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Abstract

We describe a method for calibrating an electromagnetic motion
tracking device. Algorithms for correcting both location and orienta-
tion data are preseried. In particular we use a method for interpo-
lating rotation corrections that has not previously beenusedin this
context. This method, unlike previous methods, is rooted in the ge-
ometry of the spaceof rotations. This interpolation method is used
in conjunction with Delaunay tetrahedralization to enable correction
basedon scattered data samples. We presert measuremets that sup-
port the assumption that neither location nor orientation errors are
dependert on sensororientation. We give results showing large im-
provemerts in both location and orientation errors. The methods are
shown to imposea minimal computational burden.



1 Background

The use of motion tracking devicesis essetial in immersive visualization
systems.The location and orientation of the user'seyesmust be cortinuously
tracked so that the system can render imagesof a spatially stable virtual
world, in stereo,in real-time. In addition, motion tracking is alsocommonly
usedto track hand-held devicesthat operate as tools in the virtual world
createdwithin the immersive display.

At the National Institute of Standardsand Tednology (NIST), we have
an immersive visualization systemthat is pictured in Figure 1. This gure
indicatesse\eral important componerts of the system: the three screenghat
provide the visual display and the motion tracker transmitter and sensors.
The three screensare three large video displays that are placededge-to-edge
in a corner con guration. Thesethree screensare usedto display a single
three-dimensionalsceneas shavn in the gure.

We usea Flock of Birds magnetic motion tracking systemmanufactured
by AscensionTednology Corporation. There are two componerts of that
systemthat are important for our discussion:the transmitter unit and the
sensorunits as shovn in Figure 1. The transmitter transmits a pulsed DC
magnetic eld; eat sensomeasureghat eld (Ascension,2002). From these
measuremets the location and oriertation of ead sensorare calculated. The
transmitter unit is a box that is appraximately 30cm on a sideand the sensor
is appraximately 2.5 cm in its largest dimension. We run the systemwith
two sensorsn simultaneousoperation. One sensoris attached to the user's
stereoglassesand one sensoris attached to a hand-held pointing device.

The 3D scenedisplayed acrossthe three screensis rendered based on
the location and oriertation of the user'seyesasdeterminedby the tracking
system'sdetermination of the location and oriertation of the sensorattached
to the user'sstereoglasses.The user can move around the virtual objects,
viewing them from di erent directions and interactions with the objects can
be accomplishedthrough the useof the motion-tracked hand-held device.

The underlying software on which our immersive systemis built is DI-
VERSE (Kelso et al., 2003). It provides a portable, modular, open source
software platform that managesall aspectsof the virtual ervironmert. This
includeshandling the interfacesto devices(sud as motion trackers and user
interface devices),stereoparallax, asyndironous viewing frusta, and so on.
DIVERSE provides easymethods for adding new functionality, sud as new
userinteraction techniques,which hasbeendoneby NIST and others.
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Figure 1. The NIST immersiwe visualization system. A single 3D scene
is being displayed acrossthe three screens. Note the tracker transmitter

suspendedfrom the ceiling. There are two tracker sensors;one is attached
to the user'sstereoglassesand the other is attached to a hand-heldpointing

device.

Electromagnetic motion trackers like the one we use at NIST are very
commonly usedin immersive visualization systems. In our installation, it
becameobvious that there were substartial errors in the data reported by
the motion tracking system. Theseinaccuraciesresulted in various e ects,
sud as:

virtual objects that should appear stationary appear to move as the
usermoves,

straight lines appear bert when they crossthe boundaries between
screensand



virtual objectstied to the tracked hand-helddeviceappearto beincor-
rectly located or oriented.

Figure 2 displays an exampleof how straight lines may appear bert. In
this gure, the grid lines should all be straight. To the userin the immer-
sive ernvironmen, the lines appear bert at the points where they crossthe
boundariesbetweenscreens.This is dueto the fact that the imagesare being
drawn basedon an incorrect location for the eyesof the obsener. This gure
is basedon actual errors obsened in the motion tracking systemat NIST. It
is by no meansthe worst casethat could have beenprovided. In informal ob-
senations that we made beforeinitiating this project, we obsened location
errors in excessof 50 cm and orientation errors that appearedto be more
than 15 degrees.

Figure 2: Distortions dueto tracker miscalibration. The grid lines should be
straight. They bend at the points wherethey crossthe boundariesbetween
screensn the immersive ervironmert. (Note that the imagedisplayed here
depicts 3D data from a confacal microscoge and the annotation within the
imagerefersto that data set.)

Electromagnetic trackers operate by measuring electromagnetic elds
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generatedby the deviceitself (Raab et al., 1979). These elds can be dis-
torted by various ervironmental factors sud as metal objects and electro-
magnetic elds generatedby video monitors (Nixon et al., 1998). These
ervironmertal factors cortribute substartially to errorsin measuremets re-
ported by the tracking device. It is alsoimportant to note that theseenvi-
ronmertal factorsdi er for ead installation, soany correction of theseerrors
must be basedon the particulars of the installation.

2 A Note on Terminology

Throughout this paper we discussseeral methods for represeting orienta-
tion. In all cases,orientation is descriked as a rotation that transforms an
object from a nominal orientation to the desiredorientation. Thus, there
is an equivalencebetweenrotational transformations and orientations. For
this reason,we often usethe term "rotation" asa synorym for "orientation”,

particularly whenwe referto an orientation in terms of its represetation as
a rotational transformation.

We usethe term "lo cation" throughout this paper to referto the point at
which an object (such asa tracker sensor)is located. Many other authors use
the term "p osition" rather than "lo cation" with this meaning. Howewer "p o-
sition" is sometimesusedwith other meanings. In particular, an important
surwey article on tracker calibration (Kindratenko, 2000)uses"p osition" to
encompasshoth location and orientation. To minimize confusion, we gen-
erally avoid the use of the term "position” unlessthe cortext makes the
meaningclear.

3 Previous Work

There hasbeensubstartial work in measuringand correctingmotion tracking
errors. An excelle surwey article (Kindratenko, 2000) was published in
2000. Sincethen seeral additional e orts have beendescriked, sud as(Saleh
et al., 2000; lkits et al., 2001;Jayaram and Repp, 2002;Borst, 2004).

Essemially all of the published e orts follow the samebasic approad:
collect tracker data at known locations and orientations; then usethesedata
(in someform) to perform real-time correction of reported data.

It should be noted that location and orientation correctionsare typically



derived only from the measuredocation without useof the measuredorienta-
tion. Sothere is an implicit assumptionthat errors are dependert on sensor
location but not on sensororientation. Only (Livingston and State, 1997)has
obsenedthat this assumptiondoesnot hold; at leasttwo other projects (Kin-
dratenko and Bennett, 2000;Zachmann, 2000) have obsened no substartial
dependency of tracker error on sensororientation. We were interested in
investigating the validity of this assumptionbecausat hassubstartial impli-
cations for data collection proceduresas well as for the construction of the
correction algorithms.

3.1 Data Collection

The collection of data has beendonein a variety of ways, constrained by

the needto useequipmen that will not interfere with the tracker measure-
merts. This usually involvesthe use of a measuremeh apparatus made of

wood and/or plastic (for example, (Bryson, 1992; Zacdhmann, 1997; Saleh
et al., 2000;Jayaram and Repp, 2002;Borst, 2004)). In at least one casean

aluminum apparatus was usedand tests were performedto ensurethat this

apparatus did not interfere with the measuremets (Livingston and State,

1997). In most casesneasuremets weremadeon a regularthree-dimensional
grid in physical space(for example, (Bryson, 1992; Zachmann, 1997; Saleh
et al., 2000; Ikits et al., 2001; Jayaram and Repp, 2002; Borst, 2004)) or

in tracked space (for example, (Ghazisaedyet al., 1995)). In other cases
measuremets were made at points that were not necessarilyon a grid (for

example,(Livingston and State, 1997)).

3.2 Location Correction

The correction of location errors involvesthe construction of a function that
interpolates (or approximates) the measureddata points. The variety of in-
terpolation techniquesare well descriked in (Kindratenko, 2000). The large
majority of approades use corvertional 3D interpolation techniques, with
variousdegreeof cortinuity. Often the original data points are pre-processed
to interpolate to a 3D grid of points that is regularin the uncorrectedcoordi-
nate space. This simpli es the real-time calculations;tri-linear interpolation
betweenthesederived grid points is often used.

Seral projects descrite the use of tetrahedral interpolation tech-
niques(Ellis et al., 1999;Jayaram and Repp, 2002;Borst, 2004)that are, in
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someways, similar to the method that we presen below. In the discussionof
our interpolation techniqueswe will descrike the ways in which our methods
di er from theseprior approades.

Other correction sthemeshave been used, sud as neural nets (Saleh
et al., 2000) and interactive visual correction (Czerruszenk et al., 1998).
Motion tracking basedon imagefeature recognition usedin conjunction with
electromagnetidracking hasalsobeenbeenimplemerted (State et al., 1996).

3.3 Orientation Correction

As with location correction, the correction of orientation errors involvesthe
construction of an interpolating or appraximating function. Typically ead
project usedan orientation interpolation shemethat parallels the location
interpolation method. Interpolation of orientation is complicated by the
geometryof the rotational space,which is decidedlydi erent than Euclidean
space.

A key feature of eadh interpolation method is the represetation of orien-
tation. There are many ways of numerically represeting orientation. Eac
of thesethree forms have beenusedasthe basisof interpolation schemes:

Euler angletriples
3x3 special orthogonal matrices
Unit quaternions

There are six methods of orientation interpolation that are discussedn
the literature:

Interpolate ead Euler angleindependernly (Kindratenko, 1999). (We
will referto this method asthe Euler-Componert method.)

Interpolate eady componert of the 3x3 matrix; then normalize and
orthogonalize(Zachmann, 2000). (Matrix-Comp onert)

Take the weighted sum of ead componert of the 3x3 matrix; then use
a singular value decompsition (SVD) to derive an average(Livingston
and State, 1997;Curtis et al., 1993). (Matrix-SVD)

Interpolate eath componert of the quaternion; then normalize (Kin-
dratenko and Bennett, 2000). (Quaternion-4)
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Interpolate the three imaginary componerts of the quaternion; then
derive the fourth componert to form a unit quaternion (Ikits et al.,
2001). (Quaternion-3)

Interpolate between two quaternions by spherical linear interpola-
tion, commonly called SLERP (Livingston and State, 1997;Shoemale,
1985).

Ead of these methods is problematic. With the exceptionsof Matrix-
SVD and SLERP, problems arise becausethey are constructed as formal
manipulations of the represemations, but lack appropriate geometricmean-
ing.

The Matrix-SVD method does have a clear geometricmeaning, but the
geometricmeaninggivesunexpected (and undesired)results. This technique
interpolatesby minimizing the integral, over the unit sphere,of the weighed
sumofthe squaref point displacemenin real EuclideanspacegCurtis et al.,
1993). In spite of the evidert geometricsigni cance of this formulation, it is
very unclearthat this minimization problem really represets the rotational
interpolation problem that we want to sole.

Matrix-SVD is formulated in terms of distancesin Euclidean 3-space
rather than a measureof distancesin SO(3), the spaceof rotations. In
e ect, the Matrix-SVD method de nes the magnitude of a rotation by using
Euclideandistance. But we know how to quartify the magnitude of a rota-
tion; it is the magnitude of the angleof rotation. This cortradiction between
the the distancemetric usedby the SVD method and the inherert geometry
of rotations causeshe method to produceresultsthat are are substartially
at odds with reasonableexpectation, aswe will shov below.

Finally, SLERP (spherical linear interpolation) is a well known tech-
nique for interpolating betweentwo orientations and it is well descriked by
Shoemale (Shoemale, 1985). This technique usesquaternionsto traverse
gealesicsin the spaceof rotations. The problem is that it doesnot accom-
modate the interpolation of a group of rotations, which is clearly requiredin
the current cortext.

The only prior project that usesSLERP (Livingston and State, 1997)
usesit only after rst preprocessingthe measureddata to producea grid of
points that are regularly spacedin measuredcoordinates. The interpolation
to this regular grid of points is accomplishedby the Matrix-SVD method.

As away of seeingthe di culties in thesemethods, considera comparison



of the results of these six interpolation techniqueson a very simple linear
interpolation problem:

Find the rotation that is one quarter of the way between
rotation of 10 degrees alout axis (0.371, 0.557,0.743)
and
rotation of 110 degrees alout axis (0.371, 0.557,0.743).

Clearly, the expectedresult is:
rotation of 35 degrees alout axis (0.371, 0.557,0.743).

We expect this result becausethe di erence betweenthesetwo rotations
is simply a 100 degreerotation about (0.371,0.557,0.743). One quarter of
this rotation is a 25 degreerotation about the sameaxis. We composethis
quarter-way rotation with the starting orientation and we get a 35 degree
rotation about (0.371,0.557,0.743). The results of the interpolation for eah
of the six methods is preserned in Table 1. We note that rather than using
rotations of 10 and 110 degreesabove, we could just as easily have used0
and 100 degrees.The results would have beenequivalert.

Interpolation Interpolated Rotation Error from
Method angle axis Expected Result
Euler-Componert | 34.15 (0.13,0.60,0.79) 8.51
Matrix-Componert | 33.21 (0.57,0.37,0.73) 9.26
Matrix-SVD 29.21 (0.37,0.56,0.74) 5.79
Quaternion-4 33.75 (0.37,0.56,0.74) 1.25
Quaternion-3 31.35 (0.37,0.56,0.74) 3.65
SLERP 35.00 (0.37,0.56,0.74) 0.00

Table 1: Resultsof rotation interpolation methods on sampleproblem.

Of course,when the angular di erence betweenthe two rotations is less
than 100 degrees,the errors will be smaller as well. While in practice the
di erences among these techniques may sometimesbe small, there seems
no needto use techniquesthat give incorrect results. The basic problem
with ead of these methods other than SLERP is that they do not honor
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the underlying geometry of the spaceof rotations. SLERP does honor the
geometryof rotations, but it is designedfor interpolating only betweenpairs
of rotations. The techniqueswe descrike belov remedythis de ciency.

4 Our Approac h

In many respects our approad is similar to previous work. We collected
tracker data at known locations and oriertation; we then usedthesedata to
construct functionsthat correctreported data. Our approad is distinguished
from prior work primarily in our handling of the interpolation of orientation.
Our orientation interpolation method works ertirely within the spaceof ro-
tations and doesnot assumethat the spaceof rotations is Euclidean.

We use a quaternion represetation of orientations, and we interpolate
orientation correctionsdirectly from measuredorientation errors. First we
perform a Delaunay tetrahedralization of previously measureddata points;
then we calculate barycertric coordinates for the eatch new measuremen
relative to the tetrahedron that cortains that point. The tetrahedralization
and determination of barycertric coordinatesis basedonly on locations. The
barycertric coordinates(which sumto 1 by construction) are usedasweights
for performingweighted averagingof the data at the verticesof the containing
tetrahedron.

For orientation averaging,we usetheseweights with a sphericalweighed
averaging technique deweloped by Buss and Fillmore (Buss and Fillmore,
2001)to averagethe correction rotations at ead of the four vertices of the
tetrahedron. This use of barycenric coordinates with spherical weighted
averaging has a much clearer geometric rationale than previous methods.
All of the interpolation stepsare donein real time.

4.1 Data Collection

There were three phasesto our data collection e ort:

Phase 1 Orientation data collectedto study dependency of location and
orientation error on actual orientation

Phase 2 Location and orientation data collectedto construct the correction
function
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Phase 3 Location and orientation data collectedfor validation of the cor-
rection method

The apparatuswe usedfor all of the data collection phaseswas required
to be non-metallic sothat the apparatusitself would not distort the reported
data. We accomplishedthis by using plastic componeris. We used crates
obtained from a local o ce supply store; they are rectangular, consisten in
size, light, and interlocking. The size of eat crate is 35.1cm x 42.7 cm X
26.4cm. The cratesprovided a stable platform to which we could attach a
tracker sensorat a well cortrolled location and orientation. Figure 3 showns
the apparatusfor all phasesof data collection.

Figure 3: Apparatus usedfor the data collection. On the left is the equipmen
usedfor Phasel data collection and on the right is the equipmern usedfor
Phases2 and 3.

The Phasel data collection was intended to determine whether orienta-
tion errorsvaried with actual orientation aswell aswith location. To do this
we mounted a sensorin the certer of a plastic cube that was approximately
15 cm on a side. The cube was then easily positioned in eat of 24 di er-
ert orientations simply by placing a face of the cube on the top of one of
the cratesin a rigidly cortrolled orientation and location. Eadh of the six
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facescan be oriented in four ways whenit is placedon the crate, yielding 24
di erent axis-alignedorientations for the cube. Becausethe sensoris at (or
very near) the certer of the cube, the location of the sensoris essetially the
samefor eady measuremenh We made these 24 measuremets of location
and orientation at ead of four widely spacedlocations within the tracked
volume.

In Phase2, we xed a sensorto the top of one of the crates. We then
recordedthe location and orientation reported by the tracker at points on
a regular 7x6x6 grid over the certral viewing areaof our immersive system.
We ensuredthat the orientation of the sensorwas essetially identical for
all measuremets. The grid spacingin ead dimensionwas equal to the
correspnding dimension of the crates, speci ed above. This yielded a grid
that spanneda regionthat was210.6cm x 213.5cm x 132.0cm.

The third and nal phaseof data collection was done using the same
apparatus as the secondphase. We used the same spacing between grid
points, but the points were o set in eat dimensionfrom the Phase?2 grid.
This provided us with a 5x4x5 set of measuremets with which we could
validate our correction methods.

For all data collection phases,we positioned the plastic crates horizon-
tally by projecting a grid onto the o or of the immersive system. Vertical
positioning was achieved by stading the interlocking crates.

Our underlying assumption,basedon our understandingof our data col-
lection equipmert and methods, is that the nominal sensorlocation and ori-
ertation can be taken asthe true placemen with appropriate estimations of
uncertainty. There are se\eral factorsthat may cortribute to sensormosition-
ing errorswhen using this apparatus, sud asnon-linearitiesin the projector
that displays the horizortal positioning grid, human error in manually posi-
tioning the crates, and inconsistenciesn the plastic crate manufacture. We
estimatethat "almost all* (upwards of 98%) of all actual sensorocationswill
fall within 2 cm of the nominal location. Assuming a normal distribution,
this yieldsa standarduncertainty of 0.67cmfor sensordocation (Taylor and
Kuyatt, 1994). By similar reasoning,we estimate a standard uncertairty of

2 degreesfor sensororientation. While this apparatus does not give us
extreme precisionin positioning the sensor,thesepositioning errors are well
below the tracker errors that we were measuring.
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4.2 Implemen tation of Correction Metho ds

As a preprocessingstep, we construct a Delaunay tetrahedralization (in mea-
suredspace)of the points collectedin Phase2 descrilbed above. Note that no
interpolation of data is donein this preprocessingstep; we simply determine
the topology of the tetrahedralization.

Soeadt of the measuredpoints is a vertex of the tetrahedralization. The
location of the vertex is the X, Y, and Z coordinatesreported by the tracker.
With ead vertex we also store its X, Y, and Z coordinates in real space
(i.e., the "true" location) as well as a rotation correction represeted as a
guaternion.

At run time, the interpolation subsystemis initialized by readingin the
data points and tetrahedralization. Then, in real time, for ead tracker mea-
suremem, we perform thesesteps:

1. Determinein which tetrahedron the measuredocation lies (Kenwright
and Lane, 1996).

2. Report the barycertric coordinatesof the measuredocation relative to
that tetrahedron.

3. Calculate the correctedlocation and the orientation correction for the
measuredpoint by a weighted averageof the data at the tetrahedron's
verticesusing the barycertric coordinates asthe weights.

The correctedlocation is thus calculated directly and the corrected ori-
entation is generatedby applying the interpolated orientation correction to
the measuredorientation. Obsene that the corrections(both location and
orientation) are generatedas a function of the currert tracker location, but
no useis made of the current measuredtracker orientation. This approad
is basedon the understandingthat location and orientation errors are essen-
tially independert of sensororientation; this is addressedn more detail in
the discussionof the results from Phasel.

In step 3, the weighted averageof the X, Y, and Z coordinatesare donein
the convertional way. We do the weighted averageof the rotation corrections
by the sphericalweighted averagemethods descriked in (Buss and Fillmore,
2001). It should be noted that the spherical weighted average method of
Bussand Fillmore addresseghe rotation averagingproblem by formulating
an optimization problemthat is analogougo that solved by the Matrix-SVD
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method. But Bussand Fillmore's method usesa distancemetric that is based
on distancesin the spaceof rotations, rather than in Euclideanspace.When
calculatingweighted averagesof only two rotations, this method yieldsresults
that areidentical to SLERP.

The mapping of rotation correction is cortinuous, but it is not smaooth
over the boundariesof tetrahedra. Bussand Fillmore presern an algorithm
basedon splinesfor ensuringa smaooth mapping but, in the interest of real-
time performance,we useonly the simplestform of the method.

This method is distinguished from prior tetrahedral interpolation ap-
proaches(Ellis et al., 1999;Jayaram and Repp, 2002;Borst, 2004)in se\eral
ways. Firstly, all of these prior projects derive their tetrahedral decompmo-
sition from a 3D grid of points; we usea Delaunay tetrahedralization. The
useof a Delaung tetrahedralization provides substartial advantages. Data
neednot be collectedon a grid; scattered points can be used. This enables
the collection of data points more denselyin regionsof greater distortion.
Secondly none of the prior projects use spherical weighted averaging for
orientation correction interpolation. In addition, Jayaram and Repp inter-
polate individual Euler anglesand usea very di erent method for searting
the corntaining tetrahedron. The method of Ellis et al. seemssimilar to ours
in that it is derivedin part from the work of Kenwright and Lane (Kenwright
and Lane, 1996), as is our own; their method of interpolating orientations,
howewer, is not descriked explicitly. The work of Borst is the most simi-
lar to our method; this work usesbaryceriric coordinates as interpolation
weights as descrilked by Kenwright and Lane (Kenwright and Lane, 1996),
but di ers from our work in the ways descrited above. Our useof Delaunay
tetrahedralization in conjunction with the sphericalweighed averagemethod
for rotation interpolation at scatteredpoints substartially distinguishesour
techniquesfrom prior tracker correction e orts.

5 Results

5.1 Dependency of Measurement Errors on Sensor
Orien tation

As mertioned above, in the Phasel data collection, we recordedorientation
and location measuremets with the sensorat 24 di erent axis-alignedorien-
tations at eat of four locations. We were interestedin discovering whether
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measuredocation and orientation errors dependedon the orientation of the
sensor.To do this, we examinedthe variation of both location and orienta-
tion errors over all orientations at eady measuremenlocation. If errors are
independen of orientation, then we would expect no variation of errors, or at
leastthe magnitude of the variation should be consistem with the inaccura-
ciesof our measuremeh apparatusand methods. If errors are depender on
orientation, then the variation of those errors will give us an understanding
of the magnitude of that dependence.

We rst calculatedthe averageerror amongall of the 24 measuremets at
a given location; we then looked at the magnitude of the di erence between
eadh measuremen and the correspnding average. For location errors, we
calculatedthe averagesin the normal way. For orientation errors, we formed
the error rotations; we then averagedthem using the spherical averaging
technique descriked above.

Figure 4 shows a histogram of the magnitude of the deviation of eah
measuredlocation error from the correspnding location error average. The
plot aggregatesall of the data derived from Phasel. The averageerror de-
viation is 1.55 cm and the standard deviation is 0.69 cm. We beliewe that
the main sourceof location deviation is due to the fact that the certer of
measuremen of the physical sensorwas not mourted in the exact certer of
the measuremen apparatus, so there was a slight o set for all of the mea-
suremers. Additional error waslikely introducedby the manual placemen
of the sensor.

Figure 5 shaws a histogram of the angular magnitude of the rotational
deviation of ead orientation error from the averagerotational error. The
averagedeviation is 1.03 degreeswith a standard deviation of .38 degrees.
Again, there is inevitably measuremen error introduced by inaccuraciesof
our apparatusand manual methods.

In both of thesedata sets(location and oriertation) the obsenations with
the greatestdeviation from the mean occurred when the sensorwas located
at the locations farthest from the tracker transmitter. From our informal
obsenations of error before this study, this is where we expected tracker
noiseand non-linearity to be at its worst.

Basedon our understanding of the inaccuraciesof our measuremen ap-
paratus and manual measuremen methods, we feel that thesevariations of
error are consistem with the assumptionthat there is no dependenceof loca-
tion or orientation errorson sensororientation. Furthermore, we believe that
if there is, in fact, dependenceof error on orientation, the magnitude of the
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Figure 4: Distribution of the magnitudesof the deviation of location error
from location error averagefor Phasel data.

cortribution of that dependenceto the overall error is su cien tly small that
it can safelybe ignored. We basedthis decision rst on our preliminary ob-
senations and measuremets of overall location and orientation errors that
were performed before the results reported here. The decisionwas borne
out by the overall errors measuredin Phase2 as described belov. We do
not cortend that thesedata prove that there is no dependenceof error on
orientation, but the data do indicate that it is su ciently small that it is a
reasonablewvorking assumptionthat there is no dependence.

This assumptiongreatly simpli ed the Phase2 e ort. The data collection
procedure for Phase2 was not required to samplea range of orierntations.
As descriked above, we collected data at many locations, but only for one
oriertation at ead location. Furthermore, the correctionsof both location
and orientation that are derived from Phase2 data needonly be basedon
measuredlocation.
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Figure 5: Distribution of the angular magnitudesof the rotational deviation
of orientation error from orientation error averagefor Phasel data.

5.2 Observed Errors

Figure 6 showsthe distorted and undistorted grid of points collectedin Phase
2. The imageon the left shavs the actual locations of the collected points,
the image on the right shows the location of the points as reported by the
tracker.

Table 2 shaws statistics derived from location errors and angular errors
for Phase2 and Phase3 data. Note that eventhough the Phase3 data points
were taken over a slightly smaller and more certrally located volume, they
still display very large errors.

Figure 7 shows a plot of measuremen errors versusthe the distance of
the measuremen from the transmitter. Clearly the error increasesas the
distance between transmitter and sensorincreases. The error varies (very)
roughly with the square of the transmitter/sensor distance. The angular
magnitude of the orientation error varies similarly with distance between
sensorand transmitter. Previous work (Nixon et al., 1998) suggeststhat
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Figure 6: On the left we show the true locations of the points at which we
collecteddata in Phase2. On the right we show the locationsthat the tracker
reported for thesepoints.

Data Location Errors Orientation Errors
Source Num Pts Average Std Dev Average Std Dev
Phase?2 296 37.27cm 24.52cm 20.15 11.36
Phase3 100 37.51cm 19.30cm 19.57 8.96

Table 2: Error statistics for Phasel and Phase2 data.

errors should vary with the fourth power of the transmitter/sensor distance,
but this is only when interfering elds are only in closeproximity to either
the transmitter or sensor.This is not the casein our installation.

5.3 Residual Errors After Correction

We apply our correction methods (basedon Phase2 data) to derive corrected
locations for the Phase3 points. Table 3 shows the results. We seeapprox-
imately a 95.5%improvemert in location errors and approximately a 87.0%
improvemern in orientation errors. Given the relatively inexact manual data
collection method, we considerthis to be a very good correction result.
Comparing theseresults to the results of prior projectsis often di cult,

not the least becauseof di erent methods of reporting and characterizing
results. Additional obstaclesto comparisonare the di erent con gurations
of tracking environmens, sud as size of the tracked region, the amourt of
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Figure 7: Location error magnitude versusthe distance betweensensorand
transmitter.

distortion, and the di erent characteristics of tracking apparatus. Howe\er,
there are results from se\eral projects that can be comparedto our own.

In (Livingston and State, 1997) improvemers of 78.7%in location and
40%in orientation errorsareindicated. The work of (Ellis et al., 1999)shows
an "approximately sewenfold" (85.7%) reduction of location error. In (Kin-
dratenko, 1999) an improvemern of location error of "as much as 4 times"
(75%) and an improvemer of orientation error of up to "3 times", (66.7%)
are reported, and (Kindratenko and Bennett, 2000) shovs an improvemern
of orientation error by 85.5%. Improvemeris of 86.6%in location errorsand
80.3%in orientation errors are presened in (lkits et al., 2001). The results
in (Borst, 2004)are somewhatdi cult to compareto oursbecausehe uncor-
rected errors are not reported, but the data preseted suggestghat location
errorsarereducedby at least87%and rotation errorsare reducedby at least
95%for measuremets madein a "high-warp" ervironment. When compar-
ing theseresultsto our results, note that in Borst's work the tracked region
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is a volume 41.7 cm x 62.5cm x 20.8 cm (lessthan 1% of the volume of
our calibrated region) with the tracker transmitter in closeproximity to the
tracked region. In short, our results compare very well with results from
prior work.

Data ‘Num ResidualLocation Errors | Residual Orientation Errors

Source | Pts Average Std Dev Average Std Dev
Corrected
Phase3 | 100 1.69cm 1.30cm 2.55 0.63

Table 3: Residuallocation and orientation errors after applying corrections.

Figure 8 shaws these residual errors again plotted against the distance
betweenthe sensorand the transmitter. We seeagainthat the largesterrors
comefrom points that have the greatestseparationbetweentransmitter and
sensor,but beyond that, no particular structure is evident in the residuals.
The distribution of orientation residual errorsis similar.

It is interesting to note that Phase3 data collection was donea full year
after the Phase?2 data collection. This indicates both that the errors are
very stable over time and that our data collection methodology is sound.
Our data collection proceduresproducedconsisten results even though data
collection was done by multiple peopleseparatedby long spansof time.

5.4 Performance

In actual operation in the immersive system,we notice no performancedegra-
dation assaiated with the correction software. In order to understand per-
formanceissuesmore clearly, we collectedabout two minutes of cortinuous
raw data for the two sensorghat we simultaneously track. This constitutes
12000individual data points for ead of the two sensors.We then isolated
the correction algorithm from the other software and performedtests to see
how much time was being consumedby the correction algorithm for these
two data streams.

We found that the correction algorithm consumed3.60 secondsof CPU
time to processthis 120 secondstream of tracker data. So the correction
accourts for appraximately 3 percen of the cycleson a single CPU. Consid-
eringthat we always run on a multipro cessomadine, this is a computational
burdenthat is very easily borne.
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Figure 8: Residualerror magnitudesafter correctionversusdistancebetween
sensorand transmitter. This plot shovs Phase3 data points with correction
basedon Phase2 data points.

It is alsoworth noting that this test was madeon code that we had made
no attempt to optimize, either on the sourcecode level or by the compiler.

5.5 Qualitativ e Results

When we apply this correctionto the tracker in the immersive visualization
ervironmert the di erence is clearto the user. Objects that shouldbe stable
appearto be stationary asthe usermovesthrough the virtual scenethe dis-
played pointer tracks the tracked hand-helddeviceaccurately and there are
no visual artifacts when objects crossthe divisions betweenscreens.Figure 9
shaws an uncorrectedand a correctedview that indicate the bene t derived
from our tracker correction procedure.

Prior experimertal work (Ellis et al., 1999) has indicated that tracker
distortion doesnot clearly in uence the subjective senseof realism. However
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in that study the amourt of distortion of the tracked data is descriled as
"relativ ely small" and seemgo be much smallerthan the distortion presen
in our system. While we have not performedsud user studies, our informal
obsenations indicate that our correction methods substanially enhancethe
subjective senseof immersionand the understandingof the 3D virtual scene.

Figure 9: The imageonthe left shovsthe visual artifacts dueto tracker error.
The imageon the right shavsthe samescenewith tracker data correctedwith
the methods describked here.

6 Conclusions and Future Work

It is clearthat the tracker correctionmethodsthat we descrike hereproduced
resultsthat substartially improve the accuracyof the tracker equipmern and
enhancethe immersive experience. The performanceof our methods is very
satisfactory for the real-time environmert in which it must operate.

We use a straight-forward method for interpolating rotational data
(sphericalweighted averages}hat hasnot beenappliedto tracker calibration
before. Unlike previousrotation correction methods this techniqueis rmly
rooted in the geometryof the spaceof rotations. This technique can be used
in other contexts for doing weighted averagesof rotations. This method is
usedin conjunction with Delaunay tetrahedralization (not previously used
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in this cortext) and weights derived from baryceriric coordinates. Currently
our methods provide cortinuous, but not smooth interpolation; we intend
to extend this approad to provide smooth 3D interpolation throughout the
tracked volume.

Bringing together the use of sphericalweighted averageswith Delaunay
tetrahedralization and barycertric coordinates provides a valuable approat
to correcting tracker data basedon samplesat scatteredpoints. The correc-
tion methods described here are in daily usein our immersiwe visualization
ervironmert and have yielded substartial improvemern to the immersive ex-
perience.
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The NIST immersiwe visualization system. A single 3D scene
is being displayed acrossthe three screens.Note the tracker
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other is attached to a hand-held pointing device.. . . . . . ..
Distortions due to tracker miscalibration. The grid lines
should be straight. They bend at the points wherethey cross
the boundariesbetweenscreensn the immersive ervironmert.
(Note that the image displayed here depicts 3D data from
a confocal microscope and the annotation within the image
refersto that dataset.) . .. ..................
Apparatus used for the data collection. On the left is the
equipmen usedfor Phasel data collection and on the right
is the equipmen usedfor Phases2and3. ... ...... ..
Distribution of the magnitudes of the deviation of location
error from location error averagefor Phasel data. . . . . . . .
Distribution of the angular magnitudes of the rotational de-
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Phaseldata. . .. .. ... ... ... ... ... .. .....
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Residualerror magnitudesafter correction versusdistancebe-
tweensensorand transmitter. This plot shovs Phase3 data
points with correction basedon Phase2 data points. . . . . .
The imageon the left shows the visual artifacts dueto tracker
error. The image on the right shons the same scenewith
tracker data correctedwith the methods descriked here.. . . .
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