


the K matrix is generally sparse [5], and the inverse can 
be computed with specialized methods.  Because a poly-
nomial component φ is not required, K has size n×n, and 
the coefficients α can be efficiently determined. 
Efficiency greatly depends on the number of landmarks 
used, as the size of K increases quadratically with n.  For 
a small number of landmarks (n ≤ 10), near real time 
performance, about 25 computations per second, can be 
achieved for the Wendland functions, as shown in Figure 
6a (in this case, the displacements of all 14,560 points of 
the prostate data were computed).  The Buhmann 
CSRBF, Eq. (3), contains a logarithm term and is more 
complex.  Solving for α and computing displacements are 
inherently parallel, and efficiency can be further 
increased if multiple processors are available.  Figure 6b 
shows the timing results of parallelizing the computations 
with four processors and shared memory (implemented 
with OpenMP).  Efficiency greatly increases for all 
CSRBFs. Near real time computations can be performed 
with 30 and 20 landmarks using Wendland and Buhmann 
CSRBFs, respectively. 
 In this study, landmarks represent the interface 
between the instrument and tissue, and are also 
constraints that allow simulation of tissue hardness, 
assuming primarily homogeneous material. 
Heterogeneous tissue may be simulated by allowing a to 
assume different values for each landmark.  However, the 
internal landmarks must be chosen very carefully.  In 
addition, the invertibility of K can no longer be 
guaranteed theoretically, although such an approach was 
successfully applied to nonlinear image registration [7]. 
 

6. CONCLUSION 
 
This paper demonstrates the efficacy of using compact 
support radial basis functions for simulating soft tissue 
deformation.  The CSRBF model was applied to 
simulation of needle insertion for prostate brachytherapy.  
Real time frame rates and visual realism were attained 
with appropriate selection of basis functions, locality 
parameters, and internal landmarks. The efficiency of the 
CSRBF can be improved with parallelization.     
 

      
     (a)                          (b) 

Figure 6.  Computation time for 14,560 displacements using 
CSRBFs.  (a) One processor (1.0 GHz Compaq/HP® ES45™).  
(b) Four processors on the same architecture, shared memory. 

The CSRBF model, like all basis function approaches, 
has limitations.  Its primarily use is deformation, and 
actions that change topology, such as cutting, are difficult 
to simulate. The method also assumes relatively 
homogeneous tissue and concave geometry.  Choice of 
parameters is empirical.  Thus, future work will focus on 
incorporating CSRBFs into physics-based modeling 
paradigms, adding elasticity properties, on developing a 
framework for parameter selection, and on validation. 
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