A POWERFUL, COST EFFECTIVE, WEB BASED ENGINEERING SOLUTION
SUPPORTING CONJUNCTION DETECTION AND VISUAL ANALYSIS

Daniel M. Novak®, Davide Biamonti‘?, Jeremy Gross®, Martin Milnes®

W CGl, Rheinstrasse 95, 64295 Dar mstadt, Germany, Email: daniel.m.novak@cgi.com
@ CGl, Rheinstrasse 95, 64295 Darmstadt, Germany, Email: {first name}.{last name} @cgi.com

ABSTRACT

An innovative ard visually appeding tool is preseited
for efficient all-vs-all conjunction aralysis on a large
catalogue of objeds. The conjunction detedion uses a
neaest neighbou seach algorithm, basedon spatial
binning and idertific ation of pairs of objedsin adacernt
bins. This reallts in the fagestall vs all filtering the
authors are aware of. The tool is constructed on a
server-client architectue, where the server broadcasts to
the client the conjunction data and ephemerides, while
the client suppats the user interface througha modem
browser, withou plug-in. In order to make the tool
flexible and maintainabe, Java software techndogies
were used on the server side, including Spring, Camel,
ActiveMQ and CometD. The user intefface ard
visualisation are basedon the latestweb tecmoalogies:
HTML5, WebGL, THREEjs. Importarce has bee
given on the ergonamics and visual apped of the
software. In fad certain desigh concepts have been
borrowed from the gaming industry.

1 INTRODUCTION

Delris orbiting the Earth have been remgrised as a
growing hazard to missions safety and conjunction
predction is therefore becoming ever more importart to
ersure safe operations of spacecaft [1]. Toods ard
services covering that already exist [2][3][4], but they
have limitations like late waming times, difficult
mainterance due to out-datedsoftware techndogies, not
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always ergonamic graphical interfaces or restrictive
IPRs.

Moreover, the performance of currert codesperforming
all-on-all analysis on large catalogues is limited by
bottlenecks at the initial filtering for potertially
cdliding objea pairs [5]. As the popdation of
regstered delris will increase the issue of
computational efficiency will gain more atteriion. A
tool to perform conjunction predction is preseted with
the capahlity of performing analysis between large sets
very efficiently. Innovations have been implemented at
multiple levels: within the underdying mathematicd
algorithms, the software architecure ard the user
interface.

The filtering algorithm implemented in the tool is based
on aneaestneighbou search techique used in various
fields like data compresson armd computational
geromics. Building on ou experience in the
implementations of realtime operational scientific
algorithms, we have performed detailed performance
armalysesof a rarge of altemative filtering stratedes, to
idertify potertial processng bottlenecks. This has led to
the dewelopment of extremely efficient filtering
tecmiques (including the use of spatid binning as a
means of providing an effective first-level filter). A
significant improvement in computing time has been
achieved compared to existing tools like CRASS or
Closea.

A client-server architecture has been chasen for the tool,
with the potertial of parallelising the number crunching
computations. The propagations, the filtering and the
probability computations run on the server side, using
updated caalogue datg in this instarce TLE data
Usablity and ease of access were identified as
paranourt to ersure that the sciertific data can be
uncerstood ard exploited by the majority of
professonal operatas ard amateus. Lates web
technadogies, using graphical accéeration with HTML5
ard WebGL and streaming, were adopted so that it can
be run smocthly from a web browser, withou the need
to install a plug-in, while ergonamics and visualisation
design concepts were borrowed from the gaming
industry in order to optimize the interadion of the end-
user with the functionaliti esoff ered by the tool and with
the vastamourt of datait relieson. Such atool has big



potertial, due to its performance, its ease to expard with
more aacurate models and functionalities, its ease to
operate and maintain and its potertial accessbility to
the end user through any device that has a modem
browser and a decert graphics card. The architecture of
the tool allows easy plug-in of sciertific models ard
data sources such as instrumerts, proving the tool's
potertial applicability to varous space sStuational
awarenessapplications.

The filtering algorithm is presened first, explaining
how the conjunctions are deteded ard why the method
is fast. Thenthe architecture and tecmology stac of the
tool is presemed Finally the user interface and the
underlying techndogies ae covered

2 FILTERING ALGORITHMS

This sedion descibesthe algorithm to idertify pairs of
objeds that come close to each other in a certain time
window. The temrm close can potentially be defined by
the user in differert forms: miss distarce below a
threshold, presermre of ancther objed inside apizzabox
or anellipsoid aroundthe target objed.

21 Initial
prediction tools

filtering in existing conjunction

The role of the conjunction detedion functionality is to
idertify close approachesbetween pairs of objedsin the
catalogue. The challenge is to limit the work load due to
comparisons basedon large amourts of data.

An asesment hasbeen made of information available
in the pubdic domain relaing to various approades
adopted for filtering in the all-vsal case for
conjunction predction. This included idertification of
the filtering approach used and the overall performarce,
ard a comparison with altemative schemes considered
ard prototyped by CGI. The previous approaches that
were looked at include SOCRATES from CSS [2],
Closeg from GMV [3] and CRASS from ESA. Tab. 1
summarises the findings and the propetties of the filters
of the tools.

It shoud be noted that CRASS was not intended
originally to be usedfor all-vs-all conjunction detedion,
so its performance illustrates that CRASS’s method is
not well adaped to the problem. The latestversion of
Closegp may aso show some performance
improvemens.

2.2 Near est neighbor search

Building on our experience in the implementations of
red-time operational scientific algorithms, we have
performed detailed performance aralyses of a range of
altemative filteing strategies, to idertify potertial
processng battlenedks. Our analysis of the bottlenedks

in the conjunction analysis processng (using gprof on
the software running under Linux) highlighted that the
majority of the processng time wasoriginally taken up
performing the initial comparison of pairs of objeds
(looking for close conjunctions). Cleary, this is of the
order of N?, where N is the number of objeds (but can
be halved by eliminating comparing objedt A ard B and
then comparing B amd A), however, with 13000
objeds, this givesaround 170 milli on 3D position pair
comparisons, which requires substartial processng
power. The aim of the initial filtering is to reduce the
number of necessary comparisons as quickly as
possble, so that minimal processng power is experded
on impossble pairs of objeds. We also addresed
alternative techniquesused in other areas of computing
relating to “nearest neighbour searches”. A novel
tecique is propcsed here to filter out objeds
efficiently such that conjunctions are idertified very
fast.

Table 1. Summary of existing filtering methods.

System Filtering M ethods Performance
SOCRATES | Out of date TLE 2,700payloads
Apogedperigee vs 8500
Orhbit path objecs=5
Time hous an 2
GHz Pentium 4
for 7 days
prediction
Closeap Out of date TLE 8,0000beds
(GMV) Remove al-vsal: 4.7
decging/deceyed objects | min using
Apogedperigeefilter—on | 1CPU @266
pairs of objeds GHz for 1 day
Then 3 consecutive prediction
filterson pair relative
position/velocity:
- Smart sieve (aseies
of filtersbased onvery
simple agrodynamics
principles)
- Fine conjunction
- Sefety elipsad
CRASS “smart sieve”, based on 8,0000hjects
(EsA) maximum velocity & al-vsdl: 1211
accderation min using
1CPU @266
GHz for 1 day
prediction




The idertification of close approades is adually an
example of a well-estallished techique. In fad nearest
neighbar seach, also known as proximity seach,
similarity seach or closest point seach, is an
optimization problem for finding closest points in
metric spaces.Examples are:

e Naive approadh, i.e seach all points with
successve spatial filtering

e Space partitioning, eg. kdtree

e Locdity Sersitive Hashing, i.e. putting data in
“buckets”/bins

CGI has explored all three approaches — whilst the
spatial partitioning approac, using kdtrees, looked
promising, in CGI’s prototype it did not perform as fast
asthe spatial binning approadch, due to the overhea in
constructing the spatial index for each objed. CGI
retairedthe locd sensitive hasing.

2.3 The spatial binning algorithm

Our conclusons from the performed studies
incorporatedinto our conjunction predction tool, are for
the following sequence of filtering steps:

1) Perform initial orbit propagation of all objedsusing a
relatively coarse time step. This can be of the order of
few minutes.

2) Use simple intempolation for a small number of
intermedate points. This reduces the maximum size
needed for binning. Indeed, in one minute, an objed in
LEO can cover up to 500km. A time step of one minute
was adopted, so the paosition of all objeds are known at
each minute.

3) For each time step, apply 3D spatial binning. Here
bins are cubes d 500kmside. The binning is as follows:

3.a) Divide space into cubic bins and assgn eah
objed to a bin. The propagation ard spatial binning
concept is illustratedin Fig. 1.

3.b) Loopoverall objedsard find the objedsin the
same bin and the 8 adacert bins. Seaching in the
adacert bins is necessry to cover the cases where
the initial objed is close to the wall of its bin.

4) Dete'mine closest-approad approximations basedon
positions at two subsequent time steps, by closest
separation of pairs of vectors [rq(t),ri(t.)] and
[ra(t),r2(tis1)]. This is necessary because the point of
closest approach is most probably between two time
steps. A rudimentary cdculation gives that for time
steps of 1 minute the maximum distance erors are
rougHy 100 m assiming circular orbits at higher than
200km altitude.

6) One more filtering can be applied on the set of
neighbaing objeds to find those that satiy a stricter
criterion, e g. relative distance below 250 meters. Other

criteria may also be applied, for example finding objeds
inside apizzabox or anellipse aroundthe initial objed.

2.2.3 Reaults

The filtering techique descibed above has been
implemerted and teged on an all-vs-all scenario. Here
the conjunction criterion was a relative miss distarce
below 250 meters.

Orekit [6] is used as the astralynamics toolbox in the
software. Orekit provides varous clases related to
orhits, referernce frames, time scdes, propagation, Earth
Orhit Parameters and leap seconds. It is basedon the
Apadche Commons Math mathematicd library. Orekit is
already used by ESA and CNES, and it allows
integrating physical models of high accuracy. Basedon
Java, the toolkit is extremely moduar and essy to
expand.

Figure 1. Spatial binning of (x,y,2) data for each time
step. Linear interpolations on the position of the debris
are done for time steps of higher resolutions.

A moddar desgn allows using different kinds of
caalogues. The tool was tesed on NORAD TLE
caalogues distributed by Celestr& [7] which has
13,000ertries. Oekit provides aa SGH propagatar.

Using the above tecmique, our prototype was ale to
process 13,000 objeds in an all-vs-al scenario in 3
minutes using a single core of a 1.2 GHz Core 2 Duo
CPU (or in just 8 semnds using all threads of a
4CPUdual-core machine running at 2.66 GHz) for 1 day
(24 hous) predction. The criterion for retaning a
conjunction is amiss distarce below 250 metess.

Tah. 2 shows how the number of pairs to be asessdis
reduced with each filtering method.

Tah 3 shows the relative performarce of altemative
first-pass filtering methods, based on 13,000x13000
objeds ard 1 day predctions. As the prototype is being
deweloped in time, the same catalogue has always been
usedfor benchmarking purposes.




Table 2. Initial pair-reductions with alternative filtering
methods

Initial Filtering M ethod Number of 3D pair
comparisons

None: N(N - 1) 170million

Avoid repeaed pair chedks, i.e. A -

vs B=BvsA: N(N= 1)/2 85milli on

Use Max Perigee& Min Apogee 29 milli on

DX primary filter subseguently

followed by DY, DZ and DR 15million

filters

Spatia Binning 2 million

Table 3. Comparison of performance of alternative
conjunction prediction approaches, for 1 day horizon

Normalised
Processing
Coniunction Number CPU Timefor 13,000
ol ujtion of speed vs 13,000
Objects [GHZ] (for published
number of
objects) [min]
SOCRATES 2,700vs 2 316(43)
8,500
CRASS 8,000vs 2.6? 320(121)
8,000
Closeap 8,000vs 2.66 124 (4.7)
8,000
CGl (dx/dy/dz | 13,000vs 12 20
filter) 13,000
CGl (ditto 13,000vs 12 8
plus min I/O) | 13,000
CGl (ditto 13,000vs 12 51
plus atial 13,000
filtering)
CGl (ditto 13,000vs 12 3.0
plus tenporal | 13,000
interpolation
of time steps)
Cdl (dittoon | 13,000vs 2.66 12
faster 13,000
madine)
CaGl 13,000vs 2.66 0.15
(parall €li sed) 13,000
on 8 threads

3 THECLIENT-SERVER ARCHITECTURE
AND TECH STACK

The software is split in a client-server architecture. The
sever side updates the caalogue, computes future
conjunctions and broadcasts them to whoewer is
listening to the messages. The client side displays the
datarelated to the broadcasted conjunction and suppats
a rich visualisation through a browser, withou plug-in
ard tapping into the graphical processng cgpabilitiesof
the client’s machine.

The tecmology stack used is the foundation of the
scdability and flexibility of the tool. Only techndogies
with commercial friendly licerses were considered, in
patticular the Apadhe license.

Reuwsing estalished industry techology and best
pradices is the key to kee the software smple and
focus only on the adual problem i.e. algorithms,
withou delving with time-consuming and hard-to-
maintain bespke software solutions. It is also a
statemert that space applications have indeed different
requiremerts than other domains, but they can
nevertheles be met by alrealy existing proven software
ard approaches.

Below are the powerful techndogies that have been
used for easy integration and messaging inside the
software.

31 Spring

Spring is the most popuar

a7 application developmert

. framework for erterprise

spr|ng Java™, Millions of

developers use Sping to

crede high performing,

ealy tesale, reusadle code without any lock-in to

particular verdors or solutions. Spring enaldes us to

focus on the business problemrather than the plumbing
that conneds componrens and systems.

The Spring framework feaures an incredbly powerful
ard flexible codlection of techologies rarging from
Data Access to Searity to modem web applications
(AJAX, REST). It is also Cloud Realy, entailing that
Spring applications are suppated on all popuar cloud
platforms like Cloud Foundry, Google App Engine ard
Amazon EC2.

3.2 Camel

o _ Apache Camel is a versatile

n ‘ cne #“ opensource integration
| = L framework based on known
camel Enterprise Integration Pattens

(EIP) that focuses on making



integration easier and more accessible to developers. It
does this by providing:

e concrete implementations of all the widely used
EIPs
connectivity to a great variety of transports and APIs
e casy to use Domain Specific Languages (DSLs) to
wire EIPs and transports together

33 ActiveMQ
Apache ActiveMQ is an open

Acuvemu source message broker

— providing Enterprise Features

like clustering, multiple message stores, and ability to

use any database as a JMS persSistence provider besides
VM, cache, and journal persistency.

ActiveMQ is used as enterprise service bus with Camel,
to distribute messages in a distributed environment.

34 CometD

CometD is a scalable HTTP-

based event routing bus that uses

/ an Ajax Push technology pattern

CO?h et known as Comfet. CometD is a

Dojo Foundation project to

provide implementations of the Bayeux protocol in
javascript, java, perl, python and other languages.

3.5 Putting it all together

Using Spring assemblies routes are adjusted, adding
new class through configuration. Camel integration
patterns and components allow decoupling the code and
massively reduce the code base. With ActiveMQ
messages can be easily distributed in a secure, persistent
and complete way. Finally with Using CometD we can
stream data to web interfaces. Fig. 2 illustrates how
each component interacts with each other and how the
technologies orchestrate that.

4 VISUALISATION

Embracing bleeding edge web technologies gives the
freedom to experiment with new and innovative ways of
user interface and data visualisation.

For the visualization side of the tool CGI decided to
target modern browsers using JavaScript, HTMLS,
WebGL, and THREE.js. These technologies offer a
number of advantages for our purposes, including easy
distribution of the product, lack of additional software
licenses, and a decrease in development time in
comparison with building a traditional desktop
application. Additionally there is no installation for end
users which is beneficial for operators, but also could

allow subsections of the application to be served to the
public for PR purposes, including education.

r Camel routes

=
L [ Spring assembly
J

|

' |

|

| --> Cometd JSON
| : broadcast

! |

Request:<topit>:messages‘ Output:<topic>:messages '
|

=)

Figure 2. Technologies involved in the conjunction tool

4.1 Technology Dependency Overview:

As mentioned, HTML5, WebGL and
THREE.js are used. HTMLS5 is the
newest HTML standard and allows a
number of new features to run directly in
the browser with no additional plug-ins.
It introduces many innovations, in
particular canvas and audio tags as well as offline
storage.The most important feature, for our purposes, is
the support that HTMLS5 provides for accessing
WebGL.

WebGL (Web  Graphics

Library) is a JavaScript API 1
for rendering interactive 3D v u Eb G‘L"'
graphics within any

compatible web browser without the use of plug-ins.
The graphics are rendered in real time on traditional
video hardware as is used in modern video games.
WebGL programs consist of control code written in
JavaScript and shader code that is executed on a
computer's Graphics Processing Unit (GPU). WebGL is
based on OpenGL ES 2.0 and it uses the HTMLS5
canvas element.

HTML

On top of this, the THREE js library provides additional
higher level functionality to ease the creation,
management, and rendering of 3D scenes via WebGL.



4.2 Thevisuals

The Earth is textured with image data (provided to the
pubic by NASA) which has been tiled and in some
cases reprocessed by our own tool. At the time of
writing, the targeted visual fedures include the
following — althoughnat dl are fully implementedyet

1) Time scrubhing the anmations of all assets to any
valid period of time.

2) Highlighting potertial cdlision paths and locations,
aswell asthe objeds expededto beinvolved

3) Streaming in higher resdution image data after
initial load and caching said data letween sessions.
This will give immedate red time respnsiveness
right away even for first time access but still
provide gradually increasing visual quality overtime
which can be auomaticdly maintained ard
immedately redaimed on subsequert use sessions.

4) A number of hardware shaders (GPU programs) to
increase visual quality and redism including
Atmospheric  shaders, night side glow post
processng for the city lights, and more.

5) Redistic 3D modelsfor all owned space born asgts,
including the ahlity to see not only where they are
located, but alsothe corred argles, equipmert status
ard orientation, and more.

6) Visualization of allowed arc ranges, as well as
currert visibili ty cones for radar ard groundstations.

5 CONCLUSION

A modem conjurction analysis tool has been
implemented by CGI. It is state of the art at mary
levels a nowel filtering algorithm accderates
dramatically the detedion of conjunctions, while
modem software techndogies allow easy integation
ard moddar structure of the tool. Emphasis has been
put on appealing and ergonamic visuals and user
interfaces.

CGl has experience in parallelisation of complex
sciertific algorithms, and hasrecertly undertaken work
using Gereral Purpose Graphics Processng Units
(GPGRJs) to assesshe feasibility of using thesefor
massive parallelisation, to further improving
performance The SSA conjunction predction tak is
something which would be highly amenale to
parallelisation, if further speed-ups are required

Our aim with the visualization is to prove that it is
posdble and essy to be alde to see everything in our
sky, and our solar system, aswell as Earth basedground
and radar station coverage,in red time or atary point in
the recorded pastor projectedfuture. This will allow for
a number of posdble applications including visualizing
potertial cdllision awidance wamings, mission
simulations, potertial burns or visibility coverage, ard
more.

In theay there is no reason why the user interface could
not be expanded over time to function asa browser for
observing the state of, and for commarding, all
controlled/known space assets. Imagine clicking on a
satellite or ground station, or choosing it from a menu,
ard having a 3D model of that craft come up from
which all parameters and equipment states can be
viewed, or ary commands can be issued as easily as
playing a red time strategy video game, all this with
with red data

Theareticdly it would also be easy to visualize and
aralyse the NEO popuation and posdble conjunctions
by charging the Earth in the models to the Sun ard the
derbis datataseto a NEO datsbasesuch asthe one from
NEODys.

CGl has implemented the routines to compute
probabilities of conjunction using Alfiend’s method but
has not tesed it so far extensively. CGI has also been
looking at other methods that use fewer simplifying
assimptions [8][9].

Suwech atool hasbig patertial, due to its performance, its
ease to expand with richer features and more accurate
physical models, its ease to operateand maintain ard its
potertial accessbility to the end user through any
device with a browser.
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