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Figure 3.11: Sample tree structure for tetrahedral domain
having depth of two.

Quad-tree structure (Figure 3.11) is a natural
formation for the tetrahedral domain, and can be
divided hierarchically. Tree nodes are transferred
efficiently via network since a tree node contains a
range identifier which is actually the combination of
upper left and lower right node index numbers, and
state information of corresponding region as a 2D
array. Minimum depth level for the tree can be
adjusted to keep the packaged tree node size smaller
then the maximum packet size allowed by the
network protocol.

Domain divisions are designed upon a quad tree
based structure in the figure (Figure 3.11). While
dividing the domain into sub-domains, equivalence
of the number of shared grid nodes is an important
criterion. However, keeping the domain boundaries
shorter for an accurate synchronization of the
physical simulation is essential, and keeping the
fragmentation minimal for efficient network
transmission is also important.

At the beginning of the simulation, each client
starts to simulate the whole domain independently.
When a connection invoked, domain is partitioned
according to the points of interest where the forces
are applied by the clients. Nodes at the domain
boundaries are treated as boundary conditions, and
the dynamical simulation of the local domain
performed consequently at the each client.

4 RESULTS

Our graphical sub-system can efficiently handle very
large meshes, taking advantage of regular-mesh and
subdivision methodology as presented in the
previous chapters (Figure 4.1). Our system renders
meshes using the Phong shading model at interactive
frame rates (25 fps) with resolution up to 100K
polygons on an AMD Opteron 2.6 GHz PC equipped
with  NVIDIA Quadro FX4500 GPU. We
implemented Phong shading model on the GPU.
Vertex positions are uploaded to texture memory
and vertex normals are computed on the fly using
texture lookups.

The proposed network communication model
can handle synchronous simulation among two peers
of a surface up to 10K vertices over the local area
network. This level has a bandwidth requirement of
20 M Bits per second without any compression.

We also tested the performance of the system by
comparing computational load and number of
simulated nodes. Our deformation engine can handle
multi-resolution meshes up to 30K nodes, and
maintains interactivity at less than %30 CPU
utilization. Partitioning the domain between clients
reduces computational load by 45% on the average,
and increases the running speed by a factor of 1.8,
depending on the partitioning ratio.

Figure 4.1: (a) One peer and (b) two-peers collaborative
network deformation of a sample model having a regular
mesh structure.

S CONCLUSION

We have proposed a new technique for
deformable body simulations in the field of
collaborative virtual environments and introduced
several improvements over the methods we adopted.
We found that adaptive refinement and multilevel
meshing strategies are promising research domains
that can be further exploited for increased network
efficiency and better physical accuracy for CVE’s.

Furthermore, we showed that the partitioning of
physical simulation domain has a considerable effect
on performance, and makes real-time simulation
possible in scenarios where only one peer is
incapable of handling the computational load.

As future work, we consider on the fly
compression which might significantly reduce the
bandwidth requirement but can degrade overall
performance because of the additional computational
cost. Optimization of the system for the Internet is
out of the scope of this paper, but it is safe to predict
that the network lag on public networks will have an
impact on performance. Our method needs to be



optimized for the Internet, and tested over large
physical distances to overcome possible negative
network effects.

6 REFERENCES

Alexa, M. (2002). Recent Advances in Mesh Morphing,
Blackwell Synergy. 21: 173-196.

Baraff, D. and A. Witkin (1998). Large steps in cloth simulation.
Proceedings of the 25th annual conference on

Computer graphics and interactive techniques, ACM

Press.

Baraff, D. and A. Witkin (2003). Physically based modeling.
Proceedings of the conference on SIGGRAPH 2003
course notes. Los Angeles, CA, ACM Press.

Bathe, K.-J. and K.-J. Bathe (1996). Finite element procedures.
Englewood Cliffs, N.J., Prentice Hall.

Benford, S., C. Greenhalgh, et al. (2001). "Collaborative virtual
environments." Commun. ACM 44(7): 79-85.

Choi, K.-S., H. Sun, et al. (2004). "Deformable simulation using

force propagation model with finite element

optimization." Computers & Graphics 28(4): 559-568.

Dequidt, J., L. Grisoni, et al. (2005). Collaborative interactive
physical simulation. Proceedings of the 3rd
international conference on Computer graphics and
interactive techniques in Australasia and South East
Asia %@ 1-59593-201-1. Dunedin, New Zealand,
ACM Press: 147-150.

Desbrun, M., Peter Schrdder, et al. (1999). Interactive animation

of structured deformable objects. Proceedings of the
1999 conference on Graphics interface '99. Kingston,
Ontario, Canada, Morgan Kaufmann Publishers Inc.

Fruchterman, T. and E. Reingold (1991). "Graph Drawing by
Force-directed Placement." Software - Practice and
Experience 21(11): 1129-1164.

Georgii, J. and R. Westermann (2005). "Mass-spring systems on
the GPU." Simulation Modelling Practice and Theory
13(8): 693-702.

Goncharenko, I., M. Svinin, et al. (2004). Cooperative Control
with Haptic Visualization in Shared Virtual
Environments. Proceedings of the Information
Visualisation, Eighth International Conference on
(IV'04) - Volume 00, IEEE Computer Society.

Hagsand, O. (1996). "Interactive multiuser VEs in the DIVE
system." Multimedia, IEEE 3(1): 30-39.

Hughes, T. J. R. (1987). The finite element method : linear static
and dynamic finite element analysis. Englewood
Cliffs, N.J., Prentice-Hall.

James, D. L. and D. K. Pai (1999). ArtDefo: accurate real time

deformable objects. Proceedings of the 26th annual
conference _on Computer graphics and interactive

techniques, ACM Press/Addison-Wesley Publishing
Co.

Jorissen, P. and Z. M. W. L. Maarten Wijnants (2005). "Dynamic
Interactions in Physically Realistic Collaborative
Virtual ~Environments." IEEE Transactions on
Visualization and Computer Graphics %@ _1077-2626
11(6): 649-660.

Kang, Y.-M. and H.-G. Cho (2002). Complex deformable objects
in virtual reality. Proceedings of the ACM symposium

on Virtual reality software and technology. Hong
Kong, China, ACM Press.

Macedonia, M. R., M. J. Zyda, et al. (1994). "NPSNET- A
network software architecture for large-scale virtual

environments." Presence: Teleoperators and Virtual
Environments 3(4): 265-287.
Nikitin, 1., L. Nikitina, et al. (2002). Real-time simulation of

elastic objects in virtual environments using finite

element method and precomputed Green's functions.
Proceedings of the workshop on Virtual environments
2002. Barcelona, Spain, Eurographics Association.

Peter Schroder, D. Z. (2000). SIGGRAPH Full Day Course:
Subdivision for Modeling and Animation.

Praun, E. and H. Hoppe (2003). "Spherical parametrization and
remeshing." 22(3): 340-349.

Reddy, J. N. (2004). An introduction to nonlinear finite element
analysis. Oxford ; New York, Oxford University Press.

Sander, P. V., J. Snyder, et al. (2001). Texture mapping
progressive meshes. Proceedings of the 28th annual

conference on Computer graphics and interactive

techniques, ACM Press.
Sederberg, T. W. and S. R. Parry (1986). Free-form deformation
of solid geometric models. Proceedings of the 13th

annual conference on Computer graphics and
interactive techniques, ACM Press.

Terzopoulos, D., J. Platt, et al. (1987). Elastically deformable
models. Proceedings of the 14th annual conference on

Computer graphics and interactive techniques, ACM
Press.

Thalmann, D., C. Babski, et al. (1997). "Sharing VLNET worlds
on the Web." Computer Networks and ISDN Systems
29(14): 1601-1610.

Volino, P. and N. Magnenat-Thalmann (2006). Resolving surface

collisions through intersection contour minimization,
ACM Press. 25: 1154-1159.

Xiaojun, S., F. Bogsanyi, et al. (2003). A heterogeneous scalable
architecture for collaborative haptics environments.

Zhou, J., X. Shen, et al. (2004). Haptic tele-surgery simulation.

Zorin, D., Peter Schroder, et al. (1996). Interpolating Subdivision
for meshes with arbitrary topology. Proceedings of the
23rd annual conference on Computer graphics and

interactive techniques, ACM Press.





