largest catalog subset, where the
identity of each detected stars can be expressed as

M*= {{i[~ j}liv=1| Z?’=1 maxi<j<sm | 2(R*S;, Cj)SaEJ vi}

*M*: This represents the set M*, which stores the index pairs of point pairs that satisfy the
conditions.

«{i [=] j}IN: This represents the set of index pairs (i [~] j) of point pairs

the goal of this equation is to find the index pairs of point pairs that satisfy the
conditions,.These index pairs can be used to represent the correspondence between detected
matching point pairs during the registration process.
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

Qang(R) — — IIEI}E}_:}E‘HLZ(RSE, Ej) < o] (3)

To solve (3) with BnB, we need an upper bound function to evaluate whether a
subdomain in the rotation space should be further explored (branched).




0.IRTR (FTER%)

I \ \
I \ \ \
x2=0 x2=1 x2=0 x2=0
1 - \ \
I “\ \ \
/ \ \ \
/ J_ J'
v }
I I
\ \
\ \
x1=0

x1=0
L)

\

L1
\I \
* v
m

| UNIVERSIDADE DE MACAU

UNIVERSITY OF MACAU




The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

3. Rotation Space Parameterization (jek=[E)&%&{k) : We
parameterize the rotation matrix with the axis-angle
Representation. One major component of BnB is the branching
of the search space.

This paragraph provides a detailed explanation of
parameterizing the rotation matrix using the axis-angle
representation and dividing the search space into eight
subcubes encompassed by a bounding cube. This
parameterization method and the branching operation are
beneficial for conducting efficient searches in the rotation
space.
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

4. Previous Results: A crucial practical advantage of the axis-angle (3#f)
representation is captured in the following inequality:

Z(Rus, Res) <[[u—r | (4)

The significance of the inequality above is that the angular distance between two
rotated vectors Rus and Rrs is upper bounded by the Euclidean distance of u andr.
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

the fact that the distance of any points in the cube to the center of the cube u is
shorter than az (by construction), we state the result as follows:

Z(Rys, Rrs) < max|u —r||
rel
= Jlu—v| =ap ()

where v is one of the vertices of the cube.
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

(6) is the upper bound of (3)
l<j<M

N
OueB) =Y max | Z(Rys;, ¢;)) <o +az]. (6)
=1

Formula (6) provides a stricter constraint on the number of matching items. It
combines the angle constraint from formula (3) with the Euclidean distance
constraint from formula (5).
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The derivations and effectiveness

of the objective and upper bound
functions of ROSIA

9. Objective and Upper Bound Functions of ROSIA:

We found that the upper bound in (6) is too conservative for the Star-ID problem.
Consequently, a vast majority of the search space is visited, resulting in slow
convergence. Consequently, it is easy to find a match when each star in the query

scene s; is allowed to move within the domain uncertainty aB individually. (42
EHEEAHEMRNEE)

Mathematically, the pattern change violates the angular distance preserving
property of a rotation.
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The derivations and effectiveness
of the objective and upper bound
functlons of ROSIA
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Specifically, the angular distance between c4, ¢5 is significantly
smaller than 2(s1,s2 ). Based on this key observation, we anchor each
query star s; with its neighboring stars and formulate the upper bound
of ROSIA as

N
QRDSM(B‘) = Z max (L/—/(Rusx c_;) = O +HBJ

l<=j=<

i=1

K & &
[Tu6" - 61 < 20.1) )
k

6(‘) go,g) represents the constraint that the absolute dlfference

between the angles 6" (ZiM&HEMNHREEMNAIEES) and (pk




The derivations and effectiveness
of the objective and upper bound
functions of ROSIA

(0.7 16" = L(si,se), k # i)y (8)

The angular distances between the ith query star and its N-1 neighboring stars are
calculated and sorted in ascending order (ZHES5HEN-IS3EIZFIFHES, B PNIH =T
ZHHHIE)

(d) | ¢ = Z(cj, e0), k # jPL 9)

the equivalent set for the jth catalog star
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The derivations and effectiveness
of the objective and upper bound
functions of ROSIA

Since BnB requires the objective and bounding functions to have a converging property (i
&) , i.e., objective function=upper bound function when the domain collapses to a singleton
(aB = 0), we incorporate the same constraint to (3) and formulate the objective function as:
N
Orosia(R) := Z max (LL{RS,—, ¢;) <]

l<j<M
i=1

K
[Tue” -1 <2a1) . (10
k

QROSIA(R) represents the value of an objective function used to evaluate the quality of the
match between the query stars and the catalog stars.
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The derivations and effectiveness
of the objective and upper bound
functions of ROSIA

The effect of the triple constraint is illustrated in Fig. 4 (right column)
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The effect of the triple constraint is illustrated in Fig. 4
(right column). The top-right figure depicts a match between
s; and ¢; given B’, where two nearest stars of ¢, ¢z, and ¢g
form a similar pattern with the rotated query stars R’ s,

R, s>, and R s3. More specifically, Eﬁ'l“} and &g” match with

i” and qf:é” (up to 2a.), respectively. The tightness of

QRDSIA is signified in the bottom right figure, where Rs,
(1)

-
i

+ 1
and ¢4 are not considered as a match because 6‘5‘ ' >> ¢
Trivially, the added constraining term makes Qrosia < Qung



The derivations and effectiveness
of the objective and upper bound

functions of ROSIA

TABLE 1

Comparing Average BnB Iterations and Runtime for (Qapg,

Qung) Against (Orosia. Orosia)

Objective and Average Average
upper bound functions  iteration counts  runtime (8)

Qang« aang ~ 99000 ~ 6.52
Qrosia: @rosia ~ 660 ~ 0.016

SUELIENY
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As a result, the quality of each subdomain is
reflected more precisely with our proposed
upper bound QROSIA, which leads to much
fewer search iterations.

We observed a ~ 400x speed gain compared
to Qang and Qang.




ROSIA

Algorithm 1: ROSIA : Rotation-Search-Based Star-
ID Algorithm.

Require: Scene stars {s;, uf"'}‘:"r:l, onboard catalog

7y LU LM, . o p
{¢;, Ve ¢, P, ].J-=1, angular uncertainty «,, and
magnitude uncertainty €,,.

l:

Extracts triplet features {6", 65"}, from the
input scene stars.

: Extracts N subcatalogs {C“’]?;l.
: Stereographically projects and indexes

subcatalogs into N circular R-trees.

: Initializes g < empty priority queue, B < cube

of side 2, 0" < 0, R* < (.

- Inserts B with priority Ogosia(B) into g.
: while ¢ is not empty do

Obtain the highest priority cube B from g.
IF Qgosia (B) = OF, terminate.

R, < center rotation of B.

IF Ogosia(Ry) > O, R* <~ R,

0" < Qrosia(Ry).

Subdivides B into 8 cubes {]Ed}LI.

For each B, IF Qgposia(By) > QF, insert B,
into g with priority Ogrosia(Ba)-

- end while
: return M* and R*.
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ROSIA

Strategy 1—Extraction of Subcatalogs (iZmFEF) :
In detail, for each query scene, ROSIA first computes and ascendingly sorts all (f,) angular

distances from the body-vectors{si}’i":1 (&zwEmE) .Then, the first two angular distances of
each query star{Bgl), Bg)} (the triplet feature henceforth) are extracted. The same process is

also applied to the catalog stars (extraction of {cbgj), q)gj)}) during the onboard catalog

construction.
Extraction of triplet features
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ROSIA

Then, for each query star s;, its corresponding subcatalog is defined as:

Ci = {(¢;. {& Yier- v ) | 16 — 6] < 20, and

v — v <€, j=1...M) (11)

C;: Represents the subdirectory corresponding to the query star s;, which is a set.
¢; : Represents a star in the catalog, i.e., a catalog star.

vc(j): Represents the visual magnitude of the catalog star ¢;, indicating the brightness
information of the catalog star. (M2, ®RrEREN=EEL)

vs(i) : Represents the visual magnitude of the query star s;, indicating the brightness
information of the query star.
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ROSIA

Functions Qros;4 and Qrosia given N subcatalogs {C;}}_,can be expressed as:

N
Orosia_sub(R) 1= ; ax ([Z(Rs;, ¢;) <a.]) (12)
and
N
Orosia_sub (1) 1= max {Li{Ruﬁn ¢j) = e + EEEJ)

— 1=j=|C|

=

(13)
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ROSIA

Strategy 2—R-Tree Search : (&% fr-treef¥ &)

We elaborate two key ingredients that are needed to cast the O(N Msub )
catalog star query into a O(N log Msub ) tree search problem here: 1)
stereographic projection and 2) the R-tree indexation scheme.

Stereographic Projection to Avoid Dimension Redundancy:

We highlight that evaluating Qros/a su»r @nd Qrosia sup in the 3-D vector space

Is Inefficient. we leverage stereographic projection to map spherical patches
onto a 2-D plane, which in turn reduces the dimensionality of Qrpsi4 sup @and

Qrosia sup from three to two.
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ROSIA

Spherical Patches (xkm®}F) : Formally, a spherical patch defined by a 3-D unit vector x and an
angular uncertainty a can be expressed as

Su(X) =y | £(y,X) =, [yl = L, lIx[[ =1} . (14)

There are two types of spherical patches in evaluating Qrosia su» @and Qrosia sup - We denote
the patch defined by a catalog star ¢; and its measurement angular uncertainty atas S,,_(c; ),
and S, (s; ), represents the patch defined by a query star s; and the domain angular
uncertainty of each cube az. Both patches are illustrated in Fig. 5.
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ROSIA

3-D Intersection: Geometrically, evaluating Qrosia sup IS €quivalent to determining if Ry,
(a 3-D point) lies within catalog patch S, _(c; ),(a spherical patch). Fig. 5 illustrates an

example. Formally, it can be expressed as
|Rs; € Sq,(cj)] - (15)

On the other hand, evaluating Qrosia sup iS equivalent to determining if a query patch
Sa5(S; ), intersects with a catalog patch S, _(c; ), as depicted in Fig. 5

[Ses (Rusi) NSy, (¢;) # V] . (16)
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ROSIA

Stereographic Projection is Conformal, which preserves circles and circle
Intersections. Therefore, the circular outlines of spherical patches are projected
as circles, and the intersection tasks above [(15) and (16)] can be cast into 2-D
Intersection tasks, which can be solved efficiently

We describe in the following, all three possible projection outcomes of spherical
patches on the 2-D projection plane: interior circles, exterior circles, and half-
planes. (A%E. SMBE. £F@)
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ROSIA

3-D Point to 2-D Point: We first detail the projection of a 3-D unit vector (e.g., a
query star) onto the XY -plane Q. Let [¢ € [0, 1], 8 € [0, 2mt]] represent the
spherical coordinates of a point on the unit sphere, its stereographic projection
onto Q with N = [0, 0, 1] as the projection point can be expressed as

B sin(0) |
p_cnt(—) cos(f) | ()

2| S

“‘DAMDQ, e o
N T - -
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ROSIA

Spherical Patch to Interior Circle Patch: When the projection point is not part of
the spherical patch, the surface is projected to the interior of a circle patch, as
visualized in Fig. 6 (left). Consistent with the notation above, let [, 8] be the star
coordinates and a be its angular uncertainty; the 2-D center point of the projected

circle on x is defined as (Mg &)
cot(%) + cot(F) | sin(8)

r = 18
P 2 cos(f) (18)

where @;:= @ + a and ¢; := @ — a are the upper and lower bounds of the
inclination angles({fiff) Meanwhile, the radius of the circle is

cot(£2:) — cot(4
L “12 &l )
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ROSIA

N

cot(%) + cot(Z) | sin(@
p,f;: 2 2 2 [Sln( ]} (18)

cos(f)

v t( 2y — cot( &
rlec':'[z] cntz)l_ (19)
2
X

\‘,Anf,,(4’ e o
N =HEC 9 RN 2
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ROSIA

Spherical Patch to Exterior Circle Patch: When the projection point is contained
within the spherical patch, the surface is projected to the exterior of a circle patch,
as visualized in Fig. 6 (middle). The circle is also defined by (18) and (19), as we

can see in Fig. 7 (middle).
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ROSIA

Spherical Patch to Half-Plane: When the projection point touches the edge of the
spherical patch, i.e., ¢l = 0, the surface is projected to a half-plane [Fig. 6 (right)]
since the projection of the projection point is at infinity [see (17)].
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ROSIA

The half-plane is defined as

BIp—d =0 if ¢ <7

pip—d<0if ¢,>m (20)

where p is any arbitrary point on Q ,ph is the direction of ph, i.e., the projection of the
furthest point on the patch from the north pole.
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ROSIA

2-D Intersection: Owing to the intersection preservation property, evaluating an
instance of Qrpsra sup IS equivalent to checking if the (projected) query star (point)

lies within a catalog star patch upon projection.(i:+&QROSIA_subfy S EIE M FH & (R M)
FHE(R)ERENZEEE—TEREN TR EEERES, pcED)

TABLE II
Possible Point-Patch Intersection Queries on £2

Point-Patch-intersection Query equations

point and interior circle P —p.|| < 7]
point and exterior circle Lip" —p.l| = 7]

point and half-plane pip —d=0] if @, <
[ppp —d<0] if pp =

SR A B
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ROSIA

On the other hand, evaluating an instance of Qrps/4 su» IS €quivalent to checking if

the query star patch intersects with a catalog star patch (3i+ZQROSIA_subfy Sz
TRESHERHTEES5 BRERATHRI)

TABLE III
Possible Patch-Patch Intersection Queries on £2

Patch-Patch-intersection Query equations

interior circle and interior circle Pl —p.l| <7l + 7]
interior circle and exterior circle  |||pl — p.|| = vl + 7]
interior circle and half-plane p/p. — (d+r.)>0],
if wp < m;
~ T __f o {d:_l__r."?] {.: UJ
|.p,h P c 1
if Ph = T
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ROSIA

Circular R-Tree: Considering only the interior circles of catalog stars, evaluating
Qrosia_su» @aNd Qrosia sup translate to solving point-circle and patch-circle intersections,

respectively. The interior circles can be structured geometrically in hierarchical
order, as visualized in Fig. 3

Indexation of Sub-catalogs
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ROSIA

Matchlists: The search effort can be further improved by reducing N. Given any
cube B, the intersection set between the query scene stars S : {s;})_,and their

corresponding subcatalog CWis

I={seS|3ceC” [Z(Rys, ¢) <a+as]}. (21

The set | is coined as the matchlist of B by Breuel . By construction, the matchlist
of a subcube B’ c B, is always a subset of |, i.e., I' c |.
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ROSIA

Computational Complexity: Table IV summarizes the computational cost of the
main components in ROSIA. There are two main steps in the triplet feature
extraction process(X&iamE & 2 2% 7T ROSIAE A & T BEH AT E R A)

1) the computation of (2)angular distances, and

2) sorting N angular distances for N query stars which take O(N log N) effort.

TABLE IV
Computational Complexity of ROSIA

Component Complexity

Extraction of Triplet features O(N? + N log N)

Extraction of Sub-catalogs O(N log M)
Stereographic projection O(NM_ 1)
Circular R-tree building O(NM..)
QHDSIA_HM! evaluation E‘}(‘MH“?; log ‘ﬂl"‘rﬁuh)

Qrosia_sup evaluation O(Navg log My, )

UNIVERSIDADE DE MACAU
UNIVERSITY OF MACAU




EXPERIMENTS

We evaluated ROSIA with both simulated and real data in this section. We first
conducted controlled experiments using simulated data to analyze the
performance of ROSIA against different noise sources thoroughly. In addition, we
compared ROSIA with the state-of-the-art MPA [18]. To enhance the performance
of MPA, we incorporated the visual magnitude information, as described in [40].
We report the identification rate, the rate of no-result, and the false positive rate
for both algorithms. In addition, we also report the average runtime and memory

consumption of ROSIA to showcase its feasibility.
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Simulated Data Experiments

 We generated our input data with the scripts released by the organizers of the European
Space Agency (ESA) Star Trackers: First contact competition.The HIPPARCOS catalog is

utilized in the data generation.

« ROSIA and MPA share two hyperparameters: 1) the angular distance deviation threshold

a,. and 2) the magnitude deviation thresholdé ¢,.

 The ROSIA and MPA algorithms were evaluated under three sets of common

hyperparameters, namely S1, S2, and S3.

S1 = {«,=0.0205°, ¢, =0.45},52 = {a,.= 0.0275°, €, =0.6}, S3 = {a, =0.0275°, ¢, =1.2}

oA (051,1’; :);T% Jaq ol %{
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Simulated Data Experiments

/"w“w aE 0'_'**\3;\\ = **\_ﬁ\kﬁwx Performance of ROSIA (in blue) and
Eamas t m " "7 MPA (in red) against different sources of
gy | P 2 "~ noise. Top row: ID rate. Middle row: No-
e 8w e Commeey o result rate. Bottom row: False positive
X " rate. S1, S2, and S3 denote three
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N e — P R i T A = — o~
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Simulated Data Experiments
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Average runtime of ROSIA. Note the log scale of the y-axis. Consistent notations with Fig. 8.
The subscripts “Intel-i5,” “Raps-A72,” and “Nv-Carmel” differentiates the processor types used

in our experiments.
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Simulated Data Experiments
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Memory requirement of ROSIA and MPA for the onboard catalog against different camera FOVs

and visual magnitude thresholds.
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Real Data Experiments

Details of the Real Star Images and Runtime Results

Runtime (ms)

Constellation input Angle
count  deviation(o) 15 AT2 Carmel
Coma Berenices 19 0.01 0.6 50.6 18.3
Carina 23 0.008 [1.6 101.8 37.1
Ursa Major 18 0.06 15.5 1249 44.2
Centaurus 30 0.04 57.3 826 279
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Real Data Experiments
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Thank You!
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