140
Applications on HPC

Bio-Numerical Simulations with SimBio
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ABSTRACT The central objective of the SimBio§ project is the improvement of clinical and medical practices by

the use of large-scale numerical simulation for bio-medical problems. SimBio provides a generic
simulation environment running on parallel and distributed computing systems. An innovative key feature is
the input of patient specific data to the modelling and simulation process. While future SimBio users will be
able to develop application specific tools to improve practices in many areas, the project evaluation & validation
will demonstrate improvements in: non-invasive diagnosis and pre-operative planning and the design of
prostheses. The SimBio environment consists of components for the discrete representation of the physical
problem, the numerical solution system, inverse problem solving, optimization and visualization. The core of
the environment is the numerical solution system comprising parallel Finite Element solvers and advanced
numerical library routines. The compute-intensive components are implemented on high performance comput-
ing (HPC) platforms. The following article explains the HPC requirements of the bio-medical project applica-
tions and presents the SimBio solutions for the project validation examples: electromagnetic source localization
within the human brain, bio-mechanical simulations of the human head and the design of knee joint menisci
replacements. Results include performance measurements of the parallel solvers in the SimBio
environment. The paper concludes with an outlook on future Grid-computing activities based on SimBio
developments.
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1. INTRODUCTION process - in contrast to simulation based on generic
computational models. In order to meet the computa-
tional demands of the SimBio applications, the

compute-intensive components are implemented on

The objective of the SimBio project, financed by the
European Commission’s Information Societies Tech-

nology (IST) programmel, is the improvement of
clinical and medical practices by the use of numerical
simulation. This goal is achieved by developing a ge-
neric distributed simulation environment that en-
ables users to develop application specific tools for a
variety of medical areas (see Fig. 1). The potential
impact is demonstrated for specific areas through the
SimBio evaluation & validation applications: electro-
magnetic source localization in the brain, analysis of
time-series data, maxillo-facial mechanics, knee-
mechanics and prosthesis design. A key feature in the
SimBio project is the possibility to use individual
patient data as input to the modelling and simulation
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high performance computing (HPC) platforms. In ad-
dition to combining medical imaging and finite ele-
ment analyses with HPC technology, the whole envi-
ronment is integrated using CORBA| to allow
remote-site computing, thus creating an Internet-
based clinical and medical support tool.
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Fig. 1 The SimBio software and hardware.
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2. MODELLING APPROACH

The SimBio environment includes a complete
chain of tools necessary for the entire process from
geometric model generation from medical scan data
(import from DICOM or other proprietary format,
segmentation, mesh generation and mesh manipula-
tion) to computer simulation and visualization. Com-
puter tomography (CT) and magnetic resonance im-
aging (MRI) provide a 3-dimensional description of
internal structures by non-invasive measurements.
The resultant images permit different types of tissue
to be differentiated.

2.1 Segmentation

General segmentation involves the definition of
anatomical structures by borders corresponding to
signal intensity transitions at tissue interfaces. Here
we use an intensity-based algorithm (AFCM, adap-
tive fuzzy C-means algorithm[1]), which is able to
correct intensity inhomogeneities and provide good
quality segmentations simultaneously for structures
of the human head. However, finding a generally ap-
plicable and fully automatic procedure is still an un-
resolved problem.

2.2 Mesh Generation

Next follows the geometric modelling of the struc-
tures identified in the previous step. The VGrid algo-
rithm[2] is based on an adaptive OCTREE data struc-
ture exploiting the Cartesian grid structure inherent
in medical scan data. VGrid allows the fast genera-
tion of uniform and non-uniform (adaptive) tetrahe-
dral and hexahedral meshes suitable for Finite Ele-
ment simulations (see Fig. 2).

Fig. 2 Material-dependent mesh resolution.

2.3 Model Preparation and Validation

After segmentation and mesh generation a useful
model for the simulation of the patient’s anatomy has
been created. The modelling requirements are:

- Topologically correct volumetric grid.

- Regularly shaped elements.

- Suitable material model for each tissue type.

- Suitably defined boundary and initial conditions.

In order to supply a model with these properties,
additional tools have been designed to complement
the mesh generation process, for example a mesh
quality checker, connected component filtering, and
semi-automatic boundary condition specification (see
also Fig. 8 below).

3. NUMERICAL SOLUTION

3.1 Source Localization with NeuroFEM

A common clinical task in neurology and neuropsy-
chology is to find realistic electromagnetic source dis-
tributions in the human brain. This search is based
on EEG measurements that yield electrical potentials
on the surface of the head. The data analysis requires
in a first step the repeated (up to 10,000 times) solu-
tion of a large linear equation system (usually much
more than 1 million unknowns). Thus, source local-
ization becomes a supercomputer application.
NeuroFEM is a software tool enabling the parallel
solution of the large number of forward simulations
using a multigrid equation solver. Figures 3 and 4
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Fig. 3 Timings on SGI Origin for a realistic tetra-
hedra head model with 147,287 nodes. The
number of iterations are depicted next to the
curves.
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show comparisons between an algebraic multigrid
preconditioned conjugate gradient method (AMG-CG)
and a Jacobi-CG solver for a head mesh consisting of
tetrahedral elements with 147,287 nodes. The AMG-
CG solver is about seven times faster than the Jacobi-
CG method. The calculations have been carried out on
a SGI Origin2000 with 16 MIPS 10000 processors of
195MHz. In Fig. 4 we observe an almost linear
speedup that even becomes superlinear for the
Jacobi-CG method due to cache effects[3]. The
NeuroFEM software has been recently ported to
CCRLE’s PC cluster, consisting of 32x2 AMD Athlon
MP 1900+ processors running at 1.6GHz, intercon-
nected with Myrinet. The 3D potential distribution
was calculated in 1.5 sec on twelve processors with
the parallel AMG-CG method. Corresponding
speedup results are shown in Fig. 5.

3.2 Knee Simulation with PAM-SAFE

The commercial code PAM-SAFE (ESI, Paris) is
used for the bio-mechanical modelling of the human
knee in order to analyze the dynamics of the knee
joint highly. An accurate and smooth finite element
mesh of the human knee (see Fig. 6) has been gener-
ated from high (0.35 x 0.35mm in-plane) resolution
MRI images to form a template mesh. Patient-specific
pre- and post-operative MR images have been ac-
quired from which patient-specific meshes are being
generated via morphing the template mesh[9], and
are being used to investigate normal and pathologic
knee kinematics in addition to the requirements for a
meniscal implant. The kinematic behaviour of the
knee meshes is being validated by using tools, devel-
oped under Simbio, to register the high-resolution
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Fig. 4 Scaling on SGI Origin.

MR knee volume to sparse pseudo-dynamic MR slices
and to calculate the transformation matrix automati-
cally[10]. Development of an improved material
model to model the orthotropic nature of the menisci
has been achieved and is being evaluated currently.
The parallel version of the finite element code PAM-
SAFE runs with its typically high scalability[4].

3.3 Finite Element Analysis with HeadFEM

HeadFEM is designed for the pre-operative plan-
ning of maxillo-facial surgery. It is a fully parallel
code for the solution of non-linear, finite deformation,
large strain finite element problems employing neo-
Hookean hyperelastic compressible and incompress-
ible (for soft tissue modelling) constitutive equations.
The solution to the non-linear equations is achieved
using the non-linear Newton-Raphson iterative
method.
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Fig. 5 Scaling on NEC PC cluster.

Fig. 6 FE mesh of human knee.
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The HeadFEM implementation uses the Finite El-
ement Interface (FEI) definition from Sandia Na-
tional Laboratories[5], which serves as an abstraction
layer between finite element routines managing
matrix-assembly and linear-solver modules. Via FEI,
HeadFEM is linked to the NEC PILUTS linear solver
library, which comprises a variety of state of the art
parallel iterative solution (CG, BiCGstab, symQMR)
and preconditioning procedures ranging from simple
diagonal scaling to incomplete Cholesky, threshold
and distributed Schur complement methods[6,7]. For
improved parallel efficiency, a partitioning tool based
on the DRAMA load-balancing library[8] is used. For
the scaling of HeadFEM see Fig. 7.

In order to ease model preparation for this specific
task, several additional tools had to be implemented.
For specifying the forces exerted on the skull, a vir-
tual version of the medical device called a halo was
created, which allows a very easy and quick setting of
the boundary conditions, see Fig. 8. Also, the auto-
matic segmentation and mesh generation process
may result in meshes with disconnected components,
which lead to underdetermined problems and have to
be cleaned up by a special tool.

4. COMPONENT INTERACTION

Within the project a GUI has been developed to
assist users in setting up their own simulation sce-
narios, which basically consist of a sequence of appli-
cations to be executed (see Fig. 1). All required input
and output parameters for each application are en-
tered via specialized windows. The complete scenario
is then written to a file using a specially designed
extensible markup language (XML) format. A driver
program parses the XML files and invokes all pro-
grams sequentially (see Fig. 9). Output and error
messages are kept in log files. The design of the ge-
neric environment distinguishes local and remote ap-
plications. In the SimBio context all local applications
will be executed at the user machine whereas the
remote ones are executed at a compute server site. All
remote transactions, such as file and parameter
transfers, are achieved via small software agents that
act upon a CORBA middleware layer. To attain an
adequate level of security here, secure socket layer
(SSL) based encryption for all remote operations can
be employed. At the remote site, CORBA servers in-
sert incoming requests into databases, generate
batch scripts and then launch them to the local sched-
uling system. The information kept in the database is
used to re-launch a request in case of error, adds an
additional authentication layer to the system and

finally serve as the basis for an optional accounting
system.
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Fig. 7 Scaling of HeadFEM code.

Fig. 8 The virtual halo device.
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5. CONCLUSION

The SimBio environment combines medical imag-
ing and finite element techniques with up-to-date
HPC algorithms and technologies. The SimBio
project provides an extensive tool for numerical mod-
elling of human body parts. A major advantage of the
SimBio approach is the ability to set up models of
body parts of individual human beings based on medi-
cal scan data. This concept thus paves the way for the
future set-up of virtual models of individuals appli-
cable for the investigation of a wide range of medical
problems. The idea of SimBio is taken a step further
by the new EC project (GRID-enabled Medical Simu-
lation Services) that started in September 2002.
GEMSS will enable medical practitioners and re-
searchers to use SimBio-like simulations via a GRID
infrastructure. The motivation is to improve the qual-
ity of health service that can be delivered to society by
predictive computer simulations and create new busi-
ness models for such services.

ACKNOWLEDGMENTS

The authors would like to thank all colleagues
from both current and previous collaborations and
projects related to this work. The support of the Euro-
pean Commission is acknowledged gratefully.

REFERENCES

[1] Pham D.L. and Prince J.L., “An adaptive fuzzy C-means
algorithm for image segmentation in the presence of in-
tensity inhomogeneities,” Pattern Recognition Letters, 20,
pp.57-68, 1999.

L S S T S

Jochen FINGBERG, Senior Principal Re-
searcher, Technical Team Leader for Bio-
Numerics and Bio-Informatics, joined NEC’s
C&C Research Laboratories in Sankt Augustin
in 1997. Current research is focused on bio-
mechanical simulations and the development
of a parallel non-linear Finite Element code (HeadFEM).

ES

NEC Res. & Develop., Vol. 44, No. 1, January 2003

[2] Hartmann, U. and Kruggel, F., “T'ransient Analysis of the
Biomechanics of the Human Head with a High-Resolution
3D Finite Element Model,” Comp. Meth. in Biomech. and
Biomed. Eng., 2, 1, pp.49-64, 1998.

[3] Wolters, C.H., Kuhn, M., Anwander, A. and Reitzinger, S.,
“A parallel algebraic multigrid solver for finite element
method based source localization in the human brain,”
Comp. Vis. Sci., 5, 3, 2002.

[4] Clinckemaillie, J., “Experience with MPP on the Simula-
tion of Large Models.” PAM-96 Conference, Strasbourg,
November 21-22, 1996, downloadable via http://www.
esi-group.com/services/publications/

[6] Finite Element interface to Linear Solvers (FEI),
http://z.ca.sandia.gov/fei/

[6] Basermann, A., “Parallel Block ILUT Preconditioning for
Sparse Eigenproblems and Sparse Linear Systems,” Nu-
merical Linear Algebra with Applications, 7, pp.635-648,
2000.

[7] Saad, Y. and Sosonkina, M., “Distributed Schur Comple-
ment Techniques for General Sparse Systems,” SISC 21,
pp.-1337-1356, 1999.

[8] The DRAMA (Dynamic Load Balancing for Parallel Mesh-
based Applications) projects homepage:
http://www.ccrl-nece.de/DRAMA/

[9] A.D. McCarthy, I.D. Wilkinson, D.R. Hose, D.C. Barber, S.
Wood, G. Darwent, D. Chan and D.R. Bickerstaff,
“Musculo-Skeletal Simulation: Finite Element Meshes
Derived From Magnetic Resonance Volumes,” Proceed-
ings of 10th Scientific Meeting and Exhibition of the Inter-
national Society for Magnetic Resonance in Medicine, Ho-
nolulu, pp.18-24, May 2002.

[10] Wood, S., Barber, D.C., McCarthy, A.D. Chan, D.,

Wilkinson, I.D., Darwent, G. and Hose, D.R., “A novel

image registration application for the in vivo quantifica-

tion of joint kinematics,” Proceedings of Medical Image

Understanding and Analysis 2002, The University of

Portsmouth, pp.22-23, July 2002.

The GEMSS (GRID-enabled Medical Simulation Ser-

vices) projects home page: http://www.gemss.de

(11]

Received October 1, 2002

kok ok

kok ok 3k

Guntram BERTI, Research Scientist, obtained
a MSc in mathematics at the University of
Dortmund, and a Ph.D. in mathematics at the
University of Cottbus. He joined NEC’s C&C
Research Laboratories in 2001. His current
research is focused on bio-numerics, including
mesh generation and parallel FEM solvers.




Special Issue on High Performance Computing 145

Ulrich HARTMANN received a Ph.D. in
Leipzig at the Max-Planck-Institute for Cogni-
tive Neuroscience working in the field of finite
| element modelling for neurological problems.
In 1998 he took the position as a research staff
member at the NEC C&C Research Laborato-
ries in St. Augustin where he contributed to the European
project SimBio.

Achim BASERMANN, Principal Researcher,
Technical Team Leader obtained a Ph.D. in
Electrical Engineering from RWTH Aachen in
1995 followed by a postdoctoral position in
Computer Science at Research Centre Julich
GmbH, Central Institute of Applied Math-

=
7
y s

A

ematics. In 1997 he joined NEC’s C&C Research Laboratories
in Sankt Augustin. Current research is focused on parallel
linear algebra algorithms, circuit simulation and financial ap-
plications.

Falk ZIMMERMANN has been working as
Principal Researcher at CCRLE in Sankt
Augustin since 1996, where he is involved in
the implementation of MPI on the SX-series
and the ES. Further activities are in the area
of distributed computing (CORBA) and the de-
velopment of flexible job scheduling systems for PC cluster
architectures.

Carsten H. WOLTERS studied mathematics
with a minor in medicine in Aachen, Germany,
and Lyon and Paris, France. Since 1997, he is
working as a full research scientist and Ph.D.
student at the MPI for Mathematics in the
Sciences in cooperation with the MPI for Cog-
nitive Neuroscience in Leipzig, Germany. His research inter-
ests are in the field of bioelectromagnetism.

Alfred ANWANDER received a MSc degree in
electrical engineering from the University of
Karlsruhe, Germany, in 1996, and MSc (DEA)
and Ph.D. from INSA Lyon Scientific and
Technical University of Lyon, France, in 1996
and 2001, respectively. Since 2000 he is scien-
tist at the Max-Planck-Institute for Cognitive Neuroscience in
Leipzig, Germany.

Avril McCARTHY is employed by the Univer-
sity of Sheffield in the Department of Medical
Physics and Clinical Engineering as a Re-
search Associate since 1994. Awarded a Ph.D.
from the University of Sheffield in 2001 for
work in developing and validating a virtual
environment for use as a minimal access orthopaedic training
system. Have been involved in evaluating the Simbio environ-
ment in its application to the human knee joint.

Steve WOODS holds a B.Sc. in Physics & Elec-
tronic engineering (Dual hons) and a M.Sc. in
Medical physics & Clinical Engineering. In

sy § 2002 he received his Ph.D. for the recording
b and analysis of surface EMG signals for the
- diagnosis of neuromuscular pathologies from

the University of Sheffield. Currently he is research assistant
in the department of medical physics investigating methods of
automated image registration and segmentation.

L S T T T T S SR R S S R S I o



