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ABS TRACT 
 

To date, the actual population of High Area-to-Mass 
Ratio (HAMR) objects in Deep Space is still un- 
quantified. These are objects having area-to-mass ratios 
(AMR¶s) in the range of around 0.1 m2/kg to 20 m2/kg 
and higher.  Typical methods for population assessment 
using optical sensors either count number of detections 
per unit time, or employ a disparate sequence of methods 
to compute HAMR object trajectories, where these 
methods assume linearized dynamics and fixed-gate 
correlations. This paper provides results from a set of 
actual angles (line of sight) data on HAMR objects, 
where the initial orbit determination and follow-on 
data/track association is performed probabilistically and 
autonomously. Moreover, the data are not only used to 
infer trajectories but also simultaneously exploited for 
their information content relating to each detected 
object¶V albedo-area-to-mass ratio. The results show that 
the inferred HAMR orbital elements and area-to-mass 
ratio values (CrA/m), parametrically, can be derived 
autonomously and without a priori knowledge of the 
orbit and CrA/m states.  This will aid in the correlation 
of large numbers of uncorrelated tracks.  

 

1      INTRODUCTION AND BACKGROUND 
 

Schildknecht, et al. [1] discovered a population of deep 
space objects thought to have origins from sources in 
the neighborhood of the geosynchronous orbit (GEO) 
belt. The international space community is actively 
involved in tracking and characterizing these objects as 
they pose a hazard to active satellites operating in the 
vicinity of the GEO stationary ring.  The exact number 
of these objects is unknown, as the dim, time-varying 
magnitudes and orbital perturbations resulting from the 
combination of lunar-solar perturbations and solar 
radiation pressure (SRP) make them a challenge to track 
consistently and reliably via optical sensors.    Many are 
either higher or lower than the GEO orbital altitude, and 
thus transit into and out of view of most optical tracking 
sites due to the longitudinal drift relative to an Earth-
fixed reference frame.   Radars are limited in their 
ability of acquiring and tracking small objects at the 
near GEO ranges. 

 

Nevertheless, repeated tracking of individual objects is 
crucial to making long-term observations with sensors 

that will provide better characterization of the material 
makeup  of  these  objects,  and  to  produce  long-term 
orbital histories that might allow the objects to be 
associated with specific objects of origin. The 
photometric   and   spectral   characterization   of   these 
objects will help, not only to determine their origin, but 
to better determine and track their orbits through 
improved non-conservative force and torque modeling 
[2,3,4]. 
 

With the advent of optical systems that can see to fainter 
magnitudes, more tracklets ± a short sequence of 
observation ± will be collected on a larger number of 
unknown objects. Many of these are likely to be HAMR 
objects, and so techniques that enable rapid, and nearly 
autonomous data association and processing are needed. 
This paper summarizes work done to demonstrate 
techniques that can be applied toward this end.   The 
optical data used is described which was collected on a 
set of actual HAMR objects.  Previously determined 
orbit and SRP values for the objects are described and 
serve as a ³WUXth´ state for comparison with the data 
association and estimation techniques applied.   The 
results are compared along with the assessment of the 
data association and estimation performance. 
 

2      GEODSS HAMR DATA 
 

Data for 26 HAMR debris objects have been collected 
for analysis over the past several years from the U.S. 
Air Force Ground-based Electro-Optical Deep-Space 
Surveillance (GEODSS) network.  A two-week segment 
of data, January 7-21, 2010, were extracted and used for 
this analysis.  As most of the tracked objects drift due to 
either being super-synchronous or sub-synchronous 
orbits, the data are more consistent i n  t e r ms  o f  
o b s e r v a t io n s  f o l l o w - u p  for some objects 
than others, depending on the orbit drift and visibility to 
the sensors.     Figure  1  depicts  some  ground-based 
sensors (including GEODSS) along with the ensemble 
ground tracks for the objects propagated over a 1 week 
period. 
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Figure 1. High Area-to-mass Ratio (HAMR) ground 
traces and selected ground sensor locations (including 
GEODSS). 

 

The data are typically collected in ³trackletV´ when 
maintaining a known orbit.   However, the amount ± 
frequency  and  duration  ±  can  vary  depending  on 
whether or not a ³QHw´�REMect has been found and/or a 
better orbit estimate is desired.  A histogram of the data 
intervals over the 2 week period is shown in Figure 2, 
where most of the data in a tracklet are separated by 5- 
20 seconds.  Figure 3 shows the data history versus date 
where it can be seen that the average number of 
observations per day is around 150-250. 

 

 

 
 

Figure 2. Data interval histogram for HAMR data 
collected over the 2 week period of January 7-21, 2010. 

 

 

 

 

Figure 3. Data history for HAMR data collected over 
the 2 week period of January 7-21, 2010. 
 

3      HAMR ATTRIBUTES  
 

The  data  used  to  test  the  Constrained  Admissible 
Region ± Multiple Hypothesis Filter (CAR-MHF) 
process consists of up to 26 near GEO HAMR debris 
objects.  Orbit and AMR solutions for each of these 
objects  have  been  previously  determined  manually 
using the Orbit Determination Toolkit (ODTK) [5].  The 
results of that processing are used as  ³truth´ references, 
and is summarized in Tables 1 and 2.  Table 1 provides 
the average semi-major axis (Sma), inclination, 
eccentricity  and  AMR  over  the  2  year  period  2009- 
2010, where the objects are categorized as ³6XE*E2´�
(sub-synchronous), ³GEO´� (near geosynchronous), and 
SupGEO (super-synchronous).    The semi-major axes 
range  from 33194  km  to  46228  km,  the  inclinations 
from 6.4 degrees to 19.9 degrees, and the eccentricities 
from  0.011  to  0.275.    The  AMR  values  range  from 
0.0966 m2/kg to 8.8805 m2/kg.   Table 2 shows the 
corresponding variations for each of the parameters over 
the period. 
 

Table 1.  Below is a list of 26 near GEO High Area-to- 
Mass Ratio (HAMR) objects whose orbits have been 
previously determined.  The averages are over the 2009- 
2010 period. 



 

 
 

 

Table 2.  Below is a list of 26 near GEO High Area-to- 
Mass Ratio (HAMR) objects and the variations in 
inclination,   eccentricity   and   effective   area-to-mass 
ratios over the 2009-2010 period. 

 

 
 

 
Figure 4 shows the distribution of mean motions versus 
inclination,  and  Figure  5  the  mean  motion  versus 

eccentricity.  Figure 6 shows the ensemble variations in 
the AMR values in terms of the fractional (alternatively, 
percentage) variation relative to the mean AMR value 
for each object over the period 2009-2010.  It should be 
noted that these variations represent WKH�³Hffective DUHD �́
relative to the sun, and some variations are a significant 
fraction of the average whereas some show minimal 
variability.  It should also be noted that some of the 
variations have a periodic signature (at the scale of the 
sampling) whereas others are more random.   This 
diversity of orbits and AMR values poses a challenge to 
space object tracking maintenance and prediction. 
 

 
Figure 4. Mean motion versus inclination for the 26 
near GEO HAMR objects. 
 

 

 

 

 

 
Figure 5. Mean motion versus eccentricity for the 26 
near GEO HAMR objects. 



 

 
Figure 6. The ensemble fractional variations of effective 
area-to-mass ratio (relative to average) for the 26 near 
GEO HAMR objects over the 2009-2010 period. 

 

4      CAR-MHF PROC ESSING 
 

The CAR-MHF processing flow is illustrated in Figure 
7.  The CAR process [6,7] initiates a set of filters when 
no existing estimates are available to process (i.e. when 
the  available  data  are  not  associated  to  previously 
known objects, also called Un-Correlated Tracks 
[UCTs]).   Existing estimates may be available from 
previous CAR generations.  The CAR initiates a set of 
hypotheses based on data UCT and user supplied 
hypothesis constraints.   Each hypothesis is propagated 
to the next measurement time.   At that point, a 
probabilistic data association process is applied to one 
or more data pairs that might occur at a single time.  If 
any measurements are associated to any hypotheses 
(based upon a Mahalanobis Distance criterion), all 
hypotheses   for   that   object   are   updated   with   the 
associated  measurement,  and  those  updated  are 
weighted based on  their statistical likelihood  as 
presented in [8,9]. In the case of an update, the 
hypothesis weights are adjusted accordingly and pruned 
based on user-selected criteria.  If no update occurs, the 
hypotheses weights remain unchanged. 

 

 

 
Figure 7. Depiction of the CAR-MHF process flow. 

Conceptually, the data and hypothesis update approach 
enables multiple data to inform the filter which 
hypotheses are the most likely states.  Each filter update 
further refines the hypotheses, rejecting the least likely, 
so ultimately the surviving hypothesis (or couple of 
hypotheses) is the converged state.  The method can be 
thought of as an inductive process where states are 
hypothesized and the data are exploited for their ability 
to identify those hypothesized states that are statistically 
unlikely. It allows the user to only infer trajectories that 
are able to predict future observations. This process is 
depicted in Figure 8, where it should be noted that the 
Mahalanobis distance metric is the basis for the data 
association.  Each hypothesis state and covariance at the 
measurement  time  is  mapped  to  measurement  space 
�³&´ and ³3´� LQ Figure 8) and compared to the actual 
measurement at that time �³O´ in Figure 8).  The k2 

parameter is a chi-squared statistic that is compared 
against a user-specified probability limit for the purpose 
of   data   association   determination    (and    is   only 
statistically valid for distributions that are sufficiently 
Gaussian). 
 

 
Figure 8. Conceptual depiction for multiple hypothesis 
and multiple data association processing. 
 

5      ANALYS IS RESULTS 
 

The   CAR-MHF   process   was   performed   on   data 
spanning the 2 week period of January 7-21 2010.  No 
specific   a   priori   orbit   or   AMR   information   was 
provided to CAR-MHF beyond the constraints that the 
semi-major axis have values between 33000-45000 km, 
that the eccentricity be less than 0.2 and the AMR fall in 
the range of 0-5 m2/kg. 
 

The results are summarized in Table 3 below where the 
object number in the far left column indicates which 
HAMR debris object the results represent (as compared 
to the ODTK analyses).   The number of starting 
hypotheses generated by CAR, and the ³fiQDÓ  number 
of  hypotheses  are  indicated  in  columns  2  and  3. 
Columns 4 and 5 show the total number of observation 
pairs (right ascension and declination) that were 
associated to each object, and of those, the number of 
false associations.   Columns 6 and 7 are the averages 



 

(over 2009-2010) and CAR-MHF solutions for semi- 
major axis.  Columns 8-10 are the averages (over 2009- 
2010), variations of the averages and the CAR-MHF 
solutions for inclination.  Similarly, columns 11-13 are 
the   averages   (over   2009-2010),   variations   of   the 
averages and CAR-MHF solutions for eccentricity.  And 
finally, columns 14-16 are the corresponding averages 
(over 2009-2010), variations and CAR-MHF solutions 
for CrA/m.  A synopsis of the results presented in Table 
3 are subsequently provided. 

 

It is first noted that the majority of objects converged to 
the expected solutions (un-colored rows), and most of 
those  converged  to  a  single  hypothesis,  with  a  few 
having 2-3 remaining hypotheses.  Subsequent data for 
these latter objects would likely allow those also to 
converge to a single hypothesis.  It is noted that, though 
Object #60 had 6 false associations, the Probabilistic 
Data Association (PDA) weighting evidently prevented 
the solution from diverging.   Most all CAR-MHF 
solutions at the last observation fall within the average, 
plus or minus the variation, with one exception.  Object 
#80,  highlighted  in  the  darker  blue  row,  did  not 
converge to the correct CrA/m value in spite of no false 
association.   Further analysis revealed that this object 
had data only spanning 1-2 days and, hence, was of 
insufficient  duration  WR� � ³obserYH �́ � WKH�  CrA/m. 
Subsequent  data  spanning  a  longer  duration  would 
likely help the solution to converge to the correct value, 
provided the subsequent data were correctly associated. 

 

There were several cases where a single object had a 
second  CAR  generated,  and  observations  processed. 

Object #83, highlighted in yellow rows, is one of these. 
In this case, there was a gap in the data which resulted 
in the object¶V�HVtimate being terminated (a user-defined 
³NLOĺ  rule).  A subsequent set of observations resulted 
in a new CAR being generated, and the data after that 
point being correctly associated.  One can see that the 
solutions match quite nicely and, with the aid of 
backward smoothing, would certainly be combined into 
a single estimate upon subsequent filtering. 
 

Object #96 is another instance where two CARs were 
generated for a single object.  However, in this case, the 
first CAR (highlighted in the red row) had a relatively 
small amount of data associated with it, and of these, a 
significant percentage were false associations.   The 
second  instance  (highlighted  in  the  yellow  row)  has 
more data associated with it, and no false associations, 
and  with  sufficient  follow-up  data  would  likely 
converge to the correct solution as indicated by the 
results at the end of the processing. 
 

The last object having duplicate CARs generated and 
subsequent estimates is Object #97 (both highlighted in 
red rows).  In this case, the number of observations 
associated was small and, having no follow-up data in a 
reasonable amount of time, resulted in these two ³IDOVH�
staUWV�  ́
 

Finally, Object #65 (highlighted as a red row) had very 
little data for the filter to follow-up on, with 8 associated 
observations and 2 of those false.  This estimate would 
not likely result in further correct associations and, 
subsequently, the estimate would be ³killHG  ́ with no 
legitimate follow-up data after a specified time. 

 

Table 3.  CAR-MHF results are provided for the 26 near GEO HAMR objects for processing over Jan. 7-21, 2010. 
 

 



 

The summary above provides just an overview of the 
results, and indicates the overall successful performance 
of  CAR-MHF  in  finding  and  determining  orbit  and 
AMR values autonomously with no a priori orbit or 
AMR values.  A more detailed look at one of the objects 
(Object #60) is now provided in order to yield some 
insight into the results. 

 

The tracking data history for Object #60 over a 1-week 
span is shown in Figure 9.  The CAR initializes on the 
first data available on January 7, and it would have to be 
³UHjecteG  ́ in the data association of any CARs initiated 
previously. 

 

 
Figure 9. Example measurement distribution example 
for Object #60 over the week Jan. 7-14, 2010. 

 

The CAR and associated hypotheses for Object #60 are 
shown in Figure 10, where the admissible region (range- 
rate vs. range) is shown in green in the plot on the left- 
hand side, and the plots on the right show the 
³GLVFUHWi]HG´� K\SRWKHVHV  corresponding to the orbit 
eccentricity vs. semi-major axis (top), inclination versus 
semi-major axis (middle) and right ascension of 
ascending node versus semi-major axis).   These are 
derived from the initial angle tracklet and derived angle 
rates  [8],  the  orbit  constraints  and  the  non-linear 
mapping from angle, range and range-rate to Cartesian 
J2000 position and velocity (and, hence, Classical 
elements).  The AMR constraints also add additional 
hypotheses that the MHF processes. 

 
Figure  10.  Example  Constrained  Admissible  Region 
(CAR) and associated hypotheses for Object #60. 
 

In this case, the several hundred Object #60 initial 
hypotheses were reduced to a single hypothesis after 2-3 
days of data processing.  The converged orbit and AMR 
values are as follows: 
 

a = 39998.565 km 
e = 0.1841 
i = 11.820 deg 
L = 331.129 deg 
w = 349.442 deg 
ta = 140.182 deg 
CrA/m = 2.981 m^2/kg 

 

One can compare to the ³trutK´�YDOXHV  provided in Table 
1 and see that these osculating state elements fall within 
the averages and associated variations.   Plots of the 
estimation history of the semi-major axis, eccentricity, 
inclination and right ascension of ascending node are 
provided in Figure 11 for the first week of processing. 
The AMR estimation history, and its associated 
uncertainty, are provided in Figure 12 where it can be 
seen that it appears to converge to a fairly stable value 
after about 3 days of processing. 
 

 
Figure 11. Example element estimation history (semi- 



 

major  axis,  eccentricity,  inclination  and  RAAN)  for 
Object #60 over the 7-day estimation period. 

 

 

 

 

 

 
Figure 12. Example CrA/m estimation history for Object 
#60 over the 7-day estimation period. 

 

6      SUMMARY AND CONCLUS IONS 
 

The CAR-MHF approach to initial orbit determination 
and object characterization was applied to a set of 
HAMR debris objects and compared to previously 
determined results for those objects.  No a priori orbit 
and   CrA/m   values   were   used   beyond   constraints 
enforced for the hypothesis generation in the CAR.  The 
results  show  the  overall  successful  performance  of 
CAR-MHF in finding and determining orbit and AMR 
values autonomously with no a priori orbit or AMR 
values.   There were some cases where data were 
incorrectly associated, but the PDA approach de- 
weighted many of these and good solutions were 
achieved.  There was one case where insufficient data 
were  available  to  converge  to  the  correct  orbit  and 
CrA/m  solution,  and  another  where  there  was 
insufficient duration of data for the CrA/m estimate to 
converge to the correct value.  Lastly, there were a few 
cases where duplicate CARs were generated, along with 
subsequent solutions.   These were due to gaps in the 
data causing estimates to be terminated, and 
subsequently, new estimates to be generated.  Some of 
this could also be affected by significant variations in 
the CrA/m causing mis-associations to occur, and a new 
track thus generated.  The tracks would ultimately be 
correlated with the aid of backward smoothing. 

 

Some of the shortcomings noted in the PDA approach 
will be mitigated by several future modifications. 
Implementation of Joint Probabilistic Data Association 
(JPDA) will allow for a more efficient, statistically 
consistent and robust data association. Compressing 
tracklets  to  a  single  measurement  will  also  aid  in 

mitigating the cases where an outlier causes a false 
association and, hence, initiation of a new CAR when 
subsequent data might be correctly associated for an 
object.  Finally, in the cases where there are sparse data, 
and/or long periods between observations, correctly 
characterizing the errors should improve the data 
association performance [11]. Future work will be 
expanded to include other orbit regimes, including 
geosynchronous transfer orbits (GTO) which can have 
segments passing through GEO. 
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