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Abstract

This paperaddressesisualizationissuesof the TerrestrialPlanet
FinderMission[Z. The goal of this missionis to searchfor chem-
ical signaturesof life in distantsolarsystemsusing ve satellites
ying in formationto simulatea largetelescopeTo designandvi-
suallyverify suchadelicatemissiononehasto analyzeandinteract
with mary different3D spacecraftrajectorieswhich is often dif-
cult in 2D. We emplo/ a novel trajectorydesignapproachusing
invariantmanifold theory which is bestunderstoocgandutilized in
animmersie setting. The visualizationalsoaddressemulti-scale
issuegelatedto the vastdifferencedn distanceyelocity, andtime
at different phasesof the mission. Additionally, the parameteri-
zationand coordinateframesusedfor numericalsimulationsmay
not be suitablefor directvisualization. Relatve motion presentsa
moreseriougroblemwherethepatternof thetrajectoriecanonly
be viewed in particularrotating frames. Someof theseproblems
aregreatlyrelieved by usinginteractve, animatedstereo3D visu-
alizationin a semi-immersie ervironmentsuchas a Responsie
Workbench. Otherswere solved using standardtechniquessuch
asa stratify approachwith multiple windows to addresgshe multi-
scaleissuesre-parameterizationsf trajectoriesandassociate@D
manifoldsandrelative motionof thecamerao “evoke” thedesired
patterns.

1 Introduction

Modernspaceanissionsareincreasinglynorecomplex asadwanced
instrumentandspacecraftechnologiegnablemoredemandingsci-
enti ¢ queriesduring spaceexploration. Visualizationof comple
scenariosand high dimensionalparameterspacesare extremely
usefulfor the designof suchmissions. We are developinganin-
teractve, semi-immersie visualizationtool called LVis as part of
a trajectorydesigntool (LTool) to supportnen spacemissionsat
the JetPropulsionLaboratory(JPL). We selectedhe visualization
of the TerrestrialPlanetFinder Mission (TPF) asa casestudyto
identify andanalyzetherequirementsor LVis usingtrajectorydata
generatedn a previous study for NASA[3]. The goal of TPFis
to nd Earth-like planetsaroundstarsnearour Sunusinginterfer
ometry The missionconceptfor this casestudyinvolves ying a
constellationof ve satellitesin formation arounda 3D periodic
halo orbit neara so calledLagrangePoint(  in Fig. 2). For this
halo orbit missionwe also emplo/ a novel designtechniquefor
the low-fuel transferof the TPFmothershigirom Earthto the halo
orbit. Speci cally the transfertrajectoryis selectedirom a fam-
ily of low-enengy trajectorieswvhich form atube-like surfacecalled
the stablemanifold emanatingrom the halo orbit. The maincon-
tribution of this paperis to demonstratdnow this novel approach
to low-enepgy trajectorydesigncan corveniently be analyzedand
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Figurel: lllustrationof the Responsie Workbenchat Caltech.

understoodisingtechniquesuchasanimatednon-immersie and
interactve immersve visualization.

The paperis organized as follows: Section 2 presentsan
overview of the scienti ¢ goalsof the TPF mission, its different
phasesandbrie y the modelfor the simulationof thetrajectories.
Section3 gives an outline of the requirementsproblemsand so-
lutions for the TPF visualization. Section3.1 discusseshe multi-
scalingproblemsanda simple stratify solution. Problemsand so-
lutionsinvolving re-parameterizatioof trajectoriesand manifolds
for visualizationaredescribedn Section3.2. The semi-immersie
interactionwith the trajectoriesand manifold is presentedn Sec-
tion 3.3,andanon-immersie animationsysterris presenteéh Sec-
tion 3.4. Finally Section3.5discussesomeimplementationissues,
andSection4 concludesaandmentionsplansfor futurework.

2 The Terrestrial Planet Finder Mission

TheTPFMission[2], whichis scheduledor launch2012,is oneof

the centerpiecesf the NASA Origins Program. The goal of TPF
is to identify Earth-like planetsaroundstarsnearbyour Sun. For

this purposea space-basemhfraredinterferometemith a baseline
of approximatelylO0Om is required.To achieve sucha large inter-

ferometrybaseline a distributed systemof ve satellitesying in

formationis anef cient approachThecurrentconcepthasfour 3.5

m diametertelescopesgachwith its own propulsionsystemanda
centralcollectorsatellitethat combinesthe four beams.Sincethe
TPFinstrumentsieedacold andstableervironment,nearEarthor-

bits areunsuitable An idealsolutionis to placeTPFin a haloorbit

asshavn in Fig. 2. The dynamicsof this haloorbit missiondictate
the requirementdor the visualizationto be describedn the next

section.



Figure2: The Lagrangepointsare ve equilibrium (i.e. zerototal

force) pointsin the orbit of onebody aroundanother suchasthe

EartharoundtheSun. , , and are unstablewith respect
to small perturbationswhereas and  arestableequilibrium

points. The halo orbital consideredor the TPF missionis a 3D

periodicorbitaroundthe  Lagrangepoint.

2.1 The Model for the TPF Simulation

We modelthe dynamicsof TPF in the Circular RestrictedThree
Body Problem(CRTBP) wherethe Sunandthe Earthare maving
in circular orbits aroundthe centerof mass,andthe third body (a
masslesspacecraftimoves undertheir in uence in the XY-plane
[3]. Themostnaturalframeto usein the CRTBPis arotatingframe
with theorigin atthecenterof massthe X-axisalongtheSun-Earth
line, andthe Earthon the positive X-axis, asshavn in Fig. 2.

isoneof the velagrangepoints.It liesonthefarsideof the
Earthalongthe Sun-EartHine asdepictedn Fig. 2. A haloorbitis
a3D, large,unstableperiodicorbitaround  with ashapesimular
to the edgeof a potatochip. The instability of the halo orbit is
very small (time constanion the orderof a month)andit provides
a whole family of low enepy transfertrajectoriesfrom the Earth
to the halo, forming a tube called the stablemanifold of the halo
orbit. Fig. 4(b) on the color plate depictsa portion of the stable
manifold (green)with a family of transfertrajectories(red) from
the Earthto the halo orbit. The trajectoriesandthe 2D manifold
are actually objectsin the 6D phasespacecomposedf position
andvelocity. We arevisualizingthe projectionof theseobjectsinto
3D positionspace.In fact, if we continuedthe computatiorof the
stablemanifold, the visualizationof its projectionin positionspace
will shav self-intersections.

Astrodynamicistshave determinedhow to break a trajectory
into blocksthat may be designedsomevhat independently These
blockscanbe assembledh tinker-toy fashion following rulesand
constraintsto produceanend-to-endrajectory Thegluingof these
blocksis anart andtypically usesmultiple shootingalgorithmsor
two-point-boundaryaluemethods[3 For haloorbit missionsthe
blocksarethelaunchorbit, the parkingorbit, thetransferorbit, and
thehaloorbit.

2.2 Low-Energy Transfer to Halo Orbit

For this study we assumehatwe alreadyhave the halo orbit and
its stablemanifold (se€[3] for details). Thedesignenext selectsan
insertionpointon oneof theredtransferorbits(color plateFig. 4(a)
and4(b)) embeddeanthestablemanifoldwith thepicking device.
During this stepLVis providesusefulinformationto the designer
like fuel consumptiorto reachthe halo orbit, velocity (red arrow)
etc.,thatwill helphimin thisdecisionprocessLVis thencomputes
acircular parkingorbit aroundthe Earththatconnectgo theinser
tion point on the selectedwvhite trajectoryon the manifold. We do
not computeandvisualizethe launchorbit from Earthto the park-
ing orbitbecausehisis considered separat@roblemthatdoesnot
have to beconsiderediuringthe early studyphaseof the mission.

2.3 Formation Flight Around Halo Orbit

Oncean end-to-endrajectoryfrom a parkingorbit to the halo or-
bit hasbeendesignedwe move to the next phaseof the simula-
tion, the Obsenation Phase. We assumethe spacecraftarrying
the ve satellitesfor the TPF missionis now on the halo orbit. At
a predeterminednoment,the ve satellitesaredeplo/ed from the
spacecrafand maneuer into the initial formationwherefour of
the satellitesare equally spacedon the diameterof a 100 meter
spinningcircle, andthe fth satellite (the beamcombiner)is off-
setfrom the centerof the circle by 50 meters.The obserationsof
thefour satellitesarebeamedo the collectorsatellite. The spin of
the circle syntheticallycreatesa telescopevith a 100 m diameter
For this simulation, the satellitesare actually moving alonga 20
sidedpolygonusingsmallimpulsive rocket burnsat the cornersof
the 20-gon. Theseimpulsive burnsalsoinclude correctiongddueto
thesmallinstability of the haloorbit andgravitational perturbations
from otherplanets.The angularmomentumvectorof the spinning
circle point at the starthat TPFis currentlyobserving.After mak-
ing severalrevolutionsin thedirectionof onestar TPFreorientghe
spinning20-gonby recon guring the satellitesinto the next spin-
ning 20-gonpointing at the next starto be obsered. Fig. 4(c) on
the color plate shavs the spiralsgeneratedy the TPF formation
asit makesits obsenration alongthe halo orbit (straightblue orbit
acrosgheimage).

3 Visualization

TheTPFmissiondesignstratgiespresentedh theprevioussection
form a complex problemthat may be studiedwith an interactve
simulationenvironmentthat offers constantvisual feedback. The
goalsandrequirement®f the graphicstool for the TPF simulation
presentedh this papercanbebrokeninto thefollowing steps.

1. Animate the time-propagatiorof the stablemanifold of the
haloorbit associateavith the  Lagrangepointsof the Sun-
Earthsystem.

2. Selectalow-enegy transfertrajectoryon the stablemanifold
and computea conic low-Earth parking orbit for the space-
craft thatintersectdhe manifoldtrajectoryat the selectedn-
sertionpoint.

3. Launchthe spacecraftith TPF satellitesfrom the intersec-
tion point of the parkingorbit alongthelow-enegy trajectory
ontothehaloorbit.

4. Oncethe spacecrafreacheshe halo orbit, deplg/ the ve
satellitesinto initial formation.

5. Begin satellite patternmaintenancen a 20-gonby making
impulsive rocket burnsat the verticesto form a large virtual
telescope.

6. Satellitesmake recon gurationmaneuersto reorienttheline
of sightby tilting the planeof the 20-gon.

This requirementdist for LVis, the interactive designandvisu-
alizationtool of the TPF mission, presentsaa numberof graphical
problemswhichis thetopic of theremainingof this section.

3.1 Multi-Scaling Issues

A problemoftenencountereavhenvisualizingastronomicatlatais
theenormoudlifferencesn scalethatthey typically representThe
differencescan be both in spatialdistancestime lines for events
andrelative velocitiesto some x edframeof referenceThis is es-
pecially pronouncedn the presenttasestudy of the TPF mission.
For instance the distancefrom Earthto is 1.5 million km and
the baselinehalo orbit hasamplitudeson the orderof 700,000km
whereagheformation ight of the ve satellitesaroundit hasto be



accurateo within 2 centimetersAlso the velocity of the satellites
relativeto eachotheris typically afew m/hourwhereasheirrelative
speedto the halo orbit is several thousandkm/hour The transfer
of the spacecraffrom a parking orbit aroundEarth, alonga low-
enepy transfertrajectory ontothe halo orbit takes several months.
In contrastthe patternformationof the satellitestypically spansa
few hours. Theseenormoudifferencesn scalega factorof

for distance)clearly causeproblemsboth for the visualizationas
well asthe numericalsimulation. Thelatteris conveniently solved
by partitioning the numericalsimulation of the missioninto two
phasesa computationof the stablemanifoldin a Sun-Earthrotat-
ing frame,andthe computatiorof the satellitemotionin a moving
framerelative to the baselinehalo orbit. This simplebut effective
strat@y suggests similar strati ed approachto the visualization.
Thus,thedesignandvisualizationof the missionis renderedn two
separatevindons on the monitor or astwo differentapplications
onthe RWB - onefor the transferfrom Earthto the halo orbit on
a scaleof astronomicalinits (149,600,00(km) andatime-scaleof
days(stepl through3in thelist in Section3) - andonefor thefor-
mation ight onascaleof metersandminutes(step4-6). However,
oneadjustmentadto be madeto this approachsincethe forma-
tion ight is simulatedin aframethatmoveswith a velocity equal
to the halo baselinethis gave a misleadingvisual illusion of the
satellitesying in staticperiodicorbits aroundthe baseline.To x
this we introduceda new frame of referencein which the camera
is x ed, but the satellitesmove slowly forward andthe spacecraft
slowly backward. This enableghe visualizationof the patternof
the satelliteformation.

3.2 Parameterization Issues

A fundamentaproblemwhenrenderingthe trajectoriesis the pa-
rameterization. For the numericalsimulation a natural parame-
terizationof the trajectoriesis by time. Speci cally the sampled
representation®f all the trajectorieswere given by x ed time-

incrementsHowever, dueto therathercomplex natureof the fam-
ily of trajectoriesembeddedn the stablemanifold in 6D phase-
space,sucha parameterizatiors not suitablefor visualization-

seeFig. 3. Sincethe velocity on the trajectorychangesdramati-

Figure3: Arclengthparameterizedrbit antialiasesherenderingo
producea smoothcurve (left), time parameterizedoesnot (right).

cally in spacea x edtime parameterizatioproducesrery jagged
or aliasedlines when the trajectoryis projectedto the 3D posi-
tion space. On the otherhanda x ed arclengthparameterization
would producemary redundantsamplingpointsin regions near
the halo orbit wherethe velocity is very low. Thus, we devel-
oped a simple schemefor the arclengthparameterizatiorof the
manifold trajectoriesthat preseres as mary of the original data
points as possible. Using the threecoordinateand threevelocity
componentsat eachpair of two adjacentoriginal samplingpoints
in the 6D phase-space, , acubic poly-
nomial is analytically t to the correspondingurve segment. If
the arclength is smallerthan a given

minimum arclengththe point at  is removed and if it is inte-
ger timeslargerthana given maximumarclengthnen sampling

such that
. Thetimes arenumericallyfound
by aNewton-Raphsoiiterationasdescribedn referencg7] andthe
boundson the arclengtharechoserto producesufciently smooth
trajectories.This subdvision algorithmproved ef cient for there-
parameterizatiof the manifold trajectories(seeFig. 3), andad-
ditionally generatesmportantinformation aboutthe accumulated
arclengthalongeachof the transfertrajectoriesthatis returnedto
the userupon selectionsin step2 of the list abore. However, a
differentapproacthadto be employed for the triangulationof the
manifold tube. The growth of the manifold hasto be animatedas
time evolvesrequireingatime parameterizatiothatensuregawell-
de ned tube-like geometryfor the manifold during all stagesof
theanimation.Furthermorethesubdvision schemeutlinedabore
generates differentnumberof samplingpointsfor eachmanifold
trajectory This preventsthe creationof a simpletriangulationwith
rings of triangle stripsfrom setsof two connectingpointson each
trajectory Ontheotherhandtheoriginaltime-parameterizepoints
undersampléhe tubein regionsof spacewith large velocity (typ-
ically nearEarth) producingbad aspect-ratidriangles. A robust
solutionwassimply a ner re-samplingof thetrajectoriedn time.

points are insertedat times

3.3 Semi-Immer sive Visualization

We foundit extremelyusefulfor this studyto emplgy the Respon-
sive Workbench(RWB) at Caltech(seeFig. 1). Thisis a 3D in-
teractive virtual reality systemwith a tabletopmetaphorriginally
developedby WolfgangKruegerat GMD[6]. The userof the RWB
seeghevirtual objectsas oating overthetabletopandcaninteract
with themjust asthey would with real objectson an actualwork-
bench. This allows for the missiondesignerto quickly develop a
perceptiorof the 3D structureof the stablemanifoldwhichin turn
is very valuablebothfor generaknalysisaswell astheselectiorof
initial conditionsfor thetransfertrajectoryembeddean the mani-
fold (step2 in thelist abore). To createthis 3D environment,users
wearshutterglassegV-syncat 120Hz)to view computergenerated
stereoscopi@tmagesthat are projectedon the tabletopdisplay sur
faceby a projector/mirrorsystem. The users headposition and
orientationaretrackedto createhecorrectperspectie for thecom-
puterto usewhenrenderingheervironment.A 6DOFinputdevice
from Polhemuss alsotracked by the systemallowing the usersto
accuratelyinteractwith the trajectories seeFig. 1. We especially
found the stereoscopideatureof the RWB to be very useful for
this study primarily becausave are analyzingunfamiliar trajecto-
rieswith complicate3D structuresTheimmersie interactionwith
the dataalsoseemsmore naturalon the RWB thanon a 2D mon-
itor wherepicking is typically implementedoy ray intersectionof
boundingboxesandcanleadto ambiguouselectionsuchaspoints
on eithersideof the manifoldtube.

3.4 Animation Systems

Physically-basedanimation[q is naturally implementedusing a
proceduralapproachwhere the simulation explicitly de nes the
movementsof objectsasa functionof time. However, to allow for
theanimationto includeobjectsthatwerenotexplicitly includedin
the actualcalculationse.g. rotating starsandmoon)andto prop-
erly synchronizeeventsandphasingof the missionlike the gronth
of the manifold and launchtime, we alsoimplementedan event-
driving scriptingsystem.This allows theuserto completelycontrol
the sequencef eventsandto “play” the missionforward or back-
wardatary desiredspeed.

To conveniently communicatea completedmissiondesignby
anautomatedanimationor to generatevideo animationsa 3D key
frameanimationsystemwasalsoimplemented|t allowstheuserto
interactiely selectthe cameragpositionandorientationat different



timesof the mission,which arethenplayedbackby interpolating
thekey frames.The cameraorientationis explicitly representety
quaternionsndtheinterpolationis doneasthreesuccessie spher
ical cubic interpolationsas explainedin reference[4]. The sys-
temthenperformsoff-screenrenderingof the sceneanddumpsthe
frame-huffer toimage les.

3.5 Implementations And Visual Clues

An importantrequiremenfor LVisis thatit shouldbeinteractve on
anon-immersie desktopworkstationfor fastprototyping,andalso
e xible enoughto be portedto a semi-immersie ervironmenton
high-endSGI hardware. Thereal-timerequirementonstrainedhe
graphicgoonly at or Gouraud-shadegolygonswith texturemap-
ping, andthe portability issueslead us to selectthe open-sourced
OpenliventorAPI[5].

As emphasizedn Section3.1it wasnumericallyconvenientto
stratify the visualizationof the TPF missioninto two phasesor
scengyraphs- thetransferfollowed by theformation ight. Com-
monto bothscenegraphswasabackgroundstarmapimplemented
by projectingthe true ephemerion a rotatingsphereplacedat the
centerof the bounding-box. Both scenesalso have a directional
light sourceorientedaccordingto the positionof the Sunin order
to obtainthe correctlighting of all objects.

The“transferscene-graph'fig. 4(b), hasagrid in the XY-plane
of the rotating Sun-Earthframe and texture-mapsof the spinning
Earthwith theMoonin aconicorbit aroundit. Thedirectionof the
Sunisindicatedby aglowing yellow arron andthestaticpositionof

by asimplecoloredsphereplacedonthe Sun-EarthX-axis. The
scenealsoincludesatexture-mappedpacecraftvith ve satellites
orbiting aroundEarthin a conicorbit which by constructioninter-
sectsthe userselectedransfertrajectory The halo orbit is shavn
asaclosedcune around , andthe stablemanifoldis growvn asa
transparentubeandhasthe embeddedamily of trajectoriegwist-
ing aroundit. After the transfertrajectoryis highlightedandthe
correspondingparkingorbit is computedirom a selectednsertion
pointthespacecrafinakesasmallburnand ies onthestableman-
ifold ontothehaloorbit.

The“formation-scene-graph¥ig. 4(c), shavs avery smallseg-
mentof thehaloorbitwith thespacecrafand ve satellitesattached
toit. Forthisvisualizationwe implementedanumberof visualand
audiocuesto emphasizehe rathercomplex dynamics.As already
mentionecdthe illustration of motion relative to the halo orbit was
arti cially introducedandto enhancehisthe ve spiralingtrajec-
toriesof the satellitesaredynamicallyrenderedwith color coding.
To emphasizehe detailedrelative motion of the satellitesa trans-
parent20-gonis addedo thesceneandtheorientationof thevirtual
telescopas illustratedby an arrow pointingin theline of sight of
thelR interferometerTherocket burnsof the satellitesat eachver-
tex of the 20-gonare emphasizedby shortpulsatinganimationsof

re accompaniethy asoundeffect.

4 Conclusions And Future Work

We have presente@ninteractive design,visualization,andanima-
tion tool, LVis, for the TPF mission. Our investigationsand pro-
totypesshav the RWB metaphotto be very usefulfor visualizing
complex geometries.The RWB is ableto provide 3D visual cues
andnuancesabsentin non-immersie ervironmentswhich is par
ticularly importantfor this study sincemostof the trajectoriesare
new and unfamiliar to missiondesigners.In the caseof the low-
enepgy transferfrom Earth to the halo orbit we emplo/ a novel
designstratgyy that producesunfamiliar trajectoriesembeddedn
complicated3D manifolds. In the caseof the trajectoriesspinning
aroundthe halo orbit, this is the rst demonstratiorthat suchtight
formation ight is possible. Hence,it is even more importantto

provide additionalinsight throughimmersie visualizationto help
the aerospacandscienti c communitiesunderstandhis newv de-
signapproach.

We solvedthemulti-scaleproblemsusingstrati cation approach
with multiple windows. We solved the aliasing problemsby re-
parameterizingheorbitsby arclengthandby re-samplingheman-
ifolds in time. We solve the manifold animationproblemby prop-
agatingthe manifold tubein annularstripswhich aredynamically
triangulated. We solved the problemof visualizing the formation
patternby moving the camerain a propermanner We provided
picking on the trajectoriesand manifoldsto enableintuitive and
corvenientexplorationof large datasets. We provided a scripting
languageo createef cient 3D key-frameanimationsusingquater
nions.

We planto conducta detaileduseranalysisof our visualization
anddesigntool in the nearfuturewhenit hasfurthermatured.One
of theimprovementghatwe would lik e to seeis adifferentsolution
to the multi-scaleproblemthatwill allow all phase®f the mission
designto be handledin the samewindow/application. For this we
are currentlyinvestigatinga cameramodel by Blinn[1] which al-
lows for the speci cation of spacecrafandplanetsasrespectiely
foregroundandbackgroundbjectsin the samescene.Otherplans
for future work include the computationand visualizationof in-
tersectionsof differentmanifoldsto provide new optionsfor low
enepy trajectorydesign.We planto studytheuseof hapticdevices
to addanotherimensiorto theimmersive experience We arealso
exploring the option of providing semi-immersie capabilitieson a
desktopworkstationasa low-costalternatve to the RWB.
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(a) Photoof immersve orbit selectioronthe RWB

(b) Screenshotshaving the picking of a white transfertrajectoryembeddedn a greenstablemanifold. The
arrov indicatesthe directionandmagnitudeof the velocity at the selectednsertionpoint on thetrajectorygoing
from Earthto the haloorbit at the far endof themanifold tube. Noticethe spacecrafin the orbit aroundEarth.

(c) Screershotof 5 satelliteswith colorcodedtrajectoriesn formation ight arounda segmentof the haloorbit
(straightblueline) forming a virtual telescopéthe orange20-gon)with aline of sightindicatedby theredarrow.

Figure4: Semi-Immersie SpaceMission DesignandVisualization:CaseStudyof the“TerrestrialPlanetFinder” mission.



