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The concept of conflict probability, which is used in the aviation community, is proposed for use in space vehicle
collision avoidance and collision risk reduction. Instead of a cylindrical conflict volume used by the aviation
community, a spherical conflict volume is proposed for the space community. Mathematical techniques needed to
implement the method are presented. Analysis of actual space collision events supports the use of conflict probability
in identifying high-risk conjunctions. The dependence of conflict risk reduction on the maneuver threshold is found.
The associated maneuver rate is also determined. Results are presented for various values of conflict volume radius.
The method eliminates uncertainty caused by unreliable space object size data. Space object conflict probabilities are
larger than associated collision probabilities and therefore are more easily interpreted.

Nomenclature

AR = aspect ratio, ratio of maximum to minimum standard
deviation in the encounter plane

B = fraction of debris flux never resulting in a maneuver due
to poor data quality

My = maneuver rate, number/year

m = maneuver threshold

P = conflict or collision probability

Pg; = fractional reduction in probability rate due to maneuver
threshold

Prin = conflict probability rate for the maneuver region,
(number of conflicts)/year

Pri, = netconflict probability rate, (number of conflicts)/year

0; = probability of a space vehicle being within the
maneuver region for debris object approaching from the
ith direction

R; = radius of the maneuver keep-out region, m

r = distance from the primary object to the conflict area
perimeter in the symmetrized encounter plane, m

& = conflict area in encounter plane, m

n = residual conflict probability after a maneuver

0 = angular integration parameter

0; = standard deviation in the symmetrized encounter plane,
m

D, = flux of space debris objects approaching from the ith

direction, number/m/year

Introduction

PACE vehicle collision probability is replacing the closest

approach distance as the parameter of choice for quantifying the
collision risk. Methods to compute the probability of collision
between two space objects were developed and presented in earlier
publications [1-6]. The collision probability calculation involves the
relative trajectory between the objects, the combined hardbody of the
objects, and the combined relative position-error probability density.
Mathematical techniques were developed to evaluate the collision
probability for cases involving both linear and nonlinear relative
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motion between two space objects [7]. Recently, the nonlinear
method was extended to larger hardbody sizes [8].

Although collision probability numbers can now be generated
readily, the utility of the numbers is questionable, because the
position uncertainty at the point of closest approach is too large and
hardbody size data have a large amount of variability. As a result, the
collision probability numbers are small, typically on the order of one
in a million, as they were for the Cerise collision [9] that occurred in
1996. This low collision probability makes it more difficult to
establish a maneuver criterion or threshold. As aresult, many satellite
operators use other parameters, such as the predicted closest
approach distance, to supplement the collision probability when the
maneuver decision is made.

Another difficulty with the collision probability value is that it
depends upon the combined sizes of the space objects. An accurate
size value may be available for an operator’s own satellite, but only
poor size information may be available for the secondary space
object. A recent study found large variability in satellite size data
based on radar cross section [10]. Thus, the collision probability
value has a significant amount of uncertainty. The uncertainty and
small value of the collision probability parameter limits its usefulness
in the maneuver decision.

A remedy to the situation is proposed in this work. Instead of space
vehicle collision probability, one should compute space vehicle
conflict probability, similar to what the aviation community does
regarding potential collisions between aircraft.

The aviation community uses a parameter referred to as conflict
probability [11], which is very similar to space vehicle collision
probability, except that the hardbody volume for conflict probability
is defined to be a cylindrically shaped volume much larger that the
actual sizes of the aircraft hardbodies. The cylindrical height of a
conflict volume is aligned vertically. The circular cross section of the
cylinder lies in the horizontal plane containing the north—south and
east-west directions. The position-error covariances of the two
aircraft are assumed Gaussian and are combined to form the relative
position-error covariance matrix, which is centered on the primary
aircraft. For aircraft free flight, the radius of the conflict volume is 5 n
mile and its height is 4000 ft. The conflict volume is centered on the
secondary aircraft. The probability that the primary aircraft will
penetrate the conflict volume is the conflict probability. Because the
conflict volume is very large compared with the actual aircraft sizes,
the conflict probability can be larger than 0.1, which is orders of
magnitude larger than space vehicle collision probability. In
addition, use of the fixed conflict volume eliminates the need for
hardbody size information. The large value of conflict probability is
more easily interpreted and may help in establishing a meaningful
conflict resolution maneuver threshold.

Conflict probability is proposed as a metric for identifying high-
risk conjunction between space objects. Although the frequency of
conflict resolutions in the space community is expected to be much
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Fig. 1 Definition of conflict volume for an encounter between two
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Fig. 2 Conflict area in the symmetrized encounter plane for the conflict
volume used by the aviation industry.

less than that of the aviation community, the concept remains valid,
because high-risk conjunctions need to be identified before further
analysis determines which conjunctions require collision-avoidance
maneuvers.

The space shuttle [12] and the International Space Station [13] use
keep-out volumes that are centered on each vehicle to alert operators
of a potential collision. If a debris object is predicted to penetrate the

keep-out volume, a collision-avoidance maneuver is considered.
This approach differs from the conflict probability method, which
computes the probability that the conflict volume will be penetrated.

Spacecraft operators have used position-error probability density
ellipsoids to identify potential collisions. If three-sigma ellipsoids of
the respective space objects touch or intersect after the space objects
are propagated to the point of closest approach, a potential collision is
identified [14]. This approach differs from the conflict probability
method, which computes the probability that a single conflict volume
that is centered on one space object will be penetrated by the other
space object.

Figure 1 illustrates aircraft conflict volume. One can use the
aviation industry’s conflict volume for space object encounters.
Figure 2 illustrates the shape of the cylindrical conflict volume in the
symmetrized encounter plane for the encounter associated with
case 10 in Table 1. A cylindrical conflict volume is used for aircraft,
because aircraft typically fly with constant altitude and encounters
are mainly in the lateral direction.

Because space vehicles travel in elliptical orbits or circular orbits
that change altitude according to orbital dynamics, a spherical
conflict volume may be more appropriate. For spherical conflict
volumes, conflict probability can be interpreted as the probability
that the closest approach distance will be less than the conflict
volume radius. This is a helpful interpretation when deciding if a
conflict-avoidance maneuver should be performed. In addition,
because spherical hardbody shapes are already in use for space
vehicle collision probability, a spherical conflict volume would be
easy to implement for space vehicles.

Once the size and shape of a conflict volume for space vehicles is
established, conjunctions can be evaluated with consistency, because
variations due to differences in hardbody sizes are eliminated. Using
conflict probability, one has a uniform measuring stick to compare
various conjunctions.

Conflict-avoidance maneuvers replace collision-avoidance
maneuvers in reducing collision risk. Even for a single encounter,
it may be difficult to decide if an avoidance maneuver is needed.
Conflict-avoidance maneuver thresholds are helpful in determining
when a maneuver should be executed. In addition, by executing
conflict-avoidance maneuvers based on a conflict maneuver
threshold, one reduces the long-term conflict probability.

Executing conflict-avoidance maneuvers does not completely
eliminate the possibility of space vehicle confliction. However, the
probability of conflict can be reduced to a desired level by selecting
the appropriate maneuver threshold. This is analogous to what has
been proposed for collision probability risk reduction [15,16].
Fortunately, methodology recently established for space vehicle
collision risk reduction is applicable to the conflict risk reduction

Table 1 Comparison of conflict and collision probabilities

Case no.  Collision size, km  Collision probability =~ Rank  Conflict size, km  Conflict probability =~ Rank
1 1.035 9.55 x 107 1 1 8.91 x 107° 13
2 0.203 9.31 x 1072 2 1 224 x 1073 1
3 1.035 9.05 x 10 3 1 8.45x 107° 15
4 0.107 2.01 x 1073 4 1 1.76 x 1073 3
5 0.100 1.79 x 1073 5 1 1.77 x 1073 2
6 0.096 9.67 x 107 6 1 1.04 x 1073 6
7 0.202 3.21 x 10°° 7 1 7.86 x 1073 16
8 0.136 2.04 x 107 8 1 1.11 x 10~* 11
9 0.036 1.73 x 107 9 1 1.37 x 1073 4
10 0.035 1.33x 107 10 1 1.08 x 1073 5
11 0.093 5.22x 1077 11 1 6.03 x 1073 19
12 0.058 3.09 x 1077 12 1 9.14 x 1073 12
13 0.036 1.91 x 1077 13 1 1.49 x 10+ 7
14 0.035 1.74 x 1077 14 1 1.38 x 10~ 9
15 0.035 1.72 x 1077 15 1 1.40 x 10~* 8
16 0.035 1.57 x 1077 16 1 1.27 x 10~* 10
17 0.035 1.11 x 1077 17 1 8.86 x 107> 14
18 0.035 9.80 x 1078 18 1 1.82 x 1073 17
19 0.036 9.36 x 1078 19 1 7.30 x 1073 18
20 0.035 533 x 1078 20 1 433 x107° 20
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problem [17]. Hardbody size is replaced with conflict volume in the
analysis. Spherical conflict volumes of several different sizes are
used to compute conflict risk reduction and the associated maneuver
rate for a set of space vehicle conjunctions. In this paper, conflict
probability is compared with collision probability for a set of space
object conjunctions. The maneuver rate and conflict risk are found
for various values of the conflict maneuver threshold. The usefulness
of conflict probability in identifying high-risk conjunctions is
established using conjunction statistics associated with three known
space collision events.

Comparison of Collision Probability
and Conflict Probability

Collision probability is the integral of the relative position-error
probability density over the volume swept out by the combined
hardbody as the space objects pass one another. For linear relative
motion, the three-dimensional integral was reduced to a one-
dimensional contour integral about the projection of the combined
hardbody in the encounter plane, as presented in Eq. (1), in which Pis
the collision probability, r is the distance from the primary object to
the hardbody perimeter (centered on the secondary object), and o is
the symmetrized position-error standard deviation. Symmetrization
is required to reduce the probability calculation to that of evaluating a
one-dimensional contour integral. Finding the principal axes of the
position-error ellipsoid and performing scale changes along two of
the principal axes achieves symmetrization. The magnitude of each
scale change is selected to make its associated position-error standard
deviation equal to that of the third principal axis. The position-error
ellipsoid becomes spherical in the symmetrized frame. The scale
changes needed for the symmetrization are applied to state vectors
and points defining the combined hardbody boundary. Details of the
derivation of the probability integral can be found in the original
paper [4] and in a more general work involving nonlinear relative
motion cases [8].

P 1¢ 1 —exp(22) o (1)
= — — eX R
27 perimeter P 202

The collision probabilities for a set of 20 encounters are presented in
Table 1, along with the combined hardbody sizes (collision size). In
addition, the values of the collision probabilities were ranked
according to risk.

Conflict probability is computed using Eq. (1), but with the
perimeter defined as the perimeter of the conflict area in the
encounter plane, rather than in the hardbody area. Conflict
probability can be interpreted as the probability that the primary
object will penetrate the conflict volume that is centered on the
secondary object during the encounter. For a spherical conflict
volume, this is equivalent to the probability that the objects will
approach each other to a range less than the radius of the conflict
volume.

Conflict probabilities were computed for each case in Table 1,
assuming a spherical conflict volume with a radius of 1 km. A
computer simulation valid for both linear and nonlinear relative
motion [8] was used to ensure the validity of the probabilities in the
event of a nonlinear relative motion encounter. Conflict probability
results, along with relative ranking according to risk, appear in
Table 1 for comparison purposes. Results in Table 1 indicate that the
conflict probabilities are much greater than the collision
probabilities, as expected. In addition, the ranking according to
conflict risk differs from that of collision risk. Figure 3 illustrates the

Probability

‘ Collision | | ‘ | |
o7 %mbmw s»-->=
1e0g b 1
. 5 10 15 20
Case Number

Fig. 3 Comparison of conflict and collision probability for cases in
Table 1.

magnitudes of conflict probability and collision probability for the 20
cases in Table 1.

The advantage that conflict probability has over collision
probability can be illustrated by revisiting the Cerise collision that
occurred 24 July 1996. Using state vector data for object
numbers 23606 (Cerise) and 18208 (debris), a close approach of 1-
2 km was estimated [9]. Covariance and combined hardbody size
information was not available at the time of initial analysis [9].
Assuming a symmetrical position-error standard deviation of 1 km
and a hardbody radius of 5 m, one finds a collision probability of
4.23 x 1075, which is roughly consistent with published results [9].
It is unclear, based on this very low collision probability, that a
maneuver is warranted. Because a collision did occur, one needs an
improved collision prediction method. Conflict probability could
serve this purpose. If a conflict volume having a radius of 1 km is
used, the conflict probability is 0.169. Conflict probability is reduced
to 0.0425 if the conflict volume radius is reduced to 500 m. Conflict
probability is the probability that the debris object will penetrate the
spherical conflict volume that is centered on Cerise. A conflict
probability of 0.169 or 0.0425 is sufficiently large to indicate that a
conflict-avoidance maneuver may be needed. In addition, object size
data are not required for conflict probability prediction. A large value
of conflict probability indicates a high-risk conjunction, but does not
always result in executing a maneuver. Further analysis of high-risk
conjunctions using higher accuracy data should be performed before
a maneuver decision is made.

Conflict Probability and Collision Risk

Conflict probability is one indicator of collision risk. Other
indicators are closest approach distance and collision probability.
Statistical analyses of three known collision events [18] were used to
access how well conflict probability predicts collision risk. The
23 December 1991 collision between object numbers 13475 and
18985, the 24 July 1996 collision between object numbers 18208 and
23606, and the 17 January 2005 collision between object
numbers 7219 and 26207 were investigated. Each collision event
involved objects from unrelated launches, and so no “parent—child”
effects exist that would tend to increase collision probability. In fact,
the debris object that collided with Cerise in 1996 was launched in
1986, but Cerise itself was launched in 1995. The entire unclassified
catalogue of tracked objects was screened for conjunctions of less
that 5 km over a five-day period, centered at the time of each
collision. Databases of space object sizes and estimated covariances
were used in the calculations. Table 2 contains the collision and

Table 2 Conflict and collision probabilities for space collision events

Collision year Collision probability Maximum conjunction Conflict probability R = 500 Conflict probability R = 750 Conflict probability R = 1000

probability
1996 2.89e-7 1.95e-6 0.145 0.3118
2005 7.86e-7 1.20e-4 0.2096 0.3545 0.479
1991 1.05e-5 1.28e-5 0.3942 0.556
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Fig. 4 Cumulative distribution of collision probabilities associated
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Fig. 5 Cumulative distribution of conflict probabilities associated with
the 1996 Cerise collision event.

conflict probabilities for the three collision events. The collision
probability for the 1996 Cerise collision event differs from the earlier
rough estimate, due to hardbody size and position-error covariance
differences. Table 2 also includes results from the recently proposed
“maximum conjunction probability” [19]. This method adjusts
position uncertainty to maximize collision probability but does not
change the miss distance. Figure 4 illustrates collision probability
results for the 1996 collision event. Twelve percent of the 8718
conjunctions had greater collision probability than the objects that
actually collided. Figure 5 illustrates results for conflict probability.
Five percent of the 8718 conjunctions had greater conflict probability
using a 1-km conflict volume radius. Table 3 and Fig. 6 summarize
the results for all three collision events. Numbers shown are the
percentages of conjunctions having higher values of the given
parameter. A smaller percentage is preferable, because there would
be fewer “false alarms.” Conflict volume radii of 500, 750, and
1000 m were included for comparison purposes. Table 3 also
includes results for maximum conjunction probability. For the 1996
collision event, 21.7% of the 8718 conjunctions had higher
maximum conjunction probability than the collision event itself.
These results indicate that the maximum conjunction probability

15 + W 1996
m1991
10 A W 2005

Percent Having Higher Risk

Fig. 6 Conjunction statistics for three space collision events.

parameter is not a very good indicator of collision risk and is not
recommended for identifying high-risk conjunctions. The results
clearly indicate that conflict probability is a better indicator of
collision risk than collision probability or maximum conjunction
probability. Further analysis should be performed to determine the
optimum conflict volume size and shape.

Conflict Risk Reduction

A conflict-avoidance maneuver may be executed if the conflict
probability exceeds a conflict-avoidance threshold. If a conflict-
avoidance maneuver is performed every time the conflict probability
exceeds the threshold, the long-term conflict probability is reduced.
The lower the conflict-avoidance threshold, the greater the maneuver
rate and the lower the long-term conflict risk. Relationships among
long-term collision risk, collision-avoidance maneuver threshold,
and collision-avoidance maneuver rate were previously developed
[17]. The same methodology can be used for long-term conflict
probability reduction. For conflict probability reduction, the
hardbody volume is replaced with the much larger conflict volume.

Although debris objects can approach a space vehicle from any
direction, we first solve the problem for a single encounter direction.
The full problem is solved by combining results from all encounter
directions. Alternatively, one can choose a single encounter direction
with parameters that are representative of the full problem. Assuming
that debris objects are incident from a small solid angle that is
centered along the ith direction, the conflict probability rate can be
computed for any desired region in the associated encounter plane.
The conflict probability rate associated with the conflict maneuver
region shown in Fig. 7 is given by

1 R
Prm = s,—d>,-|:1 - E%onﬂicl maneuver region P (T‘?) d9i| =a®l
(2)
where
1

—R?
1—— exp (—’) do 3)
2w conflict maneuver region 2012

and o; is the symmetrized position-error standard deviation. Q; can
be interpreted as the probability of the space vehicle being within the
conflict maneuver region, which is bounded by the contour R;(6).
The conflict probability rate can be reduced by performing a conflict-
avoidance maneuver each time an individual probability is greater

0=

Table 3 Conjunction statistics for collision and conflict probabilities

Number of Percent higher collision ~ Percent higher conflict ~ Percent higher conflict Percent higher conflict ~ Percent higher maximum
conjunctions probability probability r =500 m  probability r =750 m  probability r = 1000 m  conjunction probability
1996 8718 12.12 11.14 9.2 5.03 21.7
2005 1042 5.53 1.0 1.37 1.9 1.0
1991 7525 9.00 1.5 2.00 2.18 12.5
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than a maneuver threshold. This occurs when the space vehicle is
within the maneuver region.

If the space vehicle is maneuvered each time it is within the
maneuver region and its resulting conflict probability is zero after the
maneuver, the net conflict risk is found by subtracting Eq. (2) from
the conflict probability rate for the entire encounter plane &; P;.

Prin =60, — £;9,0, = £;0,(1 - Q) )

Once a vehicle is maneuvered, its conflict probability is not
necessarily zero. It may have a residual conflict probability given by
1. In this case, the net conflict probability increases by €; P, Q;n and is
given by

Priy =8P, — 69,0, +60,0n=5Q[l —(1-0)0] ()

There are situations in which maneuvers are not advisable,
because the position-error standard deviation is too large. For
example, the direction in which to maneuver may not be clear. In
these cases, we have a fraction B of the flux of objects that cannot
result in conflict-avoidance maneuvers, and so Q becomes Q(1 — B)
and Eq. (5) becomes

Prin = &0, [1 -1 -n)(1-B)Q|] (6)

If the maneuver region is zero (Q; = 0), there are no maneuvers
and Py;, = ¢;P;, as expected. If the maneuver region is very large,
Q; =1 and Py;, ~ ¢;®,(B + n— Bn). However, one should not
maneuver if the probability is less than .

Because debris objects can approach from all directions, one can
compute average representative encounter-plane parameters, which
appear without the subscript i. Therefore, the i subscript will be
dropped. The fractional reduction in conflict risk can be computed by
dividing Eq. (6) by ¢®.

Prp=1-(1-m-B)Q N

The maneuver rate is the flux minus the background flux times the
area of the maneuver region bounded by R.

M _21-8 —B) /R(G) rdrdé
R =
AR conflict maneuver region J 0
_®(1-B)

2
2(AR) conflict maneuver region K de (8)

AR is the ratio of maximum to minimum position-error standard
deviation in the encounter plane before symmetrization.
Symmetrization reduces the flux by the factor 1/AR, due to the
associated scale change. In general, R is a function of 6 in Eq. (8).
Equations (7) and (8) are valid for arbitrary conflict volume size. If
the conflict volume size is much less than the position-error standard

deviation, the maneuver region becomes circular in shape and R
takes a constant value. In this case, Q and My become, respectively,

—R?
QO=1-—exp (—262) )
_ ®(1 — B)nR?
My = — R (10)

The maneuver threshold m is equal to the conflict probability at the
maneuver boundary, which is equal to the conflict area AR¢ times the
position-error probability density at the maneuver boundary.
Therefore, the maneuver threshold is given by

_p2
m =R p( R) (1

exp| —
2no? 202

Using Eq. (11), the parameter R in Eq. (9) can be replaced by the
maneuver threshold m. The result reduces Eq. (7) to Eq. (12) after
some algebraic manipulation.

2wmao?
(AR)e

27rm02) (12)

Pri=B+n—Bn(1-
ri = (B+1 77)( (AR)e
Equation (11) is used to reduce Eq. (10) to Eq. (13) after algebraic
manipulation.

Mg = (= B)2r%o* {la[(AR)g] — 2 b (0) — ln(m) — (n(277)}

AR
(13)

Equation (13) contains the dependence of the maneuver rate on the
hardbody area, position uncertainty, and maneuver threshold.
Equations (12) and (13) are valid only when the conflict volume size
is much less than o. Therefore, they should be used for collision risk
reduction, but not conflict risk reduction.

Numerical Results

A computer program was developed to implement the conflict
probability reduction method. The first task was to compute the
maneuver region boundary. This was achieved by fixing the direction
of r in the encounter plane and varying its magnitude until the desired
threshold was reached. A scale change was performed to symmetrize
the position-error uncertainty. The maneuver region in the
symmetrized encounter plane is usually not circular in shape. Once
the maneuver region is defined in the symmetrized encounter frame,
the associated maneuver rate and conflict probability reduction could
be computed.

Figure § illustrates the maneuver region in the symmetrized
encounter plane for threshold =0.1, AR=2, & =2.7x
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Fig. 8 Conflict probability maneuver region in the symmetrized
encounter plane.
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The heavier curves in Fig. 9 represent the correct values obtained
from explicitly computing the maneuver region, whereas the dashed
curves represent results using Eqgs. (6), (12), and (13), which are
applicable for smaller conflict volume size. Notice that the results are
in agreement when the conflict radius is 50 m or less. Because the
threshold was fixed, a larger conflict volume radius increases the
maneuver region and associated maneuver rate. The associated
conflict risk decreases dramatically. The erroneous dashed curve
showing constant conflict risk is included in Fig. 9 for illustrative
purposes only.

Figure 10 illustrates results for the same case as in Fig. 9, but with
n=1x10"* The conflict risk decreases, then increases, for
increasing conflict radius.

Figure 11 illustrates results for the same case as in Fig. 9, but with
n=1x 107, which is much less than the threshold value. The
conflict risk is significantly reduced for the larger conflict radius, but
the maneuver rate increases significantly.

Maneuver Threshold

Fig. 12 Maneuver rate and conflict risk as a function of the maneuver
threshold.

Figure 12 shows the dependence of the maneuver rate and conflict
risk on the maneuver threshold for the same case as in Fig. 9, but with
fixed R and variable threshold. Because the conflict volume radius is
only 50 m, Eqgs. (12) and (13) yield correct results. Therefore, both
methods provide correct results and the heavy and dashed curves
overlap. This case provides a measure of validation for Egs. (12) and
(13) and the current conflict risk analysis, which is valid for both
small and large conflict volumes.

Figure 13 illustrates maneuver rate and conflict risk versus
maneuver threshold for the case in Fig. 12, but with a conflict volume
radius of 1 km instead of 50 m. In this case, Egs. (12) and (13) yield
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Fig. 10 Maneuver rate and conflict risk versus conflict radius.
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Fig. 13 Maneuver rate and conflict risk versus maneuver threshold for
a 1-km conflict volume radius.
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incorrect results, because the conflict size is not small with respect to
the position-error uncertainty. The erroneous results are shown in
Fig. 13 for comparison purposes. As the threshold increases, fewer
maneuvers are performed and the less reduction in conflict
probability is realized. The correct analysis requires greater
maneuver rate, but provides greater reduction in conflict probability.

Conclusions

Conflict probability was adopted from the aviation industry as a
metric for quantifying collision risk. Because a fixed conflict volume
replaces combined space vehicle and debris object hardbody size, it
eliminates uncertainties in hardbody size estimation used in collision
probability calculations. In addition, conjunction statistics of three
known space collision events indicate that conflict probability is a
better indicator of collision risk than collision probability. Long-term
collision risk reduction methods were successfully applied to conflict
risk reduction. Use of conflict probability is beneficial to future
programs, such as reusable launch vehicles, that require collision
avoidance in both air and space environments.
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