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Abstract

Electio-magnetic tracking systemsare in wide-spead
usefor measuringéD positions. However, their accuracy
is impaired seriouslyby distortionsof the magneticfields
causedby manytypesof metal which are omnipesentat
real sites.\e presenta fastandrobustmethodor “equaliz-
ing” thosedistortionswin order to yield accuratetracking.
Thealgorithmis basedon global scatteed datainterpola-
tion usinga “snap-shot” of the magneticfield’s distortion
measued oncein advance Thealgorithmis fast (it does
not introduceany further lag in the data flow), robust, the
samplesf the field’s “snap-shot” can be arrangedin any
way, andit is easyto implementThedistortionis visualized
in anintuitive wayto provideinsightinto its nature, andthe
correctionalgorithmis evaluatedin termsof accurmcyand
performance Finally, a qualitative comparisonof the su-
ceptibility of a Polhemusandan Ascensiorradking system
is carried out.
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1. Intr oduction

Thepossibilityof measuringhe positionandorientation
of a pointin spaceis one of the enablingtechnologieof
virtual reality (VR). Electro-magnetitrackershave become
themostwide-spreadievicesusedin today's virtual reality
systemgq[12, 1]) in orderto trackthe positionandorienta-
tion of ausershandsandhead or to trackinstrumentsuch
asanendoscopandscissors.They're alsobeingdeployed
in real-timemotion capturesystemsto track a set of key
pointsandjoints of the humanbody. Commercialoptical
trackingsystemsaregettingmoremature however, they're
still much more expensve than electro-magneticystems,
but arenotyet quiteasrobustin termsof drop-outs.

Unfortunately thereis one big disadwantageof electro-
magnetictrackers: the electro-magnetidield itself, which

getsdistortedby mary kinds of metal. Usually it is im-

possibleto banishall metal from the sphereof influence
of thetransmitteremittingthe electro-magnetiéield, espe-
cially whenusinga long-rangetransmitter:monitorscon-
tain coils, walls, ceiling, and floors of the building con-
tain metaltrellisesandstruts,chairsandtableshave metal
frames,etc. While tracking systemsusing direct current
seemo besomavhatlesssusceptibleo distortionby metal
than alternatingcurrentsystemsall ferro-magnetiametal
will still influencethefield generatedby thetransmitter

A distortionof the magnetidield directly resultsin mis-
matchesbetweenthe tracking sensors true position (and
orientation)and the position (orientation)as reportedby
the tracking system. Dependingon the applicationand
the set-up,mismatchedetweerthe users eye position(the
real viewpoini) andthe virtual cameras position (the vir-
tualviewpoin? impair moreor lesstheusabilityof VR. For
example,in assemblytasksor serviceabilityinvestigations,
fine, precise andtrue positioningis very important[6]. In
acave or ataworkbench,a discrepang of 7 cm (3 in) be-
tweenthe realviewpoint andthe virtual viewpoint leadsto
noticeablalistortionsof theimagée, whichis, of coursenot
acceptabldo stylistsand designers.For instance straight
edgesof objectsspanning2 walls appearto have anangle
(seeFigure8), andwhenthe viewer goescloserto a wall,
objects"behind” the wall seemto recedeor approachsee
[10] for a descriptionof someother effects). Mismatches
aremostfatalfor AugmentedRealitywith head-trackingn
which virtual objectsneedto be positionedexactly relative
to realobjectg[14].

In orderto overcometheseadwerseeffects,we have de-
velopedanalgorithmwhich cancorrectthesedistortionsof
themagnetidrackingfield. Thealgorithmis basedon mea-
sureddatawhich relatethe true positionto the positionre-
portedby the tracking systemat several pointswithin the

1This is just a rule of thumb,of course.The thresholdat which a dis-
crepany betweertherealandthevirtual viewpoint is noticeabledepends
on mary variables: expertise,distancefrom the cave wall or projection
screensizeof thecave, etc.



Figure 1. Visualization of the distor tion of the
field in our cave: the nodes of the lattice are
the measured points of a uniform lattice . The
discrepanc y can be as much as 40-50cm (15-
20in).

volumeof interest. At run-timeof a VR sessionthe algo-
rithm interpolateshesea priori measuredralueswith the
currentlyreportedpositionof thesensor

Sincethe distortionof the magneticfield is capturedby
a setof points,afundamentahssumptiorof our methodis
thatthefield doesnot changeovertime. Fortunatelyin our
labsthis seemso be true — we could not find ary signif-
icant changeqseeSection4). Of course,if the set-upis
changedthenthe magnetidield hasto be measuredgain;
thefield changesfor instance whena nearbyprojectoris
moved,spealersareinstalled,or thewholeset-upis moved
to anothemplace.

Our algorithm has several desirable qualities which
malesit very suitablefor VR systemskFirstof all, thealgo-
rithmis fast,soit doesnotintroduceary lateng intotheVR
system.Secondthe setof measuregointscanbe chosen
arbitrarily (it doesnot needto have a lattice-like arrange-
ment),andmorepointscanbeaddedo it atary time. Last
but notleast,it is very easyto implement.

While this papereportson measurementsarriedoutus-
ing commercialsystemsthe resultsreportedarenot to be
takenasa characterizatioof thesesystems Exceptwhere
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Figure 2. The lattice of sampling points. At
each of those points, the tracking sensor’'s
value has been averaged and recor ded, whic h
produces the field’ s “snapshot” on the left.

otherwisenoted, the PolhemusFastrakwith a long range
transmitteiwasusedto generatall the measurements.

The next sectiondiscusse®arlierwork. Section3 de-
scribesthe methodin detail, Section4 reportson somere-
sults. Finally, Section5 dravs someconclusionsaandcom-
mentson furtherwork.

2. RelatedWork

To ourknowledge little work hasbeendoneon the spe-
cific problem of examining and correctingthe errors of
magnetidrackingdevices.

[3] hascarriedoutsomeexperimentontrackererrorand
noise. Threealgorithmsfor correctionof thoseerrorswere
presented:polynomial approximationand local interpola-
tion with two differentweightfunctions.Althoughall three
algorithmsareevaluatedit is not clearwhetherthetwo lo-
cal interpolationmethodsdefinecontinuousunctions. The
error of thosecorrectionalgorithmsis in the rangeof 2-
10cm(1-5in). The evaluationseemgo indicatethat accu-
ragy decreasewith increasingdistancefrom the transmit-
ter.



A problemsimilarto theoneconsideredhereis themap-
ping from physicalspaceto computationaspaceandvice-
versa,which occursfrequentlyin scientific visualization.
This is usuallydoneby linear local interpolationschemes
basedon shapefunctions[2, 4]. Thesealgorithmsarewell
suitedfor very large datasets. However, they have a few
dravbacks: mostof themprovide only C''-continuity, ad-
ditional datastructuresstoring topologicalinformation is
neededandthereis alwaysalittle overheadn orderto look
up the appropriateshapeunction.

3. Equalization of the Field

The problemwe arepresentedvith canbe statedasthe
well-known interpolationproblemin 3-dimensionabkpace:
Giventwo setsof points? = P¢ ¢ IR? andQ = Q¢ C
IR?, wearelookingfor afunctionf : IR® — IR? suchthat
(P = Q. Furthermorewe wantthefunctionto be suf-
ficiently “smooth”: it shouldbeat leastC! -continuousand
it shouldinterpolate“intuitively nice”, in particular there
shouldbeno oscillations.

We will call P the measureghointsin tracker spaceor,
a snapshobf the magneticfield; Q will be calledthe true
pointsin truespace

All interpolationschemeganbe classifiedinto two cat-
egories:globalandlocal. Globalmethodgake all P? into
accountwhile localmethodsconsideonly someP? within
a certainneighborhood.One might also considerthe ap-
proximationproblem.However, we optedfor interpolation,
sincethereis a satishctorysolutionin our case(seebelow).

Somelocal interpolationmethods(suchasthe onesde-
scribedin [3] or the onesusedin scientific visualization)
involve alook-upof theclosestpointsor theenclosingcell.
This needssomeadditionaldatastructuresf the look-upis
to beexactor if it is to befast.Oneway or anotheythereis
alwayssomecomputationaburdenimposedoy thelook-up
itself, whichis anothereasorwhy we have chosera global
method.

3.1 The correctionalgorithm

Becauseof our considerationsbove, we implemented
Hardy’s Multi-Quadricmethod HMQ), whichis ascattered
datainterpolationschemgl1, 8]. It canbeusedo construct
aninterpolationfunction f : IR® — IR™, with arbitrary
m,n.

The generalform of theinterpolationfunctionfor m =
n=23IS
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Figure 3. 1D examples of HMQ interpolation
functions through 10 points with various R?
parameter s. For R? = 0the function is piece-
wise linear. The Lagrang e interpolant ex-
poses fatal oscillations.

Requiringf (P;) = @, leadsto threesetsof linearalgebraic
equationsvith asymmetricmatrix. All threematriceshave
sizeN x N, N = numberof measuringoints.

We cannotusethe Cholesly decompositiorbecausehe
matrix is not positive definite, sincethe uppetleft 2 x 2
sub-determinaris negative:

[R| P2

=R -3, <0
621 |R| 612<

with Bij = /(P — P;)? + RZ > R? provided P, # P.
LU decompositio15] is, therefore,a natural choicefor
solvingtheseequationswhichis whatwe do.

The HMQ methoddoesnot tendto oscillateaspolyno-
mial interpolationschemesglo (e.g., Newton or Lagrange
interpolation) sincethe degreeof theinterpolatingfunction
doesnot dependon the numberof samplepoints. Instead,
thesmoothnessf the HMQ interpolationfunctiondepends
ontheparameteR”. It canbeshavn, thoughthat f € >
for R? > 0[11]. Figure3 compareghe HMQ methodto
Lagrangénterpolation(in 1D), andshavstheeffectof var
iousR?'s.

There are other scattereddata interpolation functions
suchas Shepardnterpolation or naturalHermitesplinein-
terpolation[9]. However, all of thesedo notseento bebet-
ter thanHMQ (sometimesnuchworse)while beingmuch
moreinvolved[13].

We have tried a closevariant of HMQ, the reciprocal
multi-quadric(RMQ), which s definedby basisfunctions

1

wi(P) = (P-P)>+R? ’

R>0



Althoughwe expectedhe RMQ to producéairerinterpola-
tions,we hadto learnthatthisis nottrue. Also, selectiorof
theoptimal R? seemdo be morecritical thanwith HMQ.

The more generalform of multi-quadricsis definedon
basisfunctions

(P) = (P~ PP+ R3"

However, as[9, 7] point out, resultsarebestwhenu; = p
andR; = R. We have experimentedvith ;; = %, 1,2, and
|| - -]|. We found,thatinterpolationis bestfor ; = £. For
someof the otherexponentsa good R? is very critical and
the coeficientmatrix mightevenbenearsingular

3.2 Measuring the Distortion

Thefirst stepof ourmethods to capturethedistortionof
the magneticfield sothatit canbe correctedsubsequently
basedon this data. The measuringneedsto be doneonly
oncepersiteandset-up.Obviously, it is still quitedesirable
thatit canbe donein a minimumamountof time.

For thatreasonwe have chosera regularlattice for the
setof measuringpoints, even thoughour correctionalgo-
rithm doesnotrequirethat. A lattice waschoserbecausdt
malesit feasibleto generatahe true positionsof the mea-
suringpointsautomaticallythusminimizing themeasuring
time. Furthermorewe usefour sensorswhich furtherre-
ducesthe time. Of course,we take the averageof mary
values(usually 50) when measuringone position sample,
becausehe quality andprecisionof the datawill affectthe
correctionlateron.

The apparatugor moving the sensorsat well-defined
pointsin spaceis a simplewoodenboom,which is placed
on a smalltrolley. Fromits endwe hanga plummeton a
cord, at which we attachthe sensorsusing small patches
of velcro. Thuswe canmove the sensorsaboutwhile their
heightabove the ground(they coordinate)staysprecisely
the same.In orderto positionthe plummetat well-defined
z- andz-coordinateswe fixedpaperto thefloor (widewall-
paper for example)and marked thosecoordinateswith a
pen.

With aset-upasdescribedbore, we areableto measure
thefield at 144 points(= 6 x 6 x 4) in about20-30minutes.
Four positionsare recordedat a time, which takes about
onesecondor 4 x 50 samplegfor averaging).Measuring
time couldbereducedurtherif moresensorsvouldbeused
simultaneously

Therearemary waysof representinghe measuredlis-
tortion. While [3] useserror vectors,we believe that vi-
sualizingthe measuredattice provides more insight into
the data. One suchmeasuredattice is shawvn in Figurel
with thesamplingpointsshavn in Figure2. Thelong-range
transmitteiis locatedneartheupperright cornerin thefront.
Onecanseeclearlythatthedistortiontendsto increasewith

thedistancdrom thetransmitteralthoughtherearealsore-
gionscloserto the transmitterthatalsohave a large distor
tion. Theinfluenceof oneof the projectors(which is very
closeto thecave dueto spacdimitations)canbeseerin the
backof thelattice.

4. Results
4.1 Accuracy

We havetestedbur methodwith very satisactoryresults.
With a datasetof 144 measuredoints within a volume
of (2.4m)? (seeFigure 1), the correctedpointsareusually
within 4cm (= 1.5in) of the true points,while someof the
measuregboints(without correction)aredisplacedy over
40cm(~ 15in; seeFigure4).

With our algorithm, the error of the correctedpoints
from their true positionsdoesnot dependon the distance
to thetransmitternor doesit dependntheamountof local
“warp” of themagnetidield.

Evaluationof the accurag of our methodwas doneby
moving a sensoralong several well-definedstraightlines
within the measuredsolume. Then, for all pointson the
sameline, two out of three coordinatesof the corrected
points shouldremainconstantwith a known (true) value.
Accurag is the maximumdeviation of theseconstantval-
uesfrom thetrueones.

Therearea few factorsaffecting the quality of the cor
rectedposition: accurag of the measuredield dataon
whichtheinterpolationis basedthe samplingdensity con-
stany of the magnetidield, andthe paramete?? (seebe-
low).

We feel that it is very difficult to achieve an accurayg
of betterthan1cm (0.4in) whenacquiringthe sampledata
of the magneticfield, especiallywhen measuringa large
volume suchasa cave. In orderto improve the accurayg
of the data,a much more preciseway of positioningthe
sensorsvithin thevolumewould beneeded.

4.2 The optimal parameter 7>

Admittedly, ourapproachdoeshave one“magic” param-
eter R2 in the basisfunctionsw;(P). It hasconsiderable
influenceon the “smoothnessbdf theinterpolationfunction
(seeFigure3). Thebadnewsis, no simpleandrobustfor-
mulais known to determineanoptimal R? [11]. It depends
onthenumberof points,the diameterof their circumcircle,
andthe valuesf(P’). [9] have usedR = 1.25—2, with
D = thediameterof thecircumcircleof all measureghoints
andN = the numberof points. [5] proposedan algorithm
which producesearoptimalvaluesfor R2.

Thereforewe developedaprogramto investigatahe ef-
fectsof R? interactvely. Thus,givenasnapshobf thefield,



without correction

with correction

Figure 4. The dashed lines show the locus of
points as reported by the tracker when the
sensor is moved along a perfectly straight
line. The dash-dotted lines show the same
lines with correction. The error of the cor-
rected positions from the true positions is
less than 4cm (~ 1.5in). (See also the color
plates.)

we candetermineanoptimal R? within afew minutes.The
goodnews s, we foundthat,with 100 — 200 measuregbo-
sitions,R? = 10...1000 is optimal,andwithin thatrange
the exactvaluehasvery little impacton the quality of the
interpolation.

Of coursejt would be quite simpleto implementa pro-
cedurewhich calculatesanoptimal R?, givena snapshobf
thefield, afew linesof tracker data,andtheirtruepositions.

4.3 Timing

Computationof f(P) is linearin the numberof mea-
suredsamplesP;. Interpolatingone 3-dim. position by
f(P) with i = 144 (i.e., 144 samples)takes 0.4 milli-
second®n a 250-MHzR4400processar

Sincethecorrectionof thefield's distortiontakessolittle
time, no additionallateng is introducedinto the VR sys-
tem. In fact, a transmissiorof one completedatarecord
from thetrackingsystemo the hosttakesmuchlonget

Solvingthethreesetsof linearequationsn orderto com-
putethe coeficients 4; is onthe orderof secondsfor 144
samplepoints, it takesabout2 sec(250MHzR4400).
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Figure 7. The distrib ution of the distances
between corresponding lattice nodes of two
snapshots of the magnetic field on the same
site . The second snapshot was taken 6 weeks
after the first. Most of the distances are within
the measuring accurac y of the data. This ver-
ifies the assumption of a static distor tion of
the magnetic field (at least at our site).

4.4. Repeatability

By repeatabilitywe understandthe constang of the
magneticfield’s distortion. It is a fundamentahssumption
in all staticcorrectionmethodsandthe accurag of thein-
terpolationalgorithmcanbe no betterthanthe constang of
thefield.

Thegoodnewsis thatthe distortionof thefield remains
sufficiently constanbvertime (seeFigure7). Onthesame
site, the magneticfield hasbeenmeasuredy our method,
asdescribedn Section3.2, two times, the secondtime 6
weeksafter thefirst time. The distribution of the distance
betweercorrespondindattice nodesshawvs thatthe distor
tion of thefield doesnot changesignificantlyovertime.

Anothermeasuref constanyg is the traditionalcorrela-
tion function. However, it is not clearwhat a correlation
valueof ¢ € [0, 1] mapsto in termsof (maximumor aver
age)absoluteerror (with unitsof cmorinch).

4.5 Comparisonof Polhemusand Ascension

A comparisorof thetwo commoncommerciaimagnetic
tracking systems,Polhemuss Fastrak" and Ascensiorns
Flock-of-Birds™, with regardto field distortionswas car
ried out.

We measuredhe outputof a Flock-of-Birdsat the same
site and at exactly the samegrid nodeswhich have been
usedfor Figurel. We usedthe extendedrangetransmittey
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Figure 5. Distor tion of the magnetic field
using Ascension’ s Flock-of-Bir ds. The
extended-rang e transmitter is in the middle
of the front right edge.

however, dueto site-specificonstraintsit wasnotpossible
to positionthe transmitterat the samelocationwherethe
Polhemudong-rangeransmittemwaspositionedto acquire
Figurel.

Theresultis shavn in Figure5. Although Ascensiorns
systenmseemsgo belesssusceptibldéo ferro-magnetianetal
thanPolhemus’thereis still anunacceptablamounibf dis-
tortion. While trackingwith Polhemusn our cave canbe
50 cm (~20in) off the true position, the positionreported
by Ascensioncanbe 20cm off. The averagediscrepang
in our cave is about20cmfor Polhemusandabout8cm for
Ascensior(seeFigure6.

Due to lessdistortion with Ascensiontraclers, the fi-
nal equalizedpositionsare slightly moreaccuratehanthe
equalizedpositionsfrom the Polhemustracker (typically
0.5-1.0cm). However, the impactof distortionis almost
neutralizedvhenusingour correctionmethod.

5. Conclusion

We have presentedh practicalmethodto solve arguably
the severestproblemof magnetictrackingsystems:distor
tionsof the (electro-)magnetiéield.
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Figure 6. A histogram of the distances of the
measured positions from the corresponding
true positions, for both Polhemus and Ascen-
sion.

Our methodis robust, i.e., the error of correctedpoints
doesnotdependndistancdrom thetransmitternordoest
dependntheamountof local“warp” in themagnetidield.
It doesnot causeary additionallateng in the VR system,
andit is easyto implement.

With avery simpleapparatughefield of a(2.4m)*-cave
canbe capturedn abouthalf anhour. For our purposeshe
processandtheapparatugor acquiringthe dataarereason-
ably precise.

The proposedalgorithmandfield measuringnethodre-
ducetheerrorof atrackingsensors positionto 2-5cm (1-2
in), whichremediesary distortionsin theimagesprojected
onour cave walls (seeFigure9).

Basedon mathematicalexperimentswith “synthetic”
field data,we believe thatthealgorithmcanpotentiallypro-
vide even bettercorrectionif the acquiredfield dataare
more precise. However, it is quite difficult to positionthe
sensorsvithin the cave with a maximumerror of lessthan
lcm.

5.1 Future Work

To this point of time, we haven't looked at orientations.
In a cave or at a workbench,a skewed orientationof the



Figure 8. Without correction of the magnetic
field tracking, an off-center viewer in a cave
will see a distor ted image. The effect is even
worse when the viewer moves, because ob-
jects seem to move, too.

viewpoint is not asfatal asan offset, sincethe orientation
determine®nly theparallaxbetweerthetwo imagedor the
left andtheright eye, respectrely However, whentracking
thehandof auserwhois trying to performavirtual assem-
bly task,amismatchbetweerthetrueandthevirtual hands
orientationmight leadto confusionandfrustration. There-
fore, orientationshouldbe correctedaswell. Thiscouldbe
doneby interpolatingpositionsandorientationssimultane-
ouslyin 7-dim. space.We still needto investigatevhether
or nottheorientatiorsamplesanbeobtainedwith ourmea-
suringprocedureor whetherthey canbederivedsomehav.
Otherwise samplingthedistortedfield by positionand ori-
entationmightbecomeavery lengthyandtedioustask.

Our apparatugor measuringhe magneticfield should
beimprovedin orderto acquiredatawith anerrorlessthan
lcm.

We have not investigatedhe effect of small “metallic”
changesn the ervironmenton the electromagnetidield,
suchasa chair would produce. It would be interestingto
getatleasta “qualitative” impressiorof thosedistortions.

Finally, our appraochassumes staticdistortion of the
magnetidield. However, in set-upgomprisingaBoomand
magnetictracking (e.g., Boom plus glove), the magnetic

Figure 9. With our method, the perspective is
always correct, even when the viewer moves.
(See also the color plates.) Data courtesy of
Volks wagen AG.

field is changedby the Boom. Unfortunately the “shape”
of the distortiondependssignificantly on the positionand
orientationof theBoom. It is not clearto uswhetheror not
thiskind of dynamicdistortionis “repeatable’in thefollow-
ing sensegivena certainposition(andorientation maybe)
of theBoom,themeasuregbositionof atrackingsensore-
mainsconstanbvertime. If theassumptioris true,thenthis
kind of dynamicdistortioncanbecorrectedy interpolating
atracker’s positionin 6D (or 9D) space.If the “shape”of
the distortiondependsot only on he Boom’s positionbut
alsoonits orientation(whichit probablydoes) the process
of measuringhefield is probablyvery time-consuming.
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