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Abstract - PCSiWaPrd® is a software tool developed by the TU
Dresden which simulates water flow and contaminantransport
in the unsaturated soil zone. Due to the increasindemand in
computational efficiency for large numerical meshessimulation
runs needed to be accelerated. This acceleration waarried out
by manual parallelization of parts of the softwares simulation
kernel. After identifying the most time-consuming ections of the
code several numerical equation solver libraries we
implemented and tested. Different concepts of sofave
parallelization as well as different types of mathmatical solving
strategies were tested for their suitability for PGSiwaPro®. With
the SAMG software, a multigrid solver developed bythe
Fraunhofer Institute for Algorithms and Scientific Computing,
the largest reduction of simulation time could be ehieved.
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|l. INTRODUCTION

Models of the unsaturated soil zones have an isarga
importance for the simulation of environmental esuTheir
transient characteristics can help determine psaseghat
influence the behavior of groundwater bodies araahtsl with

Leipzig

sizes of up to 1 km, which significantly increases number
of nodes in the finite element mesh, and therefoeesize of
the system of linear equations to be solved. Whth hielp of
parallelism simulations of this size can be solvexdre

effectively by distributing computations to indival

computing units.

[I. MODELING UNSATURATED SOIL ZONE PROCESSES

Water flow through variably saturated porous mexdia be
modeled by the Richards equation (1) in the foltayiorm:
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with volumetric water contem, spatial coordinates; Xx,z),
capillary pressure head h, timeK,ijA and Kif as components

(1)

of an anisotropy tensor K, unsaturated hydraulisdcativity
K, and a source/sink term S. Since both the hyiraul

special regard to climate change. Recent develomesgonductivity and the dependent varialfleare expressed as

introduce more exact and physically reasonableufeatinto
the models. Another trend adds the prediction a@fate
change with the help of synthetic time series gatir. All of
these features increase the applicability of thelehbut also
enlarge the simulation time. Model codes grow amdoime
more complex and the runtime of the model increagiis
every new feature.

In order to enable reasonable runtimes for the aea
complex models, the hardware of the underlying aatemp
system as well as the codes of the software cactelerated
by parallelization. Parallelism is the computingheique of
simultaneously running different calculations ore@r more

functions of the pressure head h, the Richards tegua
becomes a highly non-linear partial differentialuation
which needs to be solved iteratively.

The interdependence of the water conteahd the pressure
head h are expressed by the Van Genuchten / Luckodel

(2) [1]
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with the function of the residual water contenttlde function

machines. Although this approach has already begp the residual air content B, soil porositp, and the
implemented into the design of new processing unitgifference between the pressure heads of the \gedtinl the

programmers can additionally introduce parallelisio their

non-wetting phase:p-nw. The Van Genuchten parameters

software codes. This gives them more control oue tand n are empirical.

complete calculation process and enables to therapfiy
computation techniques that are not or only hapaigsible to
implement in sequential programming. Although there
many codes that are not easily parallelizabldilit®lds great
potential in further accelerating software code.

Parallelism not only helps accelerate more compiexlels
but it also enables the use of models to simubaigel model
areas. In case of the unsaturated soil zone armgeenodel
width will be several meters. More accurate models have

Due to the heterogeneity of the soil pore sizeritigtion,
the processes of drainage and wetting are sulmjdutsteresis.
This hysteresis can be expressed by defining @iftar's for
the two process directions. As can be seen inlFidepending
on the process direction, the state functions efsthil develop
along different paths.
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lll. THE SOFTWAREPCSIWAPRO®
il s In  the course of the BMBF-funded project
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Fig. 1. Hysteresis of soil state functions
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Fig. 2. Unsaturated conductivity function

In contrast to groundwater flow processes, in
unsaturated soil zone the hydraulic conductivity rist
constant, but it varies depending on the pressess.hThe
following formula (3) is taken from [1]

Ly :
x 11— (1 ~ s
with hydraulic conductivity {6o) at a defined point O with a
known degree of wetting fluid mobilitysS (0o- 0w,)/(P-Ow,),

a connectivity parametérand a transformation parameter m
A typical course of i) is shown in Fig. 2.

k(B) = Kk, - (%) (3)

L
1—(1_—5,_'3“

26

the

. 0 10 =

mbH developed the simulation software SiwaPro DS [

The latest version of this software, PCSiW&Rro
implements the numerical solution of the Richardsation
(1) in two spatial dimensions using a finite eletregpproach.

The linear system of equations resulting from the
discretized Richards equation is solved using thejugate
gradient method with an incomplete lower-upper-
decomposition as preconditioner [3]. Due to the hhig
nonlinear character of (1), a sequence of lineatesys of
equations has to be solved for each simulation step until
the difference between two successive solutiors fadllow a
predefined limit. The number of such iterationsréases with
the parametric complexity of the relationship betwehe soil
state functions. Furthermore, in many cases vergllstime
step sizes have to be used, for example when dealith
coarse-grained soil layers. These two factors ead to very
large simulation runtimes, especially when verye figpatial
distributions are included in the model.

A graphical user interface was developed to hetp uber
create and manage models, create model geometdeis put
soil parameters and initial and boundary conditigtig. 3).

Software parallelization includes the partitioniofgparts of
the software's code into several individual exexutstreams
which run in parallel. This is only applicable fparts which
do not include internal data dependencies. Whikrethare
already several possibilities for automatically gitizing
software codes on the compiler or the hardware |leve
(integrated compiler optimizations, processor vezation),
great potential in terms of runtime efficiency lies"manual”
parallelization by extending or adapting an exgtaequential
code.

In the field of non-GPU-based software parallelaat two
basic concepts are widely used: OpenMP [4] and [gPI
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Fig. 3. Graphical user interface of PCSiW&Pro
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3.1. Open Multi-Processing (OpenMP)

OpenMP parallelization is based on the fork-joinelio
(Fig. 4). In this model iterations of a loop arstdbuted from
the previous one to an arbitrary number of threatse
threads execute their assigned operations in péaralhd
finally rejoin at the end of the loop to a singlaster thread.
Implementation of this code partitioning is carriedt solely
by compiler directives. This method does not ontyitl the
necessary alterations of the original sequentiap loode, but
also guarantees that the loop can still be execufed
parallelization is not available on a particular cimae.
Another advantage is that by using OpenMP a codebea
parallelized loop by loop, so that with each newaplelization
an additional gain in execution speed can be aebiev

loop with
5 threads

loop with
7 threads

master thread

Figure 4. Fork-join-model in OpenMP

3.2. Message Passing Interface (MPI)

Another concept for software parallelization is MR
comparison to OpenMP MPI introduces partitioningbioth
work and data. MPI-parallelized software is exedutéth a
given number of processes. Each of these processgs
independent of the others with its own data andaijmns. At
the startup of a program all data of the task tpaellelized
have to be distributed to the processes, after twidach
process operates on its own dataset and with its @8t of
operations. In the application scenario of numdgicsolving
the discretized Richards equation two ways of data
partitioning are possible:

(a) partitioning of the resulting linear system exfuations
by rows or columns

(b) partitioning of the finite element mesh of tiecretized
geometrical model by nodes or elements (Fig. 5)

At the borders of mesh parts that belong to differe
processes complications can arise, since in theggens data
exchange between two generally independent prosésseto
be implemented. This is carried out by using MPlssages
for process intercommunication. Synchronization thie
parallel processes as well as process intercommtimic has
to be implemented manually by the user with thep hef
special MPlI commands. In comparison to OpenMP MPI
parallelization is much more expensive. In mostesas

The OpenMP execution model works best on shard@implementation of many parts of the software casle

memory systems, such as machines with severalithdil
cores per processor. Ideally each core can ruropleeations
of one software thread which leads to a measuretter
maximum number of threads to be used in paraliedizi code
on a given machine. The best runtimes for a code lma
achieved if the operations of the loop are disteduto the
threads in such a way that all threads or process@s have
the same number of operations to process. Forpthipose
OpenMP offers a set of specialized directives.

The usage of OpenMP in PCSiWaPrds especially
relevant for loops which iterate over the nodeglements of
the discretized model, and in which single itenagioare
independent of one another.

Process 1
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Fig. 5. Idealized distribution of a finite elemeneésh to four MPI processes

inevitable.

MPI parallelization produces best results on distied
memory systems, such as massively parallel computer
clusters. As with OpenMP, a uniform load balandiegween
all involved computing components has to be ensusétce
the above-mentioned systems can consist of thossafd
individual components, this is rather complicated.
Additionally, it is a more influential factor th&or OpenMP,
since the possible idling of processes as a resuitad load
balancing can add up to a much bigger amount ofte
computing time.

The speed gain from MPI parallelization can benestid
using Amdahl's law (4). It states that the spee8upf a
parallelized code depends on the number of prosgssand
on the fraction s of the code which was not paliatid.

According to (4), a completely parallelized codengsp
processes would lead to a runtime p-times fastan tthe
sequential version. On the other hand, using amitief
number of processes would not lead to an infingeeslup,
since S is always limited by 1/s.

3.3. Implementation and Results

In order to speed up simulation runs in PCSiW&Rte
most expensive code parts were determined at figst
individual runtime measurements. It was detecteat the
assembly of the matrix of the discretized Richagstem of
equations together with the numerical solutionhs system
could take up to 80% of the total simulation rurgim

The assembly of the Richards matrix is implemeritgch
number of loops which iterate over the elementsraodks of
the model area and successively generate matrilegnt hese
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loops could partially be parallelized with OpenMffowever,

because of their inner structure internal synclzatons

between the threads had to be implemented. Nevesthe
some speedup could already be accomplished.

PCSiWaPr8's existing numerical solving method could not

be parallelized, especially the integrated LU degosition as
a matrix preconditioner proved to be problematior Ehis
reason different parallel solver libraries were liempented
into the software's simulation kernel in order &place the
original solver, and to test their functionalitgaability and
possible speedups.

Solver libraries based on MPI were not able to cedu
simulation runtimes in PCSiWaPtoTests were carried out
with the freely available libraries PETSc [6] anid [7]. There
are several reasons that induce this behavior.
parallelization scales best for software withougraphical
user interface run on massively parallel computbhgsters
solving systems of hundred thousands of equatlansontrast

to that, PCSiwaPfb is software developed for shared-

memory systems, whose field of application is rathe
engineering office than a scientific high-perforroan
computer. Furthermore, due to internal memory hHagdhe
software can only simulate finite element mesheth vain
upper limit of about 150,000 nodes. For these mmsonly
OpenMP parallelization was used to accelerate riater
operations in PCSiwaPto

iterative method
r=A-x-B

direct method
A=L-U

precon(A) A-x=L-U-x=B

while(norm(r)>tolerance) U-x=y
{ calculate(x) L-U-x)=L-y=B >y
r=A-x-B} U-Xx=y 2> X

Fig. 6. Mathematical principles of iterative andedt linear systems solving
methods for Ax =B

In addition to the type of parallelization, the #able

M 'l?raries can also be divided into direct and item solvers.

igure 6 shows how these two techniques differ hmirt
mathematical approaches to solve a linear systesquitions.
For testing purposes the PARDISO [8] and the MUMBIS
libraries were implemented into PCSiwaPrsimulation
kernel. Time measurements on the individual rostioéthe
solvers showed that the process of factorizing shistem
matrix A takes a vast amount of time and memorys tbuld
not be significantly decreased by the availableesobptions
or measures carried out in the calling PCSiW&Pcode.
Direct solvers thus were not able to decrease sitoul
runtime in the program.

The best simulation acceleration could be achiebgd
implementing the SAMG solver library [10], which sva
developed by the Fraunhofer Institute for Algorithrand
Scientific Computing, into the simulation kernel.

TABLE |
COMPARISON OF SIMULATION RUNTIMES WITHSAMG AND THE PREVIOUSLY IMPLEMENTED SEQUENTIAL EQUATIONSOLVER FOR SIX MODELS
OF DIFFERENT DISCRETIZATION SIZE

Models M1 M2 M3 M4 M5 M6 M7

Number of nodes 952 3.138 8.689 18.531 18.531 21.221 135.019
Number of non-zero nodes 6.164 21.402 60.382 127.911 127.911 147.211 942.081
Runtime SAMG 16,1s 1min36s 1minl5s 1minl5s 1min28s 2min25s (o] 724 ;)

Runtime sequential 11,6s 1min53s 1min34s 1min33s 2min09s 12min21s 18imBbs

Runtime gain -39% +15% +20% +19% +32% +81% +89%

This library uses an OpenMP-parallelized multigradution
technique to solve the Richards equation systemadiysting
the parameter set of the solver to the condititrag best fit
the type of problem to be solved, significant gaims
simulation runtime have been achieved (Table l)eckp
emphasis was put into the importance of reusingadly
computed multigrid structures for several successiutions
of the linear system of equations, which led to tdyet
efficiency in memory usage and computation time.

Of particular interest is the increase in runtinagngwith the
growing number of nodes in the models. This effeah
partially be explained by the nature of the undedy
multigrid algorithm, whose number of iterations esgary to
solve one system of equation is virtually independs the
size of the system matrix. Although the time neeftiwdthe
solution of an individual iteration is higher thdor the
sequential solver, the whole time needed to solve time

28

step is much smaller with SAMG, partly due to ilcalent
convergence behavior.

Simulation rutime [s]
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Fig. 7. Parallel scalability the SAMG solver foffdient PCSiwaPfomodels
and different numbers of OpenMP threads
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SAMG showed a good parallel scalability. All theoab-

mentioned timing results were measured on a pefksona
computer with an Intel Xeon 3470 processor (8M @achig

2.93GHz) and 8GB RAM. Since this is a quadcore gseor,

four OpenMP threads have been used for paralledizat
Figure 7 shows the use of different numbers ofattiseon

three example models. It can be seen that wittareasing
number of threads the total simulation runtime dases, until
the number of processor cores has been reacheckffEue of

an increasing simulation runtime with a fifth OpelaNhread
can be attributed to the fact that in this case pghecessor
switches into an inefficient time-sharing mode, hwibne

processor core having to take care of the opematidrmore
than one OpenMP thread.

IV. SUMMARY AND OUTLOOK
A successful acceleration of the simulation process
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distributed dynamic scheduling”, SIAM Journal of tkba Analysis and
Applications 23, No 1, pp 15-41, 2001.

Stuiben, K., Delaney, P., Chmakov, S., "Algébtdultigrid (AMG) for
Ground Water Flow and Oil Reservoir Simulation". MELOW and
MORE, Colorado School of Mines, Golden, Coloradi)2
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PCSiWaPr8 has been achieved by replacing its original linedpermany, and obtained her Diploma in 2011. Sinc&126he has been

system solver with the parallelized multigrid ssh@AMG.
Due to the characteristics of the PCSiwé&Prsoftware
OpenMP parallelization appeared to be a bettercehdor
implementation instead of MPI. The new solver peried
very well in the test case studies, leading toifigant savings
in simulation runtime for numerical meshes withig tumber
of nodes.

Future efforts will be made in parallelizing othgairts of
the software, which are not directly related to gmulation
itself. A plugin weather generator, which is usedcteate
synthetic upper boundary conditions for the PCSivé&fow
model, will be tested for its suitability to be plelized. This
shall not only lead to an accelerated calculatibsuzh time
series, but also to a simultaneous computation dérge
amount of time series in a Monte-Carlo-approacheyTwill
be needed in order to carry out statistical analgsethe data.

In addition to that work will be put into increagirthe
current approximate upper boundary of about 150 0fes.
Since the SAMG solver has shown a better performavith
an increasing number of nodes, the foundation is set to
simulate very large models with the PCSiw&Peoftware.
The ways which will lead to better internal memefficiency
however still have to be evaluated.
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