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Abstract
Roboticservicevehiclesarepresentlyseenasa viable meandor performing
satellite maintenanceand ESA (European Space Agency) is presently
investigatingthe possiblecharacteristiceand potential of a Geostationary
ServiceVehicle (GSV). A stereovisiorntracking systemshouldbe included
in this GSV to help the operatortrack and capturethe targetsatellite. This
paperdealswith a system,called TV-Trackmeter previouslydevelopedor
underwaterobotics,featuringcontemporaryrackingand3D measurements
of more points. It is capableof providing rigid body real time pose
evaluationandit is fitted with algorithmsto recoverthelost trackedtargets.
Trials have beencarried out in the ESA-ESTEC premises,in order to
evaluatethe applicability of this conceptto the satellitecapture A satellite
mock-up has been moved by an industrial manipulatorto simulate real
motion of a free objectin space.The resultshaveprovedthe soundnessf
the approachfeaturingfor the linear positionaccuracyin the orderof +3
[mMm] @ 3.5[m] for thex andz axesand+5 [mm] @ 3.5[m] for they axis.
As regardsthe angularposition error aboutthe y axis isthe smallerone,
about+0.5 [deg], while it ist1 [deg] on the remaining axes.

1. Introduction

The commercial utilisation of the geostationaryorbit (GEO) has nowadaysa great
importancefrom an economicand strategicpoint of view. Huge capitalinvestmentsare
currently made to develop, launch and managethis kind of satellites, which must
guaranteesuitable profits in their fields of applications,e.g. telecommunicationsTV

broadcasting, weather forecasting, etc. Therefore the possibility of performing
maintenancef thesesatellitesin orderto solveproblemsandto increasethe operational
life is strongly required.

In principle this possibility has been demonstratednany times by direct astronaut
interventionin Extra Vehicular Activity (EVA), for instancerecentlywith the Hubble
SpaceTelescopewhich wasbuilt with the intentionof beingservicedater. On the other
hand physical, technical and economic constraintsof such an intervention make
servicingby astronautspn the existing fleet of conventionalsatellites,very unlike or

even impossible.

Experimentswere conceivedin the pastyearsaimed at evaluatingthe actual robotic
capabilitiesin spaceinterventionsOneof the mostimportantof themis ROTEX (see
[1] for the basic concepts).In the definition of that experimentthe graspingof a
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free-flying objectwasincluded,eventhoughtherewere no reattime video measuring
devicesyet availableat thattime. The experimenttook placein 1993and the flighting
objectgraspingwasone of the moststunningtrials carriedout [2] andwasbasedon the
approach described in [3].
Thereforerobotic servicevehiclesare presentlyseenasviable meango facethe satellite
maintenanceneeds,and ESA is presentlyinvestigatingthe possiblecharacteristicand
potential of a Geostationary Service Vehicle (GSV) [4].
Basic tasks for such a vehicle consist of:
» chasing of the target satellite up to 100 m distance
« flying around with global inspection closing at about 50 m distance
« final approachup to ca. 3 m where the docking/berthingdevice is activatedto
capture the satellite.
Computer vision processingcould help the operator carry out the control tasks,
particularly as regardsthe final approachwhen the target satellite is an uncontrolled
tumbling object. In this casethe capturetask can becomedifficult for the remote
operatorand an automaticmeansfor zeroing the relative motion betweenGSV and
targetwould be highly beneficial,in order to decreaseime, costsand risks of this
operation. For this purposethe computer vision system has to provide the GSV
navigationcontrolwith anestimationof the rateof relativepositionandattitudebetween
GSV and target, being the task for the control to get this motion equal to zero.
Furthermoreit is worthwhile to remark that existing satellitesare not fitted with on
purposeco-operativetargets,suchas backreflectorsWhat'sworst mostof their surface
is normally coveredwith thermalblankets entailingdazzlingandvery quickly variable
images and thus providing very poor pictures for processing.
This paperdealswith an experimento testthe efficiency andreliability of animproved
reakttime approacho estimatethe poseof aflying objectwithout any cooperativearget.
It is basedon a stereovisionsystem able to measureand track up to 6 patches
simultaneouslsoasto asseshe motionrateof atumbling satellite.Sucha systemis the
evolution of an existing system (the "TV-Trackmeter"), developedfor underwater
teleroboticapplications,and alreadytestedfor spaceapplicationsby ASI (the Italian
SpaceAgency). The paperis arrangedasfollows: the nextsectiondescribeghe system,
in termsof principle of operation,error analysisand systemperformancesSection3
reportsthe satellite motion modelling, while section4 dealswith the resultsobtained
during the trials. Finally section5 draws some conclusionsand presentsthe basic
guidelines for further developments.

2. System Description

The "TV-Trackmeter” vision system includes:

» a stereo rig fitted with a pair of TV cameras

» three VME boards,a graphic monitor and a TV monitor. The boardsinclude a
Sparc10-MP CPU and two Frame Grabbers Eltec IPP.

The main features of the system are reported in Tab. 1.
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Fig. 1. Thestereorig

TV Cameras Sony CCD B&W fitted with auto iris lens
Resolution 560 (H) x 575 (V) TV lines

Focal length 12 mm (35° x 25°)

(Field of view) Possibility of using as well:

4.8 mm (60° x 45°)
8 mm (45° x 30°)

Distance between cameral 280 [mm]

Frame grabbers resolutior| 726 (H) x 512 (V) Pixels,
8 bit/pixel

Tab. 1. Main Features of the stereo system

The basic functions of the "TV-Trackmeter" are described in the following sections.

A. 3D measurements

The operatorselectsthe point to be measuredy moving a cursoroverlaid on the left
cameraimageandthe 3D euclideancoordinatef the point are calculatedfollowing a
neighbourhoodbased stereo matching with a 8x8 pixel patch. The measureerror
standarddeviationdepend®on the focal lengthusedandin the worst caseis in the order
of 4 [mm] @ 2.5 [m]. The time required to get the measure is about 15 [ms].
Suchaccuracyis got throughsubpixelmatchinganda complexcalibrationroutinebased
on a multiplestep linear/non-linear Levenberg-Marquardt optimisation.

B. Tracking

The systemcan also track the measuredpoint at a tracking/measurementte of 12.5
[Hz]. Thetrackingis neighbourhoodased so thatthe systemdoesnot needto useco-
operativetargets.To getbettertracking performances Kalmanfilter is implementedo
copewith tracking speedas high as 200 [pixels/s]. It is alsopossibleto track up to 6
points at the sametime, at a lower rate of 6.25 [Hz], which allows for the motion
estimationof rigid body (at least3 point are to be tracked). The "TV-Trackmeter"is
providedalsowith two optionsfor the automaticselectionof the bestfeaturesto track
based on either a Wavel@éabor directional filtering or the centroid point.
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C. Motion Estimation

The motion estimation includes the position and the attitude of the tracked rigid body.

The attitude information may be givenmanyways(i.e. througha matrix of the SO(3)

group, a,B,y anglesor a quaterniorn[6]). "TV-Trackmeter'evaluateshe latter because

such a representation is singularity free.

We can distinguish 3 cases:

a) no geometric model is available

b) an apriori model is available

c) ageometricomodelcanbe definedby the"TV-Trackmeter'on the basisof a suitable
set of measures

In casea) a referenceframe is built as soonas the euclideancoordinatesof 3 points

referredto the stereacamerareferencdrameareavailable asfollows: the origin is fixed

on thefirst point, the secondooint definesthe X axis,andthe third onedefinesthe X-Y

plane.The centroidof thesepointsandthe quaterniorboundto the SO(3)maprelatedto

the referenceframe so built yields the motion description.No geometricinformation of

the objectis neededbut thereis noinformationfor the trackingrecoveryonceatargetis

lost. Neverthelesshe systemcanstill provide poseinformation,thanksto the redundant

(more than 3) tracked point set, by locking onto another target.

In caseb) the systemis to be providedwith the coordinateof at least3 pointsin the

objectreferenceframe andthe largeris the polygonformed by the trackedtargets,the

more accuratels the motion estimation.The tracking recoveryis alwayspossibleonto

the lost targetshby applying the map from the object referenceframe onto the TV

cameras frame, being this map obtained through the current quaternion and centroid.

In casec) no geometricinformationis available,but the systemcan define a possible

object model, in the TV camerasreferenceframe, by using the target measurements

duringatime intervalin which the objectis keptstill. The outputmapis thusreferredto

the frozen reference frame the system has acquired at the start of the tracking phase.

D. Tracking recovery

In certainconditions(e.g. badlighting conditions,temporarytargetocclusion)tracking
of the singletargetpoint may belost. The systemcanthentry to retrievethe lost targets
depending on the available geometric knowledge of the object.

Whenno geometricinformationis available,the systempolicy is to keeplooking for a
good new target in the same position where the old one was lost.
Providedthat the geometricinformationis availableor acquiredat the beginningof the
job, the systemhasgot all the informationto keepestimatingthe objectmotionwhenat
least3 targetsaretracked.On the basisof that, the systemevaluateghe updatedretinal
coordinates of the lost points and tries to lock onto them again.

E. Data Filter and accuracy

The accuracyof the motion estimationis strictly boundto the precisionof the "TV-
Trackmeter"single measuremen(see foregoing sections).Therefore,a low passliR
filter hasbeenintegratedwithin the systemso asto smooththe outputsby rejectingthe
higherfrequenciesiueto the measurgitter andkeepingthe lower frequencieghatown
the motion information.

F. Theerror analysis

1SO(3) is the Special Orientation group of order 3. See [5].
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The basic stereoscopy equations are:

u.
X=—IZ
f
V.
y=t1z 1)
wfd
Z=——o
S

where: (x,y,z) is the euclideanmeasureof a 3D point in the space,(i,j) is its retinal

projectiononto the referenceémage,f is the focal length, s is the displacemenbetween
the horizontalretinal projectionof the stereopair, d is the baselinebetweernthe cameras
and u, v and w are system constants.

From (1) you can obtain the error propagationdue to the uncertaintyon the subpixel

displacement between the stereo pair:

AX = —( u - jizzAs
dwf

Ay:—[ v )jzzAs )

dwf?

Az= —(i)zzA s
dwf

Theerror Ax and Ay depend®n the retinal position of the measuredarget.lt is then
possiblefor themto fix anupperbound,beingtheseerrors largenearthe screenborder
andnull atthe screercentre(i=0, j=0). As Ax andAy havegot relationshipsalike to Az,
beingonly a scalefactorthe difference the probability distributionof Az canaccountfor
all of them.

G. The stochastic random error
Thefirst step isto evaluatethe seriesexpansiorof the momentgeneratricxfunctiong of
the stochastic variable because you have from [7] the following relationship:

f,(a) =/1€,(2)] (3)
wheref,(a) is the probability density of the stochasticvariablev, and J is the Fourier

transformfunctional. Given the ergodicity of the stochasticprocessz(t), the first 200
centralmomentsof z have beemgatheredandby usinga suitableseriesdevelopg (z) has
been found. Finally, (3) yields(g).

In Fig. 2 thetheoreticalresultis shownby the solid line alongwith the dashedine that
is the best Gaussian fitting.

Oncethe subpixelaccuracyis fixed (asthe hardwarditter andthe algorithmsarefixed),

all the errorsin (2) are O(ZZ) and the sameholds for the standarddeviation. This
behaviouris summarisedn Fig. 3 wherethe actualstandarddeviationis reportedby a
solid line, while the dashedline is the bestfitting parabola.From the real standard
deviationvaluesand putting the systemconstantsn (2), we have obtainedthe actual
subpixelaccuracyof the systemthatis currently0.07 pixel, in practicenot dependenbn
the range.
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Fig. 2. Probability density error Fig. 3. Parabolic behaviour of o versusthe
range.

H. Tracking speed

The systemis ableto track high speedtargetthanksto a modified kinematicExtended
Kalman Filter (EKF) [8]9]. Thiskind of filter is widely describedn literature[10]. The
improvementthe systemgetsby using sucha filter concernsthe wider tracking speed
range. The EKF filter provided with a modified non-linear acceleration(2th order)
modelallows for not limited tracking speedeventhoughit is limited in practiceby the
imageblurring. A reliableupperboundof thetrackingspeedhasturnedoutto bein the
order of 20(pixels/s].

3. Satellite modelling

The satellitemodellingis the key point soasto determines the vision systemis suitable
to track it and which accuracy is obtained.

Following whatintroducedn the previoussectionsthe satelliteis movingasa freerigid
body. The first step is then to get the dynamics motion equations. That is:

N=L+wxL (10)

where:N is netappliedtorque,L is the total angularmomentumand @ is the angular
speed of the rigid body in the solidal reference frame.

Furthermore, the basic relationship betwkeand@dis:

L=lw (11)
I 1y I

where: I =1, 1, I, and: Iy =l T =lx Ty 34 (12)
lx 1y 14

If the body is free, thereis no net torque. Moreover, fixing the body frame to the
principalinertial axes,the inertial tensorl becomegliagonalandthe dynamicsequation
yields:
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which arethe so calledEulerequationof thefreerigid body motion. Theseequationsare

a differential system,whosemaotion integral brings about GXt). It is worthwhile noting
that if the body is symmetric, that is equivalentto say that two principal inertial
momentaare equal, the motion of the rigid body is a precessionmotion around
symmetry axis with variable nutation angle.

Onceat) is retrieved,the secondstep isgetting a representatiomf the body attitude.
Using quaternionit is possibleto avoid kinematicsingularitiesandget a straightforward
differential relationship whose motion integral is the satellite attitude.

Let:

s e
q= gx the quaternion representation ainet gx its derivative
’ y
P d.
Wy .
w=|w, | theangularspeedn the solidalreferenceframeandV () - V(q) =| q,
w, 0

an operatorto get thevector part of the quaternion.The theorydevelopedoy Hamilton
[6] about the screws and the finite displacements of the rigid bodies gives:

“0x  Os 4 ~qy
w=2V(g'g)=20-q, -0, 95 o | (14)
—d; 4y ~—Qx Qg

d.
This relationship along with the constra|iqk2 =1 also yield:
—qx -Qy -4 0 -w, -0y, W
- w 0 w -
1] Gs q; Qy Elozl X 4 wy I (15)
2| q, Qs —Ox 2|0y, —W, 0 0y,
-4y Oy Qs w, w, -~ 0

This is again a differential system that yields the quaternion q all along the motion.
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4. Trials

Thetheorygivenhereabovehasbeentestedin practiceat the ESA-ESTECpremiseshy
using: a COMAU manipulatorto simulatethe satellite motion, a satellite clung to the
end effector and the "TV-Trackmeter" vision systemto detectthe satellite motion
through machine vision.

The first step has beento evaluatethe manipulator set points on the basis of the
equationsgiven in chapter3 so asto model the free rigid body motion. From those
equationghe satellitemotion is abouta precessiomotion, asthe body is symmetricin
practice. This allows the vision systemto track body neighbourhoodsthat never
disappeaduring the capturephase eventhoughthe shapesf the satellitefeaturesare
rathermutable,owing to boththe precessiorandnutationof the body. It is worth noting
thatthe basicnon-co-operativapproachallowsto copewith the problemwith no apriori
model available and with neighbourhoodsthat might even run out of visibility.
Neverthelesshis sortof motionalsobacksthe useof the modelbasedapproachif any,
that is even more robust,as the modelledand trackedfeaturesare alwaysin sight all
along the path.

The experimentaim was to determinethe accuracyof the such a motion evaluation
throughthe "TV -Trackmeter'system,in termsof positionand speed poth translational
and angular. The imposed motion was then checked with that measured by the device.
The measure error of the translational quantities (posatiatspeed)s straightforwardly
got throughthe differencebetweenthe imposedand the measurednotions. The same
holdsfor wthatcanbe evaluatedhroughthe "TV-Trackmeter'measurementsy using
(14). A little bit moretricky is insteadthe errorevaluationfor the attitudeinformationas
it is mappedwith no singularitiesonly by eithera SO(3) matrix or a quaternion.in the
latter case, the whole attitude error is simply given by:

9tot = 2arcsin\/v (qerr ) A\ (qerr )D where: clerr = qws'on |:(t]armD (16)

This amountis the angulartwist referredto the SO(3) map expressedy an equivalent
axis of rotationand a twist aboutthat. This doesnot allow to determineif the attitude
error mostly happensaboutone specific cartesianaxis. However,the 3 componentof
the vector:

V (g )

0 17
tot W (17)

allow for that. Note that these componentscannotbe thought at all of as angular
rotations to be applied sequentially as a kinematic chain.

The evaluationof the errors was all carried out after an accurateinter calibration
betweenthe arm andthe TV camerageferenceframes.The resultof sucha step isa
SE(3) matrix thatallows for mapthe imposedandthe measurednotionsonto the same
reference frame fixed, for instance, on the end effector of the arm.

Thetestshave beerarriedout underseveralight conditions takinginto accounthatin

the spaceenvironmenthey arequite harshowing to the shadingsthe reflectionsandthe
occlusions.The vision systemwas displacedwith respectto the manipulator base
reference frame along the y axis and aiming at that direction to the satellite.

A sample of the results is given hereafter.
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Fig. 6. Relativelinear velocity error. Fig. 7. Relative angular velocity error in
body frame.

The referencdrameis so definedthatthe "TV-Trackmeter"aiming directionlies along

the y axis. It is worth noting the following features:

* The linear position error is about+3 [mm] @ 3.5 [m] for the x and z axesand
=5 [mm] @ 3.5 [m] for the y axis.

» The angularposition error aboutthe y axis isthe smallerone, about+0.5 [deq],
while it is+1 [deg] on the remaining axes.

Theoverallresultis thusmoresensitiveto the "TV-Trackmeter'measuresrrorsalongits

aiming direction.

A pretty same result has been obtained for the linear speeds.

e The linear speederror is about+2 [mm/s] @ 3.5 [m] for the x and z axesand
+3.5[mm/s] @ 3.5 [m] for the y axis.

A slightly different behaviourhasbeenobtainedfor the angularspeederror, being @

referred to the solidal reference frame that is actually a moving frame.

» Theangularspeederrorfor everyaxis ismostly lessthan+0.75[deg/s],with peaks
of +1 [deg/s].

The linear positionerror hasturnedout to be fully in agreementvith the error analysis

of section2.G which givesa standarddeviationof 4 [mm] @ 3.5[m] for the singlepoint

measurement.
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5. Conclusions and further developments

The useof a computerstereovisiorand tracking systemhasbeenenvisagedo allow a
faster and safer captureof tumbling satellites:an alreadyavailable system(the "TV-
Trackmeter')hasbeenusedin a simulatedenvironmentto track a tumbling satellite
mock-up. The achievedresults have proved the soundnessof the used approach,
providing enough accuracy with respect to the requirements for such a system.
Furthertestsshould be performedto study the behaviourof the tracking systemwith
muchlongerdistance analysingthe applicationof the sameapproachor usingonly the
trackingfunctionwithout stereomeasurementgd assesselativepositioningevenin the
fly aroundphase Otherimportantteststo be carriedout, in a robotic laboratory,would
be the completesimulationof the capturetask,usingascapturedevicea generalpurpose
manipulator.

To transferthis technologyto spaceapplicationghe nextstepwould be the development
of a space qualified system.
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