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A method was developed to detect space events, such as maneuvers, collisions, explosions, etc., involving space
objects tracked by the Cheyenne Mountain Operations Center. The Cheyenne Mountain Operations Center creates
state vector parameters for tracked objects and places them in a catalog with the corresponding time. This time
dependent data can be processed to reveal sudden unexpected changes in parameter values referred to as space
events. A moving window curve fit technique was found effective in estimating a parameter’s value and detecting
sudden changes indicative of space events. The moving window technique filters noise and permits processing of time
varying data. When a parameter’s deviation from its expected value exceeds a predefined threshold, an event is
declared. The processing method was implemented and tested on space object data. Space vehicle maneuvers,
collisions and space weather events were readily detected. The method does not involve state vector propagation and

is very computationally efficient.
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I. Introduction

T IS increasingly important to be aware of space events such as

space vehicle maneuvers, explosions, collisions, fragmentations,
sudden changes in ballistic coefficients, solar corona mass ejections
thatimpact the Earth, etc. For example, a severe solar event can affect
all low Earth orbiting satellites [1]. Satellite operators need to be
aware when such an event occurs so that mitigation action can be
taken. An explosion could generate space debris that could cause
collision risk to operational satellites [2,3]. Timely knowledge may
allow mitigation measures to be taken. The importance of spacecraft
maneuvers in the geosynchronous Earth orbit (GEO) altitude region
led to recent research on GEO maneuver detection using a binary
search method and an extended Kalman filter [4,5]. Unfortunately, a
systematic means of detecting various kinds of space events based on
orbital anomalies is currently not widely available.

This paper presents a data processing method that can be applied to
an existing database of tracked space objects to detect space events.
The input data to be processed is generated by the Cheyenne
Mountain Operations Center (CMOC) and placed into a catalog of
tracked objects [6]. The data are referred to as two-line element sets
(TLEs) and consist of parameters needed to describe the orbits of
tracked space objects. Each set of data has an associated time and six
parameters that specify the respective orbit. The data processing
method proposed here can be used on each parameter separately or it
can be used on a parameters derived from one or more of the data set
parameters.
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This method is completely unrelated to the binary search method
[4,5] of detecting spacecraft maneuvers, which searches for
maneuvers by partitioning tracking data into segments that are found
to contain no maneuvers via several goodness-of-fit criteria.

The processing method proposed in this work employs a moving
window curve fit method akin to the moving average method used in
statistical data processing. For each processing step, a single
representative parameter value based on the polynomial curve fit is
subtracted from the actual parameter having the corresponding time
to obtain a deviation. The parameter deviation and associated time
are saved. The saved deviations are then processed statistically to
determine the mean, variance, and standard deviation. The event
threshold is specified in units of standard deviation. Each deviation is
checked to see if it exceeds the event threshold. If it does, an event is
declared and the time and deviation are saved for future reference.
The analyst can adjust the event threshold so that mostly events of
interest are detected.

An alternative processing method can also be used. It involves
finding the derivative of the fitted polynomial at the midpoint or other
point within the data array window. The process proceeds as
discussed earlier, only in this case, the parameter derivative replaces
the parameter dispersion.

The moving window method serves to remove smaller variations
due to orbital perturbations and noise while responding to slower
secular variations in parameter values. In this manner, the larger
deviations indicative of space events can be identified.

One can choose the threshold size to detect the range of events
desired. Too small a threshold could result in too many less
significant events. This could lead to an excessive amount of event
analysis to determine the most significant events. It is preferable to
choose a threshold small enough to detect events of interest, but not
too many extraneous events.

II. Processing Scheme

Figure 1 illustrates the event processing scheme for the energy
parameter. A description of each processing step in Fig. 1 is
provided.

10: Sequential database for space objects has object number, time,
and state vector parameters (eccentricity, mean motion, inclination,
right ascension of ascending node, argument of perigee, mean
anomaly) for each of the over 8000 tracked space objects.

12: Select sequential data for a single space object.

14: Energy is computed from the mean motion parameter for each
set of sequential data.

16: A subset of sequential data is placed in the moving window
data array. In this case, time and energy are placed in the moving
window data array.
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Fig. 1 Processing scheme for energy event detection.

18: The energy data in the moving window are fit to a polynomial
function of time. An expected value of energy at the last data time
point is computed from the polynomial curve fit.

20: Energy dispersion is computed as the value of energy minus
the expected value of energy from the curve fit. The dispersion and
associated time are saved in a data array.

22: A check is made to determine if more energy data are available.
If so, the moving window is updated by adding the next sequential
energy value and removing the oldest energy value. In this manner,
the size of the data window does not change, but it moves forward
one time value.

24: When no more energy data are available, the standard
deviation of the energy dispersions is computed.

26: Each value of dispersion is checked to see if it represents an
event. Thus, a check is made to see if a value of dispersion is available
for event checking.

28: An event is declared if the dispersion is greater than the
standard deviation times a user-supplied threshold. Thus, a threshold
value of three corresponds to a three-sigma threshold value.

36: A threshold is supplied by the user. The higher the threshold,
the fewer dispersions will exceed the threshold, and the fewer events
will be declared.

30: Events are stored in an event database for subsequent
processing.

32: A check is made to see if more space objects are available for
processing. If so, the next space object with its associated sequential
datais selected and the event process begins again. If no more objects
are available for processing, the event analysis is begun.

34: Event analysis is initiated for each event in the event database.

36: User defined threshold is used to select the magnitude of event
desired.

III. Analysis

Each tracked object has its own file of sequential TLEs spanning
the period of interest as illustrated in Fig. 2. Each element set has an
associated time and date for the orbital parameters, which include
inclination, eccentricity, right ascension of ascending node, argu-
ment of perigee, mean anomaly, and mean motion. One can process
each individual parameter to detect sudden or unexpected changes,
or one can process a parameter that is derived from one or more of the
TLE parameters.

Because maneuvers, collisions, and sudden increases in atmo-
spheric density result in changes in energy, energy was considered a
very useful parameter for analysis. Energy was computed as kinetic
energy plus gravitational energy based on a spherical Earth. Higher
order energy terms associated with Earth, moon, and sun were
neglected but could be included if desired.

The energy per unit mass was computed from the mean motion 7,
which is the number of orbits per day traversed by the space object.

anGM
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where G is the universal gravitational constant and M is the mass of
the Earth. Thus, for each TLE time, a value of energy was computed
for processing.

The moving window curve fit method, which proved useful in
trajectory estimation problems [7], was applied to the space event
detection problem. Figure 2 illustrates the moving window curve fit
method. The data to be processed are placed in a data array of selected
size. For example, the array may contain 12 sequential parameters. A
polynomial curve of selected order is fit to the data using the least
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squares method. Time is the independent variable. A parameter value
based on the curve fit is computed for a given time within the
window. The curve value is subtracted from the actual data at the
corresponding time to obtain a dispersion value. The array window is
then advanced in time by removing the oldest parameter and adding
the next sequential parameter. One could advance the window
forward by more than one data set at one time if desired. The number
of time steps advanced depends upon the fidelity of the results
needed. Once the window is advanced, another curve fit is performed
and the resulting deviation is saved. This process is repeated for all of
the sequential data.

Equation (2) illustrates a polynomial of order three. The curve fit
performs two functions. It filters noise and/or high frequency
variation in the data. It also allows parameter or the parameter’s time
derivative estimation for any time within the window. Increasing the
size of the window provides greater filtering of noise. However,
larger window sizes require higher order polynomial curve fits to
capture the expected variation of the parameter. Thus, there is a trade-
oft between window size and the order of the curve fit. One can tune
the window size and order of the curve fit based on the inherent
characteristics of the data. The output of the curve fit is the
polynomial coefficients, c;, illustrated in the Eq. (2). It should be
noted that the curve fit is valid only within the window. The curve
should not be extrapolated beyond the window,

p(t) =cy + ¢t + cyt? + 38 2)

Another method to detect changes in a parameter is to evaluate the
derivative of the polynomial curve fit at some time within the
window. If a parameter such as energy has a step increase at
the midpoint of the window, the derivative of the curve fit would
indicate a sharp increase at that point. The derivative simply replaces
the parameter dispersion in processing step no. 20 in Fig. 1, and the
remainder of the processing scheme remains the same. The
derivative of the polynomial curve fit in Eq. (2) is given by

dp

£ =, +2c,t + 3¢5t 3)
dr

The method can be applied to a historical database or it can process
data in real time. In the real time application, the moving window is
advanced as new data are received. The processing is essentially the
same in both applications.

IV. Event Detection

Events are detected by processing the array of deviations or
derivatives that was generated by the moving window processing. In
either case, one would like to identify the largest absolute values
based on the statistics of the data. The first step is to evaluate the mean
of the data by summing the values and dividing by the total number of
values summed. Once the average is obtained, the variance and
standard deviations are computed based on standard methods. In the
real time application, the statistical parameters can be computed
recursively rather than in a batch method to increase processing
speed.

The data threshold is defined in units of its standard deviation.
Once a threshold is selected, each data point is checked to determine
if it exceeds the threshold. If a data value exceeds the threshold, an
event is declared for that data point. Higher thresholds result in fewer

data values exceeding the threshold and fewer events being declared.
All data points exceeding the threshold are saved for subsequent
processing. Because time is included with each detected event, one
can process the initial raw data associated with the event to determine
other characteristics of the event.

Other event selection criteria can be used to reduce the number of
events or to select the type of event of interest. For example, one
could declare an event if two selected parameters exceed their
respective thresholds simultaneously. An orbit-raising maneuver
would increase energy but not change inclination. However, a
random space collision event might change both energy and
inclination. Therefore, events involving energy and inclination
changes could identify potential collision events. With six orbital
parameters to choose from, many other event criteria could be used.

A. Collision Event Detection Example

The first confirmed unintentional random collision in space [8]
between two tracked space objects occurred in 1996. Since this
collision, which involved the Cerise spacecraft, at least two other
collisions between tracked objects have occurred [9]. As an example
of this method, TLE data for the object that collided with the Cerise
space vehicle were processed using the moving window curve fit
method. A window of nine TLEs worth of energy data was fit to a
fourth order polynomial, as expressed in step step 18 of Fig. 1.
Figure 3 illustrates raw energy data and the polynomial fit to the data
for a sample window. The value of energy produced by the curve fit at
the end of the window was plotted in Fig. 4. The window was
advanced one data point for each cycle. A new curve fit and value of
energy was generated and plotted in Fig. 4 for each moving window
step. Energy dispersions were saved in a file, as illustrated in step 20
of Fig. 1. The dispersion data were processed to determine the
standard deviation (sigma), as expressed in step 24 of Fig. 1. The
threshold was set at three-sigma. The event indicator is initially set to
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Fig. 3 Sample moving window of energy data for space object
no. 18208 that collided with Cerise space vehicle in 1996 and its
associated cubic polynomial curve fit.
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Fig. 4 Energy of space object no. 18208 that collided with Cerise space
vehicle in 1996 and the detected event.



PATERA 557

zero. Each dispersion is checked to see if it exceeds the threshold. If
the threshold is exceeded, the event indicator for the given time step
is changed from zero to one, indicating a detected event. This process
is repeated for all of the dispersions. This step corresponds to step 28
in Fig. 1. The event indicator is plotted in the lower portion of Fig. 4
to illustrate the time at which each event was detected. Only near
day 210 did the energy dispersion exceed three-sigma during the
period illustrated in Fig. 4.

Figures 5 and 6 illustrate the associated energy dispersions and
derivative, respectively. The event indicator appears at the lower
portion of each graph. The up—down variations in the figures are
caused by the relative location of the event within the moving
window curve fit. As the moving window advances, the event passes
through the moving window, which causes variations in the curve fit
estimate. Because the moving window contains many TLEs, the
effect of a single bad TLE is averaged out and usually does not show
up as a detected event. This example demonstrates that the method
can successfully detect a space collision event.

A collision event can affect other TLE parameters, as mentioned
earlier. An event was also detected by processing inclination data for
object no. 18208. Figure 7 illustrates the estimated inclination
produced by the moving window curve fit and the events that exceed
three-sigma. Only a single event was detected over the time period
illustrated in Fig. 7. The event time corresponds to that in Figs. 4-6.
Because this event affected both energy and inclination, the event
type is likely a collision event. Processing multiple parameters
simultaneously may help in determining the type of event detected.

B. Space Weather Event Detection Example

Solar activity can add energetic particles and associated energy to
the upper atmosphere and increase its temperature. The hotter
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Fig. 5 Energy dispersion of space object no. 18208 that collided with
Cerise space vehicle in 1996 with the associated three-sigma threshold.
The detected event appears on lower curve.
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Fig. 6 Energy derivative of space object no. 18208 that collided with
Cerise space vehicle in 1996 and the detected event.
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Fig. 7 Inclination of space object no. 18208 that collided with Cerise
space vehicle in 1996 and the detected event.

atmosphere expands and increases the atmospheric density at higher
altitudes. As a result, atmospheric drag increases for objects in low
Earth orbit. The change in drag manifests itself in the derived energy
dispersion parameter. A large number of tracked space objects had
large energy dispersion near day 315 in the year 2004, which
indicated a change in drag due to atmospheric density. Figure §
illustrates the correlation between the dispersion in energy and the
Ap index, which is a measure of geomagnetic activity. Evidently, a
mass was blown off the solar corona and impacted the Earth’s
magnetic field triggering the geomagnetic activity and resultant
upper atmospheric heating. This event produced changes in upper
atmospheric density that affected state vector parameters of object
no. 7219. The energy dispersion is observed several days past the
event because the event is still within the moving window and
therefore influences the curve fit. The solar event illustrated in Fig. 8
was significant enough to affect space objects in orbit having
altitudes 1000 km or less.
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Fig. 8 The dispersion in energy for space object no. 7219 is highly
correlated to the Ap index.
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Fig. 9 The dispersion in energy for space object no. 19133 is not
correlated to the Ap index.
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Fig. 10 Normalized number of events per day for the entire unclassified
catalog of tracked objects and the Ap index as a function of the day of the
year in 2004.

Space objects that orbit above roughly 1000 km are not influenced
as much by solar activity as are lower altitude objects. Figure 9
illustrates energy dispersions for space object no. 19133, which has
apogee and perigee altitudes of 1594 and 1445 km, respectively. It is
clear from the figure that energy dispersions are not correlated to the
Ap index because the major increase in the Ap index on day 315 has
little or no associated energy dispersion. In this case, the energy
dispersion is equal to or less than the inherent error and is not detected
as an event.

The catalog of tracked objects was processed to detect space
events using the energy parameter. The numbers of events per day for
each tracked object were combined to form the total number of events
per day for all tracked objects. The normalized number of events per
day is found by dividing the number of events per day by the total
number of events for the entire year. The normalized number of
events per day was plotted versus the day of the year in 2004 as
illustrated in Fig. 10.

It took only 2 min and 23 s to process the entire catalog for the
entire year of 2004 using a laptop. The processor was an Intel
Pentium® M having a speed of 2 GHz and a random access memory
of 2 GB.

The two major solar events produce most of the space events. The
influence of the solar event on the Ap index persists for a day or two
after the event. The correlation between the Ap index and the
detected space events is of high interest to both space weather
analysts and satellite operators who need accurate state vector
information for their vehicle.

Figure 11 illustrates the normalized number of events for space
objects having semimajor axes between 1000 and 2000 km for the
year 2004. The two major solar events indicated by the spikes in the
Ap index do not affect these higher altitude space objects.

It is of interest to determine the range of altitudes of tracked space
objects most affected by the elevated Ap index. Detected events for
the catalog of tracked space objects were grouped in altitude bins
spanning the altitude range between 200 and 1300 km. Event data as
afunction of the day of the year in 2004 for each altitude bin similar to
thatin Fig. 10 was generated. The correlation coefficient between the
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Fig. 11 Normalized number of events per day for the unclassified
catalog of tracked objects with semimajor axes between 1000 and
2000 km and the Ap index as a function of the day of the year in 2004.
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Ap index as shown in Fig. 10 and the events in each altitude bin were
computed and plotted in Fig. 12. One would expect the higher
altitude objects to be affected less by the Ap index because they are
beyond the reach of even an expanded atmosphere. Calculation of the
correlation coefficient supports this expectation because below
1000 km the correlation is in the 45-70% range indicating high
correlation. Above 1000 km the correlation coefficient drops well
below 10% indicating virtually no correlation. It should be noted that
these results are for the year 2004. Future studies will determine if
these results can be generalized to other years.

C. Maneuver Detection Example

The space event detection method has the ability to detect space
vehicle maneuvers because maneuvers change the vehicle’s energy.
Even small station keeping maneuvers can be easily detected.
Satellites in orbit above about 1000 km are not significantly affected
by atmospheric density changes due to solar activity. Gravitational
perturbations from the Earth, sun, and moon are extremely small and
produce small energy dispersions from the nominal Keplerian
energy. As a result, even a very small maneuver stands out as a
dominant change in energy. Consequently, satellite maneuvers are
easily detected with the proposed processing method. This is because
the threshold is proportional to the standard deviation of the
dispersions. As the dispersions decrease at higher altitude, so does
the event threshold, which enables detection of events with smaller
associated energy changes. Figure 13 illustrates maneuver detection
for an anonymous space vehicle having an orbital altitude above the
range of the Earth’s atmosphere. The significant solar event that
occurred on day 315 of 2004 is not present in Fig. 13 due to the
satellite’s high altitude. The threshold was set to three-sigma and
several apparent maneuver events were detected. If the threshold
were lowered, more events would be detected. However, the
threshold should not be lowered too much. For example, a one-sigma
threshold could result in more than half the dispersions being
detected as events if the dispersions happen to be normally
distributed.
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Fig. 13 Energy dispersions and detected events versus day of the year
in 2004 for an object that is not affected by atmospheric density
fluctuations due to solar activity.
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to Fig. 12.

Figure 14 illustrates the derivative of energy for the same vehicle
asinFig. 13.Itis clear that at least one maneuver was made during the
period shown. More detailed analysis is required to determine the
nature of the smaller oscillations in the derivative appearing in
Fig. 14, which may be the result of attitude control maneuvers that
inadvertently add or subtract orbital energy.

Figure 15 illustrates the total orbital energy of the International
Space Station for the year 2005. The relatively low altitude of its orbit
causes a significant orbital decay rate. As aresult several orbital boost
maneuvers were applied throughout the year. When the event
detection threshold was set at three-sigma, three orbital maneuver
events were detected. The events corresponded to orbital energy
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Fig. 15 Energy and detected maneuver events versus day of the year in
2005 for the International Space Station using a three-sigma threshold.
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Fig. 16 Energy and detected maneuver events versus day of the year in
2005 for the International Space Station using a two-sigma threshold.

increases as indicated in Fig. 15. When the threshold was set at two-
sigma, smaller orbital energy increases were detected as illustrated in
Fig. 16. Changes in the orbital energy due to solar activity were
significantly smaller than the orbit-raising maneuvers.

This example illustrates that the moving window curve fit method
for event detection works well for cases in which the parameter is
changing over time. In this case atmospheric drag decreased energy,
but the slow change was accommodated by the curve fit method.
Only sudden changes in energy associated with the maneuver events
were detected.

V. Summary and Conclusions

A data processing method was developed to detect space events
including collisions, satellite maneuvers, and solar activity that affect
atmospheric density. The method uses state vector data associated
with the catalog of tracked objects. The technique can be applied to
any element set parameter or a derivative of one or more TLE
parameters. Sequential data are processed using a moving window to
both filter and estimate a parameter’s value. Parameter dispersions
are found by differencing its expected value and its actual value. The
statistical distribution of the dispersion is used to establish an event
threshold. Events are declared when dispersions exceed the event
threshold. The method can be used in both batch and recursive
modes. The algorithm is very efficient because it took a little more
than two minutes to process the entire catalog for an entire year using
a laptop computer.

The advantage of the moving window curve fit technique is that
only sudden abnormal changes in parameter values are identified.
Slower secular parameter variations are accommodated by the
method without generating extraneous events.

The method was demonstrated by detecting a space collision
event, satellite maneuver events, and events related to solar activity.
In each case, dispersions in the energy parameter were used to detect
events.
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