Workshop on Virtual Reality Interaction and Physical Sintiola VRIPHYS (2009)

H. Prautzsch, A. Schmitt, J. Bender, M. Teschner (Editors)

A Sub-world Coupling Scheme for Haptic Rendering of
Physically-based Rigid Bodies Simulation

L. Glondu, M. Marchal and G. Dumont

INRIA Bunraku, IRISA, Campus de Beaulieu, Rennes, FRANCE

Abstract

In the virtual reality context, the use of haptic rendering as an additionassgy modality significantly improves
the degree of realism of virtual worlds. The physical realism of the ictéva between the user and the objects
of the virtual world is particularly important when dealing with contact or cadlisbetween rigid objects as, for
example, in assembly tasks. The high frequency rates required fottsmaaipulations are often difficult to reach,
in particular for rigid bodies simulations. Hence, we propose a new coupaigeme based on a dynamic subset
of the virtual world, a localized Haptic Sub-World, running at a higher rency than the rest of the virtual world.
This Sub-World, located around the virtual object manipulated by the issgynchronized with the virtual world
through a dynamic analysis of the interface between the two subsets. Usingtipling scheme in our software
environment, we are able to achieve high frequency haptic rendering ssiphisticated simulation methods on

virtual worlds with a large number of rigid bodies.

Categories and Subject Descriptaegccording to ACM CCS)

1.6.8 [Simulation and Modeling]: Types of

Simulation—Parallel 1.3.5 [Computer Graphics]: Computational Gegmatid Object Modeling—Physically
based modeling 1.3.7 [Computer Graphics]: Three Dimensionall@Gcaand Realism—Virtual Reality

1. Introduction

In virtual reality, letting a human user interact through the
sense of touch with a virtual world greatly improves his sen-
sation of immersion. If the simulation takes into account the
physical properties of the objects of the virtual world, it al-
lows to create realistic and interactive applications. Physical
simulation methods for interactive applications have been
widely studied during the last decadéd43JT09, and dif-
ferent software solutions resulting from research works are

now available either as open source or commercial products.

Haptic rendering is the modality of interaction with a vir-
tual world relative to the sense of touch. A user usually holds
a haptic device with his hands, through which he can manip-
ulate tools in a virtual environment. Haptic rendering is a
bidirectional interaction: the user brings energy to the sys-
tem by moving the device, while a force feedback is com-
puted from the simulation in order to make the user feel the
virtual world. As of today, the possibilities of interaction of-
fered by haptic rendering lead to an increasing number of
planification and learning applications, for example in in-
dustry for assembly tasks or in health domain for gesture
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planning. Among the different types of possible physical in-
teractions, haptic rendering between rigid bodies is partic-
ularly challenging as it requires critical processing times to
achieve a stable and realistic force feedbaCsB9g. To
take this constraint into account, we often find in the lit-
eraturead hocmodels or methodsAKO95, Bal99 OL05],
enabling interaction with haptic rendering in specific cases.
However, there is still a lack of coupling schemes between
physical simulation of rigid bodies and haptic rendering that
are independent of the underlying models or methods used
to simulate the world. In this context, our paper proposes
a new coupling scheme for haptic rendering independent of
any specific method or model for physical simulation of rigid
body interactions.

Organization of the document The paper is divided into
five sections. After presenting related work in Sect@n

the design of a generic environment for the integration and
the evaluation of three dynamic engines allowing rigid body
simulation is detailed in SectioB. Section4 presents our
new coupling scheme, and the results we obtained. Section
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5 concludes this paper with a discussion on our contributions
and some possible perspectives.

2. Related Work

Among the existing methods for physically simulate con-
tacts between rigid bodies, three categories of method
can generally be distinguished in the literature: penalty-

based methods, impulse-based methods and constraint-

based methods. Penalty-based methddé/B8] express a
reactive force at each contact point between rigid bodies de-
pending on an amount of penetration. They are simple and
fast but may be difficult to work with due to parameter tun-
ing as well as instabilities can appear when stiff contacts
have to be simulated for large scale simulations. Impulse-
based methodsHah8§ are based on momentum conser-
vation laws to express immediate changes of velocities be-
tween rigid bodies, and to prevent inter-penetrations. How-
ever, this type of method treats contact points independently,
and can then difficultly be scaled to large systems of bodies,
despite recent advancesSBF03 Erl07]. Finally, constraint-

based methods use the physical laws as constraints on the

state of the bodies. Currently, the most common solution
is Linear Complementarity Programming (LCP). More re-
cently, different formulations have been proposed, express-
ing the physical simulation into convex quadratic optimiza-
tions under linear constraintMS01, KEPO5 KSJP0§.

All these methods have been used to perform haptic
rendering, and severals frameworks are available today
[LBFDO5, PK04. Constraint-based methods offer the best
physical realism for most simulated scenes. However, haptic
rendering imposes serious constraints on the simulation pro-
cessing time. Actually, it has been establishe&B9j that
the stability of a haptic rendering loop and the stiffness of

calized simplification of the geometries without loosing per-
ceptual information@L05, OL06] has also been studied for
collision detection acceleration.

In order to comply with the frequency constraint brought
by haptic rendering, some authors have defined the concept
of intermediate representatioA095, Bal99, which re-
quires a specific software architecture and allows to disso-
ciate the simulation from the haptic interface control. The
principle is to gather around the manipulated virtual tool
called proxy some information that can be exploited by the
haptic control loop to deliver orders at the required frequen-
cies. In this way, amd hoccontrol loop based on the inter-
mediate model is defined. What we propose in this paper is
a coupling scheme where the intermediate model potentially
uses the same model and methods than the simulation loop,
but that is working on less data to make it run faster.ado
hoccontrol loop has to be developed.

Our contributions can be summed up as:

e The design of a generic environment that can integrate
any physical simulation software for rigid body simula-
tion, abstracting ourselves from choosing specific models
and methods for the physical simulation. Different haptic
rendering criteria can then be evaluated.

e A new coupling scheme between simulation of rigid body
dynamics and haptic rendering, independent from the
physical simulation method. This coupling based on a
concept ofhaptic sub-worldallows to perform high fre-
quency haptic rendering in a scene with a large number of
contacts and rigid bodies, and thus offers promising per-
spectives.

3. A Generic Environment for the Simulation of Rigid
Body Interactions

the force feedback increase with the frequency of the simu- Qur objective of defining new coupling schemes led us to
lation. Therefore, to the best of our knowledge, constraint- design a generic environment to integrate dynamic engines,
based methods have been used only in simple cases to perproviding both an unified solution for physical simulation
form haptic rendering because of their higher processing and the possibility to use several algorithms for rigid body
time [RKOQ]. Impulse-based methods treat resting contacts simulation. We designed this environment to set up an eval-
with series of micro-impulsions, making them deprecated uation of different dynamic engines of the literature with re-

for resting contact haptic renderin@C97. However, they spect to haptic rendering quality criteria.
are useful to render impact between rigid bodies avoiding

any inter-penetration, and to increase the stiffness of the
haptic feedback@SCO0]. Finally, due to their simplicity
and fast execution, penalty-based methods have been widelyln order to allow the integration of different dynamic engines
used to perform haptic rendering. When using penalty based to our environment, we defined a common interface and data
methods, the bottleneck of the time stepping is the collision format that represented the description of a set of rigid bod-
detection between bodies. In order to accelerate the colli- ies being simulated in a virtual world. This interface stores
sion detection, one can make the assumption that only the the configuration of the world in a common structure, and
virtual tool is moving GLGT99, leading to volume hier- defines high level methods to access the dynamic engines
archy modelsRMB*0§] or distance field techniques to get  capabilities in a transparent way. We have also implemented
penetration distances. Collision detection between complex helper methods in this interface, such as statistical values on
geometries can be accelerated by sampling the geometry inperformances, stability measurements and world state his-
so-called point shell, or even point shell hierarctBd07 tory generation to export obtained values during the simu-
to sample contact points and approach the response. The lo-lation, and use them in a spreadsheet software. A system of

3.1. A Generic Environment
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locks enables thread safe access to the methods implementediguration, measuring the behavior of the solvers when many

without any influence on the simulation performances. In constraints must be respected.

this way, it is easy for the user to define test cases and mea-

sure key values in order to evaluate the different dynamic Measured indicators For each of the presented test cases,
engines. we measured different indicators to evaluate the computa-

tion time of the simulation. In order to measure the dynamic

engine performances, we measured the average processing

time of the simulation of one time step. A time step includes

the time needed for the library to perform one collision de-

’ tection, the constraints resolution and the time integration.
An engine can obtain good performances in average, but

data f t b oited b h Cof i some special cases can take a lot of time to solve, leading
ata format can be exploited by any other part otourapplica- 1, qyagijred lags. To detect such cases, we measured the

tlr?n(ljnctiep_?rr:dentlytfrom thg dtyr;amlcf fr?g'gedt_hat genera:jeg maximum processing time for one time step. It indicates the
€ Sga' d € pos| |otns atn ds a ebs 3. ett(k)1 1€s |$tre u§t¢ yIongest time the library needs to process a time step during
our rendering systemto draw bodies at the rignt position, o oimlation. Finally, we also observed the end state of the

using the corresponding meshes. simulation after a fixed simulation time. This is an indirect
indication on the accuracy and the stability of the engine for
the three tests. To conclude on the stability of the scene, we
also made some measurements on the kinetic energy of the
bodies of the world, as discussed in Sectioh

This architecture has also the advantage of making possi-
ble the communication between different dynamic engines.
Indeed, in order to communicate, the dynamic engine con-
verts its body data structure into the common data structure
and the common format is then used to set the world config-
uration of an other dynamic engine. Moreover, the common

3.2. Evaluation of Three Dynamic Engines in our
Environment

As a first evaluation, we chose to integrate in our environ-
ment three dynamic engines among the most used simulation Simulation parameters For a given world, we selected a

softwares: Havok physicsh{t p: // www. Havok. comn), set of parameters that influence the outcome of the simula-
NVidia PhysX (ttp://devel oper. nvidia. com tion. We classified the parameters as belonging to the cate-
and as an open source solution, Bullet physics gory of either physical parameters or numerical parameters.
(http: // ww. bul | et physi cs. cont). In the physical parameters category, we retainedrtbgon

coefficientand therestitution coefficientsince friction and
As detailed further in this section, we defined some test bouncing are the two main behaviors expected from a rigid
procedures that allows the evaluation of the performance body simulation. In the numerical parameters category, we
of each dynamic engine both in terms of computation time  sejected théntegration time stepf the simulation. Each Ii-
and accuracy. One should not forget that the tests presentedbrary provides a specific way to define this time step, de-
concern only the rigid body simulation feature of each en- pending on the integration scheme used, with a significant

gine, although the engines propose also other features suchimpact on the performances. Thus, we retained the value of
as character and ragdoll simulation, cloth, deformable bod- i parameter as an indicator for our simulation.

ies or fluids. ) ) .
Each library provides a large set of tunable values that im-

pact the simulation performance (in term of processing time)
and/or accuracy. All values relative to the performances were
set to their default values. Most of the time, parameters that
have an impact on accuracy have also been set to default,
although we tried more costly and accurate constraints pro-
cessing for each library as discussed later in the section. We
used discrete collision detection type for all the results pre-
sented in this paper. For a given simulation, we kept the fric-
tion and restitution coefficients identical between all bodies.

Test casesWe have selected three test cases to study more
precisely the behavior of the different libraries for rigid body
interactions. In order to check the accuracy and stability of
the simulation algorithms, our first test consists in a stack
of 50 cubes initially perfectly aligned (and without extra
start margin between the cubes), as illustrated on Fifjure
This classic test is a challenging scenario due to its contact
disposition: naive iterative solvers have a very slow conver-
gence rate when propagating the non-penetration constraints
[MS01]. Good solvers should be able to maintain the stack  Our tests were performed with an Intel Pentium D (3.40
standing in a stable fashion. In order to evaluate the friction GHz) using the CPU only, with 2 Go RAM on Windows
phenomena, we chose the seven-stages card house discusseXP. All measurements were realized with release and fully
in [KSJP0§ and represented on FiguPeThis is a structure optimized version of the libraries.

composed of 89 cards that fully relies on friction: if the fric-
tion phenomenon is well reproduced, the card house should
not collapse, and the simulation should be stable. Finally, in
order to check the scalability of the libraries, we propose a The test procedure is as following. A combination of fric-
third test consisting in dropping 8000 cubes in a basin (Fig- tion and restitution coefficient, and all other parameters is
ure 3). This test puts a lot of objects in a high contact con- fixed. For each dynamic engine, the scene is created and all

3.3. Tests Results
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counters are set to 0. The simulation is started, and 10 vir- tested a null friction simulation (with a time step of@Ds).

tual seconds of simulation are performed. We implemented Havok physics achieved the best results making the stack
a tool integrated in our environment that can measure the stand for 4 seconds instead of 1.5 seconds and 1 second for
kinetic energy of each body of the world. Thus, measuring PhysX and Bullet physics respectively.

the variation of the sum of the kinetic energy of all the bod-
ies composing the virtual world gives an information on the
stability of the global world, and allows us to limit our simu-
lation time to 10 seconds. Statistics and visual inspection are
also stored. For each test case, we tested at least 5 combina-
tions of friction/restitution coefficient (each of them ranging
from 0 to 1) as shown in Table The measured times do not
take into account anything else than library collision detec-
tion, constraints resolution and time integration. We used a
microsecond accurate timer for all our experiments.

friction coefficient | restitution coefficient | time step (s)
05 04 1/60 Figure 2: Second test case: seven-stages card house.
0.5 0.0 1/60
0.5 0.4 1/100
ég g‘j 522 Card House Every test performed with Havok physics

leads to a stable simulation, and gives the best results in
Table 1. Combinations of parameters tested for each test terms of computation time and accuracy. The advantageous
case. We measured performance results for all combination average simulation time for Havok is mainly due to the fact
of the three test cases for each dynamic engine. that since the simulation is quickly stabilized, the objects are
frozen and the simulation time falls under 60 microseconds,
making the average time decrease. When using full friction
(friction coefficient set to 1) and a time step of1DO0s, the
simulation is stabilized in less than 2 seconds of simulation.
With PhysX, due to an initial inter-penetration and a quite
strong expansion reaction, the card house collapses slowly.
For the first simulation, 50 seconds are necessary to obtain
a quasi-stable state. We can also notice that peak simula-
tion times are greater than Havok's ones by one millisec-
ond. Finally, Bullet physics does not seem to handle static
or dry friction properly (see Figurg). The cards immedi-
ately slide and the house is completely broken in less than
2 seconds, whatever the friction coefficient used. Moreover,
Figure 1: First test case: stack of cubes. both peak simulation time and average simulation time are
significantly higher than the two other engines.

Stack of Cubes Figure1 illustrates the stack of cubes be-  cypes in Basin The 8000 cubes falling in a basin test has

ing simulated with Havok physics. Regarding the average peen performed in order to compare the behavior of the li-
processing time, Havok physics always has an advantage praries with scenes containing many interacting bodies, as
over the other libraries, while Bullet physics is always the jjystrated on Figure. When comparing the average times,

most time consuming. In most cases, reducing the time step physx and Havok are quite equivalent and provide about 5
leads to faster computations and a more stable simulation, tjme steps per second, while in the frictionless version of
except for PhysX where decreasing the time step in our range the test, Havok showed a peak simulation time of more than

(from 1/100s to ¥60s) did not make the stack of cubes hold 8o milliseconds. Bullet physics is slower and averages 500
longer. Bullet physics obtains the lowest results compared mjlliseconds per simulation step.

to other dynamic engines, making the stack to hold at best
for 4 seconds when using a time step ¢fi@0s. Note that

for PhysX, even if the stack stands a few seconds, there is
a visible penetration at the beginning followed by a notice- Multiple methods of contact/collision resolution Con-

able reaction making the stack expand and leaving a visi- cerning collision detection and resolution, Havok and PhysX

ble distance between the cubes. On Havok physics, althoughdefine around any body of the world a so-called "shell" that

the stack stands longer, we can notice a small accordion ef- extends the shape of the body of a given distance. This en-
fect on the stack before it collapses (see Fighyr&Vhen we ables to use fast algorithms to solve simple cases.

3.4. Discussion on the Tests and the Dynamic Engines

(© The Eurographics Association 2009.
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Figure 3: Third test case: 8000 cubes falling into a basin.

Actually (with Havok and PhysX), when two bodies col-
lide, if the penetration distance is lower than the thickness
of the shell, then a fast algorithm is used to solve for con-
tacts. If the fast method is not sufficient to hold the bodies
apart €.g.in the stack of cube example, naive methods fail)
then inter-penetration persists and goes through the "shell"
of the bodies. Therefore, for those "deep” contact points, a
more sophisticated algorithm is used. This is why in some

cases, great inter-penetrations occur as highlighted in Figure

4. This manner of solving contact is not annoying on most

cases (inter penetrations are brief), but on structure that need

a great accuracy to be stable, it reduces the global stability.
In our test, we put the shell width to a small valued{D so
that drawbacks of using a fast resolution are reduced.

Figure 4: PhysX inter penetration case with bodies colliding
(the top bodies are falling on the bottom one with a small
velocity) and restitution coefficient set to 0.

Summary charts Charts on Figuré sums up global perfor-
mances indicators in term of processing times, while Table
2 sums up global accuracy obtained for each test case.

Havok physics | NVidia PhysX Bullet physics
Stack of cubes ++ + +
Card house ++ 0

Table 2: Global accuracy of the dynamic engines on our test
cases. ++: Good stability, no visible penetration, the struc-
ture holds for a time step df/100s. +: The structure breaks
even with a small time step. 0: No stable state is reached
after 10 seconds of simulation. -: The structure can not be
simulated with realism

(© The Eurographics Association 2009.

Average processing time

processing time (ms)

|

Pile of cubes Card house 8000 cubes

5,00
4,50
4,00
3,50
3,00
2,50
2,00
1,50
1,00
0,50
0,00

Maximum processing time

=F =

8000 cubes

processing time (ms)

Pile of cubes Card house

m Havok physics ~ ® Nvidia PhysX  m Bullet physics

Figure 5: Mean and maximum computation times of 5 com-
binations of friction coefficient, restitution coefficient and

time step value, for each test case; Time values have been

divided by a factor of 200 for the third test.

Our environment allows us to unify the use of dynamic en-
gines by defining a common interface, providing high level
rigid body simulation with a dynamic choice of the simu-
lation engine. We leveraged this environment to perform an
evaluation of the leading dynamic engines, that has given us
clear ideas on the potential use of those solutions for haptic
rendering. However, although good, the performances of the
current dynamic engines are not sufficient to perform hap-
tic rendering in scenes containing hundreds of movable rigid
body. Thus, we define in the next section our new coupling
scheme whose purpose is to enable high frequency haptic
rendering in large scenes.

4. A New Coupling Scheme Between Physical
Simulation and Haptic Rendering

One of the most common coupling scheme to connect the
results of a dynamic engine to control a haptic interface is
calledadmittancecontrol. Positions and velocities of the vir-
tual object (or proxy) coupled with the haptic interface are
retrieved from the simulation and used to set the state of the
haptic interface. The effort brought by the human user on
the haptic interface through the haptic controller is then send
back to the simulation. This coupling is summed up on Fig-
ure6.

Using this coupling scheme, we performed satisfying
1kHz haptic rendering in modest scenes composed of a small
number of object in our environment. As soon as the number
of bodies increases in the scene, the simulation frequency
decreases, and the haptic feedback is less convincing with
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physical simulation must know the forces (indirectly or not)
returned by the user via the haptic interface in order to in-
tegrate the simulation forward. In its side, the haptic control
wants to use the position and the velocity of the proxy (the
coupled object) to give relevant positions to order the haptic
interface.

Physic simulation

position

force X
velocity

Haptic API
Haptic Controller

get device set device
state / state
/r\
T

Figure 6: Description of the admittance coupling.

The main objective is to preserve the quality of the haptic
rendering even when the physical simulation process can no
longer provide data at the desired frequency. In this case, the
haptic control process must create some intermediate data
which are consistent with the quality criteria of the haptic
rendering.

4.1. The Haptic Physical Sub-world

The main idea of our coupling scheme is to leverage the

the introduction of vibrations. Therefore, we propose in this dissociation presented on Figurereating two linked sim-
section a new coupling scheme in order to preserve the qual- Ulations, with two virtual worlds. The simulation process
ity of the high frequency haptic rendering on complex scenes 'S responsible for_ the entire virtual world_, while the haptic
without relying on the physical simulation frequency. To free control process simulates a_subset of thl§ world aroun_d the
the strong dependence to the physical simulation in term of Proxy, that we named thteaptic sub-world Since the haptic
haptic frequency, conceptual dissociation of the software ar- SuP-world is composed of a reduced number of bodies com-
chitecture is often considered. Two processes — the physical Paréd to the whole virtual world, the haptic control process
simulation and the haptic rendering — are living in parallel, €an perform the simulation ata higher frequency. We call the
and communicate. Figuré shows the dissociation we de- ~ ratio between the simulation world frequency and the haptic
fined in our environment, and used to design our new cou- Sub-world frequency theimulation ratiq notedrsim.

pling scheme. In practice, the sub-world is currently defined as the sub-

set of bodies intersecting an axis-aligned bounding box cen-

I I tered on the proxy, called the boundary box. Defining the
Draw scene Po.§1t10nj Simulate scene Position . Wait position SUb haptlc World ||'? thlS ma.nner enables us tO use .the faSt
f broadphase detection collision system of the simulation pro-
Set haptic state cess to generate a list of bodies entering or leaving the haptic
Handle GUI . . . .
events Wait forces | Forces | v sub-world. The size of the side of the boundary box is an im-
Sethapticstate portant parameter discussed in paragréyih
GUI Physical simulation Haptic control

The immediate advantage of the haptic sub-world comes

from the fact that we can define constraints coming directly

Figure 7: Three main processes of our dissociated haptic o the simulation process at a high frequency controlled
rendering scheme. Each of the three blocks has its own inde- by the haptic loop. However, two problematics emerge from

pendence. this coupling scheme. First, the interface between the two

worlds,i.e.how the constraints and the energy of the external

The GUI process is responsible for handling user events World are sent into the haptic sub world, has to be precisely
on the Graphic User Interface (GUI), and the display of the defined. The transmission of the energy brought by the hap-
scene which is being simulated. Tmysica| simulation t|C Sub-W0r|d Via the prOXy in the Wh0|e WOI’|d haS aISO to
process stores the scene and performs collision detection andPe Well-performed in order to keep a good physical realism.
integration of the simulation over a given time step. Finally, Figures8.a and8.b highlight two cases where the informa-
the Haptic control process is responsible for giving orders tion exchange between the two worlds is crucial. Further-
to the haptic API at a constant frequency. The three pro- More, since we have two linked worlds running at different
cesses are infinite loops that are free to iterate at different frequencies, we have also to define a synchronization pro-
frequencies. Although the three processes are independentt€ss.
they must communicate and they may synchronize. The GUI
process must read the positions of all the objects in the scene
in order to display them at the right positions. Between the
physical simulation and the haptic control process, the bidi- To avoid unfavorable extreme cases as described on Figure
rectional exchange of information is more constraining. The 8.b, we need to add new constraints at the boundaries of the

4.2. Interfacing the Two Worlds

(© The Eurographics Association 2009.
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———————y

o
poay]

Figure 8: The sub-world extraction. The red body is the
proxy. The thick dashed line centered around the proxy is
the boundaries of the haptic sub-world. The grays bodies
are in the haptic sub-world, while the white one are ret.
The bodies of the sub-world are not connected by any con-
tact to bodies of the simulation world: The proxy is at the
middle of stacking cubes. If we consider only the sub-world

information is very useful when, for example, the mass of
a structure involves great friction at its base. Thus, the sub-
world can gather only the objects of the base of the structure,
as illustrated on Figur&O.

Figure 10: By applying appropriate retrieved impulses at
border contacts, we can have helpful information on the sur-
rounding world @), or conserve compression information of
the world, that allows to simulate the same friction or re-
sistance behavior as in the simulation worlg).(The green

composed of colored bodies, nothing prevents the bodies to bodies (at which border contacts are present) are border

fall down due to gravity. This creates a drift between bodies
position and velocity of the sub-world, and their equivalent
body in the big simulation world.

haptic world. Let us define more precisely the boundaries of
the haptic world. We call &order contacta contact point
detected between a body that is in the haptic sub-world and
a body which is not. We call border bodya body which has

a border contact (see Figu®g Note that the sub-world may
have no border contacts or bodies.

Figure 9: Definition of the two border contacts (black dots)
and their associated border body (in gray). The dashed line
represents the sub-world boundaries.

At each border contact, different parameters values taken
from the dynamic engine of the simulation world are stored :
the position, the contact normal, the tangent velocity vector,
the tangential and normal impulse magnitudes. In order to
transmit into the haptic sub-world information about its sur-
rounding simulation world, we apply at each border contact
the previously stored normal and tangential impulse on the
border bodies (in our implementation, we use impulses but
the use of forces instead is straight forward. This approxi-
mation of the surrounding world enables to circumvent the
problem presented on FiguBeb, and even to retrieve a mass
information of the surrounding simulation world. This last

(© The Eurographics Association 2009.

bodies.

4.3. Synchronizing the Two Worlds

We now have a solution to treat boundaries conditions of
our haptic sub-world. Thus, the haptic sub-world can run in-
dependently at high frequencies. However, a drift with the
reference simulation world can be observed, due to the po-
tential change of impulses magnitude at border contact, and
most of all, the motion of the proxy. Indeed, the proxy will
be impacted by the action of the user, and will add energy to
the system. Since the proxy is part of the haptic sub-world,
only this world will be impacted. During the synchroniza-
tion between the two worlds, we must reflect in the simula-
tion world the impacts of the energy added by the user. In
the other side, the simulation world must correct the drift
taken by the haptic sub-world during its independent time
steps. If we impose the state of the haptic world to the simu-
lation world, then we impose the drift of the sub-world to the
whole world. This can lead to instability since the drift can
enlarge itself, even if the boundaries constraints are correctly
updated. On the other side, if we impose the state of the sim-
ulation world to the haptic world, we cancel the effects of
the proxy, which is not possible for haptic rendering. There-
fore, we adopted an intermediate solution which is a trade-
off between the two previously presented solutions. For this
trade-off, we selected several parameters:

e The ratio between the sum of impulses magnitudes of the
contacts applied on proxy with respect to the sum of all
magnitudes of all contacts of the sub-world. This ratio
(going from 0 to 1) gives an indication on how much the
proxy participates to the contact configuration of the sub-
world.

e The sum of impulses magnitudes returned by the haptic
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device. This value is used to determine whether some en-

ergy has been added to the sub-world via the haptic in-
terface. In practice, if this value is under a threshold, we

consider that no energy has been added during the haptic

cycle.

e The number of border bodies. If there is no border body in
the sub-world, then we are free to impose the sub-world
state to the simulation state.

e The number of contact points between the proxy and the
sub-world bodies. If this number is zero, we are free to
impose the simulation world state to the haptic world, and
by the way to make any potential drift vanish.

4.4. Haptic Sub-World Simulation Processing Time

The haptic frequency is directly linked to the haptic sub-
world simulation time, since the proxy state is updated af-
ter each simulation step. The simulation time, including pro-
cessing time for collision detection, constraints resolution
and time integration can be linked to the number of bod-
ies composing the world, the complexity of their geometric
shape, and the number of contact (representing constraints)
between the bodies. We performed some measurements to
know the influence of the number of bodies and the number
of contact point on the collision detection time and constraint
solving time. Those experiments are summed up in Figure

During the synchronization process, we update the state of 12. We can see that detection collision time and constraint

all bodies of the sub-world, and the state of all their equiva-
lents in the simulation world. After the synchronization, all

pair of equivalent bodies must have the same state (same po-

sition, orientation, same linear and angular velocities). We
introduced a coefficiens of interpolation, that defines on
which part of each world will impact the new state of the
pair of equivalent bodies. By convention, a value of 0gor
means that the state of the simulation world is prefered. An
heuristic algorithm enables to find an appropriate value for
from a combinationo of the four previous listed parameters.
Figure11 sums up our new coupling scheme on a diagram
sequence.
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Figure 11: Sequence of our coupling method, wigh,= 3.

"h + s" blocks represent haptic sub world simulation and
synchronization on physical time. "w" blocks represent wait-
ing times. The simulation world is represented on the left
part and the haptic sub-world on the right part. The synchro-
nization is performed in both directions, so that the position
of all body common to the two worlds have the same posi-

tion. The forces given by the haptic device (represented by

black arrows in the haptic world) are integrated in the hap-
tic world. At t=6ms, a new ball is entering in the boundary
box of the sub-world, and added to the haptic world during
the synchronization process.

solving time are nearly linear to both the number of bodies
and the number of contacts. We deduced from a linear iden-
tification that it takes in average 0.0016 ms to solve for one
body, in a spaced configuration of cubes, against about 0.011
ms per body in a dense configuration, with a high number of
contacts. The latest number enables us to determine a max-
imum number of bodies allowed to live in the haptic sub-
world to be sure to respect the haptic frequency imposed.

e

. /
1 ~

processing time (ms)

0 500 1000 1500 2000 2500

number of moving bodies

processing time (ms)

0 5000 10000 15000 20000
number of contact points

—o— solving time —m— collision detection time

Figure 12: Influence of number of bodies and number
of contact points on the detection collision time and con-
straint solving time. The first chart shows measurements
with spaced cubes without contact, while the second chart is
made from a scene composed of cubes in high contact con-

figuration. The tests were performed with Havok physics.

4.5. Size of the Boundary Box and Sub-World
Definition

The size of the boundary box has a direct impact on the size
of the sub-world and on the potential number of bodies com-

(© The Eurographics Association 2009.
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posing it. The greater the size of the box, the greater the num-
ber of bodies potentially intersecting with it. Computation
time needed to simulate the sub-world and to synchronize
the two worlds depends also on the boundary box size.

In our tests, we determined a size value greater than the
possible displacement of the proxy during the haptic cycle.
This value can be obtained through the maximum velocity of
the proxy. Actually, we experimented and deduced from our
algorithm that the size of the boundary box should be big
enough to avoid border bodies directly in contact with the
proxy. Even if it will not compromise the haptic frequency or
stability, there will be inconsistencies in the efforts needed to
move border bodies. Bodies at the extremities have namely
constraints coming from the simulation world, that persist
until the next synchronization, reducing the reactivity when
efforts are applied on them. However, if all the bodies that

have comparable sizes have also comparable masses, it is

easily possible to find good trade-offs for the size of the sub-
world, so that processing time and synchronization time are
small enough. Simulation results are illustrated on Figures
13and14).

4.6. Simulation Ratio Value

An other important aspect of our method concerns the de-
termination of our simulation ratiosim. As shown on Fig-
urel1l, the simulation process uses a time step whiakijis
times greater than the time step used in the haptic control
process.

Increasing the simulation ratio reduces the frequency of

4.7. Results

Using the double simulation method, we performed satisfy-
ing 1 kHz haptic rendering on scenes containing about 250
moving cubes in high contact configuration. The compres-
sion information indirectly coming from impulses applied at
border bodies enables to successfully take into account the
contact constraints and compression information as shown

on Figurel3.

W 7

I

-

v

Figure 13: lllustration of the double simulation method. The
red body is the proxy. The blue and yellow bodies are belong-
ing to the haptic sub-world. The yellow bodies are border
bodies, while the red line drawn from their center represents
the linear impulses applied on them during the haptic cycle.
The simulation ratio value is 4.

We also successfully performed tests that exploit the drift
taken by the haptic sub-world, such as pushing a row of
aligned cubes resting on a floor with friction, with only a
part of the row belonging to the haptic sub-world (see Fig-
ure 14). We felt the mass of all the cubes of the row, and the

the synchronizations, and thus increases the independencesntire row begins to slide if enough energy is added. We val-
of the haptic process. It also unfortunately increases the drift jdated the dynamic update and propagation of the energy of
taken in the haptic sub-world. We also experienced another the haptic sub-world on a heap of 250 cubes, all in contact,
limiting constraint. Indeed, since a higher time stepisused in and on other scenes such as the stack of cubes or the card
the simulation world, the accuracy of its simulation can be house presented in Sectidn

reduced. This can be annoying in extreme cases. Consider ) )

the example where the time step used in the simulation pro- " inally, we were able to perform 2 kHz haptic render-
cess allows small penetration between stacking objects, the N9 Using a simulation ratio of 10, on a scene containing
reduced time step of the haptic sub-world simulation will not -0 cubes and approximatively 620 contact points. In this
allow it, producing very small vibrations along the synchro- CaS€. we measured that the bottleneck of the process is
nizations between the two worlds. Those small vibrations the synchronization time. Indeed, the synchronization is not
can move the bodies making stacking structures to fall down, @1 instantaneous operation. In practice, our synchronization
This phenomenon is due to small penetrations allowed by Method is linear in the number of bodies composing the hap-
the simulation softwares. A solution to avoid it is the use of 1¢ Sub-world. To maintain the haptic frequency, the addition

more strict constraint solvers that forbid inter-penetrations. °f the synchronization time and the simulation time of the
haptic sub-world has to be lower than the inverse of the fixed

A value of 4 forrgim was reasonable in most cases where frequency.
stacking structures are present, with a lot of border bodies
in contact. However, where the virtual world is sparser and
does not contain challenging structures such as a stack of
cubes, a simulation ratio up to 10 can be used (if there is In this paper, we presented an environment integrating the
no border body, the limit of the simulation ratio is given by leading physical simulation softwares, allowing their evalu-
the larger time step that can be used for the simulation and ation with respect to different haptic rendering criteria. The

ensures stability). environment provides both an abstraction from potentially

5. Conclusion and Perspectives
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Figure 14: Pushing a row of aligned cubes: our method can
make the user feel the sum of friction of all the aligned cubes
in the row, although only 3 of them belong to the haptic sub-
world. The simulation ratio is 4.

complex underlying physical simulation methods and the
flexibility to use different physical engines according to the
physical environment requirements. Inside our environment,
we have implemented a new coupling scheme between the
physical simulation and the haptic rendering. The scheme is
independent from the rigid body dynamic simulation meth-
ods and allows to increase the haptic simulation frequency
by a factor of 4 in very dense scenes, and a factor of at least
10 in sparse scenes, while keeping nearly the same haptic
rendering quality. The haptic sub-world principle consists
in extracting a subset of the bodies composing the virtual
world, and in simulating the constantly updated sub-world
at a higher frequency, and potentially with the same meth-
ods of simulation than the whole virtual world.

We have determined the maximum number of bodies
composing the haptic sub-world so that the haptic frequency
requirements are respected. Although the parameters of our
method are currently set before the simulation,they could
be adapted during the simulation. Depending on the mea-
sured refreshment rates, it is possible to dynamically change
the maximum number of bodies composing the haptic sub-
world. An alternative solution to the currently used boundary
box could also be tested for haptic sub-world selection, such
as the use of the contact graph of the world starting from
the proxy and stopping at a maximum depth. In very large
scenes, bodies are usually spaced, and we aim at dynam
cally adapting the simulation ratio so that our method can
leverage sparse scenes. Finally, future work will deal with
the use of our new coupling scheme in order to define poten-
tially collaborative interactions in large worlds in which we
could definen haptic sub-worlds to performhaptic render-
ing in parallel.
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