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ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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The main changes compared to,the previous edition are as follows:

improved figures for clarity;

added plot of maximum probability;
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simplified ‘eperational concepts figures;

added\informative annexes containing collision probability relational nomograms;
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complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

This document describes the workflow for perceiving and avoiding collisions among orbiting objects,
data requirements for these tasks, techniques that can be used to estimate the probability of collision
and guidance for executing avoidance manoeuvres. Diligent collaboration is strongly encouraged

among all

who operate satellites.

The process begins with the best possible trajectory data, provided by satellite operators or sensor
systems developed for this purpose. The orbits of satellites can be compared with each other to discern

physically

feasible npprnarhpc that can result in collisions. The h':\}'pr‘fnripc so revealed can then
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several different approaches to conjunction assessment. All have merits and -deficienci
s on how closely satellites approach each other. This is often very uncertai®’ since satell
erally change more rapidly under the influence of non-conservative forces.than observatic
bs in orbit can be acquired and employed to improve orbit estimates. Spacecraft operat
le fullness of orbit data to judge the credibility and quality of conjunction perception. T
bn includes the moment of time of the last elaboration of orbit (theepoch) and the stand3
employed, state vector value or elements of orbit at this meinent of time, the coordin

nd information about the estimation errors of the orbitalparameters. Essential elementg
bn for this purpose are specified in ISO 26900.

also diverse approaches to estimating the probability that a close approach can really res
on. This is a statistical process very similar to weather forecasting. Meteorologists no lon

n assessment approaches are in some wayounded in probabilities. Probability of collis
ighly desirable element of data. It can be accompanied by metadata that allows operators
the information within their own operational procedures.

be
on
ble

es.
ite
ns
DI'S
his
rd
hte

scription that presents the orbital data, the forces model description that was used for orbital

of

ult
rer
All
on

to

satellites can be to each other,and the probability they can collide if they were that cl
wo discriminants of potentially~eatastrophic events. Since the objective is that the satell
lespite many potential close approaches, cumulative probability of survival is also importj

llite or even contribute to)a subsequent more serious event. The evolution of close approac
mulative probability that a satellite can survive are also important.

e state of each @fithe conjunction partners, their ability to manoeuvre or otherwise av
hd the outcomes’/of past events that are similar guide courses of action.

se
ite
int

bn. Responding precipitously to the close approach nearest at hand can only delay the dem}lise
es

bid

Vi

© IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=9fbb0059ede9baffd3adc5139581994f

TECHNICAL REPORT ISO/TR 16158:2021(E)

Space systems — Avoiding collisions among orbiting
objects

: e ia—the space
enyironment and employ it effectively.

Thiis document describes some widely used techniques for perceiving close approaches, gstimating
collision probability, estimating the cumulative probability of survival, and manoeuvring to avoid
collisions.

NOTE Satellite operators accept that all conjunction and collision assessment techniques are [statistical.
Allfsuffer false positives and/or missed detections. The degree of uncertainty ifiithe estimated outcgmes is not

un{form across all satellite orbits or all assessment intervals. No comparisoi'within a feasible nuniber of test
cades can reveal the set of techniques that is uniformly most appropriate fot-all.

2 | Normative references

Thlere are no normative references in this document.

3 | Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISP and IEC maintain terminology databases for use in standardization at the following addr¢sses:

—| ISO Online browsing platform: available at https://www.iso.org/obp

—| IEC Electropedia: available,at https://www.electropedia.org/

3.1
collision
act of colliding; instance-of one object striking another

3.2
cohjunction
apparent meeting or passing of two or more objects in space

3.3
coyariance
mdasure of how much variables change together

Note 1 to entry: For multiple dependent variables, a square, symmetric, positive definite matrix of dimensionality
N x N, where N is the number of variables.

3.4
encounter plane
plane normal to the relative velocity at the time of closest approach

3.5

ephemeris

time-ordered set of position and velocity within which one interpolates to estimate the position and
velocity at intermediate times

©1S0 2021 - All rights reserved 1
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3.6

false alarm
statistical Type I error, when a statistical test fails to reject a false null hypothesis

3.7
interface
ICD

control document

specification that describes the characteristics that can be controlled at the boundaries between
systems, subsystems, and other elements

3.8

operatioxLal concept

roles, reld
processes

3.9

orbital el
paramete
trajectory
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ision avoidance workflow
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5.1 Orbitdata

5.1.1

Inputs

Inputs to conjunction assessment are principally data that specify the trajectories of the objects of
interest. These are one of three types of information: orbital elements, ephemerides, or observations
of satellites. Orbital elements in this context include parameters that describe the evolution of the

2
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trajectory and which can be used to estimate the trajectory in the future. They are derived from past
observations of satellites. Ephemerides are time-ordered sets of position and velocity within which one
interpolates to estimate the position and velocity at intermediate times. Ephemerides need to span the
future time interval of interest, where the equations of motion having been propagated by the provider.
Observations are measurements of satellite position and velocity from one or more well-characterized
and registered instruments. The recipient can use those observations to estimate the evolution of the
trajectory either through direct numerical integration of governing equations or by developing orbital
elements for subsequent propagation. ISO/TR 11233 describes the way a provider's orbit determination
scheme is codified. There are normative formats for orbital elements and ephemerides (see ISO 26900).
See CCSDS 503.0-B-2 for normative formats for transmitting observations.

s extremely important to realize that trajectory estimates are derived from measurenllents that
inot be precise such as spheres. Therefore, they are called “estimates.” The input.infornjation can

It
ca

ind
int
ex
thd

p

I~

5.1

All
Sir
for
orl
ob
co

th(
So
ca

ev

bu

5.2

5.2
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roduces imprecision in all the dependent variables that describe the evolutien: The aj

b state, called a state vector. If uncertainties are not provided or are wrong; one cannot
pperly the probability that two objects can collide.

.2 Propagating all orbits over the interval of interest

orbits being under consideration are best forecasted by thé-model in which they wer
ce orbit determination and propagation are uncertain, the\propagation scheme can be W
this interval. ANSI/AIAA S-131-2010 is a normative feference for orbit propagation. (
it estimates grow imprecise over time intervals long compared to the time span of y
servations. This imprecision is sufficient to make\collision probabilities misleading.
hjunction assessment in low Earth orbit is unreliablé at the present state of the art for peri
in approximately one week beyond the latest orbit determination, depending on the orbit g

1 be estimated over long periods using consistent statistical descriptions of satellite orbi
plution of the debris environment. Thesé.techniques estimate whether a conjunction will od
[ cannot expose which specific objects-can be involved.

Initial filtering

.1 All against all

hinst B. Therefore, the number of screenings necessary is not the factorial of the number of]

s impossible to know how many objects orbit the Earth. Many escape perception. The best
brator.can’ do is to consider those that have been detected. One cannot screen against
ects that one estimates can be present.
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me particularly stable orbits can be estimated reliably for longer periods. Probability of collision
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satellites.

a satellite
unknown

5.3 Eliminating infeasible conjunctions

5.3.1 General

Much of the population in orbit physically cannot encounter many other satellites during the period of
interest. For example, even if uncontrolled, geostationary satellites 180 degrees apart in longitude are
not threats to each other.

5.3.2 Sieve

Sieve techniques employ straightforward geometric and kinematic processes to narrow the spectrum
of feasible conjunctions based on the minimum separation between orbits. They are based variously
on orbit geometry, numerical relative distance functions, and actual orbit propagation. The concept is

©1S0 2021 - All rights reserved 3
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to examine proximity of one satellite to another sequentially in parameter space beginning with the
parameter that most effectively discriminates separation distance. To account for approximations
in orbit analysis, a distance buffer (pad) can be added to the filter screening distance threshold. For
example, if in-track separation is likely to be the best indicator of separation, satellites that are far apart
in-track do not need to be screened further cross-track. They differ in computational efficiency and
the degree to which close approaches are all perceived. There is no normative approach since different
techniques are satisfactory for different satellites and operator judgements.

5.3.3 Toroidal elimination

Toroidal dlimination eliminates objects by determining which mean orbits can touch a toroidal volume
defined by the orbit of the satellite of interest and a keepout volume cross-sectional area.

5.3.4 Apogee-perigee filters

This appfoach eliminates satellites whose apogees are lower than the perigee of\Gthe satellite| of
interest ahd perigees are sufficiently greater than the apogee of the satellite of interest. The criterjon
for sufficiency is based either on operator experience or risk tolerance. Risk e¢an*be quantified wijith
techniques of signal detection and receiver operating characteristics discussed subsequently.
Volumetric screening is of the same nature, eliminating satellites whose orbits are outside the volume
of space described by the orbit of the satellite of interest.

5.3.5 Statistical errors

Since eaclj of these techniques relies on trajectory information that is imprecise, these filters will sufffer
from Typé¢ I failure to identify real threats and Type Il errors,(including satellites that are not threats).
Filter parpmeter selection is based on the user's toleraice for both kinds of errors. Every filtering
scheme will include events that can have been discardediand discarded events that ought to have bgen
included.

6 Determining potential collisions for warning and further action (close
approagh screening)

6.1 General

Initial filtering provides little information for mitigating collisions. The next task is judging whether
the actual states of the invaelved satellites are sufficiently threatening. The first step is determining
whether satellites come extremely close to each other. This is the judgement of each satellite operator. It
can be baged on satellitésizes, the consequences of a collision, the confidence one has in orbit estimages
and propdgation, and_ofher subjective factors. As with initial filtering, even this more refined level of
discriminption will miss some threats. The possibility of false alarms and missed detections increases
the farther in the:future one extrapolates.

6.2 Symmetric keepout

The most straightforward keepout volume is symmetric. These are easiest to implement but can
encompass considerably more than the vulnerable geometry of the satellite. These can be spheres,
cubes, or any other three-dimensional volumes of operator-judged size. The satellite of interest can be
enveloped symmetrically, and osculating orbits of other satellites tested for penetrating the volume.
Alternatively, the bounding volumes of both satellites can be screened for intersection. This is generally
the most conservative approach, identifying as potential collisions requiring action many events that
are extremely improbable.

4 © IS0 2021 - All rights reserved
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This approach envelops the satellite of interest in a volume that is not symmetric. The volume can be
ellipsoidal, a rectangular parallelepiped, or a shape composed of surfaces nearly conformal with the
satellite. The geometry of the bounding volume can be based on operator experience. For example, one
can use consistent orbit uncertainties along track, radial from Earth Center, and normal to the plane
defined by both directions. The volume can also be determined from more exhaustive probabilistic
calculations that are too resource intensive to use frequently.

6.4 Probability techniques

T

probability that two objects separated by a given distance at closest approach woul

collide is assessed as the integral of the intersection of the objects' position probability-den
funmction of time.
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satellite orbits are imprecise. Approximations to physical processes (process noise) and
servations of satellite states of motion (measurement noise) lead to imprecise estimates of
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\A S-131-2010.
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ft time, the collision path is not straight,.the relative velocity cannot be assumed linear, a
mplete position and velocity submatrix is required, at least 6 x 6.
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it data are ephemerides and-covariances already determined at time increments over the
erest. The probability of-collision is determined at each time increment.
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Figure 2 — The collision estimation problem
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In the two-dimensional reduction, the collision probability is
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where

r is the combined object radius;
d lies along the minor axis;
A, lies along the major axis;

P, and P’ are the respective components of the projected miss distance;

:2021(E)

There are several numerical techniques for determining the volume whose value is the
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bory. The most widely used numerical approximations to this integral-are due to Foster, Ch{
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b Maximum probability

bignificant amount of information is required to eStimate the probability that two satg
lide. This includes the external architecture of the‘satellite, its attitude, and specific char:
both the osculating orbit and the uncertainty in that orbit. Much of this is not available re{
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ximum probability.
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urer 3’demonstrates maximum probability in a representative situation. There is a uni
combined covariance for which the probability is a maximum and a corresponding uni

collision
detection
in, Patera,
distance,
rams”) in

llites can
cteristics
listically;
b mitigate
he first is

y reasons
orbits are

fermined can be correlated because of tracking procedures. Much of the orbit uncertainty will be

servation
e faulty.

space has
estimated
than the
cts can be

que value
que mean

se

i h S +1 PG b KN b\ SIS NS | - 1 h TS TS B 1 1 P 1
dl dUIUIT DEULWCETIT LT SALTIILTS. ' INULT L4l LT dliudl PIrODdUIIILYy UTLITASTS Ul dllldtitdlly

on either

side of the maximum. Therefore, the maximum probability is always very conservative. In the dilution
region, probabilities decrease because we are very uncertain as opposed to the small probabilities
before the maximum, which occur because we are certain where the satellites can be.
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Figure 3 — Maximum probability and associated dilution region

6.6 Bounding volumebased on probability
An alternptive to mitigating lack of information is the exhaustive and methodical development o

straightforward bounding volume that encompasses as much of the high-probability collision eventgas
is reasongble. This*technique can be applied to every satellite of interest and is most practical whenfan
operator is responsible for only a few satellites. However, once an interested and responsible operagor
has deterpdined the appropriate bounding volume for his satellites, that volume can be shared and

employed whenever other observers and providers consider that satellite.

f a

Figure 4 demonstrates the bounding volume determined for the Jules Verne automated transfer vehicle
(ATV) based on extensive synthesis of collision circumstances. Table 1 demonstrates that a large,
conservative bounding volume has both a high rate of detection for high-probability collisions and
a correspondingly high rate of false alarms. Conversely, a smaller volume can have a low probability
of detection but also a low probability of false alarms. Generally, operators are well advised to be

conservative rather than risk missing potentially catastrophic events.
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exclusion zone designed to capture threat,@ng conjunctions

O
Figure 4 —Q}}omated transfer vehicle exclusion zone

-

Table 1 — Probabiliti detection and probabilities of false alarm for different bouinding
volumes
O .
USAF catalogp{@o 11332 26847 26063
Excl one Probability | Alerts | Probability | Alerts | Probability | Alerts
of detection | peryear | of detection | per year | of detection | per year
sphere 0,44 0,2 0,24 0,3 0,08 0,7
‘\S}O km sphere 0,86 5,5 0,63 3,7 0,23 49
/(10 x 25 x 10) km box 0,92 3,6 0,78 6,7 0,28 10,1
. NASA “Prrarex”
(0,75 x 25 x 25) km box 0,98 0,4 0,93 0,4 0,33 1,4
NASA “hockey puck” cylinder? 0,99 3,6 0,94 5 0,37 7,5
ATV-CC sweeping rectangleP 1 3,6 0,99 5 0,39 7,5
Box formerly used by
USSTRATCOMC 1 7,6 0,97 9,8 0,42 11,1

a2 NASA “hockey puck” radially aligned cylinder 10 km in height and 30 km in diameter.
b ATV-CC rectangle thatis 60 km long and 10 km wide.

¢ USSTRATCOM box that is 38 km along radial direction and 40 km along intrack and crosstrack directions.
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6.7 Comparison of techniques

Each assessment and collision probability technique will lead to a different outcome. Figure 5 illustrates
the possibilities for a real conjunction between AMC-11 and XM-3, 29 Jan 2011, 10:35 UTC.

a)|NASA (0,75 x 5 x 5) km pizza box b) (5 x 5 x 25) km parallelepiped

c)[intersecting covariance ellipsoids d) 3 km diameter sphere
Figure 5 — Comparison of different screening and assessment techniques

Each screening and analysis technique will perceive events differently. These include the so-called
NASA piz4a box [(0,75 x 5 x 5)-km parallelepiped], a (5 x 5 x 25) km parallelepiped, covariance ellipsojds
and a 3 kin diameter spherée:The bounding value is centred on one of the satellites. Some perceive the
close appifoach of one satellite to other as a threat; some do not.

The diffefences in,sereening and assessment approaches make it necessary that those who recejve
warningsjalso be informed of the screening and assessment techniques that led to the warning.

7 Prohability of survival

7.1 General

The goal of the analysis to avoid collisions is that the satellite of interest survives the estimation time
interval. The highest probability collision or the one with the minimum separation distance over the
time interval generally are not the only conjunctions. Operators wish their satellites not to experience
any collisions; and there is a probability that each conjunction can lead to a collision. As orbit estimates
evolve with new observations, close approach geometry and epoch will change. The closer the estimated
epoch is to the estimated time of closest approach, the more accurate the estimate. Close approaches,
even those with notable probability of collision, estimated to occur weeks from the estimated epoch
hence almost never materialize.
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7.2 Trending

Trending is following the progress of close approach between two satellites over the time interval of
interest. Figure 6 is an example of the evolution of such a conjunction based on relative range at the
time of closest approach (TCA). The trend that a close approach distance exhibits over the estimation
interval indicates decreasing separation; hence, reason for concern. Probability of collision can increase
or decrease over time. Increasing probability of collision and decreasing separation are causes for
concern and preventive action. It is very important to understand that a single discriminant is seldom
sufficient for a confident assessment.

Y3

p,5e-002

p,0e-002

[,5e-002

[,0e-002

b,0e-003

-2 -1,5 < -0,5 X
Key
X | # days to conjunction
Y1| range (km)

Y2| N sigma

Y3| probability

min. range

N sigma

true probability

Figure 6 — Trend of close approach between two satellites

A more effective and meaningful method for trending both miss distance and estimated collision
probability is providédyin Annex B, where probability contours and tables of collision probability are
provided as a functien of covariance scaling and miss distance.

In pddition to_the-short-term trending of conjunction miss distance associated with a single cgnjunction
event, satellité operators can also minimize collision risk via monitoring and long-term trending of
myltiple €lose approach events for all pairings of their operational satellites with each otherf and with
the rest\of the orbital population. This is especially effective in the GEO regime or in congtellations
haying common altitude ranges, where recurring close approaches can signal a long—ternll collision
threat:

Conjunction assessment and collision avoidance require continuous vigilance for near-term events
that can require unanticipated manoeuvres and long-term monitoring for numerous close approaches
that can be mitigated by collaborative stationkeeping among those who occupy the same assigned
longitudinal slot.

7.3 Cumulative probability

The principle of cumulative probability accrues the probability that a single satellite will survive
the analysis time subject to all close approaches that it can experience in that interval. Each close
approach taken in the order that they occur has a probability that a collision will occur and its
complement, the probability that there will be no collision. If the satellite survives the first encounter,
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there are corresponding probabilities of demise or survival for the next encounter, and so on. Figure 7
demonstrates this chain for a real satellite in the past.

Cosmos 2251, 33945
12 Mar 2009 20:08

4,758 x 10

Cosmos 2251, 34123

-5 + 50197 x 107> 1 =1
4,758 x g-0— X T2 Mar2009 2148

it Miss
5 5 " al - Cosmos 2251,3392p
[4758xJ105] +  [s0197x10% + [6688664x10¢ + [9,99899803x 10 SO I St e

D

Probability|of demise
on the 1t gncounter
=

hd

Probability of demise .
o1} the 1 or 2™ encounter Pimmige = cummulativeé\)ﬂ(l.o = Piiomiis)
S\

- /
h'd

Probability of demise
on the 1%t or 2" or 3™ encounter

Figure 7 — Cumulative probability hierarchy

The sum |of possibilities after each successive encounter can be unity since the satellite will have
survived ¢r not. The process at each stage reveals the.ptrobability that the satellite would have survived
one, two, pr more of a sequence of encounters. These can be successive encounters with the same objgct
over time

It is possiple that the cumulative probability-of demise over several successive encounters can excged
the threshold of concern even though noneof the individual encounters can have individual probabillity
of collisiop above threshold.

The current threat is not the only'threat; and a threat far in the future is not as credible as a threat n¢ar
at hand.

7.4 Bayesian assessment

Bayesian [assessment “exploits the fundamental principles of conditional probability and mu]ti-
discriminpnt signal’detection. Bayesian concepts systematically assess the probability that a giyen
outcome fs asSociated with a set of observables. The observables are called discriminants. The
discriminpnts‘can include physical observables such as minimum close approach separation betwgen
two satellites-thetargestprobabilitef-colisionever-the-analysisperiodor-the greatestuneertainty
in each satellite orbit. There can also be subjective discriminants such as whether the satellite is
manoeuvrable or indications of the consequence of the collision, such as the amount of energy stored
within the satellite. Some discriminants are explicitly quantitative. Others tend to quantify them
subjectively. One example is associating a weight with the fact that the satellite often has close approaches
that confidently have not led to collisions. The relationships among outcomes and discriminants can be
analytical or implicit based on well-founded empirical beliefs. There is a significant body of research
and literature (e.g. Walpole et al. 2012[201) One disadvantage of beliefs is that, although the statistical
formalism can confirm the connections, the physical details of the connections are not exposed.
Therefore, such techniques can be very good indicators of the risk of a conjunction being significant, but
they do not necessarily reveal why or provide guidance for mitigation.
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Additional information for judging courses of action

8.1 General

:2021(E)

Courses of action that are available depend on more information than just close approach distance.
Sometimes the only course of action or even the best is just to wait and try to mitigate consequences if
the collision itself is unavoidable.

8.2 Manoeuvre capability
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ether one or both conjunction partners can manoeuvre is very important. However, théxg

ustment or for safe disposal at mission end. Adding additional propellant diminishes-useft
ss. Unanticipated manoeuvres can diminish mission capability and duration. dNéar miss
bossible that there is not sufficient stored energy to manoeuvre, but the consegtiences of
1 be confidently minor. Operators can consider many factors beyond just manoeuvre caj
rfermining a course of action.

8 Spacecraft characteristics

hcecraft size, geometry, and the ability to adjust attitude withCminimal energy expendity
nsidered. Large spacecrafts likely have large solar panels~Most of the cross section can|
bal density, which is less likely to fragment but more likel te remain in orbit. Spacecrafts s
have large overall dimensions but many voids, although'it is risky to hope that another s
uld fly through a void, missing the satellite. Nonethéless, the overall probability of col
ount for voids.

I Quality of underlying orbit data

t all orbit data are equally useful or trustworthy. The quality and credibility of orbit inform
m the same provider can vary depénding on the sensors that provide observations, the

1 density of those observations, thécorrelations among observations as a result of data prg
 source, and even the volume of diverse observations of different satellites, burdening obs
ources. The provenance of thie.data is embodied in the metadata that can accompany the qu

information. This is a manddtory element of standard orbit data messages, as in ISO 26900.
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collisions/can be avoided if possible. There are so many qualifying conjunctions that
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regponse can be expeditious, manoeuvres to avoid collisions change the orbital landscapd, possibly
jedpardizing satellites that were not initially involved. Restoring the original orbit will alsd consume
energy and change the on-orbit traffic patterns. Therefore, a mechanism for prioritizing responses is
needed.

9.2 Guidance for population risk

While there are many long-term environment models, none of them can be used to address the greatest
operational risk occurring in the short term (hours to weeks) evolution of debris. The principal schemes
such as MASTER (Meteoroid and Space Debris Terrestrial Environment Reference) and the NASA
Orbital Debris Engineering Model (ORDEM) have been compared as noted in informative references.
These models are excellent guidance for the initial stages of a mission, but they do not address near-
term threats.
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There are other simulations of debris production and near-term evolution of the fragments into the
resident space catalogue. These are notionally representative models that are intended to provide
broad guidance for the consequences of fragmentation over periods of hours to weeks. The outcomes
depend upon assumptions of the degree to which the mass of each collider is intimately involved in
the collision. Without knowledge of the satellite architectures and the orientations at the instant of
collision, reasonable assumptions of degree of involvement are based on the size of each and general
understanding of the existence of appendages. Table 2 is an example of the near-term risk to other
satellites stemming from debris generated by the Cosmos 2251-Iridium 33 collision.

Table 2 — Subsequent risk associated with debris from the Cosmos 2251-Iridium 33 collision

. Fraction of mass . . .
Satellite involved (%) Collision partner | Conjunction epoch | Fragments create¢d
- Cosmos Debris .
Iridium 0610 10 (Catalog 34015) 11 Mar 09 00:24 UTC 198
Cosmos Debris )
Cosm¢s 1867 5 (Catalog 34054) 11 Mar 09 10:24 UTC 278
Feflsat 50 Iridium Debris = ;3 1.1 09 03:18 yHic 68
(Catalog 34105) '
Iridium 33 Debris :
Cogmos 5 (Catalog 33950) 13 Mar 09 13:20 UTC 278
. Cosmos Debris .
Enyisat 2 (Catalog 3370) 14 Mar 09 08:01 UTC 626

Table 2 dglineates each of several probable collisions, indicatingthe satellites and debris involved and
the degreg of contact between colliders at the instant of collision. The estimated number of fragments
from thesg encounters is listed. In some cases, there were‘probable tertiary collisions.

These estjmates and warnings of potential secondary.or tertiary events can be included in informatjon
exchangeg.

9.3 Traffic impacts

Collision pvoidance manoeuvres cannot-be executed spontaneously or capriciously. Consideratians
include erlergy required to evade and teturn to mission orbit, satellites that can be encountered during
the manoguvre and thereafter, and consequences of conjunctions that can be suffered because of the
manoeuvie. Manoeuvre timing~is critical. Manoeuvring as early as possible yields the most energy
efficient gnd safe avoidance(strategy. Discrepancies in executing the manoeuvre can be corrected| in
due coursg. However, orbi€phasing with ground station contacts and other practical matters can delay
executinglmanoeuvres-Eyvasive manoeuvres can be combined with or influence regular stationkeeping
manoeuvies. Manoeuyres for any reason are typically screened against the resident environment| to
ensure that collisiényrisks are accommodated both while executing manoeuvres and thereafter.

10 Requirements for warning and information for avoidance

10.1 General

The previous discussion leads to documentary and operational requirements for warning and providing
information for avoiding collisions.

10.2 Orbit data

It is obvious that complete orbital data (satellite state, covariance, and physical characteristics,
contact information, etc., see 10.2) are required for each satellite that is involved in the estimated
conjunction. This is essential to plan mitigations and accommodate consequences. The form and format
for exchanging orbit data are in ISO 26900. Such orbit data can accompany the conjunction warning
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or be either stored and maintained elsewhere or transmitted under separate cover. Selection of the
best approach can be a collaborative decision between the operator and conjunction analysis service
provider. Any orbit data and metadata can be in standard ISO/CCSDS orbit data message configuration
(see ISO 26900).

10.3 Minimum data required for warning of and avoiding collisions

The irreducible minimum content is as follows. Each data element is justified in terms of what is needed
for.

I'nme o1 closest approach in a standard time scale. kequired to determine remaining reac

Identities of the satellites involved and their operational status if known. Requirédyfor
consequences and mitigation opportunities.

Satellite owner information for the satellites of interest, if known. Requiredfor coordir
communication of courses of action and potential manoeuvre options.

Closest approach distance between the two affected satellites in a standard reference f
coordinate system. Required for assessmentif orbit data are not available for each object. d
it can be computed knowing the estimate time of closest approach.

A (6 x 6) covariance matrix of three-dimensional position and velocity for both object
defined reference frame at the time of closest approach ifayailable. Required to determin|
probability.

State of each satellite at the time of closest approach’ expressed either as a state vector
ephemeris in a standard or well-defined orbit detérmination and propagation scheme. R
assess consequences and develop manoeuvres'that can be developed by propagating ead
to closest approach.

Relative velocity at closest approach dn the same reference frame and coordinate syst
closest approach distance. Required for assessing consequences and developing mang
necessary or if satellite states arenot available.

Close approach threshold, the minimum safe separation that the provider imposes expres
same manner as the closest'dpproach. Required because each operator has different risk
If the reported conjungtion is outside the risk threshold of a recipient, the recipient can im
disregard it.

ject size, shape, and-orientation are necessary to determine true probabilities of collision
se are truly untknown. This can be mitigated by using a spherical approximation whose d
sum of the {argest dimensions of both objects and the maximum probability of collision.

other information required for planning reaction and assessing consequences can be der
stworthy orbit data.

ion time.

assessing

ation and

rame and
therwise,

s in well-
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bf a single
bquired to
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tolerance.
mediately
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Best practices are approaches that are uniformly understood and applicable. Standards codify what
is common to most who contribute to the development and share a common need. Information and
processes unique to a minority of users can be the subject of interface control documents between
specific providers and specific recipients.
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Figure 8 — Operational execution space

Figure 8 portrays the operational execution space. If there is censiderably more information required
by all whg participate than there is information unique to only.a few, a standard is best. If the amoiynt
of unique jnformation far exceeds the amount of data requiréd in common, interface control documents
between ¢ach pair of participants that can provide or néed the unique information are best. If litftle
informatipn of either type is required, no documentaryior codified exchange is required. If there gre
large amojunts of optional and mandatory content, beth kinds of documents can be used.

11 Conjunction and collision assessment workflow and operational concept

Every op¢ration is governed by an operational concept that describes the roles, relationships, and
informatipn flows among tasks and stakeholders and the way systems and processes will be used. Thé¢re
are severdl normative guides for developing and maintaining operational concepts (e.g. see ISO 14950,
ISO 17664 and ISO 19971). Since eonjunction and collision assessment involves multiple stakeholdgrs,
providers| and action recipients; a commonly understood, normative operational concept is essentjal.
Figure 9 dnd Figure 10 illystrate a representative operational concept.

Figure 9 i§ a representative operational concept depicting each of the elements in the collision avoidarce
workflow
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Figlire 9 — Representative operational concept

ure 10 expands one 0f the elements of the representative operational concept.
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Selected course of action Assess consequences

Plan maneuvers Connect as necessary

Confirm outcomes

Screen for conjunctions

(reate commands Execute

Duality assurance Confirm'outcomes

Uplink commands

Figure 10 — Requirements of a function in the gperational concept

This briefl exposition is to guide developing sound data reguirements that enable a well-understdod
workflow|and interactions among the potentially several efganizations that can interact to mitigate the
potential fonsequences of conjunctions and collisions.
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Relationship between combined object size, combined positional

error, and maximum probability
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Annex B
(informative)

Probability contour visualization

The approach that produced Figure 3 can be extended to show a nominal relationship between P,

an
co
co
co
ho

rtours for fixed hard body radius r in the true space. A grid is created by scaling thg
mponents by s; while also scaling the standard deviations by C.. The results are then plottg

Ar
b=

A

r

i covariance size for a range ol miss distances while holding the covariance shape, orientption, and
mbined hard body object size fixed[19]. Figure B.1 shows a topographical representation‘of probability

distance
d to show

v probability varies with miss distances and covariance size tflrough the following relationships:

(B.1)

(B.2)
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The topology shown in Figure B.2 is unique to all the inputs affecting the probability calculation:
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object size, miss distance components, and covariance size, shape, and orientation.
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