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ABSTRACT

In our current research we examine the integration of haptés-

faces into augmented reality setups. The ultimate targéhexe
endeavours is the application of the framework to trainihgna-

nipulative skills in surgical environments. To this endytiy accu-
rate calibration, system stability, and low latency aréspdnsable
prerequisites. Therefore, we developed a new calibratiethad to
exactly align the haptic and world coordinate systems. ldege a
distributed framework was created, which ensures low 3t@md

component synchronization. Finally, to demonstrate osults, we
integrated all elements into an augmented reality haptigs-pong

game.

Keywords: haptic, calibration, synchronization, augmented real-
ity

1 INTRODUCTION

The underlying idea of augmented reality (AR) systems i<tim-
bination of real and virtual objects into one environmertisTis in
contrast to virtual reality (VR) frameworks, where the wialur-
rounding of a user is computer-generated. In contrast téather,
AR systems are of higher complexity, since the real worldeep
sents a reference frame into which the virtual elements tabe
perfectly integrated. Any errors in this process would tyedi-
minish the usability of a system, and compromise user intiena
and immersion [20].

Recent research has examined the possibility of addingchapt
feedback to AR frameworks. A few proof-of-concept systemngch
been developed in this context, for instance [16, 23, 1]. &y,
lag reduction, exact alignment, or error minimization idyosel-
domly addressed. This is a signi cant shortcoming, singgedel-
ing on the actual application area of the AR haptic systemseh
factors can play a fundamental role.

The driving force of our current research is the developnoént
medical training systems using AR techniques. In thissgttigh
accuracy and stability are a prerequisite. Misalignmertdvefrlaid
virtual objects would greatly compromise manipulative liteand
the sense of presence, and thus reduce the overall traiffed.e
This situation becomes even more critical, if haptic feettta in-
tegrated into the system. Calibration errors or excessitenties
in generating feedback would lead to the loss of spatialarndm-
poral synchronization making the interaction disturbjnghnatu-
ral. Unfortunately, so far no systems are available, whiclula/
meet the high demands for stability, accuracy and respomse t
Therefore, we have developed a high precision augmentdityrea
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haptics environment. The two main components are the aecura
calibration of the haptic device in world coordinates, adl &g a
distributed, low latency framework for synchronizationoidover,

we have integrated all components into a rst simple appiicato
demonstrate the high delity of our system. In the followjnge
present a detailed description of the haptic device intemgranto
our AR demo application.

Following the overview of previous work and the descriptain
our system setup, in section 4, we present an ef cient caion
and registration procedure for incorporating the devite dur sys-
tem. The registration procedure covers the whole haptikspace
and only needs to be performed once. No recalibration issece
sary after a restart of the system. In addition, we providetaitkd
analysis of the calibration accuracy. Thereafter, in sech a de-
scription of the synchronization approach for our distidalsystem
is given. In section 6 we illustrate the accuracy of the itegi®on
and show the synchronization results of the system by dpi&jo
an AR-based ping-pong game. This scenario has been setketed
to the high requirements, such as fast interaction with teg,wac-
curate alignment between haptic feedback and virtual batlan,
and interaction of the virtual ball with the real environmerfri-
nally, we conclude with a discussion of our results and atookt
to future work.

2 PREVIOUS WORK

Only alimited number of groups have attempted to incorponap-
tic rendering into AR applications, and even less have piexvian
analysis of the haptic registration accuracy, or dealt Jatency
issues.

Research pioneering the integration of haptic devices Ao
systems was conducted by Vallino and Brown [21]. They deter-
mined the relationship between the haptic and the worlddinate
system by measuring four points in both frames and estimatin
af ne transformation between them. However, af ne reprase
tion does not provide any metric information, which pregean
analysis of the accuracy of their calibration procedure.

Another way to estimate the haptic-world transformatiorois
measure points with an external metrology system. In [5]exipr
sion surveying theodolite is used to measure the positionark-
ers placed in the haptic space. Unfortunately, the haplilsreion
only provided a low accuracy with errors up tds@dm This is due
to the dif culty of uniformly distributing markers over thehole
workspace.

Some attempts have been made to improve the position agcurac
of the PHANTOM haptic device by correcting the position esro
from measurements of grid points. A planar calibration ggidsed
in [17] to correct the haptic position, and then extend tbisection
to the entire haptic volume by extrapolation. However, tsuits
reveal that the position error increases as the tip movey &om
the grid.

An improvement of the grid approach has been suggestedjn [10
by placing two perpendicular planar grids in the haptic vgpdce.

In addition, the authors adjust the joint angles of the PHAMT
with correction values for rectifying the imprecise initzation of



the optical encoders. Those values are computed by mimigizi
the difference between the position of the grid points aredcibr-
responding haptic measurements. The minimization reshii® a
signi cant improvement of the haptic-grid calibration.

Although the estimated accuracy provided by the former two
methods is on the order of a few millimeters, the results aifg o
valid for points close to the calibration grid with the asgtion that
the grid is perfectly planar. Unfortunately, grid-basegrmaches
only partially cover the haptic workspace, and can thus twdglly
provide suf cient accuracy.

Concerning the used display technology, integration oftibap
rendering into AR systems, has mostly focused on desktdpregs
e.g. [13, 19]. These setups create a virtual environmenighnil
projected on a semi-transparent mirror placed betweensteand
the haptic interface. Thus, virtual objects are apparertlgcated
with the haptic workspace. Often, head tracking is inclutteih-
tegrate simulation of motion parallax. These system ekkiliilar
calibration issues as in real AR systems.

Finally, games implemented with augmented reality tealesq
have also been a topic of reseach. In [22] an virtual tableite
setup with real rackets has been developed. However, tideyati
include haptic feedback, and only used the rackets as aricote
to position as virtual racket on the screen. In [18], a caltakive,
mobile AR-based billard game has been discussed, whichdesl
tactile feedback.

3 AUGMENTED REALITY SETUP

Figure 1: View depicting all components of AR system: head-
mounted camera, marker, haptic device and optical tracking system
(in the small window)

estimate the relationship between the haptic and the woddds-
nate system. In our case, the world coordinate system isdaadv
by the OPTOTRAK. This procedure is callbdptic-world calibra-
tion. We have to ensure, that errors in determining this transder
tion are minimized.

The underlying idea of the calibration procedure is to alRD

The basic idea of our AR setup is to capture a real scene with a Point measurements in both coordinate systems. Based em the

head-mounted camera, superimpose virtual objects in tlagem
and display the scene with a head mounted display. To enzact e
alignment between real and virtual world, the system nesésti-
mate the relative position between the virtual objects aediser's
head. Therefore, accurate estimation of the head pose egfect
to an arbitrary world coordinate system in which the virtolajects
are placed is necessary.

Our AR system comprises an optical position tracking device
OPTOTRAK 3020 manufactured by Northern Digital Inc. [8],

a head-mounted FireWire camera and a camera-mounted marker

The optical tracker consists of three xed linear cameragtvide-
tect the infrared LEDs attached to a marker. By triangufatibe
optical system measures the 3D LED position with a RMS accu-
racy of 02mmat an optimal distance of:25m. From these mea-
surements, the orientation and position of the marker ispraed.
Since the camera and the marker are rigidly attached, theream
marker transformation is xed and estimated by an of ineibed-
tion process. Given this transformation and the marker ,pitbee
AR system can estimate the camera pose with respect to tietra
coordinate frame. The estimated camera pose allows ugtothie
virtual and the real worlds.

Into our described AR setup, we integrated a SensAble
PHANTOM 1.5 haptic device. An overview of the resulting sys-
tem is presented in Figure 1. A view of the scene as displayed t
the user is rendered on an additional monitor.

To enable faithful haptic interaction with the virtuallygmented
objects, we need to accurately estimate the transformbatbmeen
the haptic coordinate system and the optical tracking sysihis
will be explained in more detail below.

4 CALIBRATION OF HAPTIC SYSTEM

4.1 Overview

In order to draw the virtual representation of the haptierattion
point at the correct physical location in the real world, veed to

data, the rigid transformation between the two differentt€an
coordinate system&andB can be determined. In photogrammetry,
this is referred to as thabsolute orientatioproblem. LetX; and
Xy be points expressed WandB, respectively. The transformation
betweenXy andX, is given by

Xp= RXg+ T @

whereR is the 3x3 rotation matrix and the translation vector.
R andT denote the rigid transformation betwedrandB. In our
case, the set of poin{s,)1 i n represents the measurements ob-
tained from the tracking system, while the set of po(iXg)1 i N
describe positions determined from the haptic device. alisslute
orientationmethod estimates the best rotation matrix and transla-
tion vector in the sense of distance error between both [seits.
This leads to the least square problem

N

mind kX, RX, Tk2 (2)
RT =1

Several algorithms have been suggested to solve this pnoble
[12]; we follow a least-squares tting method as discusse?i.
Thus, the overall procedure consists of two main steps.t, i
collect points measured in both coordinate systems by sirey-
ibrated marker-tip extension attached to the haptic styltisere-
after, the haptic-world transformation is computed with cgpii-
mization approach.

With regard to both these steps, it should be noted, thatréa-p
sion of encoder readings for the haptic device position dépen
the reset procedure of the PHANToM, and therefore in uertbes
calibration results. To avoid this problem, we reset onlgeothe
encoder values before the initial marker-tip calibratiand do not
perform a re-initialization thereafter.



Figure 2: Calibration marker attached to tip of PHANToOM

4.2 Tip-marker calibration
4.2.1 Calibration procedure

As discussed above, we rst have to collect a set of pointssunesal
in both reference frames. To this end we rigidly attached ekena
to the tip of the PHANToOM (Figure 2). In this con guration, ¢h
tracking system only reports the marker p é’rflser. In order
to measure the tip position with respect to the world coatin
system, we need to determine the translafl'éﬁ'lgrker between the
marker and the tip of the haptic device. This procedure isrredl
to as thetip-marker calibration Thereafter, the tip poslalt"i‘g’rld
with respect to the world coordinate system is computed fiioen

composition ofHMarker and TP Figure 3 illustrates the dif-
ferent transformations involved In the calibration pracesdetail,
where the notatiohy is the rigid transformation from the fran@

to the frameP.

marker
Hworld

tip
Tmarker

Figure 3: PHANToM and OPTOTRAK coordinate frames

The tip-marker calibration procedure consists of rotathregtip-
mounted marker around the joint intersection of the gimbEd.
do this, we stabilize the tip position in the middle of the tap
workspace by rendering a xation force with the device. Tipe t
marker is then manually displaced following a spherical ement
in space, while the marker poses are recorded. Given thedetto
set of points, we used the pivot calibration method desdrib§l1]
to obtain the best sphere tting the data.

In our case, the center of the sphere corresponds to thegip po
tion with respect to the world frame, and the radius of theesph
represents the distance between the marker and the tip. thesa

data, the translatioﬁggrkerde nedin gure 3 can be obtained. Un-
fortunately, the estimation of the tip-marker relatiomstiépends on
the accuracy of the point measurements.

4.2.2 Simulation of calibration error

Two main sources of measurement errors can be identi ed kenar
pose accuracy, and the stability of the xed tip in the haptic
workspace while rotating the marker. In order to determime t
in uence of the point measurement errors on the calibrative
performed a simulation of the procedure. In previous woitk&
have described a statistical noise model for the former soorce.
It models the marker pose error, which estimates the poséitor
introduced by the tracking device. The model reports thekerar
pose with a systematic space-dependent offset. For tlee sattirce
of errors, we used a Gaussian noise to shift the tip positimm the
center of the sphere in order to model the instability of thptit
tip location while rotating the marker.

The simulations consisted of varying the magnitude of tiv@in
duced errors within a given range. For each noise value, wée
simulation 1000 times and computed the statistical datardar to
be close to the real case, we modeled the marker-tip assérabiy
real measurements. In addition, we placed the haptic dexitiee
optimal range of the tracking system.

Figure 4 shows the in uence of the marker noise on the eséithat
sphere center. For the RMS accuracy of the tracking systeen, t
center position error is lower thand@®mm This low value is due to
the advantage of recording the marker pose on a completeesphe
Other simulations in which the marker movement was restlitd
a quarter of a sphere provided an error of the center posifon
to 0:2mm Thus, the actual point collection procedure also has an
in uence on the accuracy of tip-marker calibration.

The in uence of the tip noise is depicted in gure 5. The simu-
lation results reveal that the instability of haptic tip ias domi-
nates the calibration results. During experiments, wenvieskthat
the stylus moves about 12mm Adding to the resulting error the
one of the marker pose, we obtain an accuracy of the califorati
with a global error smaller thamim

It should be noted, that attaching the marker to the tip ezabl
us to record points in the entire working volume of the hagte
vice, whereas grid-based methods are limited to a plandacsir
Moreover, a grid might not even be perfectly at, which woalido
introduce additional errors in the calibration.

4.3 Haptic-world calibration
4.3.1 Outline

With the marker-tip calibration described in the previoest®n,

we are now able to obtain corresponding point measuremants i
both the haptic and world coordinate system. This allows esitry

out the actual haptic-world calibration. As discussed abdkis
denotes the determination of the rigid transformation leetwboth
reference frames. Unfortunately, additional errors ateduced
due to the inaccuracies in haptic encoder initializatiohergfore,
we have to carry out a two-staged optimization process.t fies
determine the rigid transformation, and thereafter weguerfan
encoder joint angle correction.

The initial step is the acquisition of points in both coomt®
systems. We obtain point measurements by manually moviag th
marker-tip assembly in the entire haptic workspace. Wertetie
tip position with respect to both haptic and tracker cocatérsys-
tems. In an ideal noise-free situation, two points woulddamtical.
However, in reality, points are not alighed due to errorsoiiticed
by the haptic device encoder readings. Therefore, the dahleo
calibration procedure is to correct the misalignment betwieoth
data sets.
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Figure 4: In uence of the marker noise on Marker-Tip calibration
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4.3.2 Calibration procedure

Apart from theabsolute orientatiorproblem, we also have to cor-
rect the joint angles of the haptic device in order to aliga tiivo
datasets. To this end we will follow awpen-loop methqdas de-
ned in [7]. By moving the joints and recording both tip pose
and corresponding joint angle values, the parameters ofveafd
kinematics model are determined by carrying out a non-tiloga
timization. Inspired by [10], the correction technique a&sbd on
the registration between the two set of points expressdtkisame
coordinate system by adjusting the joint angles.

We choose the forward kinematics model of the PHANToM de-
scribed in [4], which is given by equation 3. Hetgis the vector of
joint angles(qy; q»; g3) T and(l;12) the length of the device arms.

Figure 6: Joint angle con guration

Figure 6 illustrates the notation of the joint angles andéngth
of the arms. In our case, we only investigate the tip locatiecause
the structure of the tip-mounted marker is not able to meathe
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Figure 5: In uence of the tip noise on Marker-Tip calibratio n
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orientation of the tip. As a consequence, the kinematicrpatars
are solely estimated from the tip position. From equation8,
extract the tip locatiog(q;I1;12) given by:

sin(gn)(11cogqp) + 12sin(gs))
Xnaptic= 9(q:l112) = 4 l2 12c08gs) + l1sin(gz)
I1+ cogqr)(l1cogqp) + 12sin(q2))
4
Due to the discussed initialization inaccuracies, a denawill
be present betweem and the actual encoder readings. To address
this, we model joint angle correction as a simple linear fiomc

q=ky'+g )
wherei is the pose number for1i N, y' is the vector of the
joint angles encoder readinggis the vector of the joint angle off-
sets, and is the vector of joint angle gains. With this we substitute
(5) into (4) and obtain:
Xhaptidy i) =9 q(ky'; gl 6)
with f = (k;g;11;12).

Let (X,orq)1 i N be the corresponding point set with respect to
the world coordinate system. To align the point set, we ol
two-staged optimization. In the rst step we perform the miiza-
tion based on equation 2 to solve the absolute orientatioll@m.
This estimation is a closed-form solution, and does notirecan
iterative optimization. Thus, this step allows us to deiemvalues
for RandT with an initial guess fof .

Thereatfter, the joint angle correction is performed by siiljig
the parameters df, such as to minimize the residual functid(f ).

N . )
r(f)= rg#né I(X:/vorld R%aptic(yl;f) TK? ™)
=l

Thus, the optimal correction parameter $etis obtained by
solving:



f = argminr(f) (8)

We use the MATLAB implementation of the Levenberg-
Marquardt algorithm for minimizing equation 8.

The two-staged process is iterated alternatingly untilrésgd-
ual drops below a given threshold. The next section illtstrghe
results of this optimization process.

4.4 Calibration analysis
4.4.1 Test protocol

The validity of the optimization process was assessed irxpare

iment. The goal of this step was on the one hand to examine the

lower bound of the calibration error, and on the other handie-
termine the number of point measurements necessary to tieiach
minimal error.

To this end, we collected measurements for 140 manually se-

lected points in both the haptic and world coordinate sysiéthile
acquiring the data, we tried to cover the entire haptic woaks by

moving the device arm to the borders of the volume in order to

reach the extreme values of the joint angles. These datathene
randomly divided into two sets of 70 points. The rst repnetssl
atraining set which we used for estimating the correction param-
eters off . The second was ouesting setwhich we utilized to
determine the quality of the calibration. In order to avany hias
introduced by the selection of these two sets, we repeaiedair
dom subdivision 1000 times, and determined the errors fr eae

of them. The statistical analysis takes all this data intmaat.

Since the optimization algorithm is based on an iterative ap
proach, we need to provide an initial guess for the parameter
be optimized. In our case, the joint angle gdingere set to 1, the
joint angle offsetgto 0, and the length of the device arhsgl, to
the manufacturer de ned values of 269mm

Moreover, it should be mentioned, that the results wereioddta
for a device initialization position close to the usual tes@ gu-
ration. However, as we will discuss below, the algorithmalust
against selection of the starting position, and thus thaltesepre-
sentative for the whole workspace.

4.4.2 Analysis of correction parameters

Figure 7 shows the distance error between the haptic anddtie t
ing measurements against the number of points used for izjign
the correction parameters. As revealed by the plot, thempdition
process is able to reduce the error from 3@nim. The remaining
error is probably introduced while calibrating the markprassem-
bly. In addition, a minimum of 30 points can be used for prelgis
estimating the correction parameters.

Figure 8 depicts the offset values against the number oftgoin
used. It can be seen, that the optimization is successfuhfand
@, whereas no solution can be found for offggt This indicates,
that the joint angleg, andgz can be corrected. In contrast to this,
the optimization algorithm does not nd any solution for tioént
angleq:. This is due to the fact, that correcting the angleim-
plies moving the haptic coordinate system from the reseitipns
to the true position. However, the latter is unknown and caive
estimated by the marker-tip assembly since its positioigigly de-
pending on the reset position. Thus, it is only possible tintpe
the two joint angle offsetgy andgs.

These ndings are in line with the results obtained for thiafo
angle gaing; as depicted in gure 9. In contrast tp, the gains for
the jointsgy andgs are slightly deviating from 1. While the change
of k; is negligible, the deviation of the others can not be omitted
Even though those changes are small, an optimization wifbou
angle gains has revealed a higher residual value of theiequat

Furthermore, to test whether the optimization processhsisb
against the reset position or not, we carried out additiowdgpen-
dent optimizations at different starting positions usiagying joint
angles of the device arms. In order to examine the effectfef di
ferent angles fo, and g3 during calibration, we carried out the
process using combinations of right or obtuse angles, ctisphy.
For each angle combination, we again recorded 140 measnteme
and repeated the procedure described above. As revealed-by
ure 10, the distance error between the haptic and world poont-
verges for any combination towards low error values. As imeetd
earlier these values can probably be attributed to thereaidn er-
ror of the marker-tip assembly caused by the noisy trackiag d
and the instability of the haptic xation. Additional experents,
which did not focus on speci ¢ angles, but used reset locatio
the extreme top and bottom, as well as left and right regiorike
workspace resulted in the same outcome.

Finally, as a further result, we also noticed, that the ojziat
length values of the armig;l, are not modi ed by the optimiza-
tion process. This implies that the nominal values de nedtoy
manufacturer are suf ciently precise.

4.4.3 Calibration results

In gures 11 and 12, the two sets of 3D points are plotted in the
haptic coordinate frame before and after the optimizatimtess.
The circles represent the tracking measurements, anddteae
the haptic data. The picture on the left reveals the straatfithe
measurement errors reported by the haptic device. One can no
tice that the deformation between both clouds of points caba
represented by any rigid transformation. A radial distaegoer
with respect to the base of the haptic arm is probably thecsour
of this. The picture on the right illustrates the resulteaéstimat-
ing the correction parameters. The two clouds are neagyed to
each other. This result implies that the optimized jointlaagllow
estimating an accurate transformation between the hapticte
tracking system.

5 DISTRIBUTED FRAMEWORK

5.1 System architecture

One of the main challenges in an AR system is to maintain lew la
tency in order to synchronize the augmented images with ske u
motion also in time. Already a standard AR setup has to megt hi
computational demands, since image acquisition, imageegss
ing, virtual overlay, and drawing of the output image shdddione
with delays as small as possible. Adding a haptic interfacgith
a setup and performing physics simulations to allow useraa-
tion with virtual objects would exhaust the computationagr of
currently available computing hardware. Therefore, weehaw-
veloped a distributed system to meet the related requiresmdéys
discussed in [14], several possibilities for distributadrsuch an ap-
plication exist. In our case, we useyeaphics serveand aphysics
server

The former carries out all tasks typical to a standard ARsetu
e.g. image acquisition, camera pose computation, or revgler
Thus, in our context the only external input data needed@siipn
and orientation of the haptic interface, as well as of theugirob-
jectsin the scene. This is true, as long as we are using rijatts.
Switching for instance to deformable objects would reqaineup-
date of a complete mesh. Nevertheless, as discussed befow, s
cient time would be available to also transmit larger paxkétiata.
The latter takes care of force-feedback computation, aydipal
simulation of virtual objects. Thus, the server is compiebede-
pendent from tracking or image acquisition. Communicatiea
tween the two is accomplished via an ethernet connectiom tivét
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TCP protocol. The Nagle algorithm has been disabled to eethe
round trip time.

The described separation provides suf cient resources ¢etm
the low-latency requirements, however, two additional ponents
are needed to ensure coordination during run-time. Firsthave
to guarantee synchrony between events in the haptic andlvisu
tual world. This problem can be tackled by synchronizinghbot
machines in time, which allows the correlation of recordedges
to speci c timesteps in the physical simulation. Seconthg sys-
tem requires an appropriate communication model, whicls do¢
block or interfere otherwise with the physics or graphiagplo
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Figure 8: Angle correction after optimization
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Figure 10: Calibration results for four combinations of joint angles during
reset procedure

ily be adapted to other applications. Moreover, the indigiccom-
ponents can be developed separately from other framewaonpao
nents. Finally, due to the decoupling, different operasggtems
could be used on the servers, which could be useful, if a bapti
device other than the PHANToM should be integrated.

5.2 Synchronization

Synchronizing both servers in time is essential for our ARIze
Time-lagged movement of virtual objects with respect to the
recorded background image would result, if no or inaccusgte

In our testbed implementation described below, we have used chronization would be used. Consequently, user intenactiould

two dual PCs with BGHz and 24GHz CPUs, respectively. Both
machines have@B RAM with 512kb cache, and are running with
a Linux OS. On the haptics server, the haptic loop is updaiéd w
a xed refresh rate of KHz The physics computation runs in a
separate loop and can achieve higher refresh rates. Haweeer
also limited it to kXHz On the graphics server the AR pipeline is
carried out with an update of aboutk3@ This is mainly limited
by the frame acquisition time of the camera. The visualirats
rendered with an NVIDIA Geforce 6600 GT card.

It should be mentioned, that the distributed system alsibégh
some additional advantages. It provides high exibilitdaran eas-

be greatly compromised. To tackle this problem we reduced th
difference of both machine clocks by using a closely locatett
work Time Protocol (NTP) server, to which we measured a round
trip time below Ins

For the synchronization, we have to determine round trigetim
and clock difference of both machines every time we startagur
plication. In order to achieve this, packets are sent aneived on
each machine, in which the actual time on both machines isedto
The clock difference can then be computed from the rounditrip
RTT and the difference of the times taken, with the physics serve
as the reference [6]. Witfi; being the recorded time on the ma-
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Figure 11: The two sets of points before optimization

chine starting the communication, afglbeing the one of the other
machine, the clock differend®T for the rst processor is given by:

DT = —R;T+(T2

T1) ©)

To avoid the effect of network jitter, this measurement isied
out multiple times, and the mean of the results is used foafie
plication. In our testbed system, round trip time was in #rege of
200 300ms. Thus, with our procedure the clocks of both machines
can be synchronized with an accuracy of aboutrig)0

5.3 Communication model

For communication between the servers in our distributath&-
work, three requirements have to be ful lled. First, objdata to be
transmitted have to correspond to a given timestep [9] asg@ly
as possible, so that the optimal correlation between imadevi-
tual objects is given. Secondly, the communication shoatdimit
the computations on both machines to a speci ¢ update rataf-o
fect them in any other way even if packages arrive too latstliza
the model should be easily adaptable for other applications

-400 200

Figure 12: The two sets of points after optimization
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Figure 13: Communication model to exchange simulation data

To meet these requirements, a ring data buffer has been-imple stored temporarily, and can be retrieved when nally neefdedi-

mented, which stores the information of the physics contjmrat

sualization at the end of the graphics loop. Figure 13 #atet the

1kHz Thus, data about interactive objects can be provided at any communication for one iteration on the graphics serverhdutd
timestep with 50@s accuracy. When the process of generating a be noted, that in the rare case that a packet arrives bejateel

new image starts on the graphics server, a request is septi&teu
the object data for the time the image was taken. After sendin
the request, the computation on the graphics server camaent
The physics server receives the request, retrieves thefatathe
speci ed time from the ring buffer, and sends them back via th
network. Again, this does not interrupt or affect the physiom-
putation. In order to provide the best possible synchrdinmathe
clock difference - determined as previously described lsis &ken
into account. When the data arrive at the graphics servey,dhe

previously received information is used for rendering, Isat the
loop is not forced to wait.

Usually, enough time is available for communication duriimg
age undistortion, camera pose re nhement, and drawing ok-bac
ground and static objects. One round trip of the communica-
tion takes about 300 800ns for small-sized packets. Of this,
100 500ns are necessary to nd the most accurate answer in the
ring buffer. This compares well to the time spent on the othsks.
For instance, drawing the recorded image to the displagbtdkes



about 3 5ms Therefore, the time window is usually suf cient to
transmit the requested data without running into netwot&nay
problems. Additional time is even available, which couldused
to transmit further information if desired.

6 AUGMENTED REALITY HAPTICS PING-PONG

6.1 Overview

In order to provide a testbed scenario for the high precisiog-
mented reality haptic system, we selected the game of pong-p
This choice has been driven by the high level of interagtigitd
necessary precision to enable natural interaction. The idaa is
to play with a virtual ball in a real environment. The ball lodés
with the real table and backwall, while the user interacthitiby
using a virtual bat attached to the haptic device. This althe
user to feel the impact of the simulated ball on the virtual Bhe
augmented visual scene is displayed to the user via a headtetbu
display. Snapshots of the application taken from an extearaera
are illustrated in Figure 14.

6.2 Physics engine

As mentioned above, the physical simulation has to providiates
of position and rotation to the graphics server. In our Inii@to-
type we only use a simpli ed model for rigid body dynamics.€Th
ball is considered as a non-deformable sphere, and repeesby
a dimensionless point in its center. The overall movemenbis-
puted with standard equations of motion:

1
Xe+ 1= X+ Vg dt+ Eat dt? (10)

Vis1= Vg dt 8¢+1=9+%

In the current version, ball rotation and surface frictisnniot
taken into account. Ball mass and size were obtained fronala re
ping-pong ball. Mass and size of the bat, as well as dampiaf}-co
cients were manually set. Simple energy dissipation isémgnted
when the ball collides with the table, backwall, or bat. Tewe
realistic interaction, fast collision detection has to eefprmed.

6.3 Collision detection

Our collision detection method is based on the interseatfatine
ball trajectory with triangular meshes representing disjéc the
scene. In order to enable collisions with xed, real objeete rst
have to register their positions in world coordinates. Thidone
with a procedure similar to the tip-marker calibration. Adked,
handheld pointer is used to de ne four corners both for taivd
backwall, respectively. This allows us to represent théases of
these real objects with xed triangle meshes in the simafatiThe
virtual bat is also modelled with a triangular mesh, and nsavith
the haptic device. The stylus of the PHANTOM can be thought of
as the handle of the bat.

In order to detect collisions, we extrapolate position asldeity
of the ball one timestep into the future. If the anticipatexgeictory
of the ball intersects with the triangle meshes of the baherxed
objects, we determine the appropriate collision repso@s&e the
bat is moving, we also have to extrapolate its kinematics, ian
case of a collision, render haptic feedback. To determinesaiple
collision, we compute an algebraic solution of the rayrigie in-
tersection problem according to [15]. The barycentric dowates
of the intersection are determined, which are either insideut-
side of the triangle area. This test has to be done for atigtes

of the meshes. Since only simple geometries are used in bur in
tial testbed, no enhanced collision detection methods wrertly
applied.

6.4 Collision response

We model the collisions of the ball with the triangular regaeta-
tions of real or virtual objects with a damped mass-sprirgtesy
(DMSS). If a collision is detected, the energy dissipatibthe ball
due to the contact is modelled with the DMSS. Moreover, appro
ate interaction forces are also obtained from this model.
Generally speaking, the process represents a dampedabsaill
along one axis, since during contact the spring is compdeasd
released only once. In analytical form the oscillation isegi by:

bt
xt)= A e 2m sin(wy t) (11)

whereA is the amplitude of the oscillatiob,the damping coef -
cient,wy the period of the pure oscillation, angthe mass attached
to the spring. According to Newton's second law, we can tHus o
tain the forces from this motion:

Fit)= b x kx

Inserting equation 11 into 12 we get:

(12)

bt

il 2
2m (b

2m

1

F(t)= wa e k) sin(wq t) b wg cogwy t)

13)

Here, the damping coef cierth is set, so that the collision time
equals that of a real ping-pong interaction - i.e. abaus4lin the
time period, during which the spring is compressed and sela
we use equation 13 to render forces to the haptic device eSivec
computation is independent of current velocity or penitredepth,
we can precompute the values at the start of the simulatiberef
fore, we sample the equation at individual time-steps apdtera
look-up table (LUT). During interaction we can then retedhese
data. Moreover, to incorporate the in uence of the ball withp we
scale the values appropriately, thus determining the fiaedback
according to:

Fteedback= J'V?a”j LUT (D) 2 [0;tawell

Here,{ represents discretized steps of the time petigd, dur-
ing which the ball is in contact with the bat.

(14)

7 CONCLUSION AND FUTURE WORK

We have developed a high precision augmented reality lagyis-
tem to be applied for medical training scenarios. To this, emd
accurate calibration procedure for integrating the hageidce, as
well as a distributed framework has been created. As a kstbe
have built a ping-pong game, which allows visual and haptiert
action with real and virtual objects. One shortcoming ofaurent
system is the lack of stereo rendering. Since depth cuesrdye o
present due to shadows and motion parallax, some dif czilitie
judging the ight path of the ball became apparent. This casilg
be overcome in future versions, by adding a stereo cameteto t
setup.
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