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ABSTRACT

In our current research we examine the integration of hapticinter-
faces into augmented reality setups. The ultimate target ofthese
endeavours is the application of the framework to training of ma-
nipulative skills in surgical environments. To this end, highly accu-
rate calibration, system stability, and low latency are indispensable
prerequisites. Therefore, we developed a new calibration method to
exactly align the haptic and world coordinate systems. Moreover, a
distributed framework was created, which ensures low latency and
component synchronization. Finally, to demonstrate our results, we
integrated all elements into an augmented reality haptics ping-pong
game.

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

1 INTRODUCTION

The underlying idea of augmented reality (AR) systems is thecom-
bination of real and virtual objects into one environment. This is in
contrast to virtual reality (VR) frameworks, where the whole sur-
rounding of a user is computer-generated. In contrast to thelatter,
AR systems are of higher complexity, since the real world repre-
sents a reference frame into which the virtual elements haveto be
perfectly integrated. Any errors in this process would greatly di-
minish the usability of a system, and compromise user interaction
and immersion [20].

Recent research has examined the possibility of adding haptic
feedback to AR frameworks. A few proof-of-concept systems have
been developed in this context, for instance [16, 23, 1]. However,
lag reduction, exact alignment, or error minimization is only sel-
domly addressed. This is a signi�cant shortcoming, since depend-
ing on the actual application area of the AR haptic system, these
factors can play a fundamental role.

The driving force of our current research is the developmentof
medical training systems using AR techniques. In this setting, high
accuracy and stability are a prerequisite. Misalignment ofoverlaid
virtual objects would greatly compromise manipulative �delity and
the sense of presence, and thus reduce the overall training effect.
This situation becomes even more critical, if haptic feedback is in-
tegrated into the system. Calibration errors or excessive latencies
in generating feedback would lead to the loss of spatial and/or tem-
poral synchronization making the interaction disturbingly unnatu-
ral. Unfortunately, so far no systems are available, which would
meet the high demands for stability, accuracy and response time.
Therefore, we have developed a high precision augmented reality
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haptics environment. The two main components are the accurate
calibration of the haptic device in world coordinates, as well as a
distributed, low latency framework for synchronization. Moreover,
we have integrated all components into a �rst simple application to
demonstrate the high �delity of our system. In the following, we
present a detailed description of the haptic device integration into
our AR demo application.

Following the overview of previous work and the descriptionof
our system setup, in section 4, we present an ef�cient calibration
and registration procedure for incorporating the device into our sys-
tem. The registration procedure covers the whole haptic workspace
and only needs to be performed once. No recalibration is neces-
sary after a restart of the system. In addition, we provide a detailed
analysis of the calibration accuracy. Thereafter, in section 5 a de-
scription of the synchronization approach for our distributed system
is given. In section 6 we illustrate the accuracy of the registration
and show the synchronization results of the system by developing
an AR-based ping-pong game. This scenario has been selecteddue
to the high requirements, such as fast interaction with the user, ac-
curate alignment between haptic feedback and virtual ball motion,
and interaction of the virtual ball with the real environment. Fi-
nally, we conclude with a discussion of our results and an outlook
to future work.

2 PREVIOUS WORK

Only a limited number of groups have attempted to incorporate hap-
tic rendering into AR applications, and even less have provided an
analysis of the haptic registration accuracy, or dealt withlatency
issues.

Research pioneering the integration of haptic devices intoAR
systems was conducted by Vallino and Brown [21]. They deter-
mined the relationship between the haptic and the world coordinate
system by measuring four points in both frames and estimating an
af�ne transformation between them. However, af�ne representa-
tion does not provide any metric information, which prevents an
analysis of the accuracy of their calibration procedure.

Another way to estimate the haptic-world transformation isto
measure points with an external metrology system. In [5] a preci-
sion surveying theodolite is used to measure the position ofmark-
ers placed in the haptic space. Unfortunately, the haptic calibration
only provided a low accuracy with errors up to 1:5cm. This is due
to the dif�culty of uniformly distributing markers over thewhole
workspace.

Some attempts have been made to improve the position accuracy
of the PHANToM haptic device by correcting the position errors
from measurements of grid points. A planar calibration gridis used
in [17] to correct the haptic position, and then extend this correction
to the entire haptic volume by extrapolation. However, the results
reveal that the position error increases as the tip moves away from
the grid.

An improvement of the grid approach has been suggested in [10]
by placing two perpendicular planar grids in the haptic workspace.
In addition, the authors adjust the joint angles of the PHANToM
with correction values for rectifying the imprecise initialization of



the optical encoders. Those values are computed by minimizing
the difference between the position of the grid points and the cor-
responding haptic measurements. The minimization resultsshow 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 are only
valid for points close to the calibration grid with the assumption that
the grid is perfectly planar. Unfortunately, grid-based approaches
only partially cover the haptic workspace, and can thus onlylocally
provide suf�cient accuracy.

Concerning the used display technology, integration of haptic
rendering into AR systems, has mostly focused on desktop systems,
e.g. [13, 19]. These setups create a virtual environment, which is
projected on a semi-transparent mirror placed between the user and
the haptic interface. Thus, virtual objects are apparentlycolocated
with the haptic workspace. Often, head tracking is includedto in-
tegrate simulation of motion parallax. These system exhibit similar
calibration issues as in real AR systems.

Finally, games implemented with augmented reality techniques
have also been a topic of reseach. In [22] an virtual table-tennis
setup with real rackets has been developed. However, they did not
include haptic feedback, and only used the rackets as an interface
to position as virtual racket on the screen. In [18], a collaborative,
mobile AR-based billard game has been discussed, which includes
tactile feedback.

3 AUGMENTED REALITY SETUP

The basic idea of our AR setup is to capture a real scene with a
head-mounted camera, superimpose virtual objects in the image,
and display the scene with a head mounted display. To ensure exact
alignment between real and virtual world, the system needs to esti-
mate the relative position between the virtual objects and the user's
head. Therefore, accurate estimation of the head pose with respect
to an arbitrary world coordinate system in which the virtualobjects
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 cameras which de-
tect the infrared LEDs attached to a marker. By triangulation, the
optical system measures the 3D LED position with a RMS accu-
racy of 0:2mmat an optimal distance of 2:25m. From these mea-
surements, the orientation and position of the marker is computed.
Since the camera and the marker are rigidly attached, the camera-
marker transformation is �xed and estimated by an of�ine calibra-
tion process. Given this transformation and the marker pose, the
AR system can estimate the camera pose with respect to the tracker
coordinate frame. The estimated camera pose allows us to align the
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 to
the user is rendered on an additional monitor.

To enable faithful haptic interaction with the virtually augmented
objects, we need to accurately estimate the transformationbetween
the haptic coordinate system and the optical tracking system. This
will be explained in more detail below.

4 CALIBRATION OF HAPTIC SYSTEM

4.1 Overview

In order to draw the virtual representation of the haptic interaction
point at the correct physical location in the real world, we need to

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 world coordi-
nate system. In our case, the world coordinate system is provided
by the OPTOTRAK. This procedure is calledhaptic-world calibra-
tion. We have to ensure, that errors in determining this transforma-
tion are minimized.

The underlying idea of the calibration procedure is to collect 3D
point measurements in both coordinate systems. Based on these
data, the rigid transformation between the two different Cartesian
coordinate systemsA andB can be determined. In photogrammetry,
this is referred to as theabsolute orientationproblem. LetXa and
Xb be points expressed inA andB, respectively. The transformation
betweenXa andXb is given by

Xb = RXa + T (1)

whereR is the 3x3 rotation matrix andT the translation vector.
R andT denote the rigid transformation betweenA andB. In our
case, the set of points(Xb)1� i� N represents the measurements ob-
tained from the tracking system, while the set of points(Xa)1� i� N
describe positions determined from the haptic device. Theabsolute
orientationmethod estimates the best rotation matrix and transla-
tion vector in the sense of distance error between both pointsets.
This leads to the least square problem

min
R;T

N

å
i= 1

kXi
b � RXi

a � Tk2 (2)

Several algorithms have been suggested to solve this problem
[12]; we follow a least-squares �tting method as discussed in [2].
Thus, the overall procedure consists of two main steps. First, we
collect points measured in both coordinate systems by usinga cal-
ibrated marker-tip extension attached to the haptic stylus. There-
after, the haptic-world transformation is computed with anopti-
mization approach.

With regard to both these steps, it should be noted, that the preci-
sion of encoder readings for the haptic device position depends on
the reset procedure of the PHANToM, and therefore in�uencesthe
calibration results. To avoid this problem, we reset only once the
encoder values before the initial marker-tip calibration,and do not
perform a re-initialization thereafter.



Figure 2: Calibration marker attached to tip of PHANToM

4.2 Tip-marker calibration

4.2.1 Calibration procedure

As discussed above, we �rst have to collect a set of points measured
in both reference frames. To this end we rigidly attached a marker
to the tip of the PHANToM (Figure 2). In this con�guration, the
tracking system only reports the marker poseHmarker

world . In order
to measure the tip position with respect to the world coordinate
system, we need to determine the translationTtip

marker between the
marker and the tip of the haptic device. This procedure is referred
to as thetip-marker calibration. Thereafter, the tip poseHworld

tip
with respect to the world coordinate system is computed fromthe
composition ofHmarker

world and Ttip
marker. Figure 3 illustrates the dif-

ferent transformations involved in the calibration process in detail,
where the notationHp

o is the rigid transformation from the frameO
to the frameP.

Hmarker
world

Ttip
marker

Hworld
tip

Figure 3: PHANToM and OPTOTRAK coordinate frames

The tip-marker calibration procedure consists of rotatingthe tip-
mounted marker around the joint intersection of the gimbal.To
do this, we stabilize the tip position in the middle of the haptic
workspace by rendering a �xation force with the device. The tip-
marker is then manually displaced following a spherical movement
in space, while the marker poses are recorded. Given the recorded
set of points, we used the pivot calibration method described in [11]
to obtain the best sphere �tting the data.

In our case, the center of the sphere corresponds to the tip posi-
tion with respect to the world frame, and the radius of the sphere
represents the distance between the marker and the tip. Fromthese

data, the translationTtip
markerde�ned in �gure 3 can be obtained. Un-

fortunately, the estimation of the tip-marker relationship depends on
the accuracy of the point measurements.

4.2.2 Simulation of calibration error

Two main sources of measurement errors can be identi�ed - marker
pose accuracy, and the stability of the �xed tip in the haptic
workspace while rotating the marker. In order to determine the
in�uence of the point measurement errors on the calibration, we
performed a simulation of the procedure. In previous work [3], we
have described a statistical noise model for the former error source.
It models the marker pose error, which estimates the position error
introduced by the tracking device. The model reports the marker
pose with a systematic space-dependent offset. For the latter source
of errors, we used a Gaussian noise to shift the tip position from the
center of the sphere in order to model the instability of the haptic
tip location while rotating the marker.

The simulations consisted of varying the magnitude of the intro-
duced errors within a given range. For each noise value, we ran the
simulation 1000 times and computed the statistical data. Inorder to
be close to the real case, we modeled the marker-tip assemblyfrom
real measurements. In addition, we placed the haptic deviceat the
optimal range of the tracking system.

Figure 4 shows the in�uence of the marker noise on the estimated
sphere center. For the RMS accuracy of the tracking system, the
center position error is lower than 0:05mm. This low value is due to
the advantage of recording the marker pose on a complete sphere.
Other simulations in which the marker movement was restricted to
a quarter of a sphere provided an error of the center positionup
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 position domi-
nates the calibration results. During experiments, we observed that
the stylus moves about 1� 2mm. Adding to the resulting error the
one of the marker pose, we obtain an accuracy of the calibration
with a global error smaller than 1mm.

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

4.3 Haptic-world calibration

4.3.1 Outline

With the marker-tip calibration described in the previous section,
we are now able to obtain corresponding point measurements in
both the haptic and world coordinate system. This allows us to carry
out the actual haptic-world calibration. As discussed above, this
denotes the determination of the rigid transformation between both
reference frames. Unfortunately, additional errors are introduced
due to the inaccuracies in haptic encoder initialization. Therefore,
we have to carry out a two-staged optimization process. First we
determine the rigid transformation, and thereafter we perform an
encoder joint angle correction.

The initial step is the acquisition of points in both coordinate
systems. We obtain point measurements by manually moving the
marker-tip assembly in the entire haptic workspace. We record the
tip position with respect to both haptic and tracker coordinate sys-
tems. In an ideal noise-free situation, two points would be identical.
However, in reality, points are not aligned due to errors introduced
by the haptic device encoder readings. Therefore, the goal of the
calibration procedure is to correct the misalignment between both
data sets.
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Figure 4: In
uence of the marker noise on Marker-Tip calibration
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uence of the tip noise on Marker-Tip calibratio n
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3

7
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4.3.2 Calibration procedure

Apart from theabsolute orientationproblem, we also have to cor-
rect the joint angles of the haptic device in order to align the two
datasets. To this end we will follow anopen-loop method, as de-
�ned in [7]. By moving the joints and recording both tip pose
and corresponding joint angle values, the parameters of a forward
kinematics model are determined by carrying out a non-linear op-
timization. Inspired by [10], the correction technique is based on
the registration between the two set of points expressed in the same
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. Here,q is the vector of
joint angles(q1;q2;q3)T and(l1; l2) the length of the device arms.

q1

q2
q2

q2

q3

q3

q3

l1
l2

Figure 6: Joint angle con�guration

Figure 6 illustrates the notation of the joint angles and thelength
of the arms. In our case, we only investigate the tip locationbecause
the structure of the tip-mounted marker is not able to measure the

orientation of the tip. As a consequence, the kinematic parameters
are solely estimated from the tip position. From equation 3,we
extract the tip locationg(q ; l1; l2) given by:

xhaptic = g(q ; l1; l2) =

2

4
sin(q1)( l1cos(q2)+ l2sin(q3))

l2 � l2cos(q3)+ l1sin(q2)
� l1 + cos(q1)( l1cos(q2)+ l2sin(q2))

3

5

(4)
Due to the discussed initialization inaccuracies, a deviation will

be present betweenq and the actual encoder readings. To address
this, we model joint angle correction as a simple linear function:

q i = ky i + g (5)

wherei is the pose number for 1� i � N, y i is the vector of the
joint angles encoder readings,g is the vector of the joint angle off-
sets, andk is the vector of joint angle gains. With this we substitute
(5) into (4) and obtain:

xi
haptic(y

i ; f ) = g
�

q(k;y i ;g); l1; l2
�

(6)

with f = ( k;g; l1; l2).
Let (xi

world)1� i� N be the corresponding point set with respect to
the world coordinate system. To align the point set, we follow a
two-staged optimization. In the �rst step we perform the minimiza-
tion based on equation 2 to solve the absolute orientation problem.
This estimation is a closed-form solution, and does not require an
iterative optimization. Thus, this step allows us to determine values
for R andT with an initial guess forf .

Thereafter, the joint angle correction is performed by adjusting
the parameters off , such as to minimize the residual functionr(f ).

r(f ) = min
R;T

N

å
i= 1

kxi
world � Rxihaptic(y

i ; f ) � Tk2 (7)

Thus, the optimal correction parameter setf � is 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 until theresid-
ual drops below a given threshold. The next section illustrates the
results of this optimization process.

4.4 Calibration analysis

4.4.1 Test protocol

The validity of the optimization process was assessed in an exper-
iment. The goal of this step was on the one hand to examine the
lower bound of the calibration error, and on the other hand, to de-
termine the number of point measurements necessary to reachthis
minimal error.

To this end, we collected measurements for 140 manually se-
lected points in both the haptic and world coordinate system. While
acquiring the data, we tried to cover the entire haptic workspace by
moving the device arm to the borders of the volume in order to
reach the extreme values of the joint angles. These data werethen
randomly divided into two sets of 70 points. The �rst represented
a training set, which we used for estimating the correction param-
eters off . The second was ourtesting set, which we utilized to
determine the quality of the calibration. In order to avoid any bias
introduced by the selection of these two sets, we repeated this ran-
dom subdivision 1000 times, and determined the errors for each one
of them. The statistical analysis takes all this data into account.

Since the optimization algorithm is based on an iterative ap-
proach, we need to provide an initial guess for the parameters to
be optimized. In our case, the joint angle gainsk were set to 1, the
joint angle offsetsg to 0, and the length of the device armsl1; l2 to
the manufacturer de�ned values of 209:55mm.

Moreover, it should be mentioned, that the results were obtained
for a device initialization position close to the usual reset con�gu-
ration. However, as we will discuss below, the algorithm is robust
against selection of the starting position, and thus the results repre-
sentative for the whole workspace.

4.4.2 Analysis of correction parameters

Figure 7 shows the distance error between the haptic and the track-
ing measurements against the number of points used for optimizing
the correction parameters. As revealed by the plot, the optimization
process is able to reduce the error from 3 to 1:3mm. The remaining
error is probably introduced while calibrating the marker-tip assem-
bly. In addition, a minimum of 30 points can be used for precisely
estimating the correction parameters.

Figure 8 depicts the offset values against the number of points
used. It can be seen, that the optimization is successful forg2 and
g3, whereas no solution can be found for offsetg1. This indicates,
that the joint anglesq2 andq3 can be corrected. In contrast to this,
the optimization algorithm does not �nd any solution for thejoint
angleq1. This is due to the fact, that correcting the angleq1 im-
plies moving the haptic coordinate system from the reset position
to the true position. However, the latter is unknown and cannot be
estimated by the marker-tip assembly since its position is rigidly de-
pending on the reset position. Thus, it is only possible to optimize
the two joint angle offsetsg2 andg3.

These �ndings are in line with the results obtained for the joint
angle gainski as depicted in �gure 9. In contrast toq1, the gains for
the jointsq2 andq3 are slightly deviating from 1. While the change
of k1 is negligible, the deviation of the others can not be omitted.
Even though those changes are small, an optimization without joint
angle gains has revealed a higher residual value of the equation 7.

Furthermore, to test whether the optimization process is robust
against the reset position or not, we carried out additionalindepen-
dent optimizations at different starting positions using varying joint
angles of the device arms. In order to examine the effect of dif-
ferent angles forq2 andq3 during calibration, we carried out the
process using combinations of right or obtuse angles, respectively.
For each angle combination, we again recorded 140 measurements
and repeated the procedure described above. As revealed by �g-
ure 10, the distance error between the haptic and world points con-
verges for any combination towards low error values. As mentioned
earlier these values can probably be attributed to the calibration er-
ror of the marker-tip assembly caused by the noisy tracking data
and the instability of the haptic �xation. Additional experiments,
which did not focus on speci�c angles, but used reset locations in
the extreme top and bottom, as well as left and right regions in the
workspace resulted in the same outcome.

Finally, as a further result, we also noticed, that the optimized
length values of the armsl1; l2 are not modi�ed by the optimiza-
tion process. This implies that the nominal values de�ned bythe
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 optimization process.
The circles represent the tracking measurements, and the stars are
the haptic data. The picture on the left reveals the structure of the
measurement errors reported by the haptic device. One can no-
tice that the deformation between both clouds of points cannot be
represented by any rigid transformation. A radial distanceerror
with respect to the base of the haptic arm is probably the source
of this. The picture on the right illustrates the results after estimat-
ing the correction parameters. The two clouds are nearly aligned to
each other. This result implies that the optimized joint angles allow
estimating an accurate transformation between the haptic and the
tracking system.

5 DISTRIBUTED FRAMEWORK

5.1 System architecture

One of the main challenges in an AR system is to maintain low la-
tency in order to synchronize the augmented images with the user
motion also in time. Already a standard AR setup has to meet high
computational demands, since image acquisition, image process-
ing, virtual overlay, and drawing of the output image shouldbe done
with delays as small as possible. Adding a haptic interface to such
a setup and performing physics simulations to allow user interac-
tion with virtual objects would exhaust the computational power of
currently available computing hardware. Therefore, we have de-
veloped a distributed system to meet the related requirements. As
discussed in [14], several possibilities for distributionof such an ap-
plication exist. In our case, we use agraphics serverand aphysics
server.

The former carries out all tasks typical to a standard AR setup,
e.g. image acquisition, camera pose computation, or rendering.
Thus, in our context the only external input data needed are position
and orientation of the haptic interface, as well as of the virtual ob-
jects in the scene. This is true, as long as we are using rigid objects.
Switching for instance to deformable objects would requirean up-
date of a complete mesh. Nevertheless, as discussed below, suf�-
cient time would be available to also transmit larger packets of data.
The latter takes care of force-feedback computation, and physical
simulation of virtual objects. Thus, the server is completely inde-
pendent from tracking or image acquisition. Communicationbe-
tween the two is accomplished via an ethernet connection with the
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Figure 7: Tip position error using the test set
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TCP protocol. The Nagle algorithm has been disabled to reduce the
round trip time.

The described separation provides suf�cient resources to meet
the low-latency requirements, however, two additional components
are needed to ensure coordination during run-time. First, we have
to guarantee synchrony between events in the haptic and visual vir-
tual world. This problem can be tackled by synchronizing both
machines in time, which allows the correlation of recorded images
to speci�c timesteps in the physical simulation. Secondly,the sys-
tem requires an appropriate communication model, which does not
block or interfere otherwise with the physics or graphics loop.

In our testbed implementation described below, we have used
two dual PCs with 2:8GHz and 2:4GHz CPUs, respectively. Both
machines have 2GB RAM with 512kb cache, and are running with
a Linux OS. On the haptics server, the haptic loop is updated with
a �xed refresh rate of 1kHz. The physics computation runs in a
separate loop and can achieve higher refresh rates. However, we
also limited it to 1kHz. On the graphics server the AR pipeline is
carried out with an update of about 30Hz. This is mainly limited
by the frame acquisition time of the camera. The visualization is
rendered with an NVIDIA Geforce 6600 GT card.

It should be mentioned, that the distributed system also exhibits
some additional advantages. It provides high �exibility and can eas-

ily be adapted to other applications. Moreover, the individual com-
ponents can be developed separately from other framework compo-
nents. Finally, due to the decoupling, different operatingsystems
could be used on the servers, which could be useful, if a haptic
device other than the PHANToM should be integrated.

5.2 Synchronization

Synchronizing both servers in time is essential for our AR setup.
Time-lagged movement of virtual objects with respect to the
recorded background image would result, if no or inaccuratesyn-
chronization would be used. Consequently, user interaction would
be greatly compromised. To tackle this problem we reduced the
difference of both machine clocks by using a closely locatedNet-
work Time Protocol (NTP) server, to which we measured a round
trip time below 1ms.

For the synchronization, we have to determine round trip time
and clock difference of both machines every time we start ourap-
plication. In order to achieve this, packets are sent and received on
each machine, in which the actual time on both machines is stored.
The clock difference can then be computed from the round triptime
RTT and the difference of the times taken, with the physics server
as the reference [6]. WithT1 being the recorded time on the ma-



Figure 11: The two sets of points before optimization Figure 12: The two sets of points after optimization

chine starting the communication, andT2 being the one of the other
machine, the clock differenceDT for the �rst processor is given by:

DT =
RTT

2
+( T2 � T1) (9)

To avoid the effect of network jitter, this measurement is carried
out multiple times, and the mean of the results is used for theap-
plication. In our testbed system, round trip time was in the range of
200� 300ms. Thus, with our procedure the clocks of both machines
can be synchronized with an accuracy of about 100ms.

5.3 Communication model

For communication between the servers in our distributed frame-
work, three requirements have to be ful�lled. First, objectdata to be
transmitted have to correspond to a given timestep [9] as precisely
as possible, so that the optimal correlation between image and vir-
tual objects is given. Secondly, the communication should not limit
the computations on both machines to a speci�c update rate, or af-
fect them in any other way even if packages arrive too late. Lastly,
the model should be easily adaptable for other applications.

To meet these requirements, a ring data buffer has been imple-
mented, which stores the information of the physics computation at
1kHz. Thus, data about interactive objects can be provided at any
timestep with 500ms accuracy. When the process of generating a
new image starts on the graphics server, a request is sent to update
the object data for the time the image was taken. After sending
the request, the computation on the graphics server can continue.
The physics server receives the request, retrieves the datafor the
speci�ed time from the ring buffer, and sends them back via the
network. Again, this does not interrupt or affect the physics com-
putation. In order to provide the best possible synchronization, the
clock difference - determined as previously described - is also taken
into account. When the data arrive at the graphics server, they are
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Figure 13: Communication model to exchange simulation data

stored temporarily, and can be retrieved when �nally neededfor vi-
sualization at the end of the graphics loop. Figure 13 illustrates the
communication for one iteration on the graphics server. It should
be noted, that in the rare case that a packet arrives belatedly, the
previously received information is used for rendering, so that the
loop is not forced to wait.

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



about 3� 5ms. Therefore, the time window is usually suf�cient to
transmit the requested data without running into network latency
problems. Additional time is even available, which could beused
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 precisionaug-
mented reality haptic system, we selected the game of ping-pong.
This choice has been driven by the high level of interactivity and
necessary precision to enable natural interaction. The main idea is
to play with a virtual ball in a real environment. The ball collides
with the real table and backwall, while the user interacts with it by
using a virtual bat attached to the haptic device. This allows the
user to feel the impact of the simulated ball on the virtual bat. The
augmented visual scene is displayed to the user via a head mounted
display. Snapshots of the application taken from an external camera
are illustrated in Figure 14.

6.2 Physics engine

As mentioned above, the physical simulation has to provide updates
of position and rotation to the graphics server. In our intial proto-
type we only use a simpli�ed model for rigid body dynamics. The
ball is considered as a non-deformable sphere, and represented by
a dimensionless point in its center. The overall movement iscom-
puted with standard equations of motion:

xt+ 1 = xt + vt � dt +
1
2

at � dt2 (10)

vt+ 1 = vt � at � dt at+ 1 = g+
Ft

m

In the current version, ball rotation and surface friction is not
taken into account. Ball mass and size were obtained from a real
ping-pong ball. Mass and size of the bat, as well as damping coef�-
cients were manually set. Simple energy dissipation is implemented
when the ball collides with the table, backwall, or bat. To ensure
realistic interaction, fast collision detection has to be performed.

6.3 Collision detection

Our collision detection method is based on the intersectionof the
ball trajectory with triangular meshes representing objects in the
scene. In order to enable collisions with �xed, real objects, we �rst
have to register their positions in world coordinates. Thisis done
with a procedure similar to the tip-marker calibration. A tracked,
handheld pointer is used to de�ne four corners both for tableand
backwall, respectively. This allows us to represent the surfaces of
these real objects with �xed triangle meshes in the simulation. The
virtual bat is also modelled with a triangular mesh, and moves with
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 and velocity
of the ball one timestep into the future. If the anticipated trajectory
of the ball intersects with the triangle meshes of the bat or the �xed
objects, we determine the appropriate collision repsonse.Since the
bat is moving, we also have to extrapolate its kinematics, and in
case of a collision, render haptic feedback. To determine a possible
collision, we compute an algebraic solution of the ray-triangle in-
tersection problem according to [15]. The barycentric coordinates
of the intersection are determined, which are either insideor out-
side of the triangle area. This test has to be done for all triangles

of the meshes. Since only simple geometries are used in our ini-
tial testbed, no enhanced collision detection methods are currently
applied.

6.4 Collision response

We model the collisions of the ball with the triangular representa-
tions of real or virtual objects with a damped mass-spring system
(DMSS). If a collision is detected, the energy dissipation of the ball
due to the contact is modelled with the DMSS. Moreover, appropri-
ate interaction forces are also obtained from this model.

Generally speaking, the process represents a damped oscillation
along one axis, since during contact the spring is compressed and
released only once. In analytical form the oscillation is given by:

x(t) = A� e
�

b� t
2m � sin(wd � t) (11)

whereA is the amplitude of the oscillation,b the damping coef�-
cient,wd the period of the pure oscillation, andmthe mass attached
to the spring. According to Newton's second law, we can thus ob-
tain the forces from this motion:

F(t) = � b� �x � k � x (12)

Inserting equation 11 into 12 we get:

F(t) =
1

wd
� e

�
b� t
2m

�
(

b2

2m
� k) � sin(wd � t) � b� wd � cos(wd � t)

�

(13)
Here, the damping coef�cientb is set, so that the collision time

equals that of a real ping-pong interaction - i.e. about 4ms. In the
time period, during which the spring is compressed and released,
we use equation 13 to render forces to the haptic device. Since the
computation is independent of current velocity or penetration depth,
we can precompute the values at the start of the simulation. There-
fore, we sample the equation at individual time-steps and create a
look-up table (LUT). During interaction we can then retrieve these
data. Moreover, to incorporate the in�uence of the ball velocity, we
scale the values appropriately, thus determining the forcefeedback
according to:

Ff eedback= jvball
t j � LUT(t̃) t̃ 2 [0;tdwell] (14)

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

7 CONCLUSION AND FUTURE WORK

We have developed a high precision augmented reality haptics sys-
tem to be applied for medical training scenarios. To this end, an
accurate calibration procedure for integrating the hapticdevice, as
well as a distributed framework has been created. As a testbed we
have built a ping-pong game, which allows visual and haptic inter-
action with real and virtual objects. One shortcoming of ourcurrent
system is the lack of stereo rendering. Since depth cues are only
present due to shadows and motion parallax, some dif�culties in
judging the �ight path of the ball became apparent. This can easily
be overcome in future versions, by adding a stereo camera to the
setup.
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Figure 14: Snapshots of user playing AR ping-pong
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