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Satellites sometimes maneuver before conjunctions to remediate the risk of an on-orbit collision.  Many missions use probability of collision () thresholds to decide when such maneuvers should be performed.  These thresholds tend to be conservative because of policies that require satellites survive their lifetimes without collision with high confidence (e.g., 99.9%).  This study presents a semi-empirical method to estimate remediation  thresholds that satisfy such lifetime risk requirements. The formulation combines survival probability analysis with empirical conjunction histories to estimate remediation thresholds as a function of satellite size, remaining on-orbit duration, lifetime collision probability limit, collision consequence, and other parameters.
Introduction
As the population of artificial Earth-orbiting satellites grows, the likelihood of on-orbit collisions also increases.  Such collisions pose a direct threat to spacecraft occupied by humans, such as the International Space Station, as well as a much larger number of currently active robotic satellites, which represent significant investments by many international commercial, military and scientific organizations.  Collisions also pose an indirect threat to future spacecraft, through the generation of fragmentation debris that can remain orbiting for extended periods.  NASA’s Conjunction Assessment Risk Analysis (CARA) team has the responsibility to assess collision risks for a specific set of high value Earth-orbiting satellites.
When a tracked object is projected to approach a satellite of interest, a conjunction risk assessment analysis can be performed to quantify the risk of a collision. Many practitioners, including CARA, measure this likelihood with the probability of collision, , determined using either semi-analytical1-3 or Monte Carlo methods.4,5  For high risk events, satellite operators may opt to perform a risk mitigation maneuver (RMM) to reduce the  to a desired threshold.  Some missions operate under stringent lifetime survival policies, which drive mitigation actions.  These policies require that satellites survive their remaining active lifetimes at a high confidence level, such as 99.9%, without a large-object collision.  In other words, conjunctions must be remediated in order to maintain a cumulative survival probability of , thereby reducing the cumulative collision probability to .  Such policies not only help ensure that satellites provide a sufficient return on investment, they also enable reliable and responsible end-of-life disposal activities, which can prevent valuable orbital regions from accumulating inactive, debris-generating satellites.
This study presents a method to estimate conjunction remediation thresholds that satisfy such lifetime survival policy policies.  Specifically, the formulation combines survival probability analysis with satellite conjunction histories in order to estimate risk remediation thresholds as a function of a satellite’s hard-body radius (HBR), on-orbit duration, and additional mission parameters.  The semi-empirical method employs observed conjunction histories, each of which includes the orbital states and covariances for the comprehensive sequence of conjunctions experienced by an actual cataloged primary satellite over many years, as compiled in an archive database. These histories can be used to approximate cumulative collision probabilities for hypothetical, model objects flying in orbits similar to those of the observed primary satellites.  The formulation allows the modeled satellites to have HBR values and mission lifetimes different than those of the original satellites.
The analysis indicates that semi-empirical cumulative collision probabilities,  increase significantly with increasing hard-body radius and remaining on-orbit duration.  If  exceeds a mission’s lifetime threshold (e.g., , then risk remediation actions must be included within the model, and the formulation provides a means to study how much  can be reduced by performing maneuvers.  This in turn provides a means to estimate appropriate remediation threshold  levels throughout a mission’s lifetime, as well as expected remediation maneuver frequencies.  Finally, the study demonstrates the effects of incorporating collision “consequence” considerations6 that establish thresholds to remediate risk for only the most catastrophic collisions.
overview of cara conjunction RISK assessment and archived data
This section provides a brief overview of CARA risk assessment concepts and archived conjunction data, which are subsequently used to formulate the semi-empirical method of estimating cumulative collision probabilities.
Satellite Conjunction Histories
CARA assesses conjunction risk for several high-value satellites, and has been doing so for over a decade.  During processing, the CARA system first detects candidate satellite close encounters seven to ten days in advance using a screening-volume approach7 incorporating the latest available tracking data and orbit determination (OD) solutions.8,9  This effort primarily employs the catalog of trackable satellites and associated OD solutions maintained by the United States Air Force.7,9 For each conjunction, CARA assesses collision risk using a suite of  estimation methods1-5 which require as input the orbital states and associated covariance matrices for the primary and secondary satellites, as well as HBR values.
CARA’s archive database contains comprehensive, long-term records of the conjunctions experienced by several primary satellites.  Each such “conjunction history” represents a sequential list of close approach events that represent screening volume incursions.  For a particular CARA primary, each specific event can be identified uniquely using the secondary satellite’s space catalog number (SCN) and a nominal time of closest approach (TCA).  Figure 1 illustrates a conjunction history for the Hubble Space Telescope (HST, SCN 20580) recorded over nearly a decade (2009-02-25 to 2019-01-29).  The center panel, with date-dependent colored circles, shows the distribution of HST conjunctions as a function of altitude (horizontal axis) and latitude (vertical axis).  Each circle represents a unique close approach event processed by the CARA system.  Circle sizes indicate the amplitude of “last-update”  estimates (as explained later in more detail). The left panel shows the frequency histogram of conjunctions as a function of latitude, indicating the well-known increase in conjunction rates at higher latitudes.10  HST’s orbital decay due to atmospheric drag can be seen in this plot, with the earliest conjunctions (blue circles) occurring at altitudes about 30 km higher on average than those occurring a decade later (yellow circles).  Finally, Earth’s slightly pear-shaped figure (i.e., its J3 gravitational component) causes the distribution of events to skew slightly toward higher altitudes over the southern hemisphere (i.e., at negative latitudes).
[image: C:\dth\Conferences\2019_08_11_ASC_Portland_ME\RiskRemThresholds\Paper\Figs\Cdist\Slide2.PNG]
Figure 1. Illustration of a conjunction history spanning 9.92 years for the HST satellite, demonstrating how HST’s conjunctions with other cataloged objects are distributed in altitude, latitude, time, and estimated  value.
Conjunction Update Sequences
As mentioned previously, the initial risk assessment processing by the CARA system can precede a conjunction’s nominal TCA by seven to ten days.  Within a day or two of this first assessment, however, additional tracking observations of the primary or secondary objects become available  either due to the normal on-going sequence of catalog updates, or because of specially requested increased tracking sensor tasking.  These produce new OD solutions, with refined orbital states and covariance matrices that, in turn, provide updated  estimates.  Several such updates often occur for each unique close approach event.  Figure 2 shows a   update sequence for an HST event that occurred in early 2016.  The plot shows the sequential  updates (vertical axis) plotted as a function of update time (horizontal axis). During such update sequences,  estimates can vary dramatically.  Notably, they often decrease significantly during the last 1-3 days before TCA, even without any active risk remediation, which naturally tends to result from the improving trend of orbital state prediction accuracies.11  In some cases, the final update found in CARA’s archive can even occur after TCA; these represent post facto risk assessments, and often employ the highest overall quality OD solutions available for a final analysis.
Risk Mitigation Maneuver Commit and Consider Times
Most missions need time to plan and execute maneuvers, and must commit to an RMM go/no-go decision somewhat before TCA.  Such “RMM commit times” vary, but can be as short as a few hours for the most responsive missions, up to several days for the least.  In addition, missions may also not even consider performing an RMM before a certain time, in order to avoid erroneous decisions and needless maneuver planning based on large orbital state prediction errors. Figure 2 illustrates a 1.5-day commit time () and a 7-day consider time (), plotted as two vertical dotted lines.  RMM go/no-go decisions employ the most recent  estimate available, which is the one in the update sequence immediately preceding the commit time.  For the example shown in Figure 2, this “last update before the RMM commit time” (or just “last-update” for brevity) corresponds to , estimated ~6 hours before the commit time, and ~2 days before TCA.
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Figure 2. The  update sequence for a conjunction between HST (SCN 20580) and a secondary object (SCN 12586) with a nominal TCA of 2016-02-11 02:41:52. Vertical dotted lines show examples of an RMM commit time (right) and consider time (left).  Horizontal red, yellow and green lines show  levels of 10-4, 10-7 and 10-10 for reference.
Risk Mitigation Maneuver Types
This analysis considers two types of risk mitigation maneuvers. Translational RMMs remediate collision risk by thrusting to alter the primary’s trajectory, and are usually quite effective in reducing risk because they are capable of reducing  values to near-zero levels.  Rotational RMMs have limited effectiveness because they only reorient the satellite and/or its articulating components to reduce the area projected toward the incoming object.  Other RMM types, such as combined translational/rotational maneuvers, are not considered in this analysis.  The HST satellite only has the capability to perform purely rotational RMMs.
Risk Mitigation Maneuver  Thresholds
Many missions operate with “red” thresholds that indicate the  level above which RMMs must be performed, coupled with “blue” thresholds (for translational RMMs) that determine the degree to which the  must be reduced for the risk to be considered effectively remediated.  (Note: blue thresholds do not apply to rotational RMMs because their degree of risk reduction is limited by reorienting to project minimum area.)   For many current missions, these remediation thresholds are set at initial levels that appear to be sufficiently conservative, and then employed for entire satellite lifetimes without further quantitative justification or adjustment.  The formulation presented in the next sections combines survival probability analysis with empirical conjunction histories to establish remediation thresholds as a function of satellite size, remaining on-orbit duration, lifetime collision probability limit, and other parameters.
Semi-empirical Cumulative survival and collision probabilities
The semi-empirical analysis presented here employs the observed conjunction history for a primary satellite as an empirical estimate of the set of events that could be experienced by a hypothetical, model mission occupying a similar orbit.  As discussed in more detail later, the analysis assumes that the model mission executes translational RMMs using specified consider/commit time limits , in order to remediate risks for conjunctions that have last-update  values exceeding a red threshold, denoted by .  For conjunctions that do not require an RMM (i.e., those with ), the last-update  value can be considered an estimate of the unremediated collision risk of the event.  Collision risks from all such unremediated events accumulate over long periods on orbit.  This section formulates how empirical cumulative collision probabilities can be estimated for model satellites that have an on-orbit duration equal to that of the observed primary, and in the limit , for which no remediation occurs.  The following section generalizes the semi-empirical model to enable analyses for different on-orbit durations and other red-threshold  values.
Archived Long-Term Sequences of Conjunctions
The sequence of conjunctions observed to be experienced by an actual primary satellite during an extended on-orbit period
                                                       (1)
can be easily identified within the CARA operational event database.  The HST data set shown in Figure 1 spans an observation period of  = 9.92 years and includes a total of  unique events.  For a model satellite occupying an HST-like orbit, however, only a subset of these events has a  update within the mission’s specified RMM consider/commit time limits.  This subset includes  events for  and .  In general, these  conjunctions involve many different secondary satellites, and are assumed to be statistically independent events for this analysis.
TCAs for the observed sequence of conjunctions can be denoted  with .  The corresponding TCA orbital state vectors () and state covariance matrices () for the primary and secondary satellites can be combined into a composite data set
                                                 (2)
The set  contains the essential conjunction sequence data for the semi-empirical formulation presented in this study, and can be extracted from the archive database for a specific primary using the four parameters .
The states and covariance matrices contained in  enable estimation of the sequence of last-update collision probabilities
                                           (3)
with the combined set denoted , .  The symbol  in eq. (3) can represent the combined hard-body radii of the primary and secondary if both are known, , or the protection radius used for all conjunctions involving the primary, .  “” represents any viable  estimation method, including semi-analytical1-3,11 or Monte Carlo formulations.4,5  This analysis employs the “2D-Pc” method1,2 to estimate  values.  (Note: the colored circles plotted in Figure 1 show the set  derived from the HST conjunction data using model mission parameters ,  and ).
Semi-Empirical Cumulative Collision Probability Estimation
Assuming no remediation maneuvers occur, the probability of surviving the ith event in a conjunction sequence without a collision can be estimated using the complement of the collision probability 
                                                                 (4)
The cumulative probability of surviving the entire sequence of conjunctions is given by the product of the individual survival probabilities, assuming they are statistically independent events
                                          (5)
expressed here as a function of a generalized set of last-update collision probabilities, .  The cumulative collision probability is the complement of the cumulative survival probability
                                   (6)
This equation provides a semi-empirical estimate of the cumulative collision probability assuming no translational risk mitigation maneuvers had actually been performed.  (This is a safe assumption for HST, because it is limited to purely rotational RMMs, which do not affect the archived TCA states and covariance matrices.)  Applying eq. (6) to the  set illustrated in Figure 1 yields a cumulative collision probability of   for model mission parameters ,  and .  This implies that a hypothetical satellite in or near HST’s orbit with these model mission parameters would have accumulated ~0.7% probability of colliding with another cataloged object during this ten-year period, had it performed no RMMs.  If such a mission had a requirement of keeping the cumulative probability at or below a level of  during this period, it would have needed to perform RMMs to achieve this goal.
Semi-Empirical Cumulative Collision RISK Model
This section illustrates how the semi-empirical approach can be extended to provide approximations for model satellites with different on-orbit durations, , and to allow combining multiple primaries occupying similar orbits to enlarge the input pool of conjunction data.  These generalizations first employ a scaling method to approximate the cumulative number of conjunctions experienced by a model satellite, , followed by a resampling approach to generate multiple realizations of the model state/covariance sequence, , and the associated collision probability sequence, .
Scaling the Cumulative Number of Conjunctions
The cumulative number of conjunctions expected for a model satellite occupying an orbit similar to an observed primary’s orbit can be approximated by applying two scale factors
                                                   (7)
The first factor in square brackets scales the number of events by the ratio of the model mission duration to the observation duration.  The second factor in square brackets allows data from multiple primaries to be combined.  For instance, the CARA archive contains conjunction data for the two identical GRACE satellites.12  During their active mission, this pair occupied congruent polar orbits, with one leading the other by about 220 km.  Because of this, the archived conjunction data for this pair could be combined for a semi-empirical analysis, and  set to two in eq. (7).  The CARA archive contains data for other satellite groups and constellations that can be combined similarly.
Applying these two scale factors implicitly assumes that the distribution of states/covariance matrices for conjunctions experienced by the model satellite will be the same as (or sufficiently similar to) the distribution observed for the actual primary, or primaries, if .  In other words, the data in Figure 1 can be used for semi-empirical approximations only for model satellite missions deployed into HST-like orbits, and interacting with a similar secondary population.  This study applies the first scale factor in eq. (7), in order to study the effect of varying the mission durations.  Application of the second factor is reserved for future analysis.
Resampling to Generate Multiple Model Conjunction Sequence Realizations
As mentioned previously, an observed conjunction sequence has archived TCA orbital states and covariance matrices specified by the set  given in eq. (2).  This set can be resampled to construct one or more sequences that can be applied to a model mission.  The first step of this process is to generate a set of resampling indices, {, with , which represent randomly-selected integers distributed uniformly over the range  produced using a sampling-with-replacement algorithm that allows repeated integer values.  These indices are then used to create a resampled state/covariance sequence applicable to a model mission
                                                  (8)
Repeating this randomized sampling process generates multiple such model sequences  with , where  represents the number of resampling realizations used in the analysis.  Each set  represents a synthetic realization of the conjunction sequence experienced by the model satellite, and provides the means to estimate the associated set of collision probabilities  using eq. (3), which in turn can be used to estimate the cumulative probability  using eq. (6).  The multiple sampling realizations can be combined to produce a median estimate
                                                    (9)
Variations associated with the sampling process can be measured using the bounds on the central 95% of the range spanned by the set {.
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Figure 3. Semi-empirical cumulative collision probabilities estimated as a function of on-orbit duration for a model mission deployed into an HST-like orbit, assuming no remediation maneuvers are performed.  The solid line shows median estimates for 1,000 resampling realizations; dashed lines show bounds for the central 95% of the realizations.
Applying the Semi-Empirical Model to the Observed Primary Satellite
The self-consistency and sampling variations of the semi-empirical model can be tested by estimating the cumulative probability for observed time period, i.e., .  For this test, both scale factors in eq. (7) equal one, so .  However, the resampling process produces conjunction sequence realizations with .  Generating K = 1,000 resampling realizations from the HST data shown in Figure 1 yields a median estimate of  with the central 95% spanning the range ((for model parameters   ,  , and ).  This is consistent with the estimate reported previously of  calculated directly from .  Notably, the 95% sampling range spans scale factors of ~1.9 above and ~2.4 below the median, indicating that this semi-empirical method can only provide rough estimates for cumulative probabilities.  These sampling ranges can be reduced (but not eliminated) by using larger conjunction data sets, which can be created by extending the observation durations and/or combining multiple primaries.
Figure 3 shows  estimates and 95% sampling ranges calculated by varying model on-orbit durations over the range  years (but retaining ,  , and ).  It sensibly demonstrates that cumulative collision probability estimates decrease as on-orbit durations decrease.  This means that for sufficiently short durations,  could become less than a mission’s cumulative risk goal value of .  During such short missions no remediation may be required at all within the model.  As can be seen in Figure 3, for a cumulative  goal value of , this short-duration limit occurs at  for the median  values estimated in this example.
Although it provides rough estimates, this generalized semi-empirical model enables sensitivity analyses that could aid pre-launch mission risk assessments.  For instance, Figure 3 indicates that a mission planning to launch into HST’s orbital regime with a 5-year on-orbit duration and a 10 m HBR would expect to accumulate a collision risk of  with a 95% range spanning (, if no RMMs were performed.  For this example, the model indicates that reducing the HBR by half to 5 m decreases these cumulative probabilities by a factor of ~4.  More broadly, the model indicates that, for typical satellite HBR values, cumulative collision probabilities scale very nearly in proportion to the hard-body sphere’s projected area (i.e., ), as do the individual conjunction  values. These examples show how prospective missions can gauge cumulative collision risk over a trade-space of satellite and mission parameters.
Cumulative Collision Probability Model with Risk Remediation
The previous sections calculated cumulative collision probabilities based on the assumption that the model mission performs no risk mitigation maneuvers (i.e., for a limiting red threshold of ).  The effect of remediating collision risk by performing RMMs can be incorporated into the semi-empirical model by modifying eq. (6) to express the remediated cumulative probability
                                      (10)
where the remediated collision probability for the ith model conjunction is
                    (11)
and  represents the entire set comprising  probabilities.  As mentioned previously,  denotes the “red” collision probability threshold in eq. (11).  The factors and  represent the  reduction levels achieved by rotational and translational maneuvers, respectively.  Eq. (11) corresponds to a risk remediation policy of performing RMMs for all events with last-update collision probabilities exceeding the red threshold.  Eq. (11) also shows the different nature of the  reduction factors for translational and rotational RMM types.  Specifically, rotational maneuvers can only reduce the primary’s area projected toward the incoming secondary, thereby decreasing the collision probability by a finite amount approximately equal to the ratio of areas
                                                           (12)
where  is the reduced projected area.  Translational maneuvers, on the other hand, have the capability to reduce probabilities to very small levels (i.e., effectively to zero), depending on how early they are performed and how much change in velocity is applied.  For translational RMMs, the product  represents the blue remediation threshold in this analysis.  Remediating to an exceedingly small  value such as 10-6 could conceivably require prohibitively early or large maneuvers.  However, as discussed later, remediating  to more moderate values such as 0.03-0.1 provides comparable collision risk reduction, and potentially allows more efficient translational RMMs to be scheduled and executed.
Risk Mitigation Maneuver Execution Rates
The average rate that a mission performs maneuvers in the model is given by
                                             (13)
measured here in RMMs per year.  Here  denotes the step function
                                                             (14)
Because performing maneuvers often requires expending limited and valuable mission resources (e.g., fuel and labor), average  rates provide a convenient measure of the burden imposed by remediating to different levels of cumulative collision risk.
Regular vs Conservative Model Estimates
For missions with perfectly safe and reliable maneuver execution systems, the type of conjunction that produces the most unremediated risk has collision probability equal to the red threshold, i.e., .  Eq. (11) indicates that an RMM would just barely not be performed in this case, assuming strict adherence to the risk remediation policy.  Facing this prospect, a conservative satellite owner/operator may want to insist that, even if such an event were to occur, the mission would still confidently be operating within the imposed on-orbit cumulative risk limit.  This concept forms the basis of the “conservative” mode of the model, which adds one threshold-level event to each model sequence of collision probabilities, , and uses this augmented set for estimation, instead of the original set employed by the model’s “regular” mode.
Estimating Remediation Thresholds and maneuver Rates
The semi-empirical model formulated in the previous sections provides the means to estimate remediation thresholds and maneuver rates.  Figure 4 graphically illustrates the estimation process for a model satellite in an HST-like orbit performing translational RMMs with the mission parameters , , , and .  (Note: Unless otherwise stated, this “standard” set of mission parameters will be used repeatedly in the following sections for many example analyses, including Tables 1-4.)  The left panel in Figure 4 shows regular estimation mode solutions, and the right panel conservative mode solutions.   Each panel shows median remediated cumulative probabilities ( as measured along the color axis and with contour lines) estimated as a function of remaining on-orbit duration ( on the vertical axis) and red remediation threshold ( on the horizontal axis).  A close inspection of the contours in Figure 4 indicates that the largest differences between regular and conservative mode threshold estimates occur for the shortest mission durations.
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Figure 4. Remediated cumulative collision probabilities for the regular mode (left panel) vs the conservative mode (right panel), for the “standard” example mission parameters (see text).  Each panel shows median  values (in color with contours) estimated as a function of on-orbit duration (vertical axis) and red remediation threshold (horizontal axis).
Variation of Remediation Thresholds and Rates with Mission Duration
Unsurprisingly, the model indicates that missions with long remaining on-orbit durations need to perform more remediation actions (at least initially, as discussed below) in order to achieve the same level of cumulative collision risk compared to those with shorter durations.  The gray symbols in Figure 4 demonstrate this effect explicitly by showing solutions that remediate to a cumulative risk goal level of . Specifically, gray diamonds, circles, stars and squares show solutions for durations of 2, 5, 10 and 15 years, respectively.  Table 1 lists the corresponding median  and average  values.  Table 1 indicates that average maneuver rates, , change non-linearly with remaining on-orbit duration, ; it also confirms that the largest differences between regular and conservative estimates occur for the shortest durations.
Notably, all of the gray symbols in Figure 4 lie along the  contours on the plots except for one: the  solution from the regular estimation mode, which falls below the  short-duration limit apparent in Figure 3, as discussed previously.  For such short-duration limiting cases, the regular estimation mode of the model sets the red remediation level to the cumulative goal value, i.e., .  The conservative mode of the model, however, does not encounter such cases by design, so its solutions all lie exactly on the contour corresponding to , as shown in the right panel of Figure 4.


Table 1. RMM median thresholds  and average rates  estimated using the “standard” mission parameters (see text) with a cumulative risk goal of .
	
	Remaining 
On-orbit
Duration
 (yr)
	Regular Mode
Estimates
	Conservative Mode
Estimates

	
	
	
	 (yr-1)
	
	 (yr-1)

	Reduction
factor

	2
	1.0010-3
	0.21
	4.0910-4
	0.31

	
	5
	1.0510-4
	0.87
	8.5310-5
	1.05

	
	10
	1.8910-5
	3.33
	1.8210-5
	3.43

	
	15
	1.1110-5
	5.69
	1.1010-5
	5.70

	Reduction
factor

	2
	1.0010-3
	0.21
	4.1210-4
	0.31

	
	5
	1.0810-4
	0.85
	8.7610-5
	1.02

	
	10
	1.9510-5
	3.22
	1.8910-5
	3.33

	
	15
	1.1510-5
	5.52
	1.1310-5
	5.59


Variation of Remediation Thresholds and Rates with the  Reduction Factor
Table 2 shows the effect of changing the reduction factor for translational maneuvers from the standard value of  for the 5-year mission duration models plotted as the gray circles in Figure 4.  Decreasing  from this value has the effect of slightly decreasing the rate that RMMs must be performed in order to attain the same level of cumulative risk.  However, it also makes blue threshold levels more difficult to achieve by potentially requiring prohibitively early or large maneuvers.  Increasing  has the opposite effect.  Table 2 demonstrates that, for this example case,  values in the range 0.03 to 0.1 can be used to achieve the same levels of risk remediation as the most stringent value of , but only increase  averages by less than 3% to 10%, respectively.  Similar comparisons for other CARA primaries also indicate that using a blue threshold reduction factor of  provides effective risk remediation without increasing average maneuver rates by more than ~5%.
Table 2. RMM median thresholds  and average rates  as a function of reduction factor  for a mission required to remediate to a 5-year cumulative risk of .
	
	=0.30
	=0.10
	=0.03
	=0.01
	=0.00

	Regular
Mode
	
	7.7710-5
	9.7610-5
	1.0510-4
	1.0710-4
	1.0810-4

	
	 (yr-1)
	1.14
	0.93
	0.87
	0.86
	0.85

	Conservative
Mode
	
	6.6910-5
	7.9510-5
	8.5310-5
	8.6810-5
	8.7610-5

	
	 (yr-1)
	1.33
	1.11
	1.05
	1.03
	1.02


Variations of Remediation Thresholds and Rates with Hard-Body Radius Values
Table 3 shows the effect of changing the hard-body radius from the standard value of  for a 5-year on-orbit duration.  Not surprisingly, the model indicates that satellites with larger hard-body radii need to perform significantly more remediation to achieve the same level of cumulative collision risk compared to those with smaller radii.  For instance, Table 3 shows that enlarging  from 10 m to 20 m increases expected remediation rates by a factor of ~7 or more  indicating that  growth can exceed even the  trend that applies to most collision probabilities.  This implies that simply flying smaller satellites provides an extremely effective means of reducing both remediation activities and on-orbit collision risks.  It also emphasizes that missions should use realistic and accurate hard-body radii to assess risks; artificially inflated  values can unnecessarily increase both risk assessment workloads and remediation activities.
Table 3. RMM median thresholds  and average rates  as a function of HBR for a mission required to remediate to a 5-year cumulative risk of .
	
	=2.5m
	=5m
	=10m
	=20m

	Regular
Mode
	
	1.0010-3
	1.0010-3
	1.0510-4
	3.0010-5

	
	 (yr-1)
	< 0.01
	< 0.01
	0.87
	7.48

	Conservative
Mode
	
	7.9610-4
	4.6410-4
	8.5310-5
	2.8910-5

	
	 (yr-1)
	< 0.01
	0.10
	1.05
	7.67


Variations of Remediation Thresholds and Rates with Maneuver Commit Times
Table 4 shows the effect of changing remediation maneuver commit times from the standard value used here of s for 5-year durations.  The model indicates that missions with shorter commit times need to perform less remediation to achieve the same level of cumulative risk.  For instance, Table 4 shows that reducing  from 1.5 days to 0.25 days (i.e., from 36 hours to 6 hours) decreases expected remediation rates by a factor of ~3.3 or more.  This implies that implementing more responsive mission maneuver systems also provides an effective means of reducing both remediation activities and on-orbit collision risks.
Variations in the remediation maneuver consider times can also be investigated, specifically to study the implications of using somewhat more realistic values for  of 3 to 5 days, rather than the default value of 7 days used for all examples discussed here.
Table 4. Median RMM thresholds  and average rates  as a function of commit time  for a mission required to remediate to a 5-year cumulative risk of .
	
	=0.25 day
	=0.5 day
	=1.0 day
	=1.5 day

	Regular
Mode
	
	2.2810-4
	1.3010-4
	1.1810-4
	1.0510-4

	
	 (yr-1)
	0.15
	0.47
	0.56
	0.87

	Conservative
Mode
	
	1.1610-4
	1.0310-4
	9.6210-5
	8.5310-5

	
	 (yr-1)
	0.32
	0.66
	0.74
	1.05


Adjusting Remediation Thresholds During A Satellite’s Active Lifetime
Figure 4 and Table 1 indicate that  and  estimates change significantly with remaining on-orbit duration.  This means that, as a mission progresses throughout its lifetime, it could adjust its red remediation threshold on an on-going basis, and still continuously satisfy the same cumulative risk goal for its remaining on-orbit duration.  For instance, a newly-launched 5-year duration mission in an HST-like orbit could initially perform remediation using a median conservative-mode threshold of  and expect an associated average maneuver rate of  per year (as listed in Table 1 for ).  After surviving 3 years, however, the same mission would have only two years remaining on-orbit, and could then use a less demanding conservative-mode threshold of  reducing the average maneuver rate to  per year (also as listed in Table 1), and still satisfy its  requirement.
Remediation Thresholds Excluding Likely Non-Catastrophic Events
The examples presented so far have included all conjunctions with tracked secondary objects, regardless of the severity or consequences of collision that might result.  Methods exist, however, to evaluate the likelihood of a “catastrophic” collision, in which both the primary and secondary fragment fully, and thereby add significantly to the orbital debris population (see Lechtenberg and Hejduk6 and references therein).  This concept allows risk management policies to focus on preserving valuable orbital regions by preventing the accumulation of debris that threaten other current and future missions; it also forms the basis of the “environment protection” modes of the semi-empirical model formulation, as opposed to the “mission protection” modes discussed previously.
Preliminary analysis indicates that implementing an environment protection mode that excludes collisions estimated to be non-catastrophic at a conservative 99.9% confidence level6 can significantly change required remediation thresholds and rates, depending on the primary’s mass and orbital environment.  For instance, assuming a 2,000 kg primary, 590 of the 1,555 conjunctions shown in Figure 1 would be evaluated as likely non-catastrophic collision events.  In this case, the 5-year model mission discussed previously with conservative-mode/mission-protection remediation estimates of  and  per year (as listed in Table 1 for ), would have much less stringent conservative-mode/environment-protection remediation estimates of  and  per year.
The CARA team continues to study how to incorporate collision consequence considerations into the semi-empirical model.  For instance, rather than focusing on a catastrophic vs non-catastrophic collision evaluation, the model could employ an “expected number of generated fragments” metric as a more quantitative measure of orbital environmental protection.
Discusssion
The semi-empirical method presented here estimates conjunction remediation thresholds that allow satellites to survive their remaining on-orbit lifetimes without experiencing a cataloged-object collision at a quantified confidence level, such as 99.9%.  The biggest advantage of the semi-empirical approach is that the orbital states and covariances required for collision probability estimation can be taken directly from a conjunction archive, such as that maintained by CARA, which includes data for many primary satellites compiled over an extended period.  This eliminates the need to simulate these conjunction quantities realistically, which can be very difficult, especially for orbital state covariances.  The semi-empirical formulation scales and resamples observed state/covariance sequences so that cumulative probabilities can be estimated for hypothetical model satellites that differ from the original observed primaries.  This enables sensitivity analyses for a variety of model mission parameters, such as hard-body radius, on-orbit duration, and maneuver commit/consider times.  The biggest disadvantage of the semi-empirical approach is that relies on three restrictive assumptions: 1) the model satellites deploy into (or sufficiently near) orbits occupied by a primary satellite contained in the archive, 2) the model satellites interact with the same (or a sufficiently similar) secondary population as the original primary satellite, and 3) that the distribution of states/covariances for conjunctions experienced by the model satellite will be the same as (or sufficiently similar to) the distribution observed to occur for the actual primary.  Another disadvantage is that the method relies on a conjunction-sequence resampling approach characterized by large sampling variations that limit the precision of the results, so it can only yield rough estimates for cumulative collision probabilities as well as risk remediation  thresholds and maneuver rates.
For these reasons, perhaps the best application of the semi-empirical model may be to provide a means of testing software that uses a direct simulation approach to estimate cumulative collision probabilities and risk remediation thresholds.  In fact, this was the original intent when initially formulating the method.  Test simulations could be constructed that satisfy by design the assumptions and restrictions of the semi-empirical model, naturally providing a means of cross checking the two methods to ensure consistency, or to gain an understanding of any differences.  The CARA team continues to study such semi-empirical vs simulation comparisons.
The semi-empirical method can also potentially aid pre-launch risk assessments, especially for missions planning on deploying into orbits similar to those of existing primary satellites.  Even with its limitations, the semi-empirical method enables prospective missions to estimate collision risks and required remediation activities by performing sensitivity analyses over an extended trade-space of satellite and mission parameters.
The CARA team continues to investigate other related semi-empirical and simulation analysis methods.  As stated previously, the method presented here focuses on a cumulative on-orbit risk policy goal, such as “achieve 99.9% confidence of surviving the mission’s remaining on-orbit duration without a cataloged-object collision.”  Another semi-empirical formulation could study a different policy of using a fixed threshold for each conjunction, such as “remediate all conjunctions at a  level” and then investigate what the resultant cumulative collision risk would be as a function of hard-body radius, on-orbit duration, and maneuver commit/consider times.  Yet another analysis could study a more complicated risk reduction policy such as “remediate all likely non-catastrophic conjunctions at a  level, and all others at a  level” which would aim to accomplish both mission and environmental protection goals simultaneously.
Conclusions
Analysis performed so far using the semi-empirical risk assessment method provides the following conclusions: 
1. Semi-empirical estimates for cumulative on-orbit collision probabilities can be estimated by applying survival probability analysis to sequences of conjunctions experienced by actual satellites.  The required orbital states and covariance matrices can be obtained from a conjunction data archive, eliminating the need to simulate these quantities.
2. Observed state/covariance data sets for actual primary satellites can be scaled and resampled to enable rough cumulative risk approximations for model satellites that differ from the original primary.  This allows sensitivity analyses to be performed for a variety of model mission parameters, such as hard-body radius, on-orbit duration, and maneuver commit/consider times.
3. The semi-empirical analysis can be formulated to provide estimates of conjunction remediation thresholds and maneuver rates that satisfy the requirement that model satellites survive extended on-orbit durations without a cataloged-object collision at a quantified confidence level, such as 99.9%.  The approach, however, relies on three restrictive assumptions: 1) the model satellites deploy into or near orbits occupied by a primary satellite contained in the conjunction archive, and 2) the model satellites interact with the same (or sufficiently similar) secondary population as the original primary satellite, and 3) the distribution of states/covariances are the same as (or sufficiently similar to) the distribution observed to occur for the original primary.
4. The conjunction sequence resampling approach is characterized by large sampling variations that limit the precision of semi-empirical estimates for cumulative collision probabilities, as well as risk remediation  thresholds and maneuver rates.  These large sampling ranges can be reduced but not eliminated by using larger conjunction data sets (created by extending the observation durations and/or combining multiple primaries).
5. A conservative mode of estimation can be implemented by augmenting the resampled model conjunction sequences with one  value equal to the red remediation threshold.
6. Estimated red remediation thresholds change significantly with remaining on-orbit duration.  This means that, as a mission progresses throughout its lifetime, it can adjust its red remediation threshold upward on an on-going basis, thereby decreasing its expected maneuver rate, while continuously satisfying the same cumulative risk goal for its remaining on-orbit duration.
7. Satellites with larger hard-body radii need to perform significantly more remediation to achieve the same level of cumulative collision risk compared to those with smaller radii.  Remediation maneuver rates grow non-linearly with increasing HBR, and can even exceed even the  trend that applies to most individual  estimates.  This implies that flying smaller satellites provides an extremely effective means of reducing both on-orbit collision risks and remediation activities. It also implies that missions should not use artificially inflated HBR values, which can unnecessarily increase risk remediation workloads.
8. Missions with shorter RMM commit times need to perform less remediation to achieve the same level of cumulative risk, compared to those with longer commit times.  This implies that implementing more responsive mission maneuver systems could also provide an effective means of reducing remediation activities and on-orbit collision risks.
9. Identifying and excluding conjunctions likely to produce non-catastrophic collisions enables remediation thresholds and rates to be estimated for orbital “environment protection”, as opposed to individual satellite “mission protection” that includes all conjunctions, regardless of their catastrophic nature or debris-producing potential.
10. The semi-empirical method provides an independent and objective means of testing software that uses direct simulation to estimate cumulative collision probabilities, risk remediation thresholds and maneuver rates.  This can be accomplished by designing simulations that satisfy the restrictions of the semi-empirical model (noted in items 3 and 4 above), and cross checking the two methods.
11. The semi-empirical method can aid pre-launch risk assessments (especially for satellites planning on deploying into orbits similar to existing primary satellites) by enabling sensitivity analyses to be performed over a trade-space of prospective satellite and mission parameters.
Symbols and acronyms
	= the area of a primary satellite projected towards an incoming secondary
	= an orbital state covariance matrix
	= the primary object’s state covariance matrix for the ith conjunction in a sequence
	= the secondary object’s state covariance matrix for the ith conjunction in a sequence
	= a combined set of primary and secondary object conjunction TCA states and covariances
	= a set of primary and secondary TCA states and covariances for a model satellite mission
	= the kth resampling realization of 
	= an observed set of primary and secondary conjunction TCA states and covariances
	= hard-body radius (HBR)
	= the number of last-update probabilities contained in the set 
	= the number of last-update probabilities contained in the set  for a model mission
	= the number of last-update probabilities contained in the set  for an observed primary
	= the combined number of co-orbiting primaries used to construct the conjunction set 
	= risk mitigation maneuver execution rate (RMMs/year)
	= probability of collision for a conjunction between a primary and secondary satellite
 	= collision probability for the ith conjunction in a sequence
	= A function that estimates  given an HBR along with TCA states and covariances
	= cumulative collision probability
	= the kth resampling realization of 
 = cumulative collision probability for the combined set of collision probabilities 
	= cumulative collision probability requirement or goal level for a satellite mission
	= the cumulative collision probability for a model satellite mission
	= the cumulative collision probability for an observed primary satellite
	= risk mitigation maneuver execution  threshold (i.e., the “red” remediation threshold)
[bookmark: _Hlk10108697]	= a set of last-update collision probabilities
	= a set of last-update collision probabilities for a model satellite mission
	= the kth resampling realization of 
	= a set of last-update collision probabilities for an observed set of conjunctions
	= a set of remediated collision probabilities for a model satellite mission
	= the set  augmented by one threshold-level collision probability = 
	= probability of surviving the ith conjunction in a sequence without a collision
	= cumulative survival-without-collision probability
 = cumulative survival probability for the combined set of collision probabilities 
 	= time
	= the TCA for the ith conjunction in a sequence
	= the initial time of an observed sequence of conjunctions (i.e., the earliest TCA)
	= the duration of an observed sequence of conjunctions
	= the duration of a model satellite mission
	= the unit step function defined in eq. (14)
	= an orbital state vector
	= the primary object’s orbital state vector for the ith conjunction in a sequence
	= the secondary object’s orbital state vector for the ith conjunction in a sequence

	= the  reduction factor achieved by an RMM
	= the commit time, the period preceding TCA for a mission make an RMM go/no-go decision
	= the consider time, the period preceding TCA for a mission consider performing an RMM

CARA	= Conjunction Assessment Risk Analysis
GRACE = Gravity Recovery and Climate Experiment
HBR	= hard-body radius
HST	= Hubble Space Telescope
OD	= orbit determination
NASA	= National Aeronautics and Space Administration
RMM	= risk mitigation maneuver
SCN	= space catalog number
TCA	= time of closest approach
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