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In this paper a multiple-model adaptive estimation approach is presented for star iden-
tification using only measurement data from two stars within the spacecraft sensor field-of-
view. Star identification algorithms typically require four or more stars in the field-of-view
to make the data association with known cataloged values robustly. When the minimum
number of stars condition is not met, these algorithms are unable to converge to a solu-
tion. Sensors with a narrow field-of-view or observing a sparsely populated target region
both complicate the star identification process with the current algorithms. This paper
demonstrates the feasibility of a multiple-model adaptive estimation approach for robust
star identification based on image measurements from two stars in the field-of-view. The
concept utilizes successive observations of the same two stars and their inter-star angle
along with an understanding of the sensor noise statistics. The measurements are com-
pared to a set of candidate cataloged star pairs to create a residual which updates likelihood
estimates for each possible star pair. Simulation results show robust convergence of the
likelihood estimates to the true star pair when the measurements are corrupted with Gaus-
sian noise. The compact and computationally efficient implementation is well suited for
onboard spacecraft operation.

I. Introduction

As the barrier to access space lowers, decreasing the complexity and cost of spacecraft navigation packages
becomes more significant. Star trackers [1] have been historically made up a large percentage of the cost
of a navigation sensor package. More economical star trackers or cameras possess a smaller field-of-view
(FOV) which restricts the number of stars observable at any time. As noted in Ref. [2], often spacecraft
are already equipped with science cameras which generally have a small FOV which could be used for star
identification. Reference [2] presents an approach to address smaller FOVs by increasing the number of stars
in the catalog to include dimmer stars, therefore increasing the observed stars in the FOV. This increases
the size of the onboard catalog and the computational cost of the associated algorithms. Many of the star
pattern recognition techniques mentioned in Ref. [3] require at least three stars for convergent identification
with respect to an onboard star catalog. Therefore, if an inadequate number of stars is present in the FOV,
the current algorithms can provide no identification solution. Limited fuel and energy resources on spacecraft
often restrict the ability to reposition the spacecraft’s FOV toward more populated star fields. By accepting
less stringent star requirements, the probability of finding an attitude solution across different operating
conditions increases.

Current methods to address observed star identification have evolved significantly over time. All methods
attempt to match the observed star field with known characteristics of the star catalog. The size and
complexity of star catalogs have also increased as more stars have been cataloged as well as more star
attributes logged. Along with star inertial vectors, inter-star angles are recorded. The inter-star angle is the
angle formed by the line-of-sight vectors between two stars. The “angle” method is leveraged in this work.
The angle inference from two-star measurements can be shown to be attitude independent; therefore, there is
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no need for the spacecraft to be slewing during observation for the proposed method. The only requirement
is that the stars stay within the FOV while the algorithm converges on the most likely star-pair solution.

Robust star identification algorithms do not require a priori knowledge of attitude and angular velocity,
although Ref. [4] shows an approach to determine the angular velocity without identified stars. Without
knowledge of spacecraft states, the star identification algorithm is qualified for lost-in-space conditions, where
the spacecraft has no knowledge of its position or attitude. The proposed method leverages the known sensor
statistics to estimate the most likely two-star solution. As successive observations are made, the number of
likely star pairs reduces until the algorithm is shown to converge on a single, most likely star pair. Although
the proposed method is most efficiently utilized when only two stars are present in the FOV, it still can be
applied where more stars are visible. In that case, multiple star pair measurements can be used in multiple
instances of the proposed algorithm.

Another critical aspect of star identification algorithms is computational efficiency. Given the growing
size of star catalogs, searching catalog values becomes challenging with the limited onboard spacecraft
computational resources. The presented method avoids matrix manipulations and costly catalog searches.
Much of the traditional matrix manipulation of Kalman filtering has been simplified to scalar operations
in the proposed two star identification method. The number of computations varies with the number of
candidate stars selected. With regard to the catalog search, by utilizing the k-vector approach or Search-
Less Algorithm developed in Ref. [5], the catalog angles are efficiently referenced in the proposed method.
The catalog inter-star angles are sorted and accessed by a linear relationship which efficiently replaces search
functions.

In this paper a Multiple-Model Adaptive Estimation (MMAE) approach [6] is incorporated to perform
star identification with only two stars. MMAE uses a parallel bank of filters to provide multiple estimates,
where each filter corresponds with a dependence on some unknowns, which can be the process or measurement
noise covariance elements if desired. The state estimate, if desired, is provided through a sum of each filter’s
estimate weighted by the likelihood of the unknown elements conditioned on the measurement sequence. The
likelihood function gives the associated hypothesis that each filter is the correct one. The MMAE approach
is very robust for identification purposes because the likelihoods involve exponential functions. This quickly
disregards observations whose likelihoods are small and amplifies those whose likelihoods are large, making
it an ideal algorithm for star identification with only two stars.

The MMAE approach requires a time series of observations, and it is executed in real-time updating the
likelihoods with each successive observation. This is one disadvantage over standard star pattern recognition
methods, which use only one “snapshot” to identify stars. But these methods cannot perform an identification
with only two stars in general. A topic which will be expanded on in future work is the data association
problem of successive observations of the two stars in the FOV in the MMAE process. Data association
refers to the operation ensuring that the two stars seen in the FOV are the same stars observed in previous
observations. Tracking unknown and unmodeled objects stresses the estimation algorithm since there is no
precise model to propagate states from measurement data. Another complication to data association is the
handling of multiple targets. In the case of the two star identification process, the target tracking problem is
reduced in scope. The Nearest Neighbor algorithm is the most straightforward approach to data association.
The Nearest Neighbor algorithm described in Ref. [7] simply updates a track based on the closest observation.
More sophisticated approaches will be investigated for this work such as the Global Nearest Neighbor and
the Joint Probabilistic Data Association.

The organization of this paper is as follows. First a brief survey into star identification algorithms will
be presented to highlight the applicability of the proposed star identification method. Second, the angle
method for star identification will be explained as it pertains to the overall success of the presented star
identification method. Then, the MMAE approach will be covered. Following that, the adaptation of the
MMAE algorithm to two-star identification problem will be discussed. Simulation results are presented along
with convergence trend analyses and chi-square test simulations. A performance comparison is also made
against a traditional star identification technique to demonstrate performance against a known method.
Finally, conclusions are drawn upon the developed theory and simulation results.

II. Star Identification Algorithms

High accuracy attitude pointing spacecraft missions rely heavily on the precision and robustness of star
trackers and star identification algorithms. The function of star identification algorithms is to match the

2 of 15

American Institute of Aeronautics and Astronautics



observed star FOV to that in a catalog which then provides the relationship between the body and inertial
frames, or the attitude matrix.

Star identifications have evolved from methods which utilized a priori attitude information and pattern
recognition of inter-star angles to generate autonomous attitude estimates [8]. By requiring some knowledge
of attitude, the algorithm is unable to provide an attitude solution where no a priori knowledge existed.
This condition is denoted the lost-in-space condition. This condition was not tractable until an algorithm
was presented in Ref. [9]. The algorithm proposed in Ref. [9] uses the inter-star angle of three stars and the
associated interior angle of the three stars for star recognition. The use of more information in the image
provided extremely valuable in finding matching cataloged stars. Further work utilized more features within
the image including triangle area (Ref. [10]) and improved search techniques (Ref. [5]). To the authors’
knowledge, the proposed algorithm is intended to address a problem that has not been directly solved. As
more features are being utilized in star catalogs and star identification algorithms, more stars are required to
be in the FOV. This work is intended to address the problem where only two stars are present in the FOV.

A. Angle Method

The foundation of the angle method for star identification is the determination of the angle between two
vectors pointing to stars in inertial space. The observed angle is then compared to a catalog populated with
angles between associated star pairs. Matching the observed angle to the cataloged angle provides the link
to positive identification. When considering the large number of stars in modern star catalogs, matching
the exact angle is a computational challenge. The angle between vectors pointing to two stars is given by
0 = cosfl(rl -r9) where r1 and ro are unit star vectors given in inertial space. When utilizing star tracker
images, the star vector observations are given in the body coordinate frame.

Star catalogs are populated with angles between neighboring pairs of stars. For the simulation cases
presented here, only the star pairs with inter-star angles that fall within the sensor FOV are logged in the
catalog. This reduction is to limit the catalog size to the physically realizable inter-star angle limit presented
by the sensor.

B. Standard Deviation of Angle Measurement

Capturing sensor noise statistics is critical to the performance of many optimal filtering algorithms. In the
case of star trackers, the sensor noise is applied to the observed position of the stars within the FOV yet
residuals are taken based on observed inter-star angles. Clearly it is necessary to determine the relationship
between point-wise sensor noise and resulting angle measurement variation. The variance of the angle
measurement is a parameter critical to the success of the proposed two-star identification method. The
method presented for developing the angle variance is followed from Ref. [10].

To begin, the standard coordinate transformation is expressed by b; = Ar; which illustrates the rela-
tionship between inertial star unit vector, r; and the body star unit vector b; related by the direction cosine
matrix A. As described in Ref. [11], when measurement errors exist, the error is most probably concentrated
in a small area in the direction of the direction of Ar. A sphere containing the error can be approximated
by a tangent plane as shown by

Bi = AI‘i + Vi, VTAI'Z' =0 (1)

The sensor noise v; is viewed as approximately Gaussian given by
E{vi}=0 (2a)
Ry = B{vivl'} = o7 [sxs — (4r;) (4ry)" ] (2b)

where 3.3 is a 3 x 3 identity matrix. Taking the dot product between stars ¢ = 1,2 yields the scaled
representation of the angle between the two vectors. Substituting in b; = Ar; with no noise in Eq. (3)
demonstrates the attitude-independency of the angle measurement:

bTby = rT AT Ary = rT'ry (3)

The attitude independent angle measurement alleviates the need for nonzero angular body velocities as the
measured angle will be the same regardless of the current attitude. Therefore, when collecting multiple
observations of the same star pair, the sensor noise provides variation from frame to frame:

Bi:AI‘i+V¢, 121,2 (4)
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To determine the amount of variation in angle measurements that can be expected, the following derivation
is developed. Beginning again with Eq. (4), the dot product is taken for stars i = 1, 2:

Y= E)P{BQ

T T T T
:r1r2—|—r1Av2—|—r2Av1—|—v1v2

(5)

Assuming that v; and v, are uncorrelated, the expectation of Eq. (5) is given by E{y} = rTry. Define a

new variable p:

p=y— E{y}

6

=1 ATvo + 1] ATvi + v] vy (6)
Taking the expectation of p? will yield the variance of the angle measurement. Collecting the terms, the
variance of the angle measurement given two noisy star body unit vector observations is given by

O’% = E{pQ}
= I',{ATRQArl + rQTATRlArQ + TI‘(RlRQ) (7)
= Tr(Arir] AT Ry) + Tr(Araord ATRy) + Tr(Ry Ry)

where E{v1v?} = Ry and E{vavl} = Ry which are represented in Eq. (2). Since there is no knowledge of
the attitude A, the terms Ar; and Ary are replaced by b; and bs. As shown in Ref. [11], errors introduced
by this substitution are second-order in nature.

As both the measurement and the variance of the inter-star angle has been shown to be attitude-
independent, the two star identification algorithm can operate without any a priori knowledge of attitude
or angular velocity. This is a critical distinction among star identification algorithms since it can provide
attitude solutions where no current or previous attitude information is available (lost-in-space).

III. Multiple-Model Adaptive Estimation

The MMAE approach was first introduced in the mid-1960s [12]. Modern-day processors with parallel
computing capabilities make an MMAE algorithm realistically possible today. The development of the
MMAE process is followed from Ref. [6]. For the two star identification algorithm, further reductions in
MMAE complexity provides a tractable solution for onboard spacecraft processing. The goal of the MMAE
process is to determine the conditional probability density function (pdf) of the ;' element p) given all
the measurements. This pdf is not easily obtained, but Bayes’ rule can be used to give a recursive formula:

p(pD¥4) = p(Yilp@) p(e) _ p(Yilp?) p(p?) 5

p(Y) M ‘
> p(Yi[pY) p(p™)
j=1
where Y, denotes the sequence of measurements {¥o0, ¥1, ---, ¥&}. It is desired to develop an update law

that only is a function of the current measurement y,. To accomplish this task, the conditional probability
equality and Bayes’ rule are used to yield

L 5. Y1, p@
p(p¥y) = 2 Vi1, P (9)
P(¥r, Y1)
< DY, Y,
:p(}’klp ~| k 1)1?( k 1) (9b)
PFr|Yi—1) p(Yi—1)
o oY
_ p(yklp Y 5-1) (9)
P(¥e|Yi-1)
5. 1Y () |y
_ p(yk|Yk—1a p )p(p |Yk—1) (gd)

M
> pFkYi-1, pY) p(PY Y1)
j=1
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For each pU) a set of state estimates is provided, denoted by % X, (p(J )) =X, usually through the bank of

filters, such as a Kalman Filter (KF). Then, p(3x|Yx_1, p¥) is given by p (§x|% )) because X, -~ uses all
the measurements up to time point k — 1, and it is a function of pU). Therefore, Eq. (9d) becomes
7elxo ) @[y
N1 p (Y% p(PV[Yg-1)
p(PYY},) = %, ) p (PY] (10)

M . ~
S pErlE ) p (09 Y )
j=1

Note that the denominator of Eq. (10) is just a normalizing factor to ensure that p (pt)|Y}) is a pdf. Defining
w,(j) =p (pYW|Y}) allows Eq. (10) to be rewritten as
w = wlip @l )
()
w
wi ¢ E— (1)

o)

where <— denotes replacement. Note that only the current time measurement yj is needed to update the

weights. The weights at time ty are initialized to w =1/M for j =1, 2, , M. This is the traditional
method for initializing weights in the MMAE. The next section discusses how the initial weight selection is
improved to utilize information specific to the two star identification process. The convergence properties of
the traditional MMAE are shown in Ref. [13], which assumes ergodicity in the proof.

(J)) ) — & o—(7) -G _

The pdf p (yi|%x, is computed using the measurement residual e, ' = y —y, ', where y,

(J ). Note the MMAE is not restricted to linear systems, so that y, (J ) = h(f(,;(j ), k) is applicable. The

=)

covariance of e, "’ is given by

Ek—(J) = E{e;(j)e;(j)T} H(J)P (J)H +R (12)
where P,V () is the covariance from the § filter. Then, p (¥ %, G )) is given by

L (J))]m eXp{_;ekm () 1ek(j)} (13)

*(J))

P e (o

which is used in Eq. (11).
For the traditional MMAE, the conditional mean estimate is the weighted sum of the parallel filter
estimates:

X = Zwk Xk (14)

Also, the covariance of the state estimate can be Computed using
Bf =3 w! [(f«z Do) (579 %) P,J“)} (15)
j=1

The state and covariance estimates suggest an output which is a combination of the M models. For the
two star identification process, the goal is to converge on a single, discrete star pair, therefore the individual
model outputs will not be combined as shown here. The specific estimate for p at time t;, denoted by pg,
and error covariance, denoted by Py, are given by

M .
e= > wpt) (16a)
j=1
M ) ]_ ) T
Pe=3 wf (pm _ f)k) <p<a> . fnk) (16b)
j=1
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Equation (16b) can be used to define 30 boundaries on the estimate pg. If M is large and the signifi-
cant regions of the parameter space of p are well represented by pl), then Eq. (16a) is obviously a good
approximation of the conditional mean of p.

Vi
Unknown System >
Real System
X 5O
KF 1
el:(l)
. e
| KF 2
e;(z)
R 0
| KFM
—(M
ek( ) . I
0 ,
E;———Likelihood
E;(M) :

Figure 1. Multiple-Model Adaptive Estimation Process

An overview of the MMAE process is shown in Figure 1. Each filter has a different assumed model
which is parameterized using p); these parameters may be model parameters or other parameters, such as
elements of the process noise covariance or measurement noise covariance. All filters are executed in parallel.
The covariance of each filter is used to develop the covariance of the individual residual, given by Eq. (12).
The posterior pdf in Eq. (13) is computed, and the weight for each filter is computed using Eq. (11). The
MMAE state estimate and its covariance are computed using Eq. (14) and (15), respectively, and the MMAE
parameter estimate and its covariance are computed using Eq. (16a) and (16b), respectively.

Additional methods of enhancing the traditional MMAE process include Interacting MMAE [6]. Inter-
acting MMAE fuses discrete model outputs to generate a most-likely state and covariance estimate. For
this stage of the work, it is assumed that the stars in the FOV are found within the star catalog, therefore
keeping discrete and unique star pair possibilities invalidates any need for an Interacting MMAE approach.
The most likely solution is not a combination or fusion of the star pair angles in a catalog, but a single,
discrete star pair.

IV. MMAE for Two Star Identification

The proposed algorithm provides a method to converge on the most likely star-pair solution given only
information about the sensor noise and multiple observations of the same stars. The algorithm is modular
to fit a wide range of candidate star pairs that are pulled from the catalog. Candidate star pairs are selected
based on the measured angle and the assumed sensor noise. As compared to the traditional MMAE, the
MMAE for two-star identification modifies the data flow slightly. Figure 2 shows the filter models have been
replaced by candidate star pairs and the residual is the only output from each model.

The input to each model is the measured inter-star angle. Upon receiving the first two-star observation,
the inter-star dot product is calculated by o

i = B, by, a7

where B1k. and ng are the unit vectors of the two observed stars at time ¢;. The dot product produces a
scalar value for each model j = 1, 2, ..., M. Instead of the filter outputting a covariance matrix at each
time step, the variance is captured by the angle measurement variance. The variance, 0,% is calculated at
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Figure 2. Multiple-Model Adaptive Estimation for Two-Star Identification

time ¢ which is repeated from Eq. (7):
Ul% = Tr(BlkBi RQk) + ’I‘I.(BQICB%—;CRIIC) + Tr(leRzk) (18)

The candidate star pairs need to be populated intelligently to limit the number of possible outcomes to only
those which lie within the statistical limits of the observation. To determine the candidate star pairs in
the catalog, the variance is used to create a symmetrical boundary around the observed dot product. The
number of standard deviations to search around the observed dot product can be determined by the user,
but if 3¢ is chosen, then the true value will be contained within that range 99.7% of the time. The penalty
for a high probability of capturing the true value is the large number of candidate star pairs. Although the
MMAE algorithm efficiently handles any number of candidate star pairs, there is additional calculations due
to the wide search range.

With the candidate star pairs identified, the MMAE process is initialized with weighting factors for each
star pair. Traditionally, MMAE algorithms use an equal initial weight for all M models. In the case of the
two-star identification MMAE, the star pairs are pulled from a catalog with a distribution, therefore the
algorithm can reflect that statistical distribution on its initial weight factor. The weight for each candidate
star pair will be a function of its difference from the measured angle and the variance. The initial weights
are generated by the following:

ST (4 1 (BTBz . r(j)Tr(j))z
f<r§j) réj)> T Vono? eXp{_ e (192)
‘ f (rgj)Tréj))
wi) = — (19b)
Z f (I‘gj)TI‘é]))
j=1

Equations (19) depicts the Gaussian distribution as it applies to the initial weights. Since each individual
model of the MMAE represents possible star pairs, the residual from the candidate star pair is the difference
between the observed body angle and the static catalog angle for star pairs j =1, 2, ..., M. Here, M is the
number of candidate star pairs for a given two-star observation. The residual calculation for each candidate
star pair, j, is represented by

e,(j) = Bﬂfnk - rgj)Tréj) (20)
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At each time step ¢, a new residual is calculated for each candidate pair given the measurements Blk and
f)gk. The measurement variance is updated at each time step with the current measurement and assumed
sensor noise standard deviation. The variance is equal for all possible candidate star pairs. Equation (18)
describes the calculation for measurement angle variance.

With the residual and the measurement variance defined, the likelihood and weighting functions of the
MMAE process can be developed. The likelihood function assumes a Gaussian distribution of the noise of the
angle measurement. Equation (21) describes the relationship between the angle residual and the likelihood
for each j candidate star pair. The residual and variance are scalar values for each candidate star pair

j=1,2, ..., M therefore there is a simplification in notation compared to traditional MMAFE equations:
N2
o 1) (e’(j))
Pkl = ( (21)

oro2)/2 P T 202

For each time, k, the residual e,(cj ) and the likelihood p(yk|$<,:(j)) are updated with new inter-star angle
measurements. The weight is updated at each time k for candidate star pairs j = 1, 2, ..., M with those

values according to

09 = w9 p Flx)
| ()
wi (22)

M .
> u
j=1
Table 1 summarizes the MMAE algorithm for two-star identification.

V. Simulation Results

The MMAE two-star identification algorithm is capable of identifying correct star pairs from a very dense
candidate star pair angle sample. As the size of the star catalog increases, the difference between inter-star
angles decreases as more samples populate the catalog. The dense candidate star angle list challenges the
robustness and accuracy of the MMAE two-star identification algorithm. The simulation parameters are
defined in Table 2. Figure 3 illustrates the difference between candidate star angles selected from the +30
range around an observed inter-star angle. To illustrate the densely populated candidate star pairs, the
selected limits yield 110 possible star pairs with many of the candidate star pair angles differing less than
S5urad from adjacent inter-star angles. For all simulation cases presented, the spacecraft is assumed to be
stationary while observing the star field.

The initial measurement for inter-star angle is used to generate the 30 bounds and extracting the valid
candidate star pairs from the catalog data. In the case presented here, there are 91 valid candidate star
pairs selected after the first measurement of inter-star angle. The k-vector approach from Ref. [5] is used to
select the candidate star pairs from the catalog. Figure 4 illustrates the k-vector approach with inter-star
dot products from the catalog. The search process is reduced drastically by the k-vector method as it works
on a sorted catalog and determines the desired catalog values based on the linear parameters set for the
catalog. With the candidate selected, the algorithm can begin updating weights with new measurements
after each observation.

Figure 5 illustrates the weight convergence on the correct star pair given 91 possible star pair combina-
tions. The algorithm converges on the solution within 60 seconds of the first observation. The weighting
factors are utilized as the indication of convergence as a weight value of 1 signals the most likely solution.
Considering no other algorithm could provide an attitude solution in this condition, the convergence time is
very acceptable.

VI. Convergence Observations

Further simulations which use randomly pointed line-of-sight vectors in the star field uncover a range
of star pair convergence times. To determine the sensitivity, further convergence analyses are investigated.
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Table 1. MMAE for Two Star Identification Algorithm

Initial Observation Y = l~)1Tk ng
Variance o = Tr(Blkf)ﬂng) + Tr(ngng Ri,) + Tr(Ry, Ro,)

Ymax = B,{k BQk + 3Uk
Reduce Field

Ymin = B,{k BQk - 3O'k

i i 575, T ()
£ () = e { _<be>}

Initialize Weights ng) . f(rgj)Tréj))
3 (1)
j=1
Residual e = bf by, — {7
ikeli e | ()"
Likelihood p(Yrlxg’) = o i7E P 4 ~ 557
o )

Update Weights

(3)
w,!

M )
3wy
j=1

w)

Table 2. Simulation Parameters

Sample Rate 10 Hz
Field of View 6°
Noise StdDev 2.9e—5

Star Catalog Size 4000 Stars
Angle Catalog Size | 40726 Angles

Two similar simulations are performed that yield different convergence times. The first simulation has 84
candidate star pairs for the observed inter-star angle. The second is another simulation with 85 candidate
star pairs. Figures 6(a) and 6(b) show the weights over time as the short convergence case converges on the
correct pair in about 60 seconds while the long convergence case picks the correct star pair in 300 seconds.
The cause of the different convergence rates is the distribution of the candidate inter-star angles and the
observed inter-star angle.

For illustration purposes, the measured angle is averaged over time. This produces a slowly converging
waveform that is dependent on the noise of the sensor. As more samples are taken, the variance of average
narrows. This directly reflects the concept of the Chebyshev Inequality. As shown in Ref. [14] with k& > 0,
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Figure 4. k-Vector Inter-Star Angle Selection

the probability of the random variable x being greater than a distance ko greater than the expectation,
E(x), is less than or equal to 1/k:

Pl ~ B > ko) < 15
As more samples, k, are taken, the running average converges on the expected value. With more densely
populated candidate star arrays, the average needs to converge to very small values to be able to discern a
most likely solution, therefore taking longer for overall convergence.

Another way to visualize the convergence condition is to take the average of the measured inter-star
angle at each time step. As that average converges on the expected value or mean, it encounters potential
candidate inter-star angles. Figures 7(a) and 7(b) illustrate the experiment to validate convergence times in
the two star identification algorithm. The averaged measured value is shown in blue while the red horizontal
traces represent individual candidate star dot products. The plot is zoomed to show the relevant data,
therefore not all candidate star dot products are visible. The short converging cases show the average of

(23)
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the dot product to zero on a candidate star angle quickly. Surrounding candidate star pairs in the short
converging case are spread away from the true value. For the long converging case, the average hovers in
between two possible star pairs before finally converging on the true value later in the time series. The
distribution of the candidate star pairs around the true value dictates how many samples are required to
further refine the running average of the inter-star angle.

As illustrated, the convergence of the two star identification algorithm is dependent on the density of the
candidate inter-star angles and the noise statistics of the sensor. Changing the star tracker sample rate will
also influence the convergence time. Slower sample rates will increase convergence times as it takes longer
to average the noise of the observed angle. Given the difficult conditions for convergence, the proposed
approach has been shown to provide a very robust and efficient method for identifying two stars.
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Figure 7. Average Dot Product Convergence and Candidate Star Pair Density

A. Chi-Square Test

The chi-square distribution is often used to provide a consistency test in estimators, which is useful to
determine whether or not reasonable state estimates are provided. In the case of the MMAE two star
identification, the residuals for each candidate star pair can be evaluated via the chi-square test. Assuming
a Gaussian distribution for the n x 1 vector x, with mean p and covariance R, the following variable is said
to have a chi-square distribution with n degrees of freedom (DOF):

g=(x—p) "R (x—p) (24)

The variable ¢ is the sum of squares of n independent zero-mean variables with variance equal to one. This
can be shown by defining the following variable [15]:

u= R (x— p) (25)
Then, u is clearly Gaussian with £ {u} =0 and E {u uT} = I. The chi-square distribution is written as
q~x (26)

The mean and variance are given by

E{q} = ZE{U?} =n (27a)
i=1
E{(g-n?} =) E{@w!-1}=) (B-2+1)=2n (27D)
i=1 i=1
where the relationship F {x4} = 30 has been used for the term involving uj.
The chi-square density function with n DOF is given by
1 n—2

= 22T (ny2) ¢

Wl
~—~
[\
03]
S~—"

p(q)

where the gamma function I' is defined as

r <1> - (292)

2
ra=1 (29Db)
T'(m+1)=mI(m) (29¢)
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Tables of points on the chi-square distribution can be found in Ref. [16]. For DOF’s above 100, the following
approximation can be used:

C1-Q) =5[60-Q) +vm—1]° (30)

where x2 (1 — Q) indicates that to the left of a specific point, the probability mass is 1 — Q. An important
quantity used in consistency tests is the 95% two-sided probability region for an N(0,1) random variable:

[G(0.025), G(0.975)] = [—1.96, 1.96] (31)

Other values for G can be found in Ref. [15]. Then, specific values can be calculated for x2(1 — Q) using
Eq. (30).
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Figure 8. Convergence of Weights for Chi-square Test Simulation

For M Monte Carlo runs, the average normalized error square is computed for each candidate star pair.
Derived from Eq. (24) the average normalized error square is represented by

(i 1 2) )?
al(cj) = MZ gcj) MZ (j)( (32)
=1
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The term e;(j)
following is true:

represents the angle residual as calculated in Eq. (20). The hypothesis is accepted if the

&k € [C1, (2] (33)

Constants (1 and (y are derived from the tail probabilities of the chi-square density. For the simulation
results, M = 6000 and using Eq. (30), (1 = 0.9645 and ¢» = 1.0360. Figures 8(a), 8(b), and 8(c) illustrates
the resulting chi-square test given a sample simulation with 105 candidate star pairs.

As Figure 8(b) shows, there are multiple candidate star pair combinations that satisfy the chi-square test
conditions, but the weight plot shows the convergence on the correct star pair. This again demonstrates
the challenge of identifying a single star pair from angle-only measurements. The density of the candidate
star pairs provide a difficult estimation problem as the estimated value needs to decipher between very
small differences. The fact that the weights are able to converge on the correct star pair demonstrates
the robustness of the two star identification algorithm. The MMAE process benefits from the exponential
function in the likelihood equation which increases the algorithms sensitivity to differences in the residuals.

VII. Comparison to Traditional Star Identification

To evaluate the applicability of the MMAE two-star algorithm, a traditional star identification algorithm
is run in parallel to determine its performance with the same noisy, two-star measurement data. Since only
two stars are available in the FOV, the angle method is the only applicable algorithm benchmark. Typically,
the angle method requires a nonzero number of pivots to provide the correct solution. The ambiguity
of a single angle measurement requires additional FOV measurements to reduce the candidate star pairs
therefore, pivoting requires greater than two stars in the FOV. In this case, the success will be limited to
cases where it can provide a likely solution based given a rather unique measured angle, i.e. one that does
not have similar candidate pairs within the variance of the measurement. If multiple solutions exist due to
measurement uncertainty, the angle method will be unable to pivot to reduce the candidate pairs, therefore
it would output an inconclusive identification.

At each time step, the measured stars in the FOV are fed to both the MMAE star identification algorithm
as well as the angle method. For the angle method, each measurement is treated as a new observation. Since
no pivoting is possible, the number of candidate star pairs resulting from the angle method is collected.
Figure 9 illustrates the convergence of the MMAE star identification algorithm as well as the inability of the
angle method to provide a single conclusive star pair. The MMAE is able to innovate the current candidate
weights and converge on the correct star pair while the angle method contains a list varying around 100
possible star pairs. Without additional stars in the FOV, the angle method cannot trim the list of candidate
star pairs. The angle method comparison further strengthens the applicability and usefulness of the MMAE
star identification algorithm in conditions where only two stars are available in the FOV.

VIII. Conclusions and Future Work

A new approach to identify only two observed stars in the field-of-view was presented in this paper. The
angle method for star identification was explained and the associated statistical error analysis was described.
The Multiple-Model Adaptive Estimation (MMAE) approach was also developed. The modifications made
to the MMAE process to perform star identification tasks were presented along with simulation results.
The MMAE for two star identification was shown to robustly converge on the correct star pair given a
large number of densely populated candidate star pairs. Further analysis was performed to determine the
algorithms sensitivity to convergence. It was shown that the density around the true angle of the candidate
star pair angles contribute to the overall algorithm convergence. Future work is planned to ensure the data
association of successive star observations is addressed. False stars and non-cataloged star tests need to be
performed to ensure robustness, as well as robustness tests to noise statistics of the star camera. In addition,
this technique can be applied to FOVs containing greater than two stars. Multiple instances of the MMAE
Star ID algorithm can be run for each observed star pair in parallel. If a star is lost or leaves the field of
view during observation, the remaining stars in the FOV can be used for convergence.
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