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Abstract

This paperaddressesvisualizationissuesof the TerrestrialPlanet
FinderMission[2]. Thegoalof this missionis to searchfor chem-
ical signaturesof life in distantsolarsystemsusing� ve satellites
�ying in formationto simulatea largetelescope.To designandvi-
suallyverify suchadelicatemissiononehasto analyzeandinteract
with many different3D spacecrafttrajectories,which is oftendif-
�cult in 2D. We employ a novel trajectorydesignapproachusing
invariantmanifold theory, which is bestunderstoodandutilized in
an immersive setting.Thevisualizationalsoaddressesmulti-scale
issuesrelatedto thevastdifferencesin distance,velocity, andtime
at different phasesof the mission. Additionally, the parameteri-
zationandcoordinateframesusedfor numericalsimulationsmay
not besuitablefor directvisualization.Relative motionpresentsa
moreseriousproblemwherethepatternsof thetrajectoriescanonly
be viewed in particularrotating frames. Someof theseproblems
aregreatlyrelievedby usinginteractive, animatedstereo3D visu-
alization in a semi-immersive environmentsuchas a Responsive
Workbench. Otherswere solved using standardtechniquessuch
asa stratify approachwith multiple windows to addressthemulti-
scaleissues,re-parameterizationsof trajectoriesandassociated2D
manifoldsandrelative motionof thecamerato “evoke” thedesired
patterns.

1 Intr oduction

Modernspacemissionsareincreasinglymorecomplex asadvanced
instrumentandspacecrafttechnologiesenablemoredemandingsci-
enti�c queriesduringspaceexploration. Visualizationof complex
scenariosand high dimensionalparameterspacesare extremely
useful for the designof suchmissions. We aredevelopingan in-
teractive, semi-immersive visualizationtool calledLVis aspart of
a trajectorydesigntool (LTool) to supportnew spacemissionsat
theJetPropulsionLaboratory(JPL).We selectedthevisualization
of the TerrestrialPlanetFinderMission (TPF) asa casestudy to
identify andanalyzetherequirementsfor LVis usingtrajectorydata
generatedin a previous study for NASA[3]. The goal of TPF is
to �nd Earth-like planetsaroundstarsnearour Sunusinginterfer-
ometry. The missionconceptfor this casestudyinvolves�ying a
constellationof � ve satellitesin formation arounda 3D periodic
halo orbit neara socalledLagrangePoint ( ��� in Fig. 2). For this
halo orbit missionwe also employ a novel designtechniquefor
thelow-fuel transferof theTPFmothershipfrom Earthto thehalo
orbit. Speci�cally the transfertrajectoryis selectedfrom a fam-
ily of low-energy trajectorieswhich form a tube-like surfacecalled
thestablemanifoldemanatingfrom thehaloorbit. Themaincon-
tribution of this paperis to demonstratehow this novel approach
to low-energy trajectorydesigncanconvenientlybe analyzedand
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Figure1: Illustrationof theResponsive Workbenchat Caltech.

understoodusingtechniquessuchasanimatednon-immersive and
interactive immersive visualization.

The paper is organized as follows: Section 2 presentsan
overview of the scienti�c goalsof the TPF mission, its different
phases,andbrie�y themodelfor thesimulationof thetrajectories.
Section3 givesan outline of the requirements,problemsandso-
lutions for theTPF visualization.Section3.1 discussesthemulti-
scalingproblemsanda simplestratify solution. Problemsandso-
lutions involving re-parameterizationof trajectoriesandmanifolds
for visualizationaredescribedin Section3.2. Thesemi-immersive
interactionwith the trajectoriesandmanifold is presentedin Sec-
tion 3.3,andanon-immersiveanimationsystemispresentedin Sec-
tion 3.4.Finally Section3.5discussessomeimplementationissues,
andSection4 concludesandmentionsplansfor futurework.

2 The Terrestrial Planet Finder Mission

TheTPFMission[2], which is scheduledfor launch2012,is oneof
thecenterpiecesof the NASA Origins Program.Thegoal of TPF
is to identify Earth-like planetsaroundstarsnearbyour Sun. For
this purpose,a space-basedinfraredinterferometerwith a baseline
of approximately100m is required.To achieve sucha largeinter-
ferometrybaseline,a distributedsystemof � ve satellites�ying in
formationis anef�cient approach.Thecurrentconcepthasfour 3.5
m diametertelescopes,eachwith its own propulsionsystem,anda
centralcollectorsatellitethat combinesthe four beams.Sincethe
TPFinstrumentsneedacoldandstableenvironment,near-Earthor-
bitsareunsuitable.An idealsolutionis to placeTPFin a haloorbit
asshown in Fig. 2. Thedynamicsof this haloorbit missiondictate
the requirementsfor the visualizationto be describedin the next
section.
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Figure2: TheLagrangepointsare� ve equilibrium (i.e. zerototal
force) pointsin the orbit of onebody aroundanother, suchasthe
Eartharoundthe Sun. �

� , � � , and ��� areunstablewith respect
to small perturbations,whereas��� and ��� arestableequilibrium
points. The halo orbital consideredfor the TPF missionis a 3D
periodicorbit aroundthe � � Lagrangepoint.

2.1 The Model for the TPF Simulation

We model the dynamicsof TPF in the Circular RestrictedThree
Body Problem(CRTBP) wherethe SunandtheEartharemoving
in circular orbitsaroundthe centerof mass,andthe third body (a
masslessspacecraft)movesundertheir in�uence in the XY-plane
[3]. Themostnaturalframeto usein theCRTBPis arotatingframe
with theorigin atthecenterof mass,theX-axisalongtheSun-Earth
line, andtheEarthon thepositive X-axis,asshown in Fig. 2.

� � is oneof the� veLagrangepoints.It liesonthefarsideof the
EarthalongtheSun-Earthline asdepictedin Fig. 2. A haloorbit is
a3D, large,unstableperiodicorbit around��� with a shapesimular
to the edgeof a potatochip. The instability of the halo orbit is
very small (time constanton theorderof a month)andit provides
a whole family of low energy transfertrajectoriesfrom the Earth
to the halo, forming a tubecalledthe stablemanifold of the halo
orbit. Fig. 4(b) on the color platedepictsa portion of the stable
manifold (green)with a family of transfertrajectories(red) from
the Earthto the halo orbit. The trajectoriesand the 2D manifold
are actually objectsin the 6D phasespacecomposedof position
andvelocity. Wearevisualizingtheprojectionof theseobjectsinto
3D positionspace.In fact, if we continuedthecomputationof the
stablemanifold,thevisualizationof its projectionin positionspace
will show self-intersections.

Astrodynamicistshave determinedhow to break a trajectory
into blocksthatmaybe designedsomewhat independently. These
blockscanbeassembledin tinker-toy fashion,following rulesand
constraints,to produceanend-to-endtrajectory. Thegluingof these
blocksis anart andtypically usesmultiple shootingalgorithmsor
two-point-boundaryvaluemethods[3]. For haloorbit missions,the
blocksarethelaunchorbit, theparkingorbit, thetransferorbit, and
thehaloorbit.

2.2 Low-Ener gy Transf er to Halo Orbit

For this study, we assumethatwe alreadyhave thehalo orbit and
its stablemanifold(see[3] for details).Thedesignernext selectsan
insertionpointononeof theredtransferorbits(colorplateFig.4(a)
and4(b))embeddedonthestablemanifoldwith thepickingdevice.
During this stepLVis providesuseful informationto the designer,
like fuel consumptionto reachthehalo orbit, velocity (redarrow)
etc.,thatwill helphim in thisdecisionprocess.LVis thencomputes
a circularparkingorbit aroundtheEarththatconnectsto theinser-
tion point on theselectedwhite trajectoryon themanifold. We do
not computeandvisualizethelaunchorbit from Earthto thepark-
ing orbit becausethisis consideredaseparateproblemthatdoesnot
have to beconsideredduringtheearlystudyphaseof themission.

2.3 Formation Flight Around Halo Orbit

Onceanend-to-endtrajectoryfrom a parkingorbit to thehaloor-
bit hasbeendesigned,we move to the next phaseof the simula-
tion, the Observation Phase. We assumethe spacecraftcarrying
the � ve satellitesfor theTPFmissionis now on thehaloorbit. At
a predeterminedmoment,the � ve satellitesaredeployed from the
spacecraftand maneuver into the initial formationwherefour of
the satellitesare equally spacedon the diameterof a 100 meter
spinningcircle, and the �fth satellite(the beamcombiner)is off-
setfrom thecenterof thecircle by 50 meters.Theobservationsof
thefour satellitesarebeamedto thecollectorsatellite.Thespinof
thecircle syntheticallycreatesa telescopewith a 100m diameter.
For this simulation,the satellitesare actuallymoving alonga 20
sidedpolygonusingsmall impulsive rocket burnsat thecornersof
the20-gon.Theseimpulsive burnsalsoincludecorrectionsdueto
thesmallinstabilityof thehaloorbit andgravitationalperturbations
from otherplanets.Theangularmomentumvectorof thespinning
circle point at thestarthatTPFis currentlyobserving.After mak-
ing severalrevolutionsin thedirectionof onestar, TPFreorientsthe
spinning20-gonby recon�guring the satellitesinto the next spin-
ning 20-gonpointing at the next starto be observed. Fig. 4(c) on
the color plateshows the spiralsgeneratedby the TPF formation
asit makesits observationalongthehaloorbit (straightblueorbit
acrosstheimage).

3 Visualization

TheTPFmissiondesignstrategiespresentedin theprevioussection
form a complex problemthat may be studiedwith an interactive
simulationenvironmentthat offers constantvisual feedback.The
goalsandrequirementsof thegraphicstool for theTPFsimulation
presentedin this papercanbebrokeninto thefollowing steps.

1. Animate the time-propagationof the stablemanifold of the
haloorbit associatedwith the �

� Lagrangepointsof theSun-
Earthsystem.

2. Selecta low-energy transfertrajectoryon thestablemanifold
andcomputea conic low-Earthparkingorbit for the space-
craft that intersectsthemanifold trajectoryat theselectedin-
sertionpoint.

3. Launchthe spacecraftwith TPF satellitesfrom the intersec-
tion pointof theparkingorbit alongthelow-energy trajectory
ontothehaloorbit.

4. Once the spacecraftreachesthe halo orbit, deploy the � ve
satellitesinto initial formation.

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

6. Satellitesmake recon�gurationmaneuversto reorienttheline
of sightby tilting theplaneof the20-gon.

This requirementslist for LVis, the interactive designandvisu-
alizationtool of the TPF mission,presentsa numberof graphical
problemswhich is thetopicof theremainingof thissection.

3.1 Multi-Scaling Issues

A problemoftenencounteredwhenvisualizingastronomicaldatais
theenormousdifferencesin scalethatthey typically represent.The
differencescan be both in spatialdistances,time lines for events
andrelative velocitiesto some�x edframeof reference.This is es-
peciallypronouncedin thepresentcasestudyof theTPFmission.
For instance,the distancefrom Earthto �

� is 1.5 million km and
thebaselinehaloorbit hasamplitudeson theorderof 700,000km
whereastheformation�ight of the� vesatellitesaroundit hasto be



accurateto within 2 centimeters.Also thevelocity of thesatellites
relativeto eachotheris typicallyafew m/hourwhereastheirrelative
speedto the halo orbit is several thousandkm/hour. The transfer
of the spacecraftfrom a parkingorbit aroundEarth,alonga low-
energy transfertrajectory, ontothehaloorbit takesseveralmonths.
In contrast,thepatternformationof thesatellitestypically spansa
few hours.Theseenormousdifferencesin scales(a factorof

���

�

�

for distance)clearly causeproblemsboth for the visualizationas
well asthenumericalsimulation.Thelatter is convenientlysolved
by partitioning the numericalsimulationof the missioninto two
phases:a computationof thestablemanifold in a Sun-Earthrotat-
ing frame,andthecomputationof thesatellitemotionin a moving
framerelative to thebaselinehalo orbit. This simplebut effective
strategy suggestsa similar strati�ed approachto the visualization.
Thus,thedesignandvisualizationof themissionis renderedin two
separatewindows on the monitor or as two differentapplications
on the RWB - onefor the transferfrom Earthto the halo orbit on
a scaleof astronomicalunits(149,600,000km) anda time-scaleof
days(step1 through3 in thelist in Section3) - andonefor thefor-
mation�ight onascaleof metersandminutes(step4-6). However,
oneadjustmenthadto bemadeto this approach;sincethe forma-
tion �ight is simulatedin a framethatmoveswith a velocity equal
to the halo baselinethis gave a misleadingvisual illusion of the
satellites�ying in staticperiodicorbitsaroundthebaseline.To �x
this we introduceda new frameof referencein which the camera
is �x ed,but the satellitesmove slowly forward andthe spacecraft
slowly backward. This enablesthe visualizationof the patternof
thesatelliteformation.

3.2 Parameterization Issues

A fundamentalproblemwhenrenderingthe trajectoriesis the pa-
rameterization. For the numericalsimulation a natural parame-
terizationof the trajectoriesis by time. Speci�cally the sampled
representationsof all the trajectorieswere given by �x ed time-
increments.However, dueto therathercomplex natureof thefam-
ily of trajectoriesembeddedon the stablemanifold in 6D phase-
space,sucha parameterizationis not suitablefor visualization-
seeFig. 3. Sincethe velocity on the trajectorychangesdramati-

Figure3: Arclengthparameterizedorbit antialiasestherenderingto
producea smoothcurve (left), time parameterizeddoesnot (right).

cally in space,a �x edtime parameterizationproducesvery jagged
or aliasedlines when the trajectory is projectedto the 3D posi-
tion space.On the otherhanda �x ed arclengthparameterization
would producemany redundantsamplingpoints in regions near
the halo orbit where the velocity is very low. Thus, we devel-
oped a simple schemefor the arclengthparameterizationof the
manifold trajectoriesthat preserves as many of the original data
pointsaspossible. Using the threecoordinateand threevelocity
componentsat eachpair of two adjacentoriginal samplingpoints
in the 6D phase-space,�������
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byaNewton-Raphsoniterationasdescribedin reference[7] andthe
boundson thearclengtharechosento producesuf�ciently smooth
trajectories.This subdivision algorithmprovedef�cient for there-
parameterizationof the manifold trajectories(seeFig. 3), andad-
ditionally generatesimportantinformationaboutthe accumulated
arclengthalongeachof the transfertrajectoriesthat is returnedto
the userupon selectionsin step2 of the list above. However, a
differentapproachhadto beemployed for the triangulationof the
manifold tube. Thegrowth of themanifold hasto be animatedas
timeevolvesrequireingatimeparameterizationthatensuresawell-
de�ned tube-like geometryfor the manifold during all stagesof
theanimation.Furthermore,thesubdivisionschemeoutlinedabove
generatesa differentnumberof samplingpointsfor eachmanifold
trajectory. This preventsthecreationof a simpletriangulationwith
ringsof trianglestripsfrom setsof two connectingpointson each
trajectory. Ontheotherhandtheoriginaltime-parameterizedpoints
undersamplethe tubein regionsof spacewith largevelocity (typ-
ically nearEarth)producingbadaspect-ratiotriangles. A robust
solutionwassimplya �ner re-samplingof thetrajectoriesin time.

3.3 Semi-Immer sive Visualization

We foundit extremelyusefulfor this studyto employ theRespon-
sive Workbench(RWB) at Caltech(seeFig. 1). This is a 3D in-
teractive virtual reality systemwith a tabletopmetaphororiginally
developedby WolfgangKruegerat GMD[6]. Theuserof theRWB
seesthevirtual objectsas�oating over thetabletopandcaninteract
with themjust asthey would with realobjectson an actualwork-
bench. This allows for the missiondesignerto quickly develop a
perceptionof the3D structureof thestablemanifoldwhich in turn
is veryvaluablebothfor generalanalysis,aswell astheselectionof
initial conditionsfor thetransfertrajectoryembeddedon themani-
fold (step2 in thelist above). To createthis 3D environment,users
wearshutterglasses(V-syncat120Hz)to view computer-generated
stereoscopicimagesthatareprojectedon the tabletopdisplaysur-
faceby a projector/mirrorsystem. The user's headposition and
orientationaretrackedto createthecorrectperspective for thecom-
puterto usewhenrenderingtheenvironment.A 6DOFinputdevice
from Polhemusis alsotrackedby thesystemallowing theusersto
accuratelyinteractwith the trajectories,seeFig. 1. We especially
found the stereoscopicfeatureof the RWB to be very useful for
this studyprimarily becausewe areanalyzingunfamiliar trajecto-
rieswith complicate3D structures.Theimmersive interactionwith
thedataalsoseemsmorenaturalon the RWB thanon a 2D mon-
itor wherepicking is typically implementedby ray intersectionof
boundingboxesandcanleadto ambiguousselectionssuchaspoints
oneithersideof themanifoldtube.

3.4 Animation Systems

Physically-basedanimation[7] is naturally implementedusing a
proceduralapproachwhere the simulation explicitly de�nes the
movementsof objectsasa functionof time. However, to allow for
theanimationto includeobjectsthatwerenotexplicitly includedin
theactualcalculations,(e.g. rotatingstarsandmoon)andto prop-
erly synchronizeeventsandphasingof themissionlike thegrowth
of the manifold and launchtime, we also implementedan event-
driving scriptingsystem.Thisallowstheuserto completelycontrol
thesequenceof eventsandto “play” themissionforwardor back-
wardat any desiredspeed.

To conveniently communicatea completedmissiondesignby
anautomatedanimationor to generatevideoanimationsa 3D key
frameanimationsystemwasalsoimplemented.It allowstheuserto
interactively selectthecamerapositionandorientationat different



timesof themission,which arethenplayedbackby interpolating
thekey frames.Thecameraorientationis explicitly representedby
quaternionsandtheinterpolationis doneasthreesuccessive spher-
ical cubic interpolationsas explained in reference[4]. The sys-
temthenperformsoff-screenrenderingof thesceneanddumpsthe
frame-buffer to image�les.

3.5 Implementations And Visual Clues

An importantrequirementfor LVis is thatit shouldbeinteractiveon
anon-immersive desktopworkstationfor fastprototyping,andalso
�e xible enoughto be portedto a semi-immersive environmenton
high-endSGIhardware.Thereal-timerequirementconstrainedthe
graphicsto only �at or Gouraud-shadedpolygonswith texturemap-
ping, andthe portability issuesleadus to selectthe open-sourced
OpenInventorAPI[5].

As emphasizedin Section3.1 it wasnumericallyconvenientto
stratify the visualizationof the TPF mission into two phasesor
scenegraphs- thetransferfollowedby theformation�ight. Com-
monto bothscenegraphswasabackgroundstar-mapimplemented
by projectingthetrueephemerison a rotatingsphereplacedat the
centerof the bounding-box. Both scenesalso have a directional
light sourceorientedaccordingto thepositionof theSunin order
to obtainthecorrectlighting of all objects.

The“transfer-scene-graph”,Fig. 4(b),hasagrid in theXY-plane
of the rotatingSun-Earthframeandtexture-mapsof the spinning
Earthwith theMoon in a conicorbit aroundit. Thedirectionof the
Sunis indicatedbyaglowing yellow arrow andthestaticpositionof

� � by asimplecoloredsphereplacedontheSun-EarthX-axis. The
scenealsoincludesa texture-mappedspacecraftwith � ve satellites
orbiting aroundEarthin a conicorbit which by constructioninter-
sectstheuser-selectedtransfertrajectory. Thehalo orbit is shown
asa closedcurve around�

� , andthestablemanifoldis grown asa
transparenttubeandhastheembeddedfamily of trajectoriestwist-
ing aroundit. After the transfertrajectoryis highlightedand the
correspondingparkingorbit is computedfrom a selectedinsertion
point thespacecraftmakesasmallburnand�ies onthestableman-
ifold ontothehaloorbit.

The“formation-scene-graph”,Fig. 4(c),shows averysmallseg-
mentof thehaloorbit with thespacecraftand� vesatellitesattached
to it. For thisvisualization,weimplementedanumberof visualand
audiocuesto emphasizetherathercomplex dynamics.As already
mentionedthe illustration of motion relative to the halo orbit was
arti�cially introduced,andto enhancethis the� ve spiralingtrajec-
toriesof thesatellitesaredynamicallyrenderedwith color coding.
To emphasizethedetailedrelative motionof thesatellitesa trans-
parent20-gonis addedto thesceneandtheorientationof thevirtual
telescopeis illustratedby an arrow pointing in the line of sightof
theIR interferometer. Therocket burnsof thesatellitesateachver-
tex of the20-gonareemphasizedby shortpulsatinganimationsof
�re accompaniedby asoundeffect.

4 Conc lusions And Future Work

We have presentedaninteractive design,visualization,andanima-
tion tool, LVis, for the TPF mission. Our investigationsandpro-
totypesshow theRWB metaphorto be very usefulfor visualizing
complex geometries.The RWB is ableto provide 3D visual cues
andnuancesabsentin non-immersive environments,which is par-
ticularly importantfor this studysincemostof the trajectoriesare
new andunfamiliar to missiondesigners.In the caseof the low-
energy transferfrom Earth to the halo orbit we employ a novel
designstrategy that producesunfamiliar trajectoriesembeddedon
complicated3D manifolds. In thecaseof the trajectoriesspinning
aroundthehaloorbit, this is the �rst demonstrationthatsuchtight
formation �ight is possible. Hence,it is even more importantto

provide additionalinsight throughimmersive visualizationto help
the aerospaceandscienti�c communitiesunderstandthis new de-
signapproach.

Wesolvedthemulti-scaleproblemsusingstrati�cationapproach
with multiple windows. We solved the aliasingproblemsby re-
parameterizingtheorbitsby arclengthandby re-samplingtheman-
ifolds in time. We solve themanifoldanimationproblemby prop-
agatingthemanifold tubein annularstripswhich aredynamically
triangulated.We solved the problemof visualizingthe formation
patternby moving the camerain a propermanner. We provided
picking on the trajectoriesand manifoldsto enableintuitive and
convenientexplorationof largedatasets.We provideda scripting
languageto createef�cient 3D key-frameanimationsusingquater-
nions.

We plan to conducta detaileduseranalysisof our visualization
anddesigntool in thenearfuturewhenit hasfurthermatured.One
of theimprovementsthatwewouldliketo seeis adifferentsolution
to themulti-scaleproblemthatwill allow all phasesof themission
designto behandledin thesamewindow/application.For this we
arecurrently investigatinga cameramodelby Blinn[1] which al-
lows for thespeci�cationof spacecraftandplanetsasrespectively
foregroundandbackgroundobjectsin thesamescene.Otherplans
for future work include the computationand visualizationof in-
tersectionsof differentmanifoldsto provide new optionsfor low
energy trajectorydesign.Weplanto studytheuseof hapticdevices
to addanotherdimensionto theimmersiveexperience.Wearealso
exploring theoptionof providing semi-immersive capabilitieson a
desktopworkstationasa low-costalternative to theRWB.
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(a) Photoof immersive orbit selectionon theRWB

(b) Screenshotshowing the picking of a white transfertrajectoryembeddedon a greenstablemanifold. The
arrow indicatesthedirectionandmagnitudeof thevelocity at theselectedinsertionpointon thetrajectorygoing
from Earthto thehaloorbit at thefarendof themanifoldtube.Noticethespacecraftin theorbit aroundEarth.

(c) Screenshotof 5 satelliteswith color-codedtrajectoriesin formation�ight arounda segmentof thehaloorbit
(straightblueline) formingavirtual telescope(theorange20-gon)with a line of sightindicatedby theredarrow.

Figure4: Semi-Immersive SpaceMissionDesignandVisualization:CaseStudyof the“TerrestrialPlanetFinder”mission.


