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Figure 1: Real-time simulation of glasses and liquid. Glass tower is ﬁlled with liquid and a glass is thrown into the scene. This simulation runs 17.1 frames per second on GeForce 8800GTX.
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Introduction



The current trend in processor technology is to improve the efﬁciency of processors and not increase their frequency. Processors nowadays are equipped with parallel architecture. Cell Broadband Engine Architecture is a multi-core processor for general-purpose computation and Graphics Processing Units (GPUs) are specialized parallel processors for graphics tasks. Additionally, CPUs are also shifting to multi-core design. What we need to do now is adaptation to these platforms. Therefore, we need to develop data-parallel algorithms that exploit their computational powers.



particles (spheres) as the title of this skech implies. We call them rigid particles. The size of rigid particles is all the same and also the same to the size of ﬂuid particles. An advantage of this shape representation is the computation speed is controllable by changing the accuracy, i.e., the resolution of particles. With this shape representation, not only collision between rigid bodies but also interaction between a rigid body and a ﬂuid can be converted to the simple problem of computation of particle interactions. Thus, the computation is simple and it can be computed in parallel. However, the shape representation using particles increases the number of simulation entites because a rigid body is consists of a few rigid particles. A uniform grid is introduced to make the neighboring particle search efﬁcient. The interaction between ﬂuid particles and rigid particles is calculated by assuming rigid bodies as a ﬂuid. The density is also computed on rigid particles and then the pressure and viscosity forces are calculated between ﬂuid particles. The force on the rigid particle, which is the sum of the force from ﬂuid and the force from collisions between rigid particles, is used to update the linear and anguler momenta of a rigid body.



In this sketch, we show that a particle-based simulation can be parallelized and implemented entirely on Graphics Processing Units (GPUs) as a parallel computation platform. As a result, we can obtain unprecedented performance with scalar processors. We also presents a particle-based method to interact ﬂuids and rigid bodies. In this method, rigid bodies are represented by a set of particles. The beneﬁts of this method are low computational cost and parallelism of its algorithm.



As described above, the force computation between rigid bodies and a ﬂuid can be executed in parallel. When GPUs are used, a frame buffer is rendered with a fragment shader by assigning a pixel to a particle. The fragment shader compute the force with physical values of neighboring particles which are read from other textures. A data which stores an information about neighboring particles is generated in advance by a vertex shader. In this way, forces on rigid bodies and a ﬂuid are computed in parallel.



As physical laws govern the motion of objects around us, a physically-based simulation plays an important role in computer graphics. For instance, the motion of a ﬂuid, which is difﬁcult to generate by hand, can be produced by solving the governing equations. Acceleration of a simulation is one of the most important research themes because the speed and stability of a simulation are essential for real-time applications.
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Methods



Smoothed Particle Hydrodynamics (SPH) is employed to solve the governing equation of a ﬂuid[M¨uller et al. 2003]. A characteristics of particle method including SPH is that there is no numerical dissipation caused by advection calculation and so mass loss does not occure even if the resolution of a simulation is low. Therefore, the particle methods are suited for a real-time application. As for the rigid body simulation, a rigid body is represented by a set of ∗ e-mail:
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Results



In Figure 1, 10 glasses are stacked and a ﬂuid is poured from above them. Then, a glass is thrown onto them and the stacked glasses collapse. This simulation uses 49,153 particles and runs 17.1 frames per second on GeForce 8800GTX using a rendering in which point sprites are used to render particles. The simulator outputs simulation data and the surface of the ﬂuid is constructed by Marching Cubes by assigning densities to ﬂuid particles. The polygons are rendered after the simulation with an ofﬂine renderer. The accompanying video includes several examples which runs in real-time. A simulation which uses the largest particle number runs 3.85 frames per second with 245,760 particles. These examples show the capability of the present technique.



References ¨ M ULLER , M., C HARYPAR , D., AND G ROSS , M. 2003. Particle-based ﬂuid simulation for interactive applications. In Proc. of SIGGRAPH Symposium on Computer Animation, 154–159.
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