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ABSTRACT

This paper presetts the recent evolution of ESA’s SSA
Conjunction Predction Sewice (CPS) asa realt of an
ornrgoing adivity in the Spae Suveillance and
Tracking (SST) Segment of ESA’s Space Situational
Awareness (SSA) Programme. The CPS is ore of a
number of preaursor services being developed aspart of
the SST segment. It hasbeen implemented asa service
to provide extemal users with web-based access to
conjunction information and designed with a service-
oriented architecture. The paper encanpases the
following topics: service functionality enhancemerts,
integration with a live objeds caalogue, all vs. all
aralyses suppating an operational concept basedon
low and high fidelity screenings, and finally conjunction
detecion and probahility algorithms.

1 INTRODUCTION

Over the last few yeas the space dekris environmert
has gained a large attertion due to the increasing
amourt of uncontrolled man-made objeds orbiting the
Earth. This popuation poses a significant and constartly
growing threa to operational satellites, asproven by the
cdlision of the satelite Iridium-33 with the
decmmisgoned spacecaft Cosmos-2251 Major space
organzations have deweloped their own systems to
ases the cdlision risk and evaluate the neeal to
marpeuvre their satellites in order to awid collision
everis with other orbiting objects @ee[1] , [2] ard [3]).

In order to face this threa in an indeperdent mamer, the
European Space Agency (ESA) launched in 2008 an
initiative for the development of a European Space
Situational Awareress(SSA) programme. The preaursor
phase of this programme is partly dedcated to the
developmert of preaursor servicesof the threesegmerts
of ESA’s SSA system, namely: the Space Surveillance
ard Trading (SST) segmen, the Space Weaher (SWE)
segment and the Nea-Eath Objeds (NEO) segmert.
The first of these segmerts, SST, is dedcated to the
cataloguing of in-orbit dekris ard the aralysis of the
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risks pased by these catalogued objects. As part of the
SST segment, seven erd-user sewices have been
idertified: 1) a caalogue sewice, providing access to
the orbital information in the caalogue of space delris,
2) a conjunction predction service, providing forecasts
about upcoming satelite conjunctions based on the
orbital information in the caalogue; 3) a re-entry
predction service, providing forecastsabout satellite re-
ertries into the atmosphere, 4) a fragmentation aralysis
sewice, amalysing the caalogue to deted possble in-
orbit fragmentation ewents; 5) a manoewre
charaderization sewice, deteding maroeuvres of
operational satellites 6) a sub-caalogue charaderisation
sewice, charaderising the objed popuation below the
minimum size deted¢ade by the segment sensors in
normal operation; 7) a spedal mission suppat,
providing suppat to satdlite missons during spedfic
phasegqeg. launch and ealy operations phasg.

As part of the programme, several SSI preaursor
sewvicesare being developed and dedoyed at the Space
Suveillance ard Tradking Certre (SSTC) within the
European Space Astronomy Centre (ESAC). These
sewices are partially basedon existing infrastricture,
knowledge and software applications. One of these is
the Conjunction Predction Service (CPS). This sewice
took, as starting point, ESA’s Collision Risk

Asesmen Tod (CRASS (see [21]), deweloped ard

used by the Space Delris Office at the European Space

Operations Centre (ESOQ. In a first phase of the

sewvice evolution, a web basedfront erd was developed

with the aim of providing users web access to the

sewvice. The system was named WBFE-CRASS [22].

The architecture of the system is presened in Figure 1.

It consists of the following elenerts:

- Application server. this hosts the presertation and
business layers of the system. It provides web
access to the system via a web site, controls the
exeadtions of the aralyses, etc. Database server.
this is the node where the datalayer of the system
is locaed It contains the orbital information
uploadedby the users, and more importartly, all
the information about the conjunctions detededin



the aralyses.

- Web serva: this provides a single ertry point to
the system and is accessble from the extemal
world via https.

- CRASSsystem this is the node where the cdllision
risk analysis is exeauted Its inpus and outputs are
trarsfered from and to the main application
server.

- Mail serve: this is in charge of sending the
necessary natifications to the subscribed users in
case ahigh risk conjunction is deteded affeding
one of the objeds the user is subscribedto.

A second phaseof the evolution processof the CPS was
started at the end of 2011aspart of the CO-VIII adivity
within ESA’s SSA programme. This seand ewvolution
phaseis the subjed of this paper. The objedivesof this
secondupgade can be summarizedas:

- Enhancethe currert infrastiucture basedon the
CRASSanalysis approad.

- Red orbit information from a datalase (a
named objeds catalogue)

- Perform all-on-all conjunction predctions, as
well as aralysis on spedfic objeds to be
performedthroughindividual cdculations

- Allow parallel processng techniques to be
employedonlarge inpu datagts

- Ensure auomatedoperation and output
- Provide output to anSQL datalase
- Enhance web-basedoperations

- Provide a stard-alone HumanMachine
Interfface with complete access to the system
for its operatars

- Enable integration to the sewice oriented
infrastricture of the SST segment

The following aspeds are descibedin this paper.

1. Sewice functionality erharcements. several
additional cgpablities have been added to the
Conjunction Predction Sewice baoth in terms of extemal
user access and operatar usahlity. Two types of
aralyses are now availade: low fidelity screenings,
basedon regular all vs. al analyses, and high fidelity
screenings, basedon spedfic one vs. one analyses of
previousdy deteded high risk conjunctions. Spedal
focus has been paid to the adoption of intemational
stardards such as CCSDS for both input and output.

2. Integation with a catalogue of objeds. One of the
major upgades of the system is the integration of the
system with a caalogue of objeds. Pradically spe&ing
this implies interading with a datataseof objeds ard
objeda-spedfic orbital information represeitted as a
time-tagged sequerce of statevedors and covarniances.

3. The possbility to perform all vs. all analysesin an
efficient manner has been added to the service. This will
be briefly summarized in the paper. Spedal focus will
be paid to the validation adivities carried out during the
adivity.

4. As part of the service evolution a thoroughreview of
the existing algorithms for callision probahility hasbeen
caried out, covering both low ard high velocity
encainers.
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Figure 1: WBFE-CRASSsystemarchitecture



2 OPERATIONAL CONCEPT - LOW AND
HIGH FIDELITY SCREENINGS

Apart from the main objedivesdefined in the previous
sedion, the design of the erharced system has taken
into aacount the way the CPS is intended to be operated.
To this resped, ESA hasdefined two levels of analyses
or fidelity screenings:

- Low fidelity screening: detedion of all
conjunctions ard identification of those of high
risk (i.e. above acertain probabilit y threstold)

- High fidelity screening: refined aralyses of the
high risk conjunctions dete¢ed as part of the
low fidelity screening.

To suppat these fidelity levels, the following processes
or scenarios have been idertifiedas recessuy:

a) All vs. all routine aralyses. automated conjunction
predction aralysis among all the objeds contained in
the objeds caalogue to be performedin aregular basis
(i.e. once a day) with a forecasttime span of one week
typically. This scenario covers the low-fidelity
screaening concept descibed above. The intervention of
the operatar is limited to the verification of the corred
operation, invedigation and resdution of anomalies ard
the preliminary analysis of resuts as applicable. This
process includes the submisgon of natifications to the
required users when user-spedfic threshdds are
exceeded

b) Contingency scenario after the detedion of a high
risk callision: this scenario is triggered if the low
fidelity screening idertifies an evert where the calli sion
probability between two objects exceeds a system-wise
threshold. The auomatedprocessconsists of:

- Requestfor additional tracking: in order to improve
the cdllision risk edimation the system may reques
more accurate ephemerides of the objeds involved
in a highrisk cdlision. As soon as these
ephemerides are updated in the objeds caalogue,
the CPS automatically reanalyses the risk of
cadlision with a one vs. one process to compute an
update of the conjunction geametry callision and
callision probahility.

- Upload of new satellite orbital databy the satellite
operatar(s) (if availabe): this is assimed applicable
to those cases when extemal orbital information for
ore of the objeds (in case thisis an adive satellite)
is provided by an extemal ertity accanting for
future maroeuvres. After the update of the
ephemeridesin the objeds caalogue, a reasessmert
of the conjunction is carried out. In patticular, this
suppats the aralysis of cdlision avoidarce
maroeuvres since their effed can be evaluatedwith
the new orbital information

3 SERVICE FUNCTIONALITY
ENHANCEMENTS

So far a desciption of the initial state of the
Conjunction Predction Sewice has been caried out
together with the aspeds to be erharced ard the
operational concept to follow. Next a desciption of the
erhancemerts designed and implemented in the CPS to
accompli sh the aforementioned goals ispresened.

3.1 System architecure

Firstof all, it isimportart to note that the CPS is one of
the various systems composing the SST segment. Other
these systems include: the Data Processng Chain
(DPC), whose main task is maintaining the objeds
caalogue by requesting tradking and survey adivities to
a network of sensors amd by processng the data
obtained by them; the Sersor Planning System (SPS),
whase main tak is the reception of the requests for
traking ard surveys from other systems and the
gereration of an optimized observation plan for the
network of availade sensors.

Basedon the descriptions above, the interadions of the
CPS with other systems of the SST segment are: 1)
access to orbital information contained in the objeds
caalogue; 2) submisson of tracking requeds to the SPS
for high-risk conjunctions as part of the high-fidelity
screening. This concept is shown in Figure 2. Note that
the figure considers a sermsor simulator, which is
intendedto simulate the behavour of the SST sersorsin
tems of inpus (observation requess) and outputs
(obsewvations or tradlets) as long as the red SST
sersors are not availabe.
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Figure 2: Interaction of the CPSwith other SST sysems

The design of the erhanced CPS system shares mary
commonalities with its predecessr. The architectural
desiqn is presetied in Figure 3. Aside from the CPS,
arother service is being developed as part of the CO-
VIII adivity. This is the Re-ertry Predction Sewvice
(RPS), in charge of analysing re-entry events and
provides estmatesof possble areas on the Earth ground
affededby the re-entry. A dedgn similar to the CPS has
been consideredfor the RPS.
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Figure 3: Oveall degoyment diagram for the CPSandthe RPS

The main differences between the degoyment diagram
of Figure 3 and Figure 1 are: the preserte of a node for
the CPS computational node, improving upon the
original CRASS implemertation and hosting the
conjunction analysis subsystem; and the RPS
computational node, playing a similar role for the RPS.
Note that the application server, the datataseserver and
the web server are shared by the CPS ard the RPS. The
complete system forms the so-cdled SST web portal,
which provides access to the conjunction and re-ertry
information computed by the CPS and RPS of the SST
segment.

3.2 Integration with the objecs catalogue

An importart aspd to take into aacount while
desigiing the work flow of the CPS is the size of the
orbital information needed for the conjunction aralyses.
For a typical caalogue of 15000 objeds ard
ephemerideswith a time span of 7 days and a time step
of 60 seands for the state vedor and 300 seconds for
the covarance evolutions, the size of the complete
orbital information amourts to more than 10 Gigabytes

On the other hand, a stringert performance requiremert
is impased on the CPS for the all vs. all aralysis. It is
required to cary out an all vs. all with a catalogue of
10000 objeds in less than 30 minutes, including the
time to retieve the orbital information from the
caalogue ard store the conjunction information in the
datalasestorage.

In order to awoid the transfer of many Gigabytesof data
over the network, from the node hosting catalogue to the
noce running the CPS, it has been dedded to store the

latestorbital information within the CPS node ard keep
it synchronisedwith the objeds catalogue.

This means that every time there is a new ephemertis for
anobjed in the caalogue, the information is trarsferred
auomatically to the CPS and stored for later use in the
conjunction aralyses.This design avoids trarsfemring all
the orbital information at once at the begnning of each
conjunction aralysis whil st ensuring that the latest up-
to-dateorbital information is used.

The DPC ard CPS are separate systems exchanging
orbital information ard the interfface between them
implemernts CCSDS stardards. Orbit  Ephemeris
Messages(OEM) ard Orbit ParameterMessages (OPM)
in XML format (see[18] ard [19]) are provided by the
obeds caalogue to the CPS as pat of the
synchronization process

A dired consequence of the use of full ephemeridesis
the ned to intempolate the orbital information to the
required point in time for the conjunction aralysis.
While this is a common operation for the state vedor
information, the interpolation of covarance matrices
introdwces an added difficulty (see [17]). In this case,
ard after an evaluation of differert possble approaches,
it has been dedded to cary out the interpolation of
covariance matrices expres®d in orbital frame, where
the evolution of the covariance is smocther.

For the developmert ard initial operation of the CPS
ard RPS, a mock-up of the caalogue has been
implemened This element generates orbital
information basedon up-to-date Two Line Elements
(TLES) by using the Simplified Gereral Perturbation
(SGB theay (see[14]) ard serds the resuting OEMs
ard OPMsin XML formatto the CPS.



3.3 Conjunction analysis

As descibed above, the computational ard algorithmic
core of the CPS is locaed in a dedcated node. This
noce exeautes the following sequerce of tasks:

- Retrieval of orbital information

- Conjunction detedion

- Callision probahility computation
- Staage of conjunction information

The main functionality added to this comporent is the
ability to carry out all vs. all aralyses (see [4]) using
parallelization tecmiques to spead up the computations.
Details on the algorithms implemented for the
conjunction detedion process ard the callision
probability computation can be foundin sedions below.

A very importart differerce with respd to its
prececes®r is the interadion with the datakasesewver.
The CRASSbased system provided the output
conjunction information in the form of files that were
parsed by the businesslayer, runring in the application
server ard stored in the database server. In order to
awid files-based interfaces ard battle nedks, direa
storage of the information in the datataseis carried out
by the conjunction analysis subsystem.

3.4 New functionality in Web Based Interface

From an extemal user point of view, the web-based
interface provides &cessto the following feaures

- Conjunction results obtained during the last 7
days, (either in automated runs or in user
exeadutions) affeding the objects for which the
user is registered

- Historical conjunction reallts affeding the
objedsfor which the user is registered

- User exeautions with orbital information
uploadedby the user. This allows taking into
aacount manoewre information not includedin
the objeds catalogue. This is intended for
cdlision avoidance manoewre aralysis.

Based on the availale functionality, the following work
flow is availade to the user.

- Routine reception of natifications of high-risk
conjunctions affeding user-registered objeds

- Access to the web site to aralyse the
information in case of a high-risk conjunction.

- Exeaution with user-uploadedephemerides for
the evaluation of the effeds of a possble
callision avoidance manoewre.

craft Operations

SST Pracursor Services
Collisicn Warning
Sensors Hetwerk
- Optical Sensors
- Radar Sensors
- Webcams 1993-036KY, 1993-036KY

Analysis Cantres e

Conjunction analysis

Conjunction pradiction
service

Objects

Conjunction
prediction analysis

Maintanance and
monitoring

Alerts
Execute Run

Business process
monitaring

Terms of use
Documentation
Contact

55T Service Desk
Help

Logged in as
CPSsarvice

Conjunction point

Return to graphs fist

Copyright 2000 - 2012 @ Europs

conjunction

== 7009000002 before Conjunction

== 9302600761 before Conjunction

| Download IPEG snapshot |

All rights reserved.

Figure 4: Screershat of the webinterface for operators. Detail of the 2D geametryof the

17-Apr-21

Target and chaser trajectories on Earth map, Flease roll the mouse wheel forward/backwards to zoom
infout, double click in the divider to reset zoem

Conjunction at 2013/04/17 06:54:23 of 7909000002, 1979-0908, 1979-0908 and 9303600761,

== 7909000002 after Conjunction

9202600761 after Conjunction

| Download PNG snapshot J



As part of the ewolution of the CPS, the web interface
provided to extemal users has been enhanced with the
following feaures:

- Access to reslts affeding regstered objeds
computed in the low and high fidelity
screenings. A major charge in the web
application has been necesary since it was
originally despred only for one vs. all
aralyses.

- Conjunction information provided in the form
of CCSDS Conjunction DataMessage (CDM),
eitherin ASCII or XML format, apart from the
pre-existing reports

- Download of the plots visualized in the webin
the form of pngor jpegdfiles

- Upload of user-spedfic orbital information in
the form of OPM and OEM compliant files,
bath in ASCII and XML formats.

- Exeadtions using the orbital information
uploadedby the user. This orbital information
is only available to the user who uploadsit ard
it is not considered in automated runs of the
system, only in user aralyses.

- Integration with ESA’s SSA Technical Web
Portal for the provisioning of idertity
maregement services (Singe-Sign-On feaure
provided by operAM).

3.5 Stand-alone Human-M achine-Interface

Another upgace of the CPS is the implementation of a
stard-alone Human Machine Interfface (HMI) intended
to provide full visbility of the state of the system to
operatars. While the web interface allows connedion
from the outside world throughthe Intemet, this HMI is
designed to conned to the CPS only from the
Operational Badk End Network of the SST segmert.

The HMI is based on GMV’s product focus client.
This product is implemerted using the Eclipse RCP
framework for rapd user interface developmert. It has
been spedfically adapged to interface with the
application server of the SST web portal following the
restrictians impased by the network setup.

The communications between the application server and
this client application are caried out by means of a
series d webserwvices exposedin the application server.

Similarly to the webinterface, the stand-alone HMI uses
operAM as identity provider for user auhentication
purposes. opeanAM also seaures the web sewices
exposed by the server and thus the HMI must include an
auhenticatedtokenin every request tothe server.

Another interesting asped in the integration of this HMI
has been the rewse of the intemal web browser of
Eclipse to display the very same interadive plots
accessble via web, basedon the jQplot library and
Adobe Flash (seeFigure 6)
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4 CONJUNCTION DETECTION

Ore of the main algorithms to be implemented in any
conjunction aralysis software is the one dedcated to
conjunction detedion. These algorithms neeal to be
computationally efficient atfiltering pairs of objeds that
canna collidein agiventimeinterval, in orderto have a
resonable performance and at the same time, red
potertially cdliding pairs camot be filtered out
incorredly. Theseare the main drivers for the seledion
of the conjunction detedion algorithms. Moreover,
given the delicate nature of the conjunction detedion
filtering process an indeperdert validation has been
caried out. This is alsodescibed below.

4.1 Algorithm selecion

Given the experience gained with the Smart-Siewe in the
developmert of CRASS and the dramatic speed-up
improvements with closeap (see [4]), the same
conjunction detedion algorithm has been used for the
CPS. The algorithm hasbeen parallelized with OpenMP
to profit from the multi-core procesors of the
operational servers usedfor the aralyses.

4.2 Validation

In order to indeperertly validate the conjunction
detedion implementation of the CPS two comparisons
have been used

- Compairisons against the realts obtained with
ARC (see[15]) by Atos Origin indeperertly
for the very same input ephemerides.

- Comparisons against redallts obtained with a
brute-force method This brute force method
consistsin seaching for conjunctions in an all
vs. all scenario with a rather small time step (1
second) ard nofilters atall.

4.3 Advanced concepts

Parallel to the dewelopmert adivities of the
erhancements of the CPS, advanced methods for
conjunction detedion have been aralysed and
prototyped Two separate paths have been considered
here: 1) combination of the Smart-Sieve with the
method of spatial bins propcsed in [5] ard 2) use of a
doude Smart-Sieve approach with different time steps
for each of the smart-sieve layers. This method
resenbles the concept of multi-grid methods of
numerical fluid dynamics

The details of the both methods can be foundin [16].
Prototype implementations of them show a speed-up
larger than 60% of the conjunction detedion process
with resged to the original Smart-sieve implementation
of the CPS, which is alrealy rather optimized
Currertly, it is under evaluation whether thesemethods
are implementedin the CPS for improved performance

5 COLLISION RISK ESTIMATION

Being ore of the most relevant figuresto evaluate the
risk posed by a conjunction, the probahlity of cadllision
is computed by the CPSfor any close conjunction event
deteded To this resped, it has become common to
distinguish between low and high velocity encounters,
also named, short and long duration conjunctions
respedively. A thorough review and trade-off of the
available algorithms has been caried out. This is
descibed next. Aside from the algorithm selection, the
methoddogy used for the validation of the algorithms
implementedis alsopresered below.

5.1 Algorithm evaluation and seledion

In the case of high velocity encaunters, even though
there are several methods (see [7]), given the positive
experience with CRASS, it has been dedded to
implement the same method based on Akella ard
Alfriend’s formulation (see [6]). In ary case, all of them
are basedon the same two-dimensional hypathess.

For low velocity encounters, after an evaluation of
several methods (see [7], [8], [9], [10Q], [1]], [12] ard
[13)), the seleded method was the method of McKinley
(see [13]) due to its simplicity and expeded low
computational requirements. The threshold to start using
the low velocity method is above 10 m/s, which is a
commonly acceted value (see [20]) for nonlinea
effeds to start playing a role in the probakility
computation.

5.2 Validation

In order to validate the cadlli sion probahility algorithms,
the following indepemert comparisons ard cross
chedks have been carried out:

- Comparison of callision probabilities for high
velocity encounters against resuts computed
by ARC

- Compairison of cadllision probalhilities for low
velocity encounters described in detail in the
literature by McKinley (see[13]) and Alfano
(see[9))

- Compairison of collison probahlities against
resuts obtained with Monte-Carlo aralyses as
explained below.

In all ceses the reslts of the comparison were
accetabe, except for encanters below a relative
velocity in the order of 10 cnvs. It is believedthis is due
to the seleded algorithm for conjunction detedion, but
is not considered an issue due to the very low relative
velocity.



5.3 Advanced concepts

Onre of the challenges of the Monte-Carlo arelyses
caried out aspart of the validation has been the speal-
up of the computations. In this type of aralyses, one of
the main elemerts driving aralysis time is the
propagation of the perturbed state of the objeds to
compute the new conjunction conditions. To reduce the
amourt of computations required, a new method has
been used for the generation of the perturbed orbits of
the Monte-Caro trials. It is basedon the use of the
trarsition matrix to compute the perturbed orbits by
linea Taylor exparsion with resged to the reference
orbit. Comparisons show an agreament in the order of
5% against resuts obtained with Monte-Caro aralyses
basedon full propagations of the perturbed state.

6 CONCLUSIONS

This paper has descibed the lategs erhancements
introduced in ESA’s SSA Conjunction Prediction
System. It has provided insight into the system
ewlution from an architectural desigh paint of view,
added functionality availade to the end-users and the
operatas ard the seleded algorithms for conjunction
detedion and callision probahility computation.
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