High resolutionterrain mapping with an autonomousblimp
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Abstract

This papempresentshe currentstatusof thedevelopment
of ourautonomouslimp project.Detailsaregivenonthe
hardwaresetup,which is currently almostoperational.
Somdfirstexperimentalesultsonterrainmappingerrain
mappingwith low altitude sterecimageryare presented
anddiscussedThe approachinvolvestheintregrationof
severalalgorithms:sterewision, interestpoint matching,
motionestimatioranddigital elevationmapbuilding.

1 Intr oduction

Our long term objectives in field roboticsis to tackle
thevariousissuegraisedby the deploymenbf heteroge-
neousautonomousystemsin thecontext of exploration,
suneillanceandinterventionmissions.Within suchcon-
texts, aerialrobotswill undoubtlyplay a growing role in
the nearfuture, not only during the missionpreparation
phasein which dronescangatherervironmentinforma-
tions for instance) but also on-line, during the mission
execution.Aerial robotscanthenprovide theroverswith
telecommunicationsupport,aswell aswith up-to-date
informationson the ervironment. They canalsolocal-
ize theroversasthey evolve within thisenvironment,and
evenachiere by themselessomeof the missiongoals.

In the contet of our field roboticsproject, we recently
initiatedthedevelopmenbf anautonomouslimp. While
notbeingunconditionapromotersof blimpsandairships,
we are corvinced that the ever on-going developments
in a wide spectrumof technologies ranging from ac-
tuators, sensorsand computingdevices to enegy and
materialwill ensurelighter thanair machinesa promis-
ing future. Thereis undoubtlya regain of interestin
this domain,asshavn by the recentindustrial develop-
mentson heary loads transportationprojects(such as
CamgolLifter andthe ATG Skycatd, not to mentionvar
ious other prospectie transportationprojects), and on
stratospheritelecommunicatioplatforms.As for small-
sizeunmannedadio-controlledmnodels,which sizeis of

lup-to-dateinformationson theseprojectsat www.cagolifter.com
andwww.airship.com

the orderof a few tensof cubic meters their properties
makestheman very suitablesupportto develop hetero-
geneousir/groundroboticssystemsthey areeasyto op-
erate,they cansafelyfly atvery low altitudes(down to
afew meters) andespeciallytheirdynamicss compara-
ble with the groundroversdynamics,asthey canhover
alongtime over a particulararea,while beingableto fly
at several tensof kilometersper hour. Their main and
sole enemyis the wind (see[5] for a detailedand con-
vincing review of theprosandconsof smallsizeairships
with regardsto helicoptersaandplanes).Finally, let'salso
notethatsomespecificapplicationsof unmannedlimps
are more and more seriouslyconsideredhroughoutthe
world, from planetaryexploration to military applica-
tions, asshavn by numerousontributionsin the AIAA
Lighter ThanAir conferencesor instance1].

The first mentionsof the developmentof unmannedau-
tonomousblimps can be found in the literature of the
late 80's, but it’ s only recentlythat variousprojectshave
reachedeffective achiezements. One of the nicestAu-
rora, a projectheld at the Information Technologyinsti-
tute of CampinasBrazil, mainly devotedto flight con-
trol [3, 2], but within which otherissuesare also con-
sidered[4]. Interestingprojectsarealsounderdevelop-
mentat the university of Virginia [10], atthe university
of Stuttgarf11, 8] andin variousotherlabs.

Besidedong-termdevelopmentgelatedto the coordina-
tion andcooperatiorof heterogeneousir/groundrobots,
our researchwork on autonomousblimps is currently
twofold: we concentraten the definition of blimp tra-

jectorycontrollaws, andon environmentmodelingissues
usinglow altitudeimagery For thatpurposewe acquired
in theendof 2001 a 15 cubic meterairship,anddefined
thenecessargn-boardequipment.

This paperpresent®urapproacho terrainmappingwith
low altitudestereoscopianagery After apresentatiomf
the experimentalplatform, section3 describeghe indi-
vidual algorithmsrequiredby theterrainmapping:stere-
ovision, motion estimationbetweenstereoframes,and
digital elevation map building. Section4 presentsome
firstresults.



Figure 1: Our AS500duringits first testflight in November2001
(noon-boardnstrumentwereinstalledat thattime)

2 The experimentalplatform

2.1 An AirspeedAirship AS-500

Variousradio-controlledblimps are built throughoutthe
world. After oneyearof investigationswe decidedo ac-
quireand AS-500modelfrom the englishcompawy Air-

speedAirship?. Criteriafor this choicewerethe size of

the blimp (which we wantedto be rathersmall, for the
easeof deploymentand stocking),its available payload
andits possibleoperatiormodes.

Nominal specifications. Accordingto the constructor
the technical characteristicsof the original AS-500
modelarethefollowing:

e 7.8mlong,1.80m maxdiametergiving avolumeof
aboutl5.0m?, andafitnessratio of 4.25.

o Vectorizedhrust(100° range) with two 7.5¢cm? en-
gines,allowing speedsip to 45km/h, possiblecon-
trol in wind gustsup to 25km/h, andanendurance
of 40 minuteswith a1.0kg fuel load.

e The hull is madeof welded mylar, and equipped
with 4 controlruddersin a“x shape”configuration.

2Thecompanyshomepagés www.airship.demon.co.uk/airspeetht
- theplatformusedin the Auroraprojectis an AS-800,a similar bigger
model.
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Figure 2: Thevariouscontrolparametersf our AS-500

A ballonetfed with air capturedat the rear of the
propellersmaintainsa constanhull pressureanda
radio-controlledvalve on top of the hull canrelease
heliumwhenthetemperaturés gettinghighet

¢ The static payloadof the AS-500(i.e. to reachthe
equilibrium)is 3.5k¢, andtheblimp mustalways be
overweightedodf 1.5 to 2.0kg in flight: the maximal
availablepayloadis thereforeaboutbkyg.

Specificmodifications. In collaborationwith Airspeed
Airships,wespecifiedhefollowing modificationdor our
purpose:

¢ Electric motors: to have a finer controllability, we
preferredto opt for electric motors. They do not
weighmorethanfuel enginesput arelesspowerful,
thusreducingthemaximumreachablspeedandthe
possibility to fly in wind gusts. Their main draw-
backis the weight of the requiredbatterieswhich
considerablyeducegheavailablepayload.We will
however seein section2.3thatthanksto lighter bat-
teriesand possiblealternatve enegy sourcesthis
dravbackcanbe overcomed.

e Sternthruster:the ruddercontrol surfacegequirea
certainspeedto allow changesn both the altitude
and orientationof the blimp. In orderto have the
possibility to maneuer the blimp while hovering,
we chooseo adda sternthrusterthatgivesthepos-
sibility to controltheyaw angle.

Thevariouscontrolparametersf the blimp aresketched
in figure 2. With the specifiedconfiguration we madea
first testflight, in orderto checkthe available payload.
It turnedout thatthe static payloadto reachequilibrium
decreasedlown to 1.5kg, due to the batteriesweight.
We could successfullyfly andmaneuer the blimp with
1.3kg overweight(the whole available payloadis there-
fore 2.8kg), but theflight autonomyis notlongerthan15
minuteswith the batteriegprovided.

2.2 On-board equipment

To transformthe blimp from a radio-controllednachine
to arobot,we equippedt with a setof proprioceptveand



exteroceptve sensorsand with computingand commu-
nicationscapabilities.

Stereovision. One of the adwantageof having a big

platformis thatit cancarryawide basesteredenchthus
having the possibility to directly gather3D dataon the

overflown ground. We adapted? high resolutiondigital

B&W camera®narigid 2m carbonprofile thattraverses
the 1.4m long AS-500gondola.

Blimp state observation. In orderto tacklethe flight

control problem (and also to easethe developmentof

mappingalgorithms) we addedthe following sensorsa

differential GPSrecever, a fluxgatecompassthat also
providetheblimp pitchandroll anglesandawind sensor
(sonartransducetechnology),that measureshe speed
and orientationof the relative wind in the longitudinal
plane.

CPU. We optedfor a Matrox 4Sight board: it is an
EBX form factor PC motherboardendavedwith all the
necessargommunicatiorports(100base-Ethernettwo
USB ports,two RS232ports,16 TTLs, andespecially3
firewire ports). The boardcomprisesa PC104slot, on
which we addedfour moreRS232portsanda PCMCIA
interfaceto hostalight 11/ bits/s ethernemodemcard.
Thanksto the 566 Mhz Celeronprocessqrvision algo-
rithmswill eventuallyrunon-boardthe CPU.

Actuator control. The control surfacesandmotor ser
vos of the blimp areusualPWM controlledmodelistde-
vices. We usea single chip® that can generateup to 8
sustained”WM signalsfrom a RS232input to control
the actuators. For safetyreasonsit is essentiathat an
operatorcanretrieve the blimp control from the ground
with theradio, at arytime: this is donethanksto aradio
controlledswitch, thatcutsthe PWM signalscomingout
from the chip.

Thewhole hardwarearchitecturds sketchedn figure 3,
and some specificationsof the various devices are
summarizedn table 2.2. The total equipmentweight
is 1.520 kg, which leavesonly 1.300 kg for the various
mechanicabarts,wires and batteriesthat mustprovide
thenecessaradditional4011/.
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Figure 3: Systerhardwarearchitecture

Device Weight Enegy Specd comments
Compass / yaw : 1.0° RMS;
Inclinome- 309 0.25W @12y  Pitch/Roll: 0.2°
ter RMS
Wind sensor| 2409 0.6W @12V | Acc.:0.05m/s, 1.5°
Acc. : 2m CEP
GPS 1109 2.0W @sVv 0.05m /s
StereoCam- 2x80g 2 x 1280 x 1024 B&W
eras 3W @ 12V | images]10bits pixels
Including2 PC104
CPU 8509 30W @12V boards20GoHD,
modem
Lenses 2 x 65g 367 x 4.50 field of
view
Total 1.520kg <
4OW @12V

Current developments. The variousblimp stateesti-
mation sensoramentionedabove provide the sufficient
informationsto tackle flight control in aerostaticnode
(i.e. hoveringor flying at very low speeds)But to con-
trol aerodynamienodesthepitch andyaw rateinforma-
tionsarenecessaryror that purposewe areconsidering
theadditionof two solid-stateaategyrosfor thatpurpose.
Also, the altitude estimateprovided by the GPSrecever
is not preciseenoughto safelyseno the taking-of and
landing phases:for that purpose,we will add a sonar
telemeter Fortunately the main dravback of sonarsin
robotics,i.e. theirwide perceptiorconewhichmaketheir
datainterpretatiorsotediouswill turninto anadwantage
in our caseastherewill be no needto mechanicallysta-
bilize it alongthevertical. Finally, we arestill investigat-
ing for 3D wind sensorgPitottubesareunfortunatelynot
sensitie enoughatthelow blimp speeds).




Figure 4: Two examplesf imagesakenfrom theballoon.

2.3 Energy management

Enegy is acritical issuefor ary flying device, mainly for
safetyconsiderationsin our casewe alsowould like to
have moreautonomywhile satisfyingthe maximal pay-
load constraint.

Our AS-500wasoriginally equippedwith 3 setsof NiCd
batteriesonefor theradiorecever andthesenos(4.8V,
1.2Ah,0.140kg), onefor thesternthrusten7.2V, 2.0 Ah,
0.350kg) andonefor the mainthrusterg(14.4v, 5.0 Ah,
1.880kg).

We decidedto replacethe two thruster batterieswith
Lithium/lon batteriesthathave a muchmoreinteresting
power/weightratio (about2.5timesbetter which respec-
tively saves 1.200kg and 0.200kg weight for the main
andsternthrusters) andto feedthe instrumentswith an
otherseparatsetof batteriesIn total, theblimp now has
4 powersourceseachof thembeingcritical for its opera-
tion. Soeachbatteryis managedy a Maxim MAX1648
chip, thatallows boththe “intelligent” chage of the bat-
teryandthedispatchingf statusnformationsto the CPU
via amultiplexedseriallink. Thefour chaging modules
arelinkedto asingleconnectoronwhich apowersource
is pluggedwhile theblimp is ontheground(whichallows
bootinganddehuggingwithout ary power loss),andon
which arescuesetof nonrechageableLithium/lon bat-
teriesis pluggedin flight (an additionalweight of only
0.200kg to deliver 5.0Ah @ 15V"). This very flexible
structurealsoallows thefuture useof an alternatepower
sourceon flight, suchasa Stirling engineof afuel cell.

3 High resolutionterrain mapping

3.1 Experimental Setup

We acquiredabout3000stereoframesat altitudesrang-
ing from 20to 30 meters.Thesurfaceoverwhichthebal-
loonflew containselementof variousnaturesrocky ar
easgrassareasfencestall treesandbushessmallbuild-
ingsandaparkinglot (figure4).

3.2 Stereovision

Our sterewision algorithmis a classicalpixel correla-
tion algorithm[6]. A densedisparityimageis produced
from a pair of imagesthanksto a correlation-basegixel
matchingalgorithm (we useeitherthe ZNCC criteria or

the censugmatchingcriteria), falsematchesare avoided
thanksto areversecorrelation.With goodqualityimages,
thereversecorrelationphasds enougtto remove thefew

falsematcheghatoccur Figure5 presentsomeresults
of thealgorithmon variousimagepairs.

Figure 5. Resultsof the stereovisioralgorithmon two exampleim-
ages. Original imageswherenon-matchegixels are white areon the
topline, disparityimagesareonthe bottomline.

3.3 Building a DEM

Themaindifficulty to build adigital elevationmapcomes
from the uncertaintieson the 3D input data, that can
hardly be propagatedhroughoutthe computationsand
representedn the grid structure. In the 3D data, the

range (depth) coordinateis the most unprecise,espe-
cially in the caseof sterewision, wherethis uncertainty
grows quadraticallywith thedistance But the problemis

well conditionedvhenusingaerialimagedookingdown-

wards.Not only the dataresolutionon the groundis reg-

ular, butalsotheuncertaintie®nthe 3D data‘fits” well a

representationf the uncertaintiesn the digital map: the

uncertaintiesn thedatacanbefairly well estimatedy a

standardleviation on the cell elevation.

Consideringthesepropertiesof the data, our algorithm
to build a DEM thereforecomesdown to computingthe
elevation of the cell by averagingthe elevations of the
3D pointsthat are projectedin the cells. The standard
deviation on the elevationis alsostraightforwardlycom-
puted,and sinceto each3D point is associated lumi-
nancevalue,it is alsopossibleto computea meanlumi-
nancevaluefor eachmapcell (figure6).

3.4 Motion Estimation

In our experiments the balloon positioningdevice have
notbeenrused:onemustdetermingherelative positions
of the systembetweersuccessi stereoframesin order
to build a globaldigital elevation map. For that purpose,
we adaptedhmotionestimatioralgorithmweinitially de-
velopedfor groundrovers (sketchedn figure 7 - more
detailscanbefoundin [9]).



Figure 6: A digital elevationmapcomputedwith a singlestereovi-
sionimage.Fromleft to right: top view of theelevationscodedin grey
levels, top view of the luminancevaluesstoredin the DEM, and 3D
view. Thehorizontalplaneof the DEM is heredefinedorthogonallyto
theview axisof the stereovisioimageconsidered.

Left Image Right Image 3D Image

Figure 7. Principleof the visual motion estimationtechnique.The

stepsof stereovisiorgo from left to right, time goesfrom top to bot-

tom. Given a stereovisiorimagepair, a setof pixels are selectecbn

theleft image. They aretrackedand matchedn the new stereovision
frame: this produces3D pointsassociationgright - the 3D imagesare

representeds DEMs for readabilitypurposes)from which the motion

is estimated.

Butwhenappliedwith agroundrover, thetrackingphase
is initiated usinga first estimateof the motion provided

by odometry This is not possiblewith the balloonim-

ages:no initial motion estimatebeingprovided, thereis

noway to focusthesearchareain theimagedo trackthe

pixels.

This phaseis thereforereplacedby an algorithm that
matchesnterestpoints detectedon a pair of grey level
imagestakenfrom arbitrarypointsof view. First match-
ing hypothesesire generatedisinga similarity measure
of the interestpoints. Hypothesesare confirmedusing
local groupsof interestpoints: groupmatchesarebased
onameasurelefinedonanaffine transformatiorestimate
andaon correlationcoeficient computedn theintensity
of theinterestpointsthatareconsistenwith theestimated
affine transformationOnceareliablematchhasbeende-
terminedfor a giveninterestpointandthe corresponding
localgroup,new groupmatchesarefoundby propagating
the estimatedaffine transformation(moredetailson this
algorithmcanbefoundin [7]).

The algorithm provides densematchesand is very ro-
bustto outliers,i.e. interestpoints generatedy noise
or presentin only oneimage becauseof occlusionsor
non overlap. Figure 8 shavs someresultsof the inter

estpoints matchingalgorithmon someimagesacquired
with the balloon. The algorithmis extremely robust: it

hasbeentestedwith hundredsof imagesof various3D

scenestakenin variousconditionsandenvironments.

Figure 8. Threeresultsof the interestpoint matchingalgorithm.
The white squaresndicatethe interestpointsthatwerematched Note
that the viewpoint changesn the middle and right imagesare quite
important:neverthelessno erroneousnatchesvereestablished.

4  First results

Thanksto thesethree algorithms(stere@ision, motion
estimatiorandmapbuilding), we couldbuild variousdig-
ital elevationsmapsintegratingseveraltensof steredm-
age$.

Figure9 and10 presentsidigital elevationmapbuilt with
about 120 sterewision pairs, covering about 1500m?,
with a cell resolutionof 5 x 5¢cm?. Thetrajectoryexe-
cutedby the blimp, which could be recoveredusingthe
localizationalgorithm,is anabout100m long loop. The
lastimagesoverlapsthe first images,and no discrepan-
ciescanbe obseredin thefinal modelon this area:the
localizationalgorithmgave hereanextremely precise po-
sition estimate, with a final error of the ordera mapcell
size,i.e. about0.1%. Figure 11 shovs the map built
with all the imagesof the third trajectory: the position
estimationin this latter casedrifted of about1% (seethe
discrepanciebighlightedby blueellipses).

All theimageswvereprocesseaff-line, but thecomputa-
tions times are compatiblewith an on-line implementa-
tion. Most of the time beingconsumedy stere@ision

andinterestpointsmatching,which bothtakeaboutone
secondnanUltra-10SparcCPU(anoptimizedcompila-
tion on-boaradhe Celeronof the AS-500shoulddramati-
cally speedup theseperformances).

4In theabsencef anyattitudeestimatiordeviceon-boardheblimp,
theplaneof the DEM is definedorthogonallyto theview axisof thefirst
stereovisiorpair considered.



Figure 9: Digital elevationmapproducedwith about120 stereovi-
sionimages.Left: 3D model,in which somepeaksareartifactsdueto
the presencef the moving operator Right: a top view of this model,
which is actually an ortho-imageof the terrain. The “vertical” pro-
jection of the blimp positionsare shavn assmall black framesin this
image.

Figure 10: An otherexampleproducedwith about120stereovision
images.The 3D view is acloseup of the bottomof the orthoimage.

Figure 11: An otherdigital elevationmapproducedwith about200
stereovisiorimages. The overall positionestimationerrorcanbe seen
ontopleft of theimage wherethefirst andthelastimagesoverlap(blue
ellipse). The absolutetranslationerroris hereabout  at the endof
thetrajectory

5 Discussion

Thelocalizationmethodwe usedhere(whichwe referto
as“optical odometry”)eventuallydrifts, aserrorsarecu-
mulatedoverthedistanceraveled.Currentwork concen-

trateson thedevelopmenbf a“SLAM-based”approach,
in which someof the interestpoints would be usedas
landmarks.

From a more prospectie pointsof view, we areinvesti-
gatingthepossibilityto integratevarioussource®f aerial
informationsin the DEM, including data acquired by a
ground rover. The latter problemis a very important
problem,asit is a basisuponwhich future collaboratve
scenariosanbebuilt amongair/groundrobots.
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