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Foreword

The Engineering Mathematics and Computing Lab (EMCL) was being initiated as a
new institution of the Karlsruhe Institute of Technology (KIT) in July 2009. The main
goal of EMCL is not only to address complex problems with high impact in the society
but also to offer a platform for interdisciplinary work with academic institutions and
industrial partners. With respect to the methodology, EMCL relies on a holistic ap-
proach that encompasses mathematical modeling, numerical simulation, optimization,
high performance computing and cloud computing. The application topics range from
energy research, meteorology and environmental research to medical engineering and
biotechnology.

During the 4th-Workshop #Numerical Simulation, Optimization and High Perfor-
mance Computing® (Dagstuhl, March 2011), these topics have been addressed in the
context of a wide range of applications. The scienti®c depth of the contributions
clearly show that the institution EMCL is now mature and is in a position to achieve
and carry out the aspired goals. Most important however is to stress that all partic-
ipants have clearly shown not only their ability to address highly complex scienti®c
problems but also that they were able to bring their ideas into life also by means of a
vital team spirit and team work. | believe that this is a key ingredient for the success
of this workshop and hope that these proceedings will allow the reader to participate
in the extremely exciting developments at EMCL triggered by highly innovative and
motivated mathematicians.

Prof. Dr. Vincent Heuveline
Director EMCL









E cient Data Management and Visualization for
Ensemble Weather Forecast Computations

Hartwig Anzt

Karlsruhe Institute of Technology, Engineering Mathematics a nd Computing Lab
Fritz-Erler-Str. 23, 76133 Karlsruhe, Germany
hartwig.anzt@kit.edu

Abstract.  To achieve a higher accuracy of weather predictions, an in-
creasing number of forecasts is based on ensemble simulationsDue to
the high complexity of ensemble systems and the large amount of data,
speci ¢ routines which are able to pre- and post-process the simulation
data in reasonable time are required. The challenges in this context in-
clude e cient data management and parallel visualization te chniques.

Keywords. COSMO, Ensemble Forecast Model, Data-Management, Vi-
sualization

1 Ensemble Forecasting

Despite the fact that the underlying mathematical models as well as he numer-
ical algorithms generating weather forecasts have improved a lot durig the last
decades, the simulation outcome still often di ers considerably fromthe actual
weather evolution. This has its reason not in the inexactness of the unekrlying
models, which additionally triggers variations, but rather in the prop erties of
the partial di erential equations the model is based on, and the uncetainty of
the initial data. In chaos theory, this behaviour is also known as the "Butter-
y E ect". It generally describes the concept of sensitive dependence on initial
conditions: small di erences in the initial condition of a dynamical system may
produce large variations in the long term behavior of the system1].

To account for this uncertainty, stochastic or "ensemble" forecastirg is used. The
basic idea is to run, in addition to the main forecast, further simulations, that
are based on slightly modi ed data, see Fig.1.

The described ensemble forecast can be expanded furthermore to a Uttilevel
ensemble system"”, by repeating the simulation not only with di erent initial
data, but also by using di erent driving models, which generate the boundary
conditions for the simulation. Since this leads to a high number of esemble
members in total, not only the computational cost of the simulation, but also
the management and visualization of data poses a challenge.
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Fig. 1. An ensemble prediction system. Small Pertubations in the startingvalues
lead to very di erent simulation results.

2 Data Management

Since the COSMO model 2] which is used for the multilevel forecast simulation
is very memory demanding, e cient implementations require for fast memory
access. Large HPC systems usually o er di erent storage types, with dierent
characteristics concerning lifetime, capacity and read/write perbrmance. Ana-
lyzing these characteristics for example for the HPC-system HC33 and the
connected le system LUSTRE containing the di erent storage areas $TMP,
$HOME and $WORK (see Fig. 2 and Table 1), allows to derive rules for e -

cient data handling on this cluster:

{ Copy data just before simulation start from data-server to le system.
{ Use of $WORK instead of $HOME for faster data access.
{ Real-time forward-copying of simulation data to data-server.

Property $TMP $HOME $WORK
lifetime batchjob permanent 7 days
capacity 129/673/825 GB 76 TB 203 TB
backup no yes no
read performance/node 70/250 MB/s 600 MB/s | 1800 MB/s
write performance/node 80/390 MB/s 700 MB/s | 1800 MB/s

Table 1. Characteristics of the HC3-cluster connected to LUSTRE 8].
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Fig. 2. Topology of HC3 and connected lesystem LUSTRE .

3 Visualization

To simplify the scienti ¢ analysis of the forecasts, an e cient vis ualization of
the simulated data is essential. This includes two steps of post{@cessing. First,
the needed variables have to be identi ed in the simulation data witten to a
binary le, and converted to a suitable format. Then, visualization to ols like
Paraview [5], enable the user to display the simulated data. While the e cient
variable identi cation and data conversion is already possible by usinga script
written by Leonhard Scheck, scienti ¢ researcher at thelnstitute for Meteorol-
ogy and Climate Research, KIT, the visualization using the Paraview interface
is still slow and ine cient. Paraview scripting, a Python [ 6] extension able to
process VTK data, o ers an e cient solution for visualizing speci c v ariables
in a certain simulation state [7]. Since the simulated forecast states are written
in distinct binary- les, the conversion into VTK- les and the vis ualization of
the data using Paraview scripting can be parallelized e ciently. The generated
screenshots can be merged into a forecast animation.

In the context of the multilevel-ensemble-forecast, a Python-sdpt was devel-
oped, that e ciently merges the ensemble forecast simulation, the déta han-
dling and the visualization process into one service. The user sds the request
for a forecast variable he wants to analyze to the HPC-system, which pdorms
the simulation using the COSMO-model. The simulation data is automaically
copied to the le system, and distributed to the visualization cluster. There,
the demanded variables in the binary- les are identi ed, converted to the VTK
format, and Paraview scripting is applied to visualize them. Finally, the data is
sent back to the le system, merged into a forecast animation, and delrered to
the user. The accelerated and simpli ed simulation process (seei§. 3), allows
the scienti c researcher to generate more data and to expand the numér of
ensemble members in the multilevel ensemble system.
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Fig. 3. Parallel data processing using a Visualization Cluster.
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1 Introduction

Discretizations of PDEs that arise in several eld of natural science sually lead
to large, linear systems with very sparse system matrices. This mlly leads to
frequent sparse matrix vector multiplications with a low computati onal intensity
which on current hardware architectures run at fractions of the possille peak
performance. Flexible use of constant coe cient stencil computations derived
from nite element methods could overcome this memory bandwidth kottleneck
and considerably improve overall performance.

2 Computational Intensity

Computational intensity is de ned as the ratio of the number of oating op er-
ations and necessary data transfers from memory. In this brief overé@w article
we restrict ourself to double precision oating point operations and count only
the expensive transfers from and to main memory, considering cache eesses
as desirable and cheap. Additionally, for the theoretical estimations wecount
accesses to input and output values only once, assuming some suitabliirtg or
domain decomposition scheme.

On the algorithmic side we have for sparse matrix vector multiplication an
approx. intensity value of 1.33, independent of the original method, tre matrix
was gained. Multiplications using stencil on the other hand vary betwen approx.
23 and 51 for Laplace problems with linear or 2nd order nite element discréza-
tion up to approx. 161 for 3-dim. 2nd order FEM on elasticity problems.

Unfortunately, current hardware has a much higher oating point peak per-
formance than memory bandwidth. This results in a necessary computadnal
intensity of roughly 32 for Intel Nehalem to get peak performance, i.e. tley
run at only a fraction of it when doing a sparse matrix vector multiplicat ion.
NVIDIAs Tesla has a necessary intensity of approx. 6.5. But this is mainy due
to its lower double precision performance, the current Fermi arclitecture also
reaching the region of 30.

10
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3 Unstructured vs. Structured Grids

Unstructured grids are traditionally used more frequently for FEM schemes.
They allow a larger exibility in the modeling of the problem domain an d can be
locally re ned to adapt to the desired precision. From the programming point of
view they allow for higher modularity since they usually they are transformed in
some general sparse system matrix and left to a iterative solver that isompletely
agnostic of the original problem. But as mentioned above, solving these syems
can only be performed at a fraction of the hardware peak performance (sed][
for multicore architectures and [2] for performance on NVIDIA GPUSs).

Structured grids on the other hand are also in use for quite a long timegnostly
for nite di erence schemes, were stencil computations can be uskeasily. But of
course they can also be extended for FEM. There they could considergblower
the memory bandwidth pressure and with their more regular memory accss
could be easier adapted to modern and future hardware. (se&] for results on
multicore architectures and [4] on GPUS).

Fig. 1. Unstructured vs. Structured Grids

4 Conclusions

Our current work tries to combine the advantages of both grid types. Thegoal
is to develop data structures which can combine the exibility and adaptivity of
unstructured grids with the performance and e ciency of stencil based methods
on structured grids. For this purpose, additional stencils (Fig. 1) are introduced
for a better approximation of the domain boundary.

On the low-level side these data structures ideally should be gemal enough
to be adaptable by parameters like cache size, width of SIMD units, meory
transfer rates, etc. to the underlying hardware, unifying implementations for
CPUs and GPUs as much as possible. On the other hand, they should still

11
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contain enough problem-speci ¢ high-level information to allow multigrid solving
methods.
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Abstract. The development and motion of tropical cyclones is con-
trolled by processes on a wide range of temporal and spatial scals. Goal
oriented adaptive methods present a promising way to model such multi-
scale problems. Such a method identi es and resolves accuratey through
local re nement only those features that are relevant for a given qu antity
of interest. We apply an adaptive space-time nite element me thod to a
problem related to tropical cyclone dynamics.

Keywords. adaptive nite element method; goal oriented a posteriori
error estimator; space-time discretization; Petrov-Galerkin me thod

1 Goal oriented error estimator

The main objective for many uid ow problems is the accurate evaluation of
a certain quantity that can be de ned by a so-called goal functional J. Using
the dual weighted residual (DWR) method [1, 2], discretizations for the solution
of problems modeled by partial di erential equations can be optimized such
that the quantity of interest can be approximated accurately using a minimial
number of unknowns. The method is based on an a posteriori error estiator
that takes sensitivity information with respect to the de ned goal fu nctional
into account. This sensitivity information is obtained as the solution of the dual
problem which is the linearization of the original problem { in this context cal led
primal problem { with the linearized goal functional as right-hand side. Using
the solution of the dual problem it is possible to compute local error irdicators

i 0 that represent the contribution of each space-time cell to the totalerror
inJ , X

J(u)  JI(un) E
i=1::N

Fig. 1 shows the iterative adaptation process: The discrete primal ad dual
problems are solved for the complete time interval. Then the error cotribution
of each cell is estimated and the discretization is adapted by re ningthe spatial
mesh or reducing the time step size for cells in which the estima&id error is large.
This procedure is repeated until the total error has decreased to an aeptable
value.

? Corresponding author: Martin.Baumann@kit.edu .
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4 [ adapt mesh \\\

< DUAL SOLUTION |
| PRIMAL SOLUTION >

0 t1 t2 tn =T

to

Fig.1. Left: In each adaption cycle of the DWR method the primal and corre sponding
dual problems are solved. Right: Optimized mesh for the scenario of interacting storms.

2 Scenario: Two interacting storms

In cooperation with L. Scheck and S. Jones from the Institut far Meteorologie
und Klimaforschung (IMK), Karlsruhe Institute of Technology, we app lied the
adaptive method described in section 1 to an idealized tropical cydne scenario.
In this scenario two cyclones interact, which can lead to complex tacks that
depend sensitively on the viscosity parameter and on the temporal andpa-
tial discretization method. Therefore this scenario is an intereing benchmark
problem for adaptive methods.

The instationary incompressible Navier-Stokes equations in 2D that hge to
be solved for this problem are discretized by a space-time nite @ment method
in primitive variables (velocity and pressure). In space the infsup stable Taylor-
Hood elements [3] and in time thecGP(1) method [4] are used. The latter is a
Petrov-Galerkin method with piecewise linear trial functions, globally continu-
ous, and piecewise constant test functions that may be discontinuous

Fig. 2. Storm tracks during the rst 96 hours: High vorticity zones (red) indi cate the
storm positions.

For this scenario, the determination of the storm tracks for the rst 96 hours
was chosen as the goal of the investigation. We carried out adaptive simulatian
for several quantitative functionals measuring kinetic energy and voticity in
regions that are related to the cyclone positions. Adaptive runs based on goal
functionals that measure vorticity close to the storms, were able to étermine the
storm positions with high accuracy at low numbers of unknowns of the disrete

15
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system. An optimized spatial mesh after two adaption cycles for this senario is
shown in Fig. 1.
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Validation of Numerical Results in Engineering
Applications
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Abstract.  In high performance computing, the size and complexity of
problems to be solved is growing permanently. At the same time, com-
puting environments are getting more and more heterogeneous. There-
fore, there is a growing need for reliability and guaranteed high accuracy
of results. This can be achieved by uncertainty quanti cation methods
and consequently numerical veri cation methods. In this pape r, tools for
numerical veri cation are presented and their application on co mplex
engineering problems are discussed.

Keywords. Uncertainty quanti cation, validated numerical results, in-
terval arithmetic, accurate dot product, C-XSC, HiFlow 2.

1 Introduction

In high performance computing, the size and complexity of problems to b solved
is growing permanently. At the same time, computing environmentsare get-
ting more and more heterogeneous (parallel programming, multithreaded CPB's,
GPU programming, FPGA processors, etc.). This means for the user, tat the
sequence of operations performed is dynamically determined by theystem at
execution time. In general this makes it impossible to reproduce @omputation
identically. Therefore, there is a growing need for uncertainty gquanti cation and
for reliability and guaranteed high accuracy of results.

In numerical simulation, di erent sources of error have to be consiered:
model error (simpli cation of physical phenomenon), data error (inacauracy of
measurement), method error (hnumerical approximation method), androunding
error ((oating-point arithmetic).

Floating-point arithmetic only delivers approximations of mathematical re-
sults. In contrast, interval arithmetic { when correctly applied { always computes
an enclosure of the corresponding exact mathematical results even ifie sequence
of operations is changed. This makes it possible to prove mathematical silts in
a rigorous way on the computer [2,15]. Di erent enclosures of the same prob-
lem could even be used to improve the accuracy by intersecting # enclosure
intervals because the exact solution must be contained in every ena$ure.

Dot products make up a large part of all numerical computations. High accu-
racy may be achieved in many applications by computing dot products eactly

18
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or in multiple precision. In an exact dot product, an arbitrary number of prod-
ucts may be accumulated without rounding errors by providing a smal number
of guard digits. Thus, over ow may be avoided during the lifetime of a computer
[13]. An exact dot product avoids cancellation errors and makes the error anal-
ysis of numerical methods much easier. Combining interval arithmé&c and an
exact dot product, veri ed results with high accuracy can be achievel for many
basic numerical algorithms p,15]. Since 2008 an IEEE standardization group
P1788 is working on a standard on interval arithmetic which also includesan
exact dot product [8].

Several tools and libraries have been developed for this purpose,ge.the
XSC{languages developed in Karlsruhe 10]. C-XSC is a powerful, free and
portable C++ class library for veried scientic computing provid ing many
numerical data types, arithmetic extensions, and other features with support
the formulation of algorithms with veri ed results [ 9,3,7,4]. INTLAB is another
widespread free toolbox for interval arithmetic which is based on tle commercial
software package MATLAB [14].

2 Performance Issues

In C-XSC (like in all XSC programming languages which have been developed
at Karlsruhe University) exact dot products are implemented by mears of a so-
called long accumulator. Using adequate hardware support, exact dot product
computations could be made as fast as conventional oating-point approxima-
tions. Many algorithms and hardware designs have been developed for thysur-
pose. Unfortunately, in the currently widespread hardware archite¢ures there is
no such hardware support. Therefore, the long accumulator has to be sintated
in software which makes it considerably slower than oating-point approxima-
tions.

Another dot product algorithm named DotK is based on highly tuned ver-
sions of so-called error free transformations (now commonly calleiwoProd and
TwoSum, resp.). k iterations lead to k-fold accuracy of the result (i.e. in contrast
to the previous solution, the result is only computed in multiple precision, not
exactly). Mathematical properties and implementation details are studied very
closely by Rump [L5].

In current versions of C-XSC, the user may select di erent leve$ of accuracy
and performance for each dot product. In addition, the current versionof C-
XSC provides improved numerical algorithms, BLAS support, multi-th reading
and better compiler optimizations. Using these new features for the &ried
solution of a dense linear 1000 1000 system, a speed-up by a factor of nearly
600 could be achieved in comparison with an earlier software version, leat
approximately to oating-point speed [4,2,11].

Additional extensions provide support for sparse matrices and parallepro-
gramming using MPI.

19
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3 Applications in Engineering Sciences

In [5] the veri ed solution of many basic numerical algorithms is presented linear
and nonlinear systems, linear and global optimization, automatic di erentiation
for gradients, Jacobians and Hessians, etc.

In complex applications the numerical treatment normally consists of ase-
guence of algorithms where the result of one algorithm is the input of tle next
one. By using veri ed algorithms, you generally get interval data as the esults.
So you have to solve an interval problem in the next step which may lad to
an in ation of the result. Avoiding this e ect requires complex mathe matical
transformations and the development of completely new algorithms. The adi-
tional requirement of automated error control makes the parallelization of sich
verifying algorithms non-trivial because all parallel processes hawto satisfy this
condition.

We therefore suppose in a rst step to use interval computations and eri ed
algorithms in numerically critical cases. For software development pojects a
numerical validation component should be available. This requires tle following
steps:

{ Install the current version of C-XSC on a High Performance Environment.

{ Execute performance tests using di erent versions of dot product and dif-
ferent verifying basic algorithms.

{ Identify numerically sensible program parts in scenarios solved by mans of

numerical software tools, e.g. HiFlow [6].

Apply the C-XSC tools to analyze numerical stability of these program parts.

Extend this approach to larger modules and problem classes.

Application of more general tools for uncertainty quanti cation. This may

result in the necessity for developping new models.

[t Wate Watel

4 Conclusion

Uncertainty quanti cation has to deal with di erent sources of error: M odel
errors may be treated by structure and parameter optimization methods, data
errors may be handled by rigorous use of intervals or by stochastic metids,
method errors may be treated by computation of method error bounds or emor
estimations. By use of interval methods, method error bounds may beomputed
automatically. Rounding errors may be minimized by improved basic aithmetic
and controlled by using interval arithmetic operations. In this way, numerical
results may get a better or even rigorous mathematical quality. Finally the user
has to select the uncertainty quanti cation method depending on his problem,
his requirements of reliability, his available resources, etc.
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Thomas Gengenbach

Karlsruhe Institute of Technology, Engineering Mathematics an d Computing Lab
Fritz-Erler-Str. 23, 76133 Karlsruhe, Germany
gengenbach@kit.edu

Abstract.  The preparative tasks for a comparison between a patient
speci ¢, a schematic and an analytical model for the escape rate of parti-
cles in the human lungs are described. It is shown, how to extract speci ¢
parameters from a patient speci c geometry and build a schematic 3d
model with these parameters.

Keywords. particle deposition, lungs, uid ow simulation, escape rate

1 Introduction

With every breath we take, we are not only breathing in pure air, but also
particles like dust that our respiratory tract has to Iter and remove from the
system. The distribution of particles in the lungs yields an insigh, which types of
particles are Itered on the way through the respiratory system, and which types
make it all the way down to the alveoles. Knowledge of the distribution is helpful
to judge the impact of ne dust on the lungs, controlling the e cacy of dr ugs
delivered through the airway system, understanding the defens®e mechanisms
of the lungs and many more aspects.

The goal of this work is to distinguish between the dierence of patiert
speci ¢ and general aspects of particle distributions. To reach thiswe start with
a three-way comparison of the escape rate. An analytical model was recdnt
presented by Filoche et al. in [l] that holds for di erent Reynolds numbers and
depends primarily on the Stokes number

d2 Usig
plré 5 (1)

with the particle density , the particle diameter dp, the characteristic velocity
of the underlying uid eld usug , the viscosity of the uid and the charac-
teristic system length D parametrized with h; and , whereash is the ratio of
diameters of subsequent bifurcations, is the angle between bifurcations and
is the angle between the children tubes of one bifurcation. The secanmodel is
a geometrical model that uses exactly the parameters just describedxtracted
from edited CT data to create a three-dimensional geometry of the bronkial tree
while the last part of the comparison comprises the geometry of the brondal
tree as segmented from CT scans of the lungs.

This extended abstract gives a short overview of the preparative task to
start the comparison.

St=
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2 Analytical Model

In [1] an analytical model was introduced, which predicts the escape ratef
particles using three parametersh; and (cf. Figure 1) and the Stokes num-

Fig. 1: One bifurcation with the parameters h; and , whereash is the ratio of
diameters of subsequent bifurcations, is the angle between bifurcations and
is the angle between the children tubes of one bifurcation.

ber (see Eq. ()). The escape rate has found to be multiplicative, which basically
means that computing the escape rate for one generation and taking the th
power is the same, as computing the escape rate for generations (cf. Figure?2).
The length L to radius R = d,=2 ratio in each bronchiole for the bifurcations is
assumed to beL=D = 3 and each bifurcation is assumed to be planar (cf. Sec-
tion 4).

1 % - oy 1 TG
* o 6 bifurcations
3 >
o8 0.8 ° {1 biturcation)® ]
.. . < 9
® e 2
g 08 o 3 biturcations R 5 06 o
2 ©_(tbitureation)’] 2 :
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» o
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' Stokes number Stokes number

Fig. 2: Plots comparing the results of the escape rate in one bifurcationd the
third resp. sixth power and the results of three resp. six simuhted generations.

3 Particle Flow

In this rst approach, the path of the particles is calculated with a one-way
coupling under the presumption that the underlying velocity e ld was already
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calculated. Due to the research presented inl], the Reynolds number of the
uid plays a minor role, hence it can be quite low. The particles are treated
separately, solving a transport problem for each particle at each time stp. The
governing equation is

d
a(mparticle Vparticle ) = Fdrag [+ Fgravity + F2l; (2)

with the mass Mpariice  and the velocity vpariicie  Of the particles. Forces can be
added on the right hand side, but the most important one is the drag force

Farag = C (Vfiuid Vparticle )2; 3

with a constant c that hides the shape and the dynamic viscosity of the particles
and the velocities of the uid minus the velocities of the particles squared. As
starting velocity at the entrance of the trachea, the velocity of the underlying
uid is assumed. The resulting motion of the particle in the lungs is

S partice = t (Vparticle + Vfiuid ): (4)

This corresponds to an Arbitrary Lagrange-Euler (ALE) ansatz.

In the upcoming research, we will get rid of this discrete ansatz and reat
the particles with a continuous approach, solving the Navier-Stokes guations
and a convection-di usion equation for the particles at each time step,hence
the underlying velocity eld needs not to be precomputed and theresults for the
escape rate will not depend on the number of particles at the entrance othe
trachea.

4 A Schematic Tree

In the following section, we describe the steps that are necessarp build a
schematic tree using the three parameter$; and

To parametrize the analytical model as well as to create a geometric bifica-
tion model h, and need to be extracted from the geometry segmented from
a CT scan (cf. Figure 3a).

In order to get a real advantage of the analytical model, the extraction pro@ss
will need to be automatized in the main components. However this is nothe
focus in this work, hence the parameters were extracted interactiely with the
use of the Vascular Modeling Toolkit (VMTK) [ 2. VMTK is able to extract
centerlines (cf. Figure 3b) of lungs and to export the maximal diameter of each
bronchiole. Thus it is possible to determine the radius ratioh of subsequent
bronchioles. To determine and , we inscribe triangles (cf. Figure 3b) in the
geometry using Paraview B]. Some simple calculations in a table are used to
compute the parameters and to verify the assumptions in Section2 for the
bifurcations. A schematic tree build under the use of the extractel parameters
is needed to achieve the proposed comparisons. The basic bifurcatiowhich
can be modi ed (scaled, rotated, etc.), is build similar to the one poposed by
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(a) The segmented patient speci c geom- (b) Patient speci ¢ bronchi-
etry (black) of the trachea up to a max- ole tree with centerlines and
imum of seven generations. inscribed triangles.

Fig. 3: View of the patient speci ¢ bronchiole tree in two di erent ed iting stages.

Lee et al. in [4], but with less attention to the speci cs at the carinal ridge. Several
bifurcations are then plugged together by a script to get a bronchiole tee that
resembles the patient speci c tree with respect to the extraced parameters.

5 Conclusion

With this preparative steps done, we will start to simulate the ui d ow and
the particle deposition of the patient speci ¢c and the schematic brorchiole tree.
We will investigate the di erences between the particle escape ate for dier-
ent Reynolds numbers and particle sizes. Simulations with and witlout gravity
will be done to investigate the impact on the positioning of the patients. After
that, the deposition prediction of the analytical model will be compared to the
simulated particle depositions.

The following steps comprise an asymmetric schematic tree and inationary
uid ows and particle simulations and further investigations of the analytical
model.
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Abstract.  Simulation and optimization of chromatographic processes
are gaining importance especially in industry, where it helps to assure
a certain level of quality. Existing software tools are currently | imited

in their capabilities, such that a new chromatography simulat or was de-
signed, built and validated on the basis of experimental data . It satis es

the needs of both, research and teaching.

Keywords. Liquid chromatography, simulation, parameter estimation

1 Introduction

In many areas of biotechnology and bioprocess engineering, chromatography
plays a prominent role. Its application in industry ranges from high-resolution
analysis of protein mixtures to preparative production of biopharmaceuically
active substances. Especially for biopharmaceutical processes i$ iof utmost
importance to guarantee a high level of quality, which cannot be provide on
the basis of predictions that rely only on empirical data. Far better insight and
more precise predictions can be achieved using mechanistic modethat have
been developed for chromatographic applications. In academia, those model
are already in use for simulations and o ine analyses, but still with lim ited
capabilities.

2 Requirements

A scienti ¢ software tool for process design and optimization will only be em-
ployed if results can be achieved in reasonable time. So far, modeéssuming
homogeneous concentration distribution within a cross section of the alomatog-
raphy column achieved good agreement with experimental results, naing a 1D
macro scale model is su cient for most applications [L]. On the other hand, the
meso scale models introduce another dimension and often non-lineéies. Thus,
either a well tuned low-order solver or a sophisticated time stepmg scheme
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allowing larger step sizes has to be employed. As it might require seral hun-
dred simulation runs in order to perform optimization, the simulation time of
a single chromatography process should be in the range of seconds. Besidee
underlying solver, the software should be portable to any operating sgtem.

Another aspect to be considered is data in- and output. Ideally, expamental
results should be usable as reference data for e.g. parameter estimati and all
generated output data, especially of intra column and intra adsorber praesses,
should be available for analysis and post processing.

The developments in computer architecture allow more and more ne graned
mechanistic models to be used for simulations. On the other hand, tb sheer mass
of parameters sure is overwhelming for a student, who is new to tlsi topic. In
order to investigate for the in uence of particular parameters, a simuation soft-
ware is an ideal tool, as it can predict the outcome of a process that wouldake
e.g. 30 minutes in real life in just a few seconds. While the need fospeed is
the same as in research, for educational purposes, the output requiresnts are
di erent: as process design or optimization is not the goal here, only a goa rep-
resentation of the nal chromatogram is necessary and an intuitive user iterface
to facilitate the rst steps in this new eld. Again a multi-platform  approach is
inevitable.

3 Existing chromatography tools

To the author's knowledge, only one stand-alone chromatography simulation
tool exists, the Chromulator by Gu [2]. This Windows tool is quite versatile
but has not been developed further recently. Other simulators buk on multi-
purpose solvers, which of course provide high performance but are nohviting
for beginners. There is furthermore a web-based tool built on top of anxensive
database with limited computation possibilities [3]. It is easy to use but lacks in
exibility.

4 A new chromatography software

The basis of our new software does not di er widely from the ones mentioad
above: A 1D model is discretized with nite elements and solved umg fast direct
or iterative solvers.

Model

The following processes of concentration change are modelled with hageneity
assumptions for column and beads in 1D (cf. Figl):

1. Convection and di usion in interstitial phase ¢,
2. Di usive transport through Im layer,

3. Diusive transport in bead pore phase Cy; ,

4. Adsorption/desorption in bead phaseq,
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Fig. 1. Modelled processes.

resulting in a system of parabolic and non-linear ordinary di erential equations:

o - uZeDaly kANEE ) (1+2);
%: %%ﬁhkf%%(q Coii ) (2+3);
%: = Kaji Cp; Pj 105+ )9 | Kaii GCpo  (4):
Symbol|Denotation |Description

u  |Fluid velocity  |Volume ow per non-solid area
Dax [|Axial dispersion |Diusion and packing deviations
ki  |Film diusion Transport to particle surface

ro |Bead radius Occurs asrp = 3 Vpeads =Abeads
"¢ |Column porosity | Vtia =Veolumn

"o |Bead porosity  Vpores =Vbeads
lonic capacity |Initial adsorber charge

ka |Adsorption Protein adsorption rate

kg |Desorption Protein desorption rate
Char. charge Charge of the adsorbing protein
Shielding Surface shielding of the protein

Numerical simulation

The stepping scheme used for time-discretization is of second ord€Crank-
Nicolson) which proved to be a good compromise. First order nite elenents
provide su cient accuracy in space. The solvers applied to the resilting lin-
ear systems are a GMRES solver, similar to the one used in the LAtoolboof
HiFlow? [4]. If available, UMFPACK [ 5] can be used as well.
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Fig. 2. The new chromatography software: chromatogram of a gradient elution
of a singe protein (red) with smooth salt gradient (black), input values in dark
red and gray respectively.

User interface

In order to meet the requirements of both research and teaching, an apding
GUI was designed using Qt §], that can be compiled for Linux, Windows and
other platforms without changes in the code. Simulation settings are inported
from XML les and can be edited within the program (Fig. 2).

Chromatograms can be easily analysed in a VTK-powered, interactive chart
and post-processed using other VTK-based tools. For example, videos the
intra-column processes can be quickly generated using ParaView]| For conve-
nience, a chart of the intra-column view is integrated in the GUI (Fig. 3).

Multi-component experiments can be simulated within seconds, thnks to
vectorization and parallelization techniques. Using the integrated pbt history,
the e ects of changed parameter values on the chromatogram can be graphically
studied (Fig. 4).

Fig. 4. Simulations of two three-

Fig.3. Plot of intra-column pro- )
component experiments

cesses

Parameter estimation

Estimation of unknown protein parameter values from reference data issup-
ported as well. Here, the whole curve tting process takes about one nmute
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on a quad-core computer. The underlying method is a Levenberg-Marcardt al-

gorithm with the residual being the Euclidean norm of the di erence between
measurement and model response. Figureésand 6 show a chromatography sim-
ulation reconstructed from an experiment.

200 400 600 800 1000 1200

Fig.5. Measurements from a chro-

. Fig.6. Simulation from estimated
matography experiment

protein parameters

5 Summary and outlook

A new tool for the simulation of liquid chromatographic processes has beede-
signed, built and validated. Compared to other existing tools, it comhnes the
advantages of state of the art models and solvers with an easy to use graphi-
cal interface. Further extensions of the software will include thepreprocessing
of experimentally measured data as well as the possibility to use othetypes
of chromatography besides ion exchange. In addition to this, the possibty of
multi-stage processes will be included and special attention wilbe given to the
robustness of estimation and optimization.
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Abstract. A domain decomposition method (DDM) for optimal control
problems constrained by partial di erential equations (PDESs) is moti-
vated and derived. Particularly the meaning of applying the Ste klov-
Poincae/Schur complement operator and the Neumann-Neuma nn pre-
conditioner on the continuous and discrete level is shown.
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1 Motivation

The model problem is an optimal control problem on the domain  (Fig. 1)
which is constrained by PDEs. The domain is decomposed into subdomains
i. For simplicity it is only divided into two subdomains 1 and 5. It holds:
@\ @i 6 ;(i =1;2) (see Fig.2). The aim of the domain decomposition
method is to nd an equivalent formulation on the subdomains, which is only
coupled through transmission conditions holding on the skeleton = @ ;\ @ »

(see Fig.2).
On the one hand the method is motivated by the need to solve fully coufed

Fig. 2. Subdomains 4, Fig. 3. Discretization of

Fig. 1. Domain » and skeleton . 1, 2and

large systems. Such systems occur in real world applications and cannatways
be solved sequentially due to time or memory restrictions. On the dter hand
this method implicitly leads to a parallel method. It allows to exploit multi-core
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architectures directly, as in any modern laptop or high performance alister to
solve the problem in parallel. Of course, the scalability of the resulng parallel
algorithm must be guaranteed.

2 Derivation of DDM on the continuous and discrete
level

First the derivation of the equivalent formulation on the continuous level is sum-
marized. For more details see chapter 4 inl]] and [2].

The derivation of the DDM is explained for the following optimality sy stem:
Find y;p2 H3( ); u2L?( ), such that:

aly; )= S(pi ) +(f ) 8 2 HY( ):
ap; )= & %) 8 2Hg( );

with a regularization parameter > 0 andf; ¢ 2 L?( ) given. The correspond-
ing tracking type cost functional is given by

Z Z
(y P?dx+ 5 u? dx:

NI =

J(y;u) =

The linear form and respectively the bilinear form are de ned by:
Z

(y; ) = ydx andafy; ):=(ryr )

First an equivalent formulation on the two subdomains is derived. This formula-
tion is coupled through transmission conditions of Neumann and Dirichlettype
on the skeleton. Then an iterative Neumann-Neumann method, analogously to
DDMs for PDEs [3], is used to decouple the formulation:

1. An optimal control problem with Dirichlet boundary is solved on each sub-
domain in parallel.

2. An optimal control problem with Neumann boundary is solved on each sub-
domain in parallel.

3. Update of the solution.

4. Go to 1 until convergence.

The update step 3. can be interpreted as a Richardson procedure witthe opera-
tor PNN .= ( 1S; 1y 2S, 1) as a preconditioner.S; denotes a Steklov-Poincae
operator in the continuous case. The concrete de nitions of the operator an be
found in [1]. 1; » are positive weights.
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Using the nite element method for the discretization and ordering the de-
grees of freedom as shown in Fig3 we get a linear system of the following type:

2 32 3 2 3
Bi1 0 B; V1 fl

4 0 B,, B, 54y,5=4%,5:
B ,B ,B \Y f

This leads to the Schur complement equation

Sv =r; (1)

with S:= B B ;B,'Bi B ,B,,'B, ;

The Schur complement operatorS is the discrete counterpart of the Steklov
Poincae operator.

3 Solution process

Since the Schur complement operator is ill-conditioned, a precontioned itera-
tive method e.g. the exible GMRES method [4] is used to solve {). Only the
relevant parts of the exible GMRES method (Algorithm 1) are printed. We
depict particularly the meaning of applying the Steklov-Poincae/Schur comple-
ment operator (line 1 and 4) and respectively the Neumann-Neumann preccen
ditioner operator (line 3) on the continuous level as well as on the discre level.

Algorithm 1 (Flexible GMRES)

1: ComputeRess=r S(y ;p o

2: Forj=1;:::;m

3 Computez := PNN (v ;q )

4: Computew := S(z)

5 [::7]

6: If termination criterion is satis ed STOP, else set (y ;p )o :=

(y ;p )m and go to 1.

The matrix G; (i =1;2), needed in the following, is de ned as:

o Ail lM iI Ai lM i .
Gl - M iI AiI M i Ai : (2)
Applying the Steklov-Poincae operator on the continuous level meansto solve
rst an optimization problem locally (in parallel) on each subdomain with Dirich-
let boundary on the skeleton: Findy;;pi 2 Vi and u; 2 L2( ;) (i =1;2), such
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that:
1
ai(yi; i) —(piy )i = 8 i 2HJ( i);
Yi=Yy on ;
ai(pi; i)+ (Yis i)i = 8 i 2HJ( 1);
pi=p on ;
where
V= fl'ZZ H( ) ij@k\@izogi 2
S 5 G0 ey () o oop ds

(vii i= v idcandaiyi; i) :=(ryir i

Then the Steklov-Poincae operator S; is applied to the result for y; and p
(i=1;2).
At the discrete Ievel rst the following linear system has to be lved:

AIII 1MII AI lMI ;

TR %/;

0

Then applying the Schur complement operatorS; means multiplying the matrix
Gi (2) with the solution vector (y}; pi;y' ;p')T.

At the continuous level applying the Neumann-Neumann preconditionerre-
lies rst on solving an optimization problem locally (in parallel) on each subdo-
main with Neumann boundary on the skeleton: Findy;;p; 2 V; and u; 2 L?( ;)
(i =1;2), such that:

a0 ) (P )i =0 8 2 HE( 1)
@@m=v on ;
ai(pi; i)+(yi; i)i=0 8 i 2Hg( i);
@@Iﬁ)i:q on

R R R
whereas] (yi; u;) = % i(yi)2 dx+ i(ui)2 dx+ g y; ds. Then the Steklov-
Poincae operator S; is applied to the result for y; and p; (i =1;2).
On the discrete level rst the following linear system has to be ®slved:

0 . . . . . 0
AII,I lMﬁ AI|, 1 M| Y; 0
M, Al M| A' § P § — 0§ .
Ail lM i| Ai 1 M | i - .

Mil Ail Mi Ai pi q

35



DDM in Optimal Control for PDEs

Then the Schur complement operatorS; is applied to the solution which means
multiplying the matrix G; (2) with the solution vector (y!; pi;y';p' )T.

4 Conclusion and Perspectives

A DDM for optimal control problems constraint by PDEs was outlined. A
Steklov-Poincae/Schur complement operator and a Neumann-Neumann preon-
ditioner on the continuous/discrete level were derived. In future work the DDM
will be extended to optimal control problems constraint by non-linear and/or
time-depending systems of PDEs. Suitable transmission condition as well as
adequate preconditioners on the skeleton must be derived. Another @llenge
will be the extension to real world application.
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Abstract.  Ongoing research, aiming to obtain a holistic concept for au-
tomated preprocessing for numerical simulations of uid owsin complex
geometries, is presented. The approach is based on Lattice Bolzmann
methods which are chosen as discretisation strategy in order to smu-
late Newtonian almost incompressible uid ows. The focus is b rought
to those parts of the concept which have already been realised inthe
framework of the open source library OpenLB. They are illustrated by

considering the preprocessing for a patient-speci ¢ nasal cavity obtained
from CT scans as an example.

Keywords. automated preprocessing, numerical patient-specic uid
ow simulation, Lattice Boltzmann methods, otolaryngology

1 Introduction

Before a numerical simulation can be started, a representation of the idcrete
geometry together with the corresponding values for the initial and bourdary
conditions need to be provided. The required data must meet prdse require-
ments which strongly depend on the considered numerical method.ntages of
the geometry obtained e.g. bycomputer tomography (CT) scanners and certain
measurements constitute the raw data. Especially if one considers edical ap-
plications, the geometry of interest is often complex and contains smalfeatures
that cannot be captured by the latest imaging techniques. Thereforeadequate
preprocessingtechniques need to be developed to enable realistic numericalnsi
ulations of physical phenomena. The complexity of the geometry makes maral
modi cations almost impossible. Furthermore, if one considers repated prepa-
ration of data for a numerical simulation, e.g. for patient-individual o w sim-
ulations in hospital's daily routine or for technical reasons like makinguse of
adaptive grid re nement strategies, the importance of a high degree of auima-
tisation of the preprocessing becomes obvious.
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2 Concept, Realisation and Application

Lattice Boltzmann methods (LBM) (cf. e.g. [1,2,3]) are chosen as the numeri-
cal discretisation method in order to solve uid ow problems. These methods
require a voxel mesh with di erently marked regions to distinguish di erent
boundary areas. Such meshes need to be generated from the image data ob-
tained e.g. from a CT scanner. The followed overall strategy for the prparation

of the data consists of three main steps:

3D image data! Surface mesh Voxel mesh! LB simulation :

In the following, the realisation of the strategy is illustrated for an example,
namely the preprocessing for a ow simulation in a human nasal cavity The
steps are depicted in Figurel.

[nitialisation
CT/MRT
Voxel Mesh
Segmentation, N S—
Smoothing Voxelising, -~
Marking of different y\
boundary areas 1533"
STL Surface T —
Niesh Simulation

Fig. 1. The preprocessing concept is applied for the preparation of a nasal cav
ity based on CT data for a LB air ow simulation. The intermediate states ar e
visualised by means of cuts showing the turbinate and paranasal sinuse

The challenges of the rst step, which arise from highly complex geomaetes
that nowadays available CT scanners cannot capture exactly, are faced btak-
ing advantage ofMaterialise's' software packagesMimics and 3-matics (cf. [4]).
Here, especially the graphical user interface and many partly automated ou-
tines enable a high-quality segmentation, followed by a reconstrugon of the
complete nasal cavity from CT data. For less complex geometries, an automate
segmentation and reconstruction of the surfaces is feasible e.g. witbpen source

L http://www.materialise.com
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libraries VMTK 2 and ITK 3. The volume mesh is obtained fully automatically
by applying standard techniques, implemented e.g. in theCVMLCPP # pack-
age. CVMLCPP also o ers the computation of the distance from the centre
of a boundary voxel to its closest surface which is required for partular in-
terpolation boundary conditions for LBM, e.g. for those proposed by Bouzidi
et al. [5]. For the last preprocessing step, an innovative strategy for an auto-
mated assignment of di erent standard boundary conditions dedicated forLBM
is applied successfully for complex geometries (cf6] and [4]). In the framework
of the OpenLB® project, an interface to CVMLCPP as well as the automated
assignment approach has already been implemented. In the near futurehe re-
alisation of Bousidi's boundary condition, taking advantage of the CVMLCPP
package, and a spatial decomposition of the voxel mesh is planned. This Wi
enable e cient parallel processing within OpenLB (cf. [7]).
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Abstract.  Cloud computing o ers network-centric, scalable, abstracted

IT infrastructures, platforms and applications on-demand as util ity ser-
vices. Only the actually consumed resources are subject to accouting
and billing. There are three deployment models: Public, private and hy-
brid cloud. The cloud o erings are delivered as infrastructure, plat form
or software services. Special services for high performance computig,
visualization as well as simulation and optimization could be developed.

Keywords. Cloud Computing, virtualization, services

1 Introduction

Cloud computing is not a new technology, it is a new concept to o er IT savices.
It may be de ned as follows: "Building on compute and storage virtualization,
and leveraging the modern Web, Cloud Computing provides scalable, etwork-
centric, abstracted IT infrastructure, platforms, and applications as on-demand
services that are billed by consumption.” [1]

2 Service Deployment Models

There are three deployment models: Public, private and hybrid.In a public cloud,
the service provider and the service consumer belong to di erenorganizations.
Public clouds usually follow commercial business models and the agal resource
usage is being accounted for. The services of a private cloud are alwayseypted
by the same organization the consumer belongs to. The motivation for buildig
and running a private cloud may be security and privacy concerns. Howver, it
may be di cult to reach the economy of scale and the availability of a profes-
sional public cloud service provider. In a hybrid cloud, service of public clouds
and of private clouds are combined. In case of a resource shortfall the plib
cloud services can be used to satisfy peak loads. Furthermore, it isogsible to
spread redundant data backups in the cloud to achieve high availabily.
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3 Service Delivery Models

Infrastructure as a Service (laaS) allows to operate virtual instance of servers,
data stores and networks without the need to physically access the hdware.
The clients have full administrative privileges to manage their sevices and are
allowed to de ne their own level of networking security. laaS in principle allows to
virtualize a complete datacenter and transfer it into the cloud. The most popular
public 1aaS o ering are the Amazon Web Services (AWS). AWS implemens for
instance compute cycles in the Elastic Compute Cloud (EC2), data stoage for
Web objects in the Simple Storage Service (S3), and elastic IP adresse

Platform as a Service (PaaS) is a scalable, integrated application runtire
environment and often as well a development platform to support a singt or
few programming languages. The main target audience are software developers
and end users who want to to consume the services in a correspondimgarket
place. A PaaS automatically allows to scale from a single service instanc®
many. The customer has no need to care about operating system maintenaac
and installation of application speci c software packages. There is almost o
administrative overhead in the process of service delivery. A poplar public PaaS
o ering is the Google App Engine.

In a Software as a Service (SaaS) environment complete applications are
operated by a provider to be consumed as a utility by the users. In geeral, no
software has to be installed at the local site and the services are avaible in a
Web session. A popular public SaaS o ering is the Google Apps environmén

4 HPC as a Service

High Performance Computing as a Service (HPCaaS) is an o er that provides
high performance compute resources on-demand over the Internet. Gtomers
of the service are able to provision virtual HPC systems in a self-sgice portal
and deploy and execute their speci ¢ application without operator intervention.
The business model foresees to only charge the amount of resources adty
used. HPCaa$S dynamically sizes computing environments appropriate foeach
individual workload, speeding up the execution of time-critical taks. However,
there remain open questions in the area of performance optimization, adnced
resource management, and fault tolerance. The Open Cirrus cloud compirg
testbed o ers an environment in which we can treat these problems.

5 Open Cirrus

Open Cirrus is a cloud computing test bed designed to support resgch into
the design, the provisioning, and the management of cloud services at aajal,
multi-datacenter scale. Open Cirrus was originally launched by the ponsors
HP, Intel and Yahoo! in 2008. In the meantime the testbed is made up by 13
sites in North America, Europe, and Asia. Besides the sponsors there aréhé
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following partners: IDA?', KIT 2, UIUC3, ETRI#, MIMOS®, RAS®, CESGA’,
CMU®, CERCS® as well as China Mobile/China Telecom. Each site hosts a
cluster with up to 1000 cores and associated storage]

The open nature of the testbed is designed to encourage research intol al
aspects of service and datacenter management. Open Cirrus develops aneop
source cloud stack consisting of physical and virtual machines, and globakrvices
such as sign-on, monitoring, storage, and job submission.

The architecture is based on the management of so-called physical resmer
sets (PRS) at the infrastructure level. These provide logical min-datacenters
to the researchers and isolate the experiments from each other. Basezh the
physical resource sets it is possible to instantiate virtual resoure sets (VRS) in
order to get an abstraction from the physical resource layer. The virtialization
concept applies to all IT aspects like CPU, storage, networks, and appliations.
The main advantage of this approach is the potential to create IT servicesxactly
tting researchers varying needs by automated resource management pcesses.

6 Conclusions

The concept of cloud computing is currently gaining momentum and yiedls in-
teresting alternatives to classical IT solutions, both, in enterprise as well as in
scienti ¢ environments. The concept enables the scienti c comnunity to act as
a prosumer: We are not only able to easily consume services but also dgop
and provide new services in the domain of HPC, optimization, and simulaion.

References

1. Baun, C., Kunze, M., Nimis, J., Tai, S.: Cloud Computing: We b-basierte dynamische
IT-Services. Springer (2009)

2. Avetisyan, A.l.,, Campbell, R., Gupta, |., Heath, M.T., Ko , S.Y., Ganger, G.R.,
Kozuch, M.A., O'Hallaron, D., Kunze, M., Kwan, T.T., Lai, K., L yons, M., Milojicic,
D.S., Lee, H.Y., Soh, Y.C., Ming, N.K., Luke, J.Y., Namgoong, H .: Open cirrus: A
global cloud computing testbed. Computer 43 (2010) 35{43

Infocom Development Authority, Singapore
Karlsruhe Institute of Technology, Germany
University of lllinois Urbana Champaign, USA
Electronics and Telecommunications Research Institute, South Korea
Malaysian Institute for Microelectronic Systems, Malaysia
Russian Academy of Sciences, Russia
Centro de Supercomputacion Galicia, Spain
8 Carnegie Mellon University, USA
° GeorgiaTech, USA

~N OO g A~ W NP

44






Highly-Parallel Sweeps for Incomplete
LU-factorizations with Fill-ins

Dimitar Lukarski

Karlsruhe Institute of Technology, Engineering Mathematics a nd Computing Lab
SRG New Frontiers in High Performance Computing
Fritz-Erler-Str. 23, 76133 Karlsruhe, Germany

dimitar.lukarski@kit.edu

Keywords. Parallel preconditioners, ILU(p), triangular matrices, multi-
core CPU, GPU, multi-coloring, level-scheduling

1 Introduction

Preconditioning techniques are a vital building block for linear s/stem solvers for
sparse problems arising from nite element methods (FEM) or relatel techniques
for the solution of partial di erential equations (PDESs). High accuracy re sults in

huge systems that are typically sparse, closely coupled, and with badandition

numbers. A typical choice for iterative solvers are Krylov subspacemethods
like conjugate gradient (CG) for symmetric and positive de nite systems and
the generalized minimal residual (GMRES) method. In both cases, the number
of iterations depends on the condition number and grows polynomially in he
problem size.

2 Parallel Preconditioners

Good preconditioners should ful Il several properties. First, they should mitigate
the costs in terms of necessary iterations by restructuring the poblem matrix
and e ecting its spectrum and condition number. Second, since in ach iteration
step an additional linear system has to be solved, the additional e ort stould
not outweigh achieved bene ts. Third { and this point is becoming much more
important due to the development towards many-core computing platfoms {
the preconditioner has to comprise a high degree of parallelism. Fourththe pre-
conditioner should be applicable to a large class of problems where onlyimmal
additional information is available on speci ¢ matrix properties. The | atter point
is particularly important for the inclusion of preconditioners into w idely appli-
cable solver suites. As experience shows, parallelism in precotidners based on
reduced couplings comes at the cost of reduced preconditioning e ciecy. So
preconditioning also means to nd a trade-o between several aspects

In this work we present our e orts for building highly e cient prec onditioning
schemes for Krylov subspace iterative solvers in the context of theHiFlow?3
parallel FEM solver package [L]. Our main intention is to provide preconditioners
with a high degree of parallelism. Structure and organization of the HiFlow
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software into several modules and communication layers with uni edinterfaces

for the programmer allows to write a single code base that can be run across
wide range of parallel platforms including multi-core CPUs , graphics pocessing
units (GPUs) and OpenCL-capable accelerators. Since GPU code shouldeb
scalable to thousands of threads, our approach is to identify parallelisnon the

level of blocks within block-decompositions and not only on the levelof non-

scalable parallel execution of blocks only.

We consider preconditioners in block form based on additive matrix spttings
like e.g. Gauss-Seidel and SOR, and multiplicative decompositionske incom-
plete LU (ILU) decomposition. All our considered preconditioners are basd on
the block-wise decomposition into small sub-matrices. In both sasarios, typi-
cally a large amount of forward and backward sweeps in triangular solvers neegod
be performed. In order to harness parallelism within each block of te decomposi-
tion we use matrix reordering techniques like multi-coloring. For litting-based
methods (Gauss-Seidel, SOR) and ILU(0) without ll-ins the original m atrix
pattern is preserved. But prior to the solution of the preconditioned system,
the matrix is reorganized such that diagonal blocks are diagonal itself. The,
inversion of the diagonal blocks is just an easy vector operation?]. In the multi-
coloring approach sets of independents nodes { called colors { are iddérgd. The
number of colors depends on the choice of nite elements and on the dinmsion.
A performance analysis for a convection-di usion problem solved by Q1 ad Q2
elements in two and three dimensions is presented in5[. The scalability and
e ciency of our approach has been demonstrated in 2,3].

Furthermore, we allow ll-ins in the ILU(p) method for achieving a h igher
level of coupling with increased e ciency. Here we provide two algoithms for
parallelism: level-scheduling method 4] and power(q)-pattern method [6]. The
rst method is used as postprocesing method after the factorizationto deter-
mine the level of parallelism for the elimination processes. Unfortnately, this
method produces very small blocks - i.e. the degree of parallelisns very low.
An improvement with respect to the level of parallelism of this method can by
applied by doing a multi-coloring of the original matrix on rst place. As s econd
approach we have developed a new technique. By adding additional colot®
the original matrix we can provide a non-zero matrix pattern with diagonal ele-
ments in the diagonal blocks after the ILU with ll-ins factorization. Al though
this algorithm provides only an upper bound for the matrix pattern it pr ovides
much higher degree of parallelism compared to the level-schedulingethod. We
present a detailed performance analysis on multi-core platform and GPUcon-
guration in [ 6].

3 Preconditioned Solvers in HiFlow 3

The HiFlow?® nite element software tackles productivity and performance is-
sues by its conceptual approach]]. E cient numerical solvers are built on the
basis of uni ed interfaces to di erent hardware platforms and parallel program-
ming approaches in order to obtain modular and portable software solutions on
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emerging systems with heterogeneous con guration. With the concept obbject-
orientation in C++, the HiFlow 3 nite element software provides a exible,
generic and modular framework for building highly e cient parallel sol vers and
preconditioners for partial di erential equations of various types. It comprises a
complete set of BLAS 1 and 2 linear algebra routines and data access routinésr
all platforms. For scalable and portable parallelism all solvers are built pon a
two-level library. The linear algebra toolbox (LAtoolbox) orchestrat es computa-
tions and communications across nodes by an MPI layer. Underneath, theokal
multi-platform linear algebra toolbox (ImpLAtoolbox) provides high ly e cient
and optimized implementations with backends to various platforms (eg. CUDA,
OpenMP, OpenCL) where parallelism is expressed by means of data patalism.
Further platforms can be added easily. The user can build modular solftions
by utilizing uni ed interfaces on an abstract level. The same sourcecode for the
solver and the preconditioners can be used on several platforms incluth GPUs.
The nal choice of platform and particular implementation can be taken at ru n-
time. This approach enables user-friendly and scalable solutions indterogeneous
environments.

4 Conclusion

Combining the above parallel preconditioning techniques and the InpLAtoolbox
we provide portable, exible and scalable iterative solver combinatons with pre-
conditioners based on splitting methods and parallel ILU(p) for many paralel
platforms and hardware con gurations.
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Abstract.  Column chromatography is a method for separating and
identifying the components of protein mixtures. This work deals with
the system of partial and ordinary di erential equations describi ng such
separation processes. Furthermore, it is shown how parameter ideri -
cation can determine properties of single proteins. Optimal results can
be achieved by maximizing the correspond sensitivities. The dependence
of these sensitivities on the length of the chromatographic column is
analysed and interpreted here.
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timal experimental design

1 Introduction

In column chromatography the so-calledstationary phaseis a solid adsorbent
packed in a column. Themobile phase[1] is a liquid which is pumped through
the packed bed. (see Figl)

\> Chromatography Column >/ ¥*7
” /) 4
Protein / \Separated

Mixture Proteins

Detector
9
XY
g
)

Adsorption
Process

Fig. 1. Column chromatography

The separation of a given protein mixture is achieved in the followingway:
The stationary phase is an adsorbent - the di erent proteins adsorb and dsorb
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di erently. In addition to the protein mixture a salt concentration is injected
into the column. An increasing level of salt concentration elutes theproteins.
Hence, by controling the salt concentration di erent speeds of adsorpbn and
desorbtion are provoked, causing the proteins to leave the column parated from
each other.

After separating the proteins the goal is to determine their o en unknown prop-
erties, which are condensed in certain parameters which can be estated by
using parameter identi cation. We are interested in determining these param-
eters as accurately as possible. Therefore, the associated sensties are to be
maximized.

2 Model describtion

The process of separating proteins can be described by a system ddrgal and
ordinary di erential equations [ 1]. Let n be the number of di erent proteins in
the mixture. Then the system contains then + 1 parabolic di erential equations
(for each component one convection-di usion equation)

U= 00 L0000 wa ) faten) G0
wherei = 1 refers to the salt andi = 2;:::;n + 1 to the proteins. Here, ¢ (Xx;t)

is the i-th component in the mobile phase andcy; (x;t) is the concentration of
the i-th component in the particle pores.
The boundary conditions are
Dax @c @c
. . — . + =~ . =" L . — .
G (0;t) = Cin;i (1) U @X(O,t) and @X( 1) =0;
and the initial conditions are ¢j(x; 0) =0 ;8x 2
For c,; (x;t) the following n + 1 ordinary di erential equations model a Im
transfer as
@gi 1 "p@q
) .t = ) . .t n .t - O
Tt = 606 Gkt =g
whereq (x;t) is the concentration of the i-th component in the stationary phase.
These 4 + 2 equations are called thelumped rate model
Here, ; = B%M and ; = 3%% The following table explaines the
constants [1]

t);

D ax |axial dispersion coe cient

U |interstitial velocity in the packed column
ke .i|e ective mass transfer coe cient

ro |particle radius

" |void fraction

"p |porosity of the solid phase
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In addition, the following n + 1 ordinary di erential equations describe the so-
called SMA model (Steric Mass Action) for ion-exhange chromatography 7]

whereg,(x;t) = P i+ o Dgctyand qu(xt) = P Tl g(xt):
Hence we have -

@q,. ..\ _ _ @q,.....

@(x,t) = i @t(x,t).

i=2
The SMA parametersk,.; (adsorption coe cient), kgy.; (desorption coe cient),
i (steric factor) und ; (characteristic charge) should be determined.

3 Parameter estimation

In column chromatography the concentration of the proteins are detected at
the end of the column (at x = L¢). Now we assume that our experiment was
carried out with the result that the di erent components have left the column

at di erent times. Let z(t) denote the measured data.

The numerical solution of the system of parabolic and ordinary di erential equa-

tions depends on the SMA parameters. Thus, the concentration of the-th com-

ponent in the mobile phaseat x = L. has the form

Ui(t; i) = Ui(tiKa, s Ka 3 05 i) = Gi(LeitiKa s ka5 i 1)

We set

By solving the following optimization problem [3] the 4n SMA parameters can
be determined Z

=argmin - (y(t; ) z(t)2dt
T

0 1
G(s )

such that A; @c,i (; JA =h; (i=1;:::;n+1)
G(; )

4 Optimal experimental design

For solving the optimization problem as accurately as possible we try to "naxi-
mize" the sensitivities with respect to the parameters. It can be shown that the
so-calledFisher Information Matrix (FIM)

z

— 1 i @y(t; ) @y(t; ) T
= — : , |
M 2 0 @ @ dt !

max
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is equivalent to the inverse of the covariance matrix 8.

(With "(t; )= y(t; ) z(t) we haveE("(t; ))=0and E("(t; )"(t% ))
= 2 (t t9. This means that " is a white Gaussian noise process and> 0
denotes the standard deviation of the measurement noise.)

The maximization of the FIM with respect to an optimality criterion (e .g. max-
imization of the determinant) is equivalent to "minimizing" the cov ariance ma-
trix.

In the following, the sensitivities % are determined by solving the so-called
sensitivity equations

0 . 1 0 @c¢ - 1
@ CI(’) _(')
@Ai Qcpi(; A=A @8 (YA =0;(i=1;:::;n+1)
a(;) Gy
5 Example

The goal is to determine det(M) in dependence of the length of the column
L. if the protein mixture consists only of one component. In this case we ave
M 2 R* 4,

We consider a chromatography process with the following input paramegrs:

2 1
Dax :=1:574 10 %, us :=0:42 1:= ,:= §; 1:= 2= 30; "0 =03
Gn: 1(t):=0:02 and ¢ 2(t):=2 100 ¥ 8t 2 (0;1000}

The standard deviation is denoted by :=5 10 6.

First we make the simpli ed assumption that we are only interested in one pa-
rameter (e.g.ka 2 R, the other three SMA parameters are assumed to be known).
This means that M 2 R*. As we can see in Figure? the Fisher Information in-
creases with the length of the column.

Now we assume that we have to determine all four SMA parameters. (none of
them is known) In this case it holds that M 2 R* 4 (as mentioned above). Fig-
ure 3 shows the dependence betweetdet(M ) and the column length L.

The maximum of the determinant is achieved atL. = 41:5 mm. Considering
the covariance matrix M 1 we observe that the non-diagonal elements become
larger as the length of the column increases. Therefore, the dependen of the
parameters on each other is growing. We assume thatlet(M ) converges to a
lower bound, which has to be determined.
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0 50 100 150 200
column length (mm)

Fig. 2. The Fisher Information of k, in dependence on the column length. If the
exact values ofky, and are known we see that the longer the column is, the
more sensitive are the measured values in relation to the determinain of kj.

x1O8

det(FIM)

0 50 100 150
column length (mm)

Fig.3. The determinant of the Fisher Information matrix det(M (Ka;Kq; ; ) in
dependence on the column length. The longer the column is, the more ssitive
are the measured values in relation to the determination of the FIM. It was
shown that the dependence of the parameters on each other is growing tia
growing length column. That is the reason for the decreasing determiant.

54



A. Nestler, G. Thater

6 Summary and outlook

In section 3, we have brie y shown how to obtain the unknown SMA paraneters
by parameter identi cation . By using this parameter identi cation technique, we
can nd a continuous solution to the given optimization problem. Nevertheless,
an e cient method has to be developed. Furthermore, it has to be deermined
how many experiments must be conducted for getting enough informationo
solve the optimization problem. Further studies will deal with the solvability of
the optimization problem in dependence of the number of experimets.

In section 4, the derivation of the so-called sensitivities was showrWe will con-
tinue by considering the associated parabolic and ordinary di enrental equa-
tions more precisely with respect to these sensitivities. Sutequations should be
solved by the nite element method. Particulary the functional anal ysis aspects
have to be taken into account. For example, we are going to study the fuctional
spaces of the solutions.

In section 5, a column chromatography process was described. Some exper
ments were conducted and the results were shown. Such experimteshould be
performed for another processes, too. Here, the aim is to determine general
prediction of the optimal column length of a chromatography process.
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3,8] may offer the op-

portunity to provide the resources as needed in a secure and reliable fashion,
with high data locality as illustrated in Figure 2.

Figure 2. Visualization as a Service
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1], [2] and [3]. It is also possible
to perform a nested IR method where the error correction equation issolved
again with IR. From the analytical point of view, the nested approach can be
interpreted as a variation of a multigrid method.

3 Discretization and Method Error for Elliptic Operators

The task is to searchu 2 V based on a variational problem of the form

a(u;v) = Hf;vi 8v2yVv, (1)
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1), we have to be aware of the fact that transforming the
matrix and right hand side into a lower oating point format means to solve a
perturbed system describing no longer exactly the problem that shll be solved.
Suppose the perturbation reads:

Bn(;):=an(; )+ b 2)

One established strategy to bound the error arising in the solution pocess is to
keep it at maximum in the order of the discretization error. For ellipt ic operators,
the latter can be estimated using the lemma of Aubin-Nitsche. By exending the
lemma of Strang it is possible to consider the perturbation within the solving
process. By combining both lemmas and statementd), we can derive an equation
tgat can be used to nd upper bounds for the1 perturbations by of a, resp.f:

!
|<u Vnkm + SUP ja(Vh; Wn) ah(Vh;Wh)J§ + sup jhf;wni h fh; whij
—{Z _n} h2Vh kWh km Wh 2V, kWh km

20(h2) TV {z } | {z )
20(h?) 20(h?)
+ sup by sup e %hzkf Ko: (3)

kwp, k kwp, k
Y\/hzvh {Z hRm } thzvh {Z hRm }

30(h?) 30(h?)

Herby c, denotes the constant arising in the lemma of Aubin-Nitsche cs the one
arising in the lemma of Strang.

4 Conclusions

Based on the shown results it might be possible to determine a prierupper
bounds for the perturbations of the linear system within the Iterative Re ne-
ment method. Thus, the oating point (or arbitrary number-) format wi thin the
solution process can be chosen in order to develop highly e cient solers.
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1,2].

One of the main topics in opto uidics is the development of optical elenents
that can be integrated on a micro uidic platform. Besides being an imporant
component in so-called Lab-on-a-Chip devices3|, the use of a uid medium
brings with it advantages which could make such elements preferableot their
solid-state counterparts for certain situations. Using a uid medium makes it
possible to dynamically recon gure the element to adapt it to new operting
conditions, for instance changing the focal length of a lens or the charaetistic
wavelength of a laser. Another advantage is the facility of achieving highguality
surfaces at low production cost. An example of a micro uidic waveguide rst
described in H], is shown in Fig. 1. Two uids, with di erent refractive indices
n; and ny, ow in a microchannel. Light passes through the inner core uid,
which has a higher refractive index than the outercladding uid, and will thus
be totally re ected if the angle of incidence is greater than the critical angle,
which is determined by the ratio of n; to n,.

The idea behind the waveguide can be extended to create a simplevich [4]
(Fig. 2). In this case, the path of the core uid, and hence the path of the light,
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5], gratings [6], and lasers ].

2 Mathematical Model of Optical Elements

In the following, it is assumed that the in uence of the light on the u id ow is
negligible so that the model for the optics can be separated from that of te ow.
For characterization of the refraction properties of optical elements, aray optics
model can be used, since the typical lengtih. 100 m of the structures in the
system is much larger than the wavelength of light 0:5 m. For interference
phenomena, a more complicated wave model would be required.

The incompressible Navier-Stokes equations provide a suitable deription
of the evolution of the ow which creates the optical elements, whichis most
often stationary and laminar. An important choice in the modeling is whether
the uids should be considered as immiscible or not. In most applicatons, the
uids do mix, which tends to smoothen out the boundary between then. This
e ect can be utilized to create Gradient Refractive Index lenses[8], but is not
desirable in other cases. One can reduce the amount of mixing by raiginthe
ow rates or using uids with higher viscosities; and even eliminate it completely
by choosing uids which do not mix. In the latter case, one has to introduce an
interface tension forceF to model the interaction between the uids. This force
is de ned only on the interface  and is proportional to the curvature and
normal n of the interface. A material parameter depending on the two uids
determines the strength of the interaction, which is given byF = n  [9].

The governing equations for the velocityu and pressurep are summarized
in equation (1), where D represents the deformation tensor, the density of the
uid and  the viscosity. These equations have to be completed with suitable
boundary and initial conditions depending on the concrete situation.

@ _1
@t+(u rou=—(r p+r (2D)+F ) 1)

r u=0;

The two material parameters and are functions of both time and space, since
they depend on how the interface between the liquids evolves. A method of
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10]).

The capturing methods, on the other hand, represent the interfacamplicitly
using a function (x;t) de ned in the whole volume. can be chosen in di er-
ent ways, but the capturing methods all have in common that the interface is
represented as its zero-level contour: = fxj (x) = 0g. Like for the tracking
methods, there is also an evolution equation for the interface in thiase, in the
form of an advection equation for :

@,
@t
The capturing methods have the advantage of being able to easily handle
topological changes of the subdomains, whereas complicated algorithms (cread
or destroying meshes) would be necessary for the tracking methodBurthermore,
tracking methods often require complicated mesh improvement or eé-meshing
procedures to maintain the quality of the mesh as time progresses. Tprice to
pay for the capturing methods is solving an advection equation for the olution
of , which is in general di cult and computationally expensive. Furthe rmore,

ur =0:
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9] for an
overview), will require extra measures in order to guarantee massanservation.
A widely used capturing method is the level set method describd in [11],
where is chosen to be a signed distance function, whose absolute value is
de ned by

J (D) =min jx yj;
y2

and whose sign at a pointx is determined by what side of the point lies on.
has the attractive properties of being continuous and having a gradienof limited
sizejr j =1. The latter property will not be conserved during the evolution of

in time, unless a \re-initialization procedure” is performed, see [11]. A method
to improve the mass conservation properties of the method has been pposed
in [12].

An important decision when coupling any interface tracking method to a
physical model is how to represent the quantities de ned in thedi erent domains
separated by the interface, as well as the quantities that are only de red on the
interface itself. In the example of the ow model, and are discontinuous, and
F must even be considered as a distribution, which might lead to numecal
instabilities. It is therefore often prudent to regularize these quantities through
smoothing even when doing so results in a less accurate method.

A study of this kind of regularization for modeling interface tension can be
found in [13]. In that work, discontinuous quantities are smoothed out over a
small width around the interface, and the interface tension is extended into the
volume via the following extensions of the normal eld and curvature:

nx)=r (x);

xX)=r n(x):

A suitable numerical method must be chosen to solve the advection ea-
tion for the level set function. Finite element methods based on dicontinuous
Galerkin or stabilized continuous Galerkin methods are appropriate cloices for
dealing with the discontinuities that can arise with this type of hy perbolic equa-
tion. In order to reduce computational costs, and still achieve an accurag rep-
resentation of the interface, such methods should be combined withn adequate
adaptive strategy.
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1] introduced the "Homogeneous Chaos" based on Hermite{
polynomials for Gaussian square integrable processes. It is a spectiaojection
method in the eld of uncertainty quanti cation and was successfully applied
in various elds of application, e.g. in combination with the Finite{Ele ment{
Method for problems in solid mechanics pioneered by Ghanem and Spanos i
1991 p].

2 Spectral projection

2.1 Generalized Polynomial Chaos

As introduced by Xiu and Karniadakis in 2002 [3] a square{integrable stochas-
tic processX (t;! ) can be decomposed into a summation of deterministic time
dependent coe cients and stochastic basis functionals (Chaos Polyomials) de-

noted by
h S

X()y=" x@ i () 1)
i=0
whereas denotes a random variable (possibly multi{dimensional) with a cer-
tain probability distribution. Furthermore, f ;gl, denotes a set of orthogonal

polynomials, such that
Z

i()()dF =G j: (2)
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1) is truncated at some integerP > 0 such that

X
X(t!) xi() i (1)): 3)

i=0

The (non{trivial) task left is to numerically compute the "modes” x;(t).

2.2 Time{dependent approach

The truncation of the sum in (3) is only capable of approximating nonlinear
dependencies on up to the order of P, which presents a signi cant drawback.
Therefore, the key idea (based on4]) is to improve the stochastic basis by letting
the Chaos Polynomials depend on and the solution itself. To this purpose, we
x the time t =t and observe that a new random variable can be de ned via

X
= )= X(@;!) xi(t) i (1)): (4)

i=0

Next we construct new orthogonal polynomialsf ;gM, interms of and and
express the solution in the new basis via

X
XGH= x@ i) ) (5)

i=0

fort t . Here, orthogonality means that the basisf ;gM, is orthogonal with
respect to the cummulative probability distribution function of  and . Note
that the expansion order can change in this step and is therefore denotedy M .

Within the new basis it is expected that the solution as well as its dyhamic
evolution can be expressed in an optimal way. The procedure is thenepeated
at suitable times t > t

2.3  Numerical results

We consider a linear oscillator p], described by its equations of motion via

%xl(t;! )= Xo(t;!); (6)
Sxat)= ol ()t (7)

Here, is a uniformly distributed random variable within the interval ( 1;1)
andg( (!)) =4 2(1+0:2 (!)). For time discretization we employ a standard
Runge Kutta solver of 4" order with a time step size t =0:001 and compare
the results to the analytical solution of the problem. As can be seen in k. 1
TD-gPC is signi cantly increasing the accuracy in approximating the solution's
stochastic moments in comparison to gPC.
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1].
In general, each FPGA consists of the following three main con gurable om-
ponents: programmable logic, routing and 1/O blocks.
Application areas for architectures involving FPGAs include bioinformatics
(pattern-matching algorithms), image and signal processing (e.g. convéng ana-
log to digital signals (A/D input)) [ 2], and encryption and decryption algorithms.
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2].

The process of mapping an algorithm to an FPGA diers from conventional
programming and compilation. There are two ways of setting the FPGA con-
guration: One way is the classical low-level programming using aHardware
Description Language (HDL) in which all low-level choices have to be de ned,
e.g. clock behavior, design of data paths etc2] The other way is based on using
High-Level Languages(HLL) which a compiler translates to HDL. They o er a
higher level of abstraction than HDL.

After the HDL code is written, the algorithm has to undergo further st eps,
during which the experienced hardware programmer is able to in uerce the result
and optimize performance by various factors. These three steps accomghed
with the help of the Xilinx ISE tool include the synthesis, the \tr anslate, map
and 'place and route' step\ and nally the generation of the con guration le
for the FPGA [3].

2 C-based FPGA programming with ROCCC

The Riverside Optimizing Compiler for Con gurable Computing (ROCCC) 2.0
is an open source project. With its help, C-like code can be conveed to VHSIC
hardware description languaggVHDL) code. But to be able to run the generated
platform-independent VHDL code on an FPGA system, \glue-code" needdo be
created that attaches to ROCCC's abstractions. The code design for ROCC is
a modular bottom-up design, distinguishing between module and sysm code.
The modules can be thought of as building blocks only containing arithnetic
expressions whereas system code builds these blocks togetheurtRermore sys-
tem code may include modules, may contain loops and therefore caterate over
arrays. There is a limitation on the use of data types: double precigin is not
supported. Furthermore division of oating point numbers has to be specially
taken care of. In addition there are several constraints which need to é ful lled.

For example no loops are allowed except for-loops which themselvesaynnot be
doubly nested and no functions may be called other than further modles. For
compilation ROCCC provides two scripts that have to be applied one afer the
other which results in VHDL code [4]. Unfortunately ROCCC does not provide
the next compilation step for all platforms or equally detailed help.

3 C-based FPGA programming with Impulse
CoDeveloper

Impulse CoDevelope™ (short Impulse C) is a development environment for
hardware programming that includes a C cross-compiler, translation toos, an
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5].

4 Performance Results

In order to nd reasonable benchmarks, di erent tests were develogd and ana-
lyzed. Tests are always run with di erent arithmetic operations using di erent
sizes of input data. The time duration of the tests is measured usinghe function
gettimeofday()

The rst three test-series have one software and one hardware procssin the
rst test-series P1 the software process reads numbers from a le and sends
them one by one to the hardware process. There an operation is carried owtith
a pair of numbers and the result is sent back to the software procesdo omit
the overhead of rst reading from le, for the second test-series P2numbers
are generated randomly by the software process and directly sent to hdkvare.
The performance results suggest that sending each number to hardwaralso
outweighs the time for computation on the hardware side. Conclusivelym P3
only a start and an iteration number are sent to hardware which then exeates
a given operation on the start number \iteration" times.

The result is that the division for oats is slower compared to addition or
multiplication by the factor of about 5 :8. Additionally, implementing oating
point operations requires more logic of the FPGA than for xed point num-
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Application n Total time of |Power consumption of
all executions  |all executions

Hybrid application 8m28s 31.63 Wh

Software-only application 11m22s 37.32 Wh

Table 1. Timing and energy consumption results of a hybrid application which
is run 100 times and each time executes fOiterations simultaneously in 10
hardware processes. Each hardware process contains@ -loop with one add-
operation. These results are compared to a software-only version of itontaining
the same number of calculations andor -loops.

5 Numerical Solutions

The considered problem is the Poisson equation with homogeneous Dihiet
boundary conditions. For the discretization we use the Finite Di erence method
which leads to a system of linear equationg\,u, = by, [6]. Such a system of linear
equations can be solved with the Conjugate Gradient (CG) method and to fin-
prove performance we consider applying a preconditioner. Possibfgrecondition-
ers include one of the following splitting methods: the Jacobi, tle Gauss-Seidel or
the SOR method. To evaluate numerical applicability of HLL to VHDL conver t-
ers the Jacobi, Gauss-Seidel and SOR method are implemented usingpulse
C and its associated tools for the FPGA. The main focus is laid on of utilizhg
them as preconditioners to the CG method 6,7].

The rst step for each of these algorithms is to decide what part of the algo-
rithm is to be implemented on the software and which part on the hardware side
(in the associated two processes). As these algorithms are includedto the CG
method as a preconditioner, there is no need to calculate the resichl anymore,
as the CG method already does this. As a consequence only the calculati of
the new correction is outsourced to hardware. As the residual is needefor cal-
culation in both hardware and software parts, it is stored in the shared menory
accessible for all processes, while signals guarantee the exclusagess rights.
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8] for more details). Timing results are given in
Table 2.

6 50 100 1,000 sdim
Jacobi method 0.0015150.1814610.75612576.964983time in [s]
|Gauss-Seidel method  |0.0015200.1846840.73955179.768941time in [s]
Table 2. Timing results for the Gauss-Seidel and the SOR method with a xel
number of iterations knmax = 20 and for a di erent number of points on the
discretization mesh (with sdim giving the number of points on one edge of the
discretized square domain).

6 Conclusion

ROCCC is a compiler working with C code that is very close to standardANSI-
C. However for a newcomer the help of an expert is required in order tcomplete
the last step of mapping the VHDL code to the actual FPGA.

The structure and programming model of Impulse C and its Impulse C el
ements take some time to become acquainted with. For experienced s, the
manual instructions provide an opportunity to in uence the generation proce-
dure if necessary and to optimize the application on their own. But tobe able to
truly optimize the application, the user needs to understand the underlying tech-
nology and the user has to know how the di erent operations are implemeted
on the FPGA.

The performance of the FPGA highly depends on the properties of the aplp
cation and especially the implementation concept. If an application can le easily
parallelized and most computations of data do not depend on other data, then
the application executed on a hybrid system most likely outperformsthe CPU.
As a general conclusion, the usage of Impulse C is recommended for new rsse
that want to run user-written code on an FPGA, although this for new users
helpful abstraction level may lead to a lack of performance. ROCCC shold be
used as a VHDL generation tool by more experienced users. It is still elving
and has a promising potential.
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14] is currently being developed as a collaboration between the
Institute for Neutron Physics and Reactor Technology and Engineering Math-
ematics and Computing Lab The development of Para sh has been done in
parallel starting from the very beginning { it is not the parallelized version of a
pre-existing code.

In view of the increasing computing capabilities made available withhigh per-
formance computing, we anticipate that more advanced approximation schems
than di usion will be used in the future to treat the BTE. The sphe rical har-
monics (or Py ) method goes beyond the di usion approximation, and has been
implemented in Para sh.
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7]. Here, (r;E) is the macroscopic total cross-section (assumed strictly
positive), s(r;E®! E; 9 ) the scattering cross-section, and ; (r; E9 the
ssion cross-section. Moreover, (E) is the spectrum of emitted ssion neutrons
and (E9 the number of neutrons emitted per ssion.

Stability is ensured when the largest eigenvalue is equal to one. Then, the
ssion chain reaction is self-sustained. Ak-eigenvalue larger than one indicates
an exponential multiplication of the neutron population within the reac tor. Sim-
ilarly, a k-eigenvalue smaller than one indicates that less neutrons are produde
than absorbed, so that the chain reaction dies out.

The power method, sometimes accelerated with Chebyshev accedgion, has
been up to now the method of choice for solving thé-eigenvalue criticality prob-
lem in reactor applications [7]. Several research works have been conducted in the
past to nd a better alternative to this rather basic method. In th is view, several
ways have been investigated: the implicit restarted Arnoldi method [1,16,17], the
Jacobi-Davidson method p,15], and, more recently, the Jacobian-free Newton-
Krylov method [3,4,6]. These techniques have been up to now applied to the
di usion equation or to the discrete ordinate ( Sy ) transport approximation only.

For the criticality calculations we investigate the Davidson method [2,10]
which is in fact an earlier development of the Jacobi-Davidson method11]. We
believe that such an investigation is valuable since the Jacobi-Davison is not
proved to be better than Davidson in all cases §].

3 Numerical Results

We consider the 2-D MOX fuel assembly benchmark issued by the NEA9]. This
benchmark uses C5 MOX fuel and 7 energy groups, hence its \C5G7" nicknaen

The numerical results with the spherical harmonic discretizationP3 obtained
by employing the Para sh solver are given in Table 1 (seel213]). The com-
puting times as well as the number of iterations are drastically redued by using
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12,13]. The inner iterations refer to GMRES it-

erations in both cases. Speedups and e ciencies are computed with spect to
the 32 core case.
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1]. It includes a sea-ice model as well
as the HAMOCC biogeochemical submodel and was released in 1997 as successor
of the Hamburg Ocean Primitive Equation Model (HOPE) [ 2]. Together with the
atmosphere model ECHAM it was used in the Intergovernmental Panel for d-
mate Change (IPCC) Assessment Report 4 and is currently used in pregration
of the IPCC Assessment Report 5.

2 Horizontal Conservation of Momentum

The horizontal conservation of momentum equation for a Boussinesq uid ona
rotating sphere with orthogonal coordinates is given as

Eu+f(z u) = irH(p+ wd )+ Fu + Fy;
dt w

where u = (u;v) are the horizontal components of velocityv, t is the time,
f the Coriolis parameter, z the vertical unit vector, , the reference density
of sea-water,r y the horizontal gradient operator, p the internal pressure, g
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1.
Decomposingu following [3] into its barotropic u and baroclinic & compo-
nents Z,

u
u= . u dz; &= u 0
results in a baroclinic subsystem
1 %o
@d + A(u;u) A(usu)+f(z w)= O ] rupdz r wp+ Fy + Fy;
and a barotropic subsystem
z 0
@u+ A(u;u)+ f(z u)= gHry rupdz+ Fy + Fy;

H

with p= p=, A(u;u) =(u r )u+ w@u and analogously de ned barotropic
A(u;u), Fy, Fy as well as baroclinicFy , Fy . Partially updating u with respect
to A(u;u) and Fy ; Fy in the barotropic subsystem and usingp’from the solved
baroclinic subsystem together with the barotropic continuity equation

@ +Qu+ @v=0;

results after discretization in a linear equation system for , that is symmetric
positive de nite with non-positive o -diagonal entries. This is a so called Stieltjes
matrix with shape 0 1

where S; are diagonal matrices andD; tridiagonal matrices. The matrix A can
also be expressed as a stencil as shown in Figuie

3 Solving the Barotropic System

The system was traditionally solved with the Successive-Over-Raxation (SOR)
method
(D+ 1L )Xs1 =(@  1)D 1L T)xy + !b;

where D is the diagonal of A, L its strict lower part, U = LT its strict upper
part and ! a relaxation parameter.

The SOR method was replaced by CG Method with ICC(p) during the
ScalES project in order to achieve better performance and scalabiljt
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1 was analyzed. One can
show that the Il-in pattern obeys

It was therefore decided to implement the ICC(p) preconditionerin the spirit of
the DIAG format [ 4]. The lower tridiagonal matrix | can also be expressed as a
stencil:
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3. The

overall scalability of the Conjugate Gradient Method with ICC(4) is up to 36%
better than the traditional SOR solver on the largest setup.
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1].

2 Model Reduction

Model reduction is achieved by using the information contained in the ensem-
ble of snapshots. A two-dimensional instationary channel ow around a cyinder
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2]. The snapshots are taken from a nite element approx-
imation of the solution. For details on the POD method, the ow problem, the
nite element discretisation and the model reduction see B]. The methods are
implemented in the HiFlow?3 software package 4].

The POD basis functions are used as ansatz and test functions for a Galerk
approximation. The ow problem is solved in the reduced space. The qality of
a reduced model is measured in terms of the error

Kun  upk;

whereuy, is the nite element approximation and uy is the solution of the reduced
model. Having an ensemble of snapshots, it turnes out that the choice athe
snapshots taken into account for computing a POD basis as well as the rankf
the POD basis are of essential relevance for the quality of the reducecthodel.
Taking the snapshots only out of the interval of the rst period of the o w,
no accurate reduced model can be obtained, since the snapshots contamno
information on the initial ow phase. Chosing snapshots from the whole time
interval in contrast, it is possible to obtain accurate reduced modes, if the rank
of the POD basis is chosen high enough. A reduced model with 50 degrees of
freedom can be stablished, which yields an approximate solution witha relative
error of less than one percent. The number of degrees of freedom is reshd by
three orders of magnitude compared to the nite element discretisaton. The
four exemplary POD basis functions in Fig. 1 represent some major features of
the ow. The vortex structure is contained in the two basis functi ons on the left,
and the two basis functions on the right contain structures corresponthg to the
initial ow.
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5] and further developed for the nonlinear channel ow problem in
[3]. The results show, that accurate reduced models with few snapsits and a
low rank of the POD basis can be obtained. For a reduced model with only 30
snapshots and 6 POD basis functions an optimal snapshot location yields an
approximate solution with a relative error of less than three percen
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