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Abstract

We present the main design concepts of the object-orierataitie dynamics code SYMPLER. With this freely availabbétware,

simulations can be performed ranging from microscopicsitas molecular dynamics up to the Lagrangian particlestaBscreti-
sation of macroscopic continuum mechanics equations. \W& slow the runtime definition of arbitrary degrees of freedama

of arbitrary equations of motion allows for modular and swiitocomputation with high flexibility. Arbitrary symboliexpres-
sions for inter-particle forces can be defined as well as dwtarbitrarily many additional scalar, vectorial or tenabdegrees of
freedom. The integration in a high performance grid conmguéinvironment makes huge geographically distributed coatipnal

ressources accessible to the software by an easy-to-estaott.

Keywords: Molecular dynamics; Dissipative particle dynamics; Srhedtparticle hydrodynamics; Symbolic computation;
Runtime compilation; Object oriented programming

Program Summary particle based simulation methods such as molecular dynamics,
dissipative particle dynamics or smoothed particle hydrodynamics.

Manuscript Title: SYMPLER: SYMbolic ParticLE simulatoR with The user should be enabled to freely define own physical models

grid-computing interface without the need for recoding or code extensions.

Authors: David Kauzlare, Marek Dynowski, Lars Pastewka, Andreas Solution method:SYMPLER provides flexibility to the user by i) a

Greiner, Jan G. Korvink; all authors of the SYMPLER code are listedmodular object oriented structure that is passed to the user level and

in the AUTHORS file distributed with the code. allows to easily switch amongféierent integration algorithms, particle
Program Title: SYMPLER: SYMbolic ParticLE simulatoR, version interaction forces, boundary conditions, etc. ii) an arbitrary number
2013.10.1.0 of particle-species for the simulation of complex multi-component
Journal Reference: systems iii) an arbitrary number of additional user-defined degrees
Catalogue identifier: of freedom per particle-species iv) symbolic definition of runtime-
Licensing provisionsGNU General Public License version 3 compiled mathematical expressions for particle interactions v) import
Programming languageC++ of CAD-geometries vi) a flexible choice of available computational
Computer:Any system operatable with Linux. cores through a grid-computing interface, amongst others.

Operating systemLinux, MacOS Restrictions: Classical deterministic and stochastic Newtonian
RAM:tens of MB to several GB, depending on problem. dynamics.

Number of processors usedusually 1, experimental OpenMP Unusual features:Symbolic runtime-compiled user-defined expres-
parallelisation for usually up to 8 cores, grid-version can use hundredsions.

of cores. Additional commentsThe current version and all future updates to
Keywords: Molecular dynamics, Dissipative particle dynamics, the code are also foundattp://sympler.org.

Smoothed particle hydrodynamics, Symbolic computation, RuntiméRunning time:Some benchmarks are given in the paper. The running
compilation, Object oriented programming time is problem dependent and ranges from seconds to days.
Classification:7.7, 12, 16.1, 16.3, 16.13, 23

External routinegibraries: GSL, libxml2; optionat libsdl, OpenMP,
libjama, libtnt, libsuperlu

Subprograms usedsNU autotools and GNU libtool for compilation.
Nature of problem:A unified flexible and modular simulation tool
allowing for the investigation of structural, thermodynamic, and
dynamical properties of fluids and solids from microscopic over
mesoscopic up to macroscopic time and length scales with suitablt)é

1. Introduction

Particle based simulation based on Newton’s equations of
motion is a highly versatile modelling approach that can be
sed in a variety of fields such as biophysics [1, 2], solatest
hysics [3], fluid-dynamics [4, 5], or astrophysics [6]. Bés

on the time and length scales of a given problem, the applied

*Corresponding author. methods are molecular dynamics (MD) [7], dissipative parti

E-mail addressdavid.kauzlaric@frias.uni-freiburg.de cle dynamics (DPD) [8, 9] or smoothed particle hydrodynam-
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ics (SPH) [10]. A considerable number of particle dynam-a few example problems from very fifirent fields such as
ics software is freely available [1, 2, 11-14], withffdrent  process-engineering for injection moulding with SPH or el
foci and partially complementing each other. Most particle ular physics with MD and DPD, where SYMPLER has already
dynamics codesfter a predefined set of functionalities to the been successfully applied.

user, in terms of time-integration schemes, types of gaftic  For the description of the object oriented code-design, dia
interactions or physical models with corresponding eguati grams based on the Unified Modelling Language (UML) are
of motion. This hard-coded functionality, depending ondlze  used [20]. A summary of the few concepts of the UML used in
of the code, and the already invested amount of person yeatiis paper may be found in the appendix. Reference to special
(see, e.g., the GROMACS-web-page for an impressive numberiements of a given UML-diagram or of an excerpt of an input
[12]), is more or less limited. We can always think of a newfile is made in the text by adapting the font of the mentioned
application which requires recoding, the implementatibaro  element.

additional package, or moving from one software to another.

We may therefore ask the question whether it is possible-to in
troduce more flexibility into particle dynamics codes, aiog
recoding as mugh as possible. .The parti.cle dynamics saitwar Any particle dynamics method requires the solution of the
SYMPLER [15] is the proof that it is possible to create a versa equation of motion

tile yet small multi-purpose particle dynamics simulatiool _ Di

for multiple length and time scales without sacrificing camp "Tm Vi (1)
tational dficiency. Typically hard-coded monolithic algorithms . . . .

can be expressed in terms of expressions compiled at runtim-lc_ehe |ndeX| deF‘O“?S a d|scret§ quantl_ty located on and mov-
and replaceable modules. No other particle dynamics tael cu'mY with a particlel, here, particle position;, momenturmp;,

rently provides that much freedom per computational modulegissggéisgg f\: iﬁcﬁmiozg eepi;tl%i \é?lﬁq%::si ?/Lr:?c%r?g:]:ﬁe
This strategy reflects itself in the following main featuies q ’

SYMPLER: i) An arbitrary number of degrees of freedom permomentum-equation of Dissipative particle dynamics (DPD)

particle of either scalar, vectorial or tensorial type (séction can be written in the form [9)]

4). i) An arbitrary number of species, i.e., groups of pHes _— C D, ER

with the same properties, for example the same combinafion o Pi = Z (F§ -+ F5 + Fl) @
degrees of freedom or the same inter-particle interactidns

User-defined symbolic expressions that are runtime-caupil where we write the RHS in a generic way as the sum of conser-
(cf. sections 5, 6). iv) With the SYMPLER-portlet, SYMPLER vative, dissipative, and stochastic for Fi'?, Fﬁ. In Molec-
can be run on a grid for high performance computing (cf. secular dynamics (MD) [7]the RHS of equation (2) reduces to con-
tion 7). v) CAD-geometries in the STL-format (“Surface Tes- servative forces only. Smoothed particle hydrodynami&HB
selation Language”, also: “Stereolithography”) [16] canitm-  [10, 21] is a particle based discretisation scheme for nootin
ported. As shown in section 8, the latter is especially Udefu  mechanical equations. While the design of SYMPLER allows
the simulation of injection moulding or casting into comple to solve arbitrary equations of motion not limited to SPH, we
geometries, but also geometries of the aorta can be importdtere present the equations of SPH as an illustrative example

2. Summary of particle dynamics methods

j#i

for example. common way to discretise the momentum equation

The focus of this paper is therefore the presentation ofiapec
design-features that allow flexibility in and rapid-prgtoing ﬂ _ }V o 3)
of particle-simulations, similarly to a platform for conpe a p

tional tasks such aMathematica[17], Maple [18] or SciPy
[19]. These features are indeed presented for "yet-arigplaer
ticle dynamics software, but the concepts are generallji-app _ m;
cable. Especially the concept of symbolic expressionsstran Vi = Z pi_pj ("i - ‘Ti) - VW (4)
forms SYMPLER from a particle-dynamics tool for special !
well-defined purposes into a general platform where the flexyherey, is the particle’s local mass-density which is often com-
ibility arises from the freedom in the user-input that can beputed by
provided. This also makes SYMPLER very compact in size i = Z MW, )

J

with stress tensar- with SPH is [22]

and easy to install, only depending on standard freely avil

packages. . )
Before going into the details of the software design, weThe calculation of the stress often requires the rate ofrstra

briefly summarise the relevant premises of particle method{nsor . .

in section 2. Then, section 3 gives a general overview of the Y= (VV +(W) ) (6)

current state of the art qf SYMPLER. Due to the code-de§igr\1Nhich can be discretised as

SYMPLER can be applied on all scales. The user provides 0

the mathematical expressions to the software W_hlch denxe:rm| i = Z _JW”_ (rijV?} " VijfiTj)- @)

whether MD, DPD or SPH is performed. Section 8 reviews '
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The kernelW; = W(rij) is an interpolation function of width Simulation
re, i.e., it has a finite support and vanishesrigr> re with rjj = }

Irijl andrij = r; —rj . For a correct interpolation, the kernel’s 1. L [1..s
volume integral is normalised to 1. We have also introdubed t [GenF | [ weightingFunction | [ Meter |
expressiomw;; = w(ri,—) which is defined by 1 1 Lx 3 Lo«
I Controller I I Phase I I Thermostat I I Symbol I
VWij = —rijwj; ®) [}

i i X 1 1 1% 1..%
Alternatively to equation (5), the density can be computed b [ PairCreator | [ Boundary | L2 ™ posiprocessor | [ criameter |
time integration by discretising the continuity equation the L
mass density. Then one obtains Integrat

. 1 R
j ]

J
Figure 1: Class diagram of SYMPLER showing the associatimie/een the

wherevi; = v; — v;. Besides the usual degrees of freedomuser-visible classes. The usage of the corresponding moiubn XML user
(DOFs)r; andy; (or alternativelyp;), additional DOFs may be input is shown, e.g., in figure 2. Note that alllic class names indicate ab-

. . f - . et stract classes. Therefore, in XML-input those are repldmeithstances of de-
aSSIQned to the partlcles. The discretised version OleSl’lll rived classes. ThEhermostats belong in fact to a more general hierarchy of

model [23] for shear-induced migration of a solids fractjoin Callables comprising various modules for manipulation of particle da%.
a concentrated suspension is for example [24]

Vyi = - Ded? Z &(‘ﬁi +6) @7 — b)) 3.2. General structure and usage
P PP An overview over the object structure omitting helper otess
_D azz Whj ¢2(ﬂ) L _¢2(ﬁ) of minor importance is given in figure 1. Just the classes the
T L pip Yidi ndg ), Yi®j ndg /, user is interacting with are shown. Figs. 2 and 7 show the cor-

responding structure of the XML input file with selected mod-
x (¢ = ¢) (10)  ules and attributes which we refer to later. #éllic class names
in figure 1 indicate abstract classes. Therefore, in XML tnpu
those are replaced by instances of derived classes which are
Y=y v/2 (11)  called modules in the following. The design of the classcstru
ture was inspired by Kofke’s molecular simulation API [27].
was used, and where the voludg; = ¢i/p; occupied by the  Gging top-down through the class diagram (cf. figure 1),
solid fraction was taken as degree of freedom insteaf,afue  jt js the classSimulation which ties the simulation pro-
to better conservation properties of the resulting disceefua-  cess together. It reads the input file and hands over to the

where the second invariant of the rate of strain tensory, i.e.

tions [24]. Controller object once this is doneSimulation keeps a
list of GenF objects representing the actual physical forces on
3. General design or fluxes to the particleSThermostats assuring relaxation to
a thermal equilibrium state by coupling the particles to athe
3.1. Design philosophy bath, andeters which measure and output quantities of in-

The goal during the design of SYMPLER was to simultane-terest. TheSimulation holds exactly on®hase which book-
ously allow for flexibility and computationalfigciency. This  keeps all the particles, and delegates the managementiof the
means that all freedom to customise simulation parametenseighbour lists to @airCreator, and the description of the
should lie in the user’s hands, without significantly sacrifi simulation domain to @oundary object. Additionally, the
ing computational speed. Having this in mind, the softwareSimulation contains two lists of objects for mathematical
has been designed top-down using an object-oriented agiproa evaluations, namelyeightingFunctions used for the inter-
The simulation control file maps to the same object structurgoolation of particle quantities, argmbols for all kind of ad-
the code has. Thus, during the initialisation of the simatgt  ditional mathematical operations required during the $ation
the XML [25] input file is read and the appropriate objects areprocess. The latter is discussed in detail in section 6.
constructed on the fly with user-defined parameters. The main The intermediate level of th€@ontroller allows for the
elements that the user can define in the input file follow diyec modularisation of dterent simulation protocols represented by
from the equations of section 2 and are, efgrces, Integra-  differentControllers, e.g., difterent equilibration strategies,
tors, andBoundaries. The XML input-file is fully transpar- Monte Carlo based protocols, etc. The cl&@ssmtroller
ent. On this level of control the philosophy is that the user ¢ handles the bookkeeping of instancesIategrators. Each
and should understand all the details of the simulationpsetu Integrator introduces the degree of freedom it is in charge of
On the other hand, the choice of an XML-interface also madécf. section 4.3) so that following modules can operate eseh
it straightforward to construct a graphical user interf§®2@]  variables.
together with template inputs allowing for easier use by-non A Boundary may hold Reflectors representing one of
experts. In this paper we only present direct XML-basedtinpu many possible hard-wall boundary conditions, for exam-
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ple a thermalising wall. ParticleCreators belong to the
Boundary as well, since they must know about the domain
where the particles should be created.

<Simulation simName="sim" ... >
<Controller dt="0.02" ... >
<IntegratorVelocityVerlet ... />
<IntegratorEnergy ds_de="100/e" ... />
4. Arbitrary degrees of freedom <IntegratorScalar symbol="a" ... />

In the following, the term “degree of freedom” (DOF) fol- <IntegratorTensor symbol="b" ... />

lows the definition: A DOFy; is a parameter of a discrete parti-

clei which evolves in time according to an equation of motion
of the form <IEHeatConduction kappa="0.1" ... />

xi(t) = f,i(), (12) <FPairScalar symbol="a" ... />
<FPairTensor symbol="b" ... />

</Controller >
<ThermostatPetersEConserving dissipation="10" ... />

where f, ;(t) may be called a generalised force or flux of the
DOF yj. This concept is directly transfered to SYMPLER by
the implementation of an abstract cl&ssF.

From the standard DPD equations (1) and (2) or from the <PCRandom e="1" a="10" b_xx="20" bxy="-5" ... />
SPH-discretisation (4) of the momentum equation, we see tha  </BoundaryCuboid>

<Phase>
<BoundaryCuboid ... >

usually required DOFs are the positionand the velocityy; </Phase>
(or the momentunp;), where we have grouped the 6 DOFs in | <GridAveragerStructured ... >
3D into two convenient vectors. The densigynota DOF but <InternalEnergy/>

a deduced quantity if we use a summation over neighbouring  _scajar symbol="a"/> <Tensor symbol="b"/>
particles such as (5). But the density becomes an additional
DOF if we replace the summation by the discretisation of the
continuity equation (9). In equation (10) we have introdliee
concentrationy; as additional DOF. Other frequently encoun-
tered additional DOFs are for example the internal energy
for non-isothermal simulations [28-32] or an orientati@ctor Figure 2: This input file for a fictitious simulation defines floefowing addi-
for magnetisations, polarisations or polymeric orieta{33]. ?onalrbDOFs: an internal energy an arbitrary scalaa, and an arbitrary % 3
The simulation of elastic materials with SPH requires toinse ensom.

addition to the momentum equation (3), a discretised eguati

of motion for the deviatoric stress tenssyr, which becomes a

DOF_accordmg to our def_|n|t|(_)n [22]. Any cor_nblnatu_)n of the not visible to the user. The attribude_de denotes IT = ds/de
mentioned DOFs and arbitrarily many others is possible.

As a consequence a decision has to be taken on how to enatﬁnd defines the relationship between the temperalt the

: . . . internal energye. In ion 5 we di how mathemati-
the user to perform particle dynamics with arbitrary DOF& W fernal e ergye .sec_to 5 we discuss ho athemat

: . .~ . cal expressions of this kind are processed. Thermostat
should avoid the creation of new codes for each new appicati

- o ThermostatPetersEConserving [30], the fluxIEHeatConduc-
requiring a diferent combination of DOFs. Most state of the_ tion and theGridMeter InternalEnergy all check for the pres-

art codes define data structures at compile time. We heve stri . .
. I . ence of arintegratorEnergy and the corresponding scalar with
for a maximum of flexibility and define the data structure that., . o . L
. . ; its identifiere. Besides the historical fact that hard-coded mod-
stores per-particle DOFs and fluxes at runtime. This enables .
: . . ) Ules such amtegratorEnergy or IEHeatConduction had been
the user to dynamically extend the code with functionaligtt . oS0 ) )
g S : . available before the availability of expressions compéecln-
has not been precompiled. The realisation is shown in setio

4.2 and 4.3 dealing with the data structure for arbitrary BOF tImEf\ n SYMPLER.’ Fhe hard-codmg Is also pe_rformed for con-
. . . venience, by providing an automatic calculation of the temp
and the hierarchy of availabEntegrators, respectively. In

section 4.4 we show how data access for runtime defined DOI%ture' All of the_ hard—code_d computquons couI.d equallylwel
o : . . - _be performed with expressions compiled at runtime.
is implemented. But first, an example input is presented fvhic

<OutputVTK fileName="grid/grid.vtk"/>
</GridAveragerStructured>

</Simulation>

defines our goal. In contrast tdntegratorEnergy using a hard-coded identifier,
) the moduledntegratorScalar and IntegratorTensor allow the
4.1. Userinput user to assign an arbitrary identifier to an additional scatal

Figure 2 shows the input file of a fictitious simulation. Per3x3 tensor, respectively. The fluxeBairScalar andFPairTen-
Integrator, the user defines one additional DOF and assignsor and theGridMeters Scalar andTensor refer to these iden-
an identifier to it by the attributsymbol. Memory is reserved tifiersa andb. The former compute the fluxgsrequired by the
just for those DOFs which have been defined. Integrators while the latter record the respective additional

While IntegratorVelocityVerlet is responsible for the integra- DOFsy for post-processing. DOFs require initial values to be
tion of ri andv; by applying the Velocity-Verlet algorithm [7], set in aParticleCreator. The attributeqe, a, b_xx, b_xy,
IntegratorEnergy introduces a scalar DOF to which the identi- b_xz, ..} are known toPCRandom because the corresponding
fier e is assigned. This assignment is hard-coded and therefofl@OFs have been defined by thetegrators.

4



—_
\
-

A

Particle Data e:attribute a:attribute b:attribute

\
\
+ r: point - format: DataFormat* I‘

H i - data: void* . . j
TV opoint ! - offset =0 offset = 8 offset = 32
+ c: integer Y. ! o _non . — "y
+ force: point[] ~ |t doubleByIndex(i): double ! name = e name = ~a name = "'b

+ tag: Data datatype = DOUBLE

3 + pointByIndex(i): point

1

datatype = VECTOR || datatype = TENSOR
1
1

S03ROO[[®

static attributes
+ tagFormat: DataFormat []

— - queries

—
Tx
—

DataFormat
- attrByIndex: attributel[]

2

attribute

,_‘
Tx

+ name: string + alloc: voidx N

1

1

1

1

1
+ index: integer + attrByIndex(i): attribute >~/

* offset: integer + newData: Datax Figure 4: Access by memoryfset for the thre€ymbolse, a, b, defined in the
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\2

‘
N

Figure 3: Interplay of th@article, Data andDataFormat classes. Each particle is represented by an instance obthecicle

class (cf. figure 3). The positianand velocityv are hard coded
4.2 Data structure DOFs, as well as the particle’s “colou¢’ A colour is the inter-
nal integer representation for the species of a partiae, fior

The main building block around which additional DOFs cana group of particles with identical properties. The Newéoni
be implemented is a set of classes providing a data struttiare force is hard coded as well, i.e., the momentum flux of a parti-
can be defined during runtime. Hence each particle can ba givecle in the current time step and a number of previous timesstep
a set of internal states. Internal states can be additiod&lspr ~ (the flux history). This is because those properties arellysua
properties that are computed oncedypnbols and used many heeded for all particles and most kinds of problems. Dependi
times (e.g., the local density or the local shear rate). & thon theIntegrator a flux-history of diferent length is stored.
current section we focus on the application of the presetaéal  For example, in the case of the Velocity-Verlet algorithrfy [7
structure to additional DOFs. Tlsgmbol classes are discussed the force of the current time step and the force of the presiou
in section 6. time step are needed for one update of the velocity.

The framework consists of the two clas®esaFormat and All other DOFs, such as for example the internal enefgy
Data. While theDataFormat holds the information concern- @nd associated information, such as the flux of the intemmal e
ing the structure of the internal stat@sta contains the actual €rgy e, are stored in the fieldag which is of typeData. The
values. The class diagram in figure 3 shows the interplayeof thcorrespondindntegrator is responsible for reserving mem-
classes with thearticle class. ory for both the DOF itself and for its associated flux. An

The clasDataFormat holds an array ofttributes. Each ~1ntegrator can define as manyag-entries as desired. This
attribute describes an entry of the data structure to be man¢@n for example be used to define a force history for an addi-
aged. Eachattribute has aname, a type and anindex  tonal DOF. o _ o
unique within thidataFormat instance. Additionally, itstores ~ 1he format description associated withg is given by the
the byteoffset where the data can be found relative to the bePataFormat arraytag_format. This is astatic property be-
ginning of any memory block allocated by thetaFormat. longing to theParticle clas_s and not to individual instances.
This allows fast access for reading and writing. Among othef£ach entry oftag_format gives the data-structure definition
data types there are the standard ones used for arbitrarg DOFOT & certain colour. This means that the information staned
i.e., a scalar which is represented by a double precisiorbeum t2g is equal for all particles of the same species, but can vary
(double), a vector which is represented by thegeibles, and ~ [TOM SPecies to species.

a 3x 3 tensor which is represented byd®ubles. The data
storage is not limited tdoubles or arrays ofioubles. 4.3. TheIntegrator hierarchy

As shown in figure 3, each instancedta holds a pointer For the definition of additional DOFs and for their time evo-
to a correspondin@ataFormat which contains the definition lution, suitableIntegrator classes have to be introduced. Fig-
of the actually stored data. Additionallyata holds a pointer ure 5 shows the complete class-hierarchy of currently alvksl
to the actual data saved in an allocated contiguous block dfintegrators. The only abstract classes (class-names in fig-
memory. Thedata class has methods allowing access to mem-ure 5 written initalic) are the base cladategrator and its
bers by name, index or memorfget. In time-critical applica- child-classIntegratorPosition.
tions only access byftset should be used, which is illustrated The coloured classes are responsible for arbitrary
in figure 4. When clients access specific data in the memor{pOFs, namely IntegratorScalar, IntegratorVector,
block, this is performed by functions such@sintByIndex or  IntegratorTensor, and most of their child-classes. The
pointByOffset, which typecast the data in the correct form asdifference between the parent classes and their children is
denoted by the correspondiagtribute in DataFormat. For ~ the implemented integration algorithm. While the parents
example, the return value of the metheelintByOffset is of  implement Euler integration [7], the children use a pregtict
typepoint, which is the representation of a three dimensionalcorrector algorithm that generalises the Velocity-Verlet
vector. algorithm [9, 21].



[iregraiorl<
[ntegratorScalar | [IntegratorVector | [IntegratorTensor |
[IntegratorVeLambda|  [IntegratorTeLambdal
IntegratorScLambda
IntegratorEnergy | IntegratorVelocityVerlet | | IntegratorStatic

| IntegratorVvx | | IntegratorVVDisp |

Figure 5: Class-hierarchy dintegrators. All classes written intalics are
abstract, while all others represémttegrator modules which may be defined
by user input. The coloured classes are those responsibétitrary DOFs.
See the text for short descriptions.

Another class derived fromIntegratorScalar is
IntegratorEnergy which was already discussed in sec-
tion 4.1. Note that the fieldag of the classParticle is
also used byIntegratorEnergy to store the DOF and its
flux. BesidesIntegratorEnergy, all other Integrator
classes providing hard-coded functionality inherit from
IntegratorPosition. As the name indicates, they are all
responsible for the time-integration of the particle-fiosiand,
with the exception ofIntegratorStatic, of the velocity.
IntegratorStatic integrates the particle positions according
to an imposed user-defined velocity, which may be time an

1
FPairScalar [ —! GridMeter ! :
-foffset: integer A : |
|~ T+compute() | |
\ Scalar L IntegratorScalar [ — - — — 1
T -offset: integer I
| -offset: int ; |
1 orise (;n cger -foffset: integer [
— — —{+measure
I | 4 r -+integrate() [
Im e e e e e | e e o - - = 1 (]
1 ) 1
1 1: addAttribute(name).offset | |
1 DataFormat == s s |
1 : _1
\ +addAttribute(name) [<=" 2: attrByName(name).offset !
+attrByName (name) .
e - - ,— — »|+doubleBy0ffset (offset)
S
I' \‘
during 1.7 during
simulation Particle initialisation
+tag: Data

Figure 6: The class diagram shows the slow and fast accessdalar stored
intheParticle’s tag. Initially, slow access must be used during initialisation
to set up the fast access during simulation. The classesgratorScalar,
FPairScalar, andScalar are used as examples.

4.4, Data access

To ensure speed of computation, we must distinguish be-
tween data access, and operations during initialisaticl) @am
the other hand, in each time step of the simulation. The forme
is not time-critical but the latter is. During initialisati, data
defned at runtime may be searched for by comparing string-
identifiers or using access bata’s storage by index (cf. sec-
tion 4.2). Access by index is slow as well becaDsea stores
different data types. Therefore, the memory-address corre-
sponding to an index must be computed by summation of the
sizes of all data types of the items stored before. Hence, sto

dng the memory-address itself, or théset to the beginning of

space dependent as defined in a runtime-compiled expressio_tﬁ'e storage, is required during initialisation for fastesxlater

and ignores any forces acting on the particles.
The classIntegratorVelocityVerlet was already dis-
cussed. With its childntegratorVvx, we can implement (for

example) the so-called X-SPH algorithm [10], where the time

evolutionr; = v; of the position is replaced by

. — m;
i =V =V +Szj: I(TJJVIJVV” (13)
and wherepij = (o + pj)/2 and 0 < ¢ < 1. The

smoothed velocity; on the right hand side of equation (13) is
stored in theParticle’s tag and the memory is reserved by
IntegratorVVX. The Integrator could alternatively com-

in each time step. SYMPLER saves th@sets. Fortunately,

it is suficient that each client stores just those memdigeis
that it requires, and due to division of work among the classe
this is just a few. Figure 6 shows the communication during
initialisation and during time-sensitive simulation.

First, during initialisation, theIntegratorScalar that
serves as an example, needs to register the new scalar DOF in
theParticle’s tag by calling the functiormddAttribute ()
of DataFormat. This function requires a few arguments which
are not all shown, for example, a string-identifiaafie) and
a data type. The function returns thetribute, i.e., the de-
scription of the registered scalar (cf. figure 3). This eaalthe
Integrator to get the memoryfbset for later use by applying

putev; on the fly, but then it must be recomputed if needed. offset to the obtainechittribute. The software notices if

by Meters or other clients. Currently; is not computed at all
by IntegratorVVX, which simply expects this quantity to be

the user tries to introduce the same DOF twice (by twfedint
Integrators), and reports an error.

available and does not care about its computation. Thisris pe  Other clients may then obtain théfset as well during their

formed by user-input in an external modi#HeirParticleVector

initialisation. They request the attribute by calling thadtion

(cf. section 6), which makes it very easy to replace the formattrByName (name) of DataFormat. The argumentis the cor-
of v; given in equation (13) by other expressions as requiredrect identifier of the scalar. The identifier may be hard-cbde

IntegratorVVDisp reserves memory in theag for the inte-
grated displacement vectdr of each particle. If this quantity
is computed from the beginning of the simulation until theei

For instances of classes suchF@airScalar or Scalar, the
identifier is given by the user as shown in figure 2. An idertifie
for the flux is derived in a predefined way from the identifier

t, then the result is trivially;(t) = ri(t) — r;i(0). Note that there of the DOF. Hence, the identifier for the flux is automatically
could be clients which reset the displacement or make othétnown as well. As can be seen in figure 6, all clients just re-
modifications. quest and save thosésets they really need.



Then, all classes are able to access the required data by cdibrmed in LAMMPS by means of an additional external pack-
ing the functiondoubleByOffset (offset) Of DataFormat age. There are many of these packages whose source code was
for the case of a scalar. The argument is the memdFy o implemented by users [35]. The discretisation of furthareeq
set which the clients have requested during their inidalis tions of motion with additional variables, such as a coneent
tion. This data access is fast. Hence, it may be used ition ¢ would require an extension of the package’s source code.
each time step during simulation for example for evaluat+rom the point of view of SPH, i.e., of a dicretisation method
ing fluxes fPairScalar, other fluxes) for time integration for partial diferential equations (PDES), the approach presented
(IntegratorScalar, otherIntegrators) and for recording here is a compromise between approaches of finite element
data calar, otherMeters). (FE) based software such as COMS®[36] and DIFFPACK®
[37]. COMSOL® offers a set of pre-discretised PDE-operators
to the user which may be combined to the desired PDE. The
user does not directly deal with the discretisation. DIFER®R

For now, we have achieved modularity which allows to applyrequires the user to implement the discretised equatioti$can
methods such as MD, DPD and SPH in one single softwarstate explicitly the integrand of a weighted residual applo
tool. It is easy to exchange one available module, for exarapl By means of the expressions compiled at runtime described in
force, against another available force. But no matter hogela the following, SYMPLER dfers similar features for SPH and
the database of forces or fluxes is, applications remainficcv ~ DPD. Similarly to DIFFPACKR, the user is responsible for the
terms are not yet available. The straightforward approa¢h i discretised form of the equations. In contrast to DIFFPACK
implement the missing components. the user just provides the expressions but does not have to

This section presents an alternative solution which doé¢s nacare about C-programming. As in COMS®/ also a limited
require any code extensions for new applications. In amfditt =~ amount of pre-defined operators are available, i.e., thd-har
modularity and arbitrary DOFs, we also require the podgibil coded fluxes an@thermostats (cf. section 3.2).
to define arbitrary algebraic expressions, in order to gobdy In section 5.1, an input file is used again to demonstrate what
hard-coded modules that implement specific inter-pariitle  is meant and achieved by the implementation of expressions
teractions. This feature is useful for situations such &%\ i compiled at runtime. Then, in section 5.2, the class hiésaoé
material-parameter (for example the viscosity) shouldedelp Functions is presented, which implements thdfdrent use-
on state-variables or DOFs. ii) érent SPH-discretisations cases of expressions compiled at runtime.
should be compared. iii) Flexibility in the material dynasis
required: e.g., viscous fluids, elastic solids or viscestitity.  5.1. User input
iv) A new DOF with a new equation of motion is introduced Figure 7 shows an excerpt of an input file implementing the
and should be coupled to an existing model. One example ishear induced solids migration model of equation (10). & th
the concentratiow in equation (10), another may be the stressmodule InputWF, a user-defined and runtime-compiled SPH-
tensor in case iii). interpolation kerneM(r;;) is introduced, which is required,

These cases have in common that force or flux expressioresg., in equation (4). To save space, only a part of the piece-
are extended or replaced by others, but the main algorithm ravise defined spline function is shown. This kind of runtime-
mains untouched. In SYMPLER these cases are dealt with bgompiled expression represents one of the use-cases, $ay "A
means of symbolic expressions that are compiled during runwhich has to be considered and which is discussed in section
time. This is described in the following. On the other hand,5.2.
complex force-fields as they are common in MD, are not in After the Integrators, and before the first flux
the scope of this approach, even though they could in princiFPairScalar, different kinds ofSymbols are defined. Val-
ple be handled. Generally it is mordfieient to implement CalculatorRho and VCNegDKernelDivr are hard-coded and
such a force-field for a very special application (for exaenpl compute the density summation from equation (5), and
the Brenner-potential for hydrocarbons [34]) as one or moravi; = —W'(rj;)/ri; from equation (8). Both modules require
derived classes dfenF (cf. section 3.2). a loop over all interacting particle neighbours. But while

The MD-simulators LAMMPS [11] or GROMACS [12] al- ValCalculatorRho computes and stores one quantity per
low users to choose among a large portfolio of predefined imparticle,VCNegDKernelDivr computes and stores one quantity
plemented pair-interactions. LAMMPS [11] also allows to per interacting pair of particles. The registration andage
use mathematical expressions and temporary variables in ibf these quantities defined at runtime is done as described in
input script. In the expressions, particle attributes kndev  section 4. Pair-quantities are currently stored analdgatas
LAMMPS can be used. With SYMPLER®tegrator hierar-  the clas®article in a clasPairdist representing a pair of
chy we can additionally define new attributes at runtime clvhi  particles.
represent new DOFs. Then, SYMPLER integrates their equa- PairParticleTensor behaves much aglCalculatorRho, but
tion of motion in time. Besides the freedom to define the LHSthe expression to be computed is a user-defined tensorial qua
of equation (12), the user is also free in the definition of thetity. As can be seen, the symbalsandw computed byalCal-
RHS, by using runtime-compiled symbolic expressions. culatorRho andVCNegDKernelDivr are used now and appear

The integration of the standard equations of motion of SPHasni, nj andwi j. PairParticleTensor has three attributes con-
for the mass density, momentum and heat flow, can be petaining expressions compiled at runtime, nampérFactor,
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5. Arbitrary equations of motion



<InputWF cutoff="1" name="M5"

weight=""...-8*step(r-0.6) *(r-1)"3)" ... />
<Controller timesteps="100000" dt="0.01" ... >
<IntegratorVelocityVerlet ... />

</Controller >

<ValCalculatorRho symbol="n" weightingF="M5" ... />
<VCNegDKernelDivr symbol="w" weightingF="M5" ... />
<ParticleScalar symbol="g"

<PairParticleTensor symbol="G" cutoff="1"
pairFactor="[rijle([vil-[vj1)*wij/2"
particleFactor_i ="unitMat (1/ni)" ... />

<ParticleScalar expression="n*V" symbol="phi" ... />

<IntegratorScalarLambda species="A" symbol="V" ... />

expression="sqrt (({GHT({G})) : {GHTHGIH))/2)" ... />

pression into C-code and compiling the generated C-fileanto
dynamically linked library, using a suitable compiler dahle

on the system. Then, the machine code is dynamically linked
to the running software SYMPLER that had invoked the com-
pilation.

The parsing process consists of two major steps. First, the
mathematical expression is transformed into a tree reptase
tion. Then, the classes building the tree recursively const
the C-expression. Alternatively, the tree may be kept amrd us
for the evaluation of the mathematical expression. Thidss a
supported but a comparatively slow operation and therefote
recommended and not used except during initialisation.hEac
class used for parsing represents a node of the tree, such as a
unary function, a binary operator, a variable, or a constant

5.2. Hierarchy offunctions
As already indicated in the previous section, expressions

<FPairScalar scalar="V" pairFactor="-wij* (phii+phij) compiled at runtime appear in threefdrent major use-cases

uuk (phii*gi-phij*gj)/(ni*nj)" ... /> (cf. figure 7): A) The allowed variables are known at compile-
<Phase ... > time. Their names and their meaning are hard-coded inside a
module (cf. InputWF). B) The quantity to be computed may
depend on any hard-coded or runtime defined quantity which is
Figure 7: Input file with expressions compiled at runtime. Tikian excerpt related to a pair of particles. Hence, it must be diStinngh

of the input required for the simulation of the shear inducelitis migration ~ between data belonging to parti¢ledata belonging to particle
model of equation (10). To save space, some attribute nameblaevated as ] and data being a property of the pair of particles BaﬂrPar—
compared to the true names in SYMPLERG) returns the transpose of the  ticjaTensor). An example for the latter is the distance vector
matrixG. . . )

rij = ri — rj which can be accessed by the expressitmnij]”.

On the other hand; andr; are particle data accessible by the
particleFactor_i, and particleFactor_j (not shown). The three expressionsfril” and “[rj]”, respectively. C) A new parti-
expressions are used to implement the computation of the SPtle property is to be computed from other particle propsrtie
velocity gradient tensor as defined in equation (7). Thearas B) and C) the number and name of the variables is not known
for three expressions is discussed in section 5.2. For #ese before runtime. Every hard-coded quantity, and every quan-
pressions, the number and name of the variables is not knowtity defined at runtime and stored in tRerticle’s tag may
before runtime. For each pair of particieand], all hard-coded be used (cf.ParticleScalar). Based on this case distinction, a
or runtime defined variables of either one of tea-ticles, or  class hierarchy is constructed. This is shown in figure 8.
of the place where pair-specific-information is stored (ently The abstract parent claBanction has two purposes. First,

a clasairdist), are allowed. This we call use-case "B". it generalises the fact that each deriveghction requires
Use-case "C” is encountered in the t&gmbols with name  aparser and acompiler for the user-define@xpression
ParticleScalar. They do not require a loop over pairs of parti- it holds. Second, it serves as a common interface for the
cles but simply compute a new particle-property from alyead class (currently theController) responsible for requesting
computed properties of the same particle. The first moduléhe compilation of all theéFunctions collected during pars-
computes the second invariant (11) of the strain rate tef7f3or ing of the input file. On the other hand, those modules where
where " is interpreted as a double contraction. Since the equaa runtime-compiled expression can be defined always hold
tion of motion (10) for the occupied volumé, instead of the instances of specific classes derived from the abstracs clas
solids concentratioi is integrated, for convenience, the last Function, since they rely on their special additional abilities
ParticleScalar computesp = nV, from the symbolv which  derived from one of the use cases A-C.
was introduced byntegratorScalarLambda. FunctionFixed implements use-case A. Each instance con-
The following flux FPairScalar of the scalaw implements tains a hard-coded list of allowatriables. This listis filled
the first part of the equation of motion (10) for shear inducedby the module (e.glnputWF in figure 7) holding this instance.
solids migration. The second part was omitted to save spackhe evaluation of the compiled expression is implemented by
but can be implemented in the same way. The behaviour ieverloading the()-operator of the class. FéunctionFixed
very similar toPairParticleTensor. The main diference is that this requires to create as many combinations of arguments as
anFPairScalar always computes the contribution to a flux of a required by classes holding an instanc&afictionFixed. In
scalar DOF. the current version of SYMPLER six versions with one to six
All expressions are compiled into machine code by classescalar arguments are fiigient. The note on thé&)-operator
derived from the abstract claBanction (cf. section 5.2). In shows that the request is forwarded to tenpiler which
the current implementation this is done by transformingetke  holds the actual link to the compiled function in memory.
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Function trary variables. This is useful if, for example, an exterfioate

#parser: FunctionParser

#compiler: FunctionCompiler should be modelled, which depends both on particle prageerti
#expression: string and on absolute time such as a time-dependent magnetic field.
4 This is realised in the class@anctionParticleFixed and
FunctilnFixe 3 FanctionArbitrary FunctionPairFixed.
Fvariables: stringl] #returnType: "FunctionType" ConcerningFunctionPair, the question remains as to why
:ffrf[?tor( ) (x): double a module such aRairParticleTensor requires three dierent ex-
+operator() (u,v,w,x,y,z): double pressions compiled at runtime? When exchangifior j in
AN the SPH-discretisation of the rate of strain tensor (7), e® s
compuer_fn()(&resuu,u,\,,___ﬁ that most of the right hand side remains invariant because it
symmetric under this exchange. But there is also the asym-
,'|C°mpﬂef-fn<>(resultfplp-*ag-data())ml metric partm;/p; which turns intom/p;. We may assume
J [ m; = m = const. for alli. But the density; may be dfferent
N FunctionParticle from one particle to the other leading to numerically unsym-
“roperator() (result:void?, p:Particler) metric contributions to the particlésand j, respectively. For
FanctionPair completely symmetric (or anti-symmetric) expressionsn<o
Toperator () (resultvoid™, priPairdists) puting the contribution of a pair once isfBuaient. For the given
A\ example, in addition, the non-symmetric part is computgd se

arately for both particles. This is the reason why the module
PairParticleTensor (cf. figure 7) and every flux as well hs three
Figure 8: Class-hierarchy dfunctions implementing expressions compiled eXpress_lonS Complled at ru_ntlme Wlth_ attribute n_amq:ac'

at runtime .FunctionFixed, FunctionParticle andFunctionPair repre- tor, pa"UC'eFaCtOU, and partcheFactor,j. If an attribute is not
sent the three main use-cases. The two classes at the boficzsest combi-  defined, the expression behaves by default as an identity ele
nations for special purposes. ment.

This solution is suitable for an algorithm looping over 4 lis

) . . of pairs. For parallel distributed memory applicationsahde
The derived classes representing the remaining tWo USjecessary to separate the contribution of pariidte the flux

cases B) and C) share many features which are combined {f} nariicie j completely from the contribution in the opposite
the common parerfunctionArbitrary. For example, the irection, Then the present system is still usable by exjmgs
returnType is adjustable by the class holding a specific in-y,q flux-expressions completely ImarticleFactor_i and parti-
stance of &unctionArbitrary. cleFactorj. The concept of expressions compiled at runtime

FunctionParticle is the implementation of use-case C. can also easily be extended to 3- or 4-particle interactions
The main diference in its() -operator is the arbitraryw6idx)

type of the field used for storing the computed result and the hy of
fact that just the pointer to a particle is required as seesgd- 0 Hi€rarchy of Symbols

ment. Then this call is forwarded to the compiled function by This section summarises the available tools for data manip-
passing to it the pointer to the particle and the memory-skir jation. All presented classes are packed into a hierardtty w
of the storage place in ttRarticle’s tag for the result to be  the parent classymbol (cf. figure 1). All modules make use of
computed (cf. Figs. 3 and 4). In this way, primitive pointer tnhe data structure for adding additional information tctises
arithmetic is stficient for data-access in the C-code which iS(Cf_ section 4.2) or pairs. Some modules make use of expres-
created from the user input. All data can be either accesged jons compiled at runtime and some have hard-coded function
a memory @set to theParticle pointer, or to the pointer to ity Figure 9 shows the class-hierarchy. Those classes us
theParticle’s tag data. No special type information of the expressions compiled at runtime have been coloured. tvsll
original SYMPLER source code must be included. a short summary. Table 1 lists some of the non-abstractedass
For FunctionPair implementing use-case B this mecha- implementing modules. The second column states whether the
nism is similar. The dference is just that the possible sourcesinput data comes from a loop over particles or a loop overspair
of data are nowwo Particles and one pair (currently rep- of particles. The third column gives the datatype of the com-
resented bypairdist). On the level of the()-operator of puted output and the last column lists whether the output is
FunctionPair it is still enough to pass just the pair as an ar-stored per particle or per pair of particles.
gument, since it allows access to all the rest. But on thd leve The first specialisation afymbols corresponds to the split
of primitive C-code, all of the &% 2 memory-addresses must be in use-cases B and C from section 5.2. This is realised by
passed to the function, i.e., the address of the object @sel  the two inheriting abstract subclasséslCalculator and
of its tag for the twoParticles and for thePairdist object,  particleCache (cf. figure 9). It can be seen from the mem-

| FunctionParticleFixed | FunctionPairFixed

respectively. During parsing the translation of the ingit#’,  ber species that aParticleCache is defined for a specific
3", and “ij” (cf. figure 7) to the corresponding particle or to species of particles, i.e., of particles with the same prtigse
the pair is made. On the other hand, evefjalCalculator is defined for gair

Itis straightforward to combine the concept of fixed and-arbi of species. The computation of the function, i.e., the mgtho
9



E— ” I l classParticleCache needs one memoryfiset as well, but the
ParticleCache offset is pointing into @article’s tag.

#datatype: DataFormat::datatype_t ValCalculator
#stage: integer +species: pair<string, string>| [foffset: integer

Fcompute (pr:Pairdist*) b st Y On the next level of the class hierarchy, the splitting be-
mpute(p:Particle*) i X 3 A
I I tween hard-coded and user-defined functionality is peréarm
|VaICalculatorPair| | ValCalculatorParticle | MatrixT | ParﬂcleCatheArbltmly | From PartiCleCaChe and ValCalCulatorPartiCle
s ry ry ry latrixInverse
lpoftser: dnteger ] [poffset: parreint, In>] |eigensysten | [ffumction: Fnctiowsrticle]  the  abstract classesParticleCacheArbitrary and
: | | T PairParticleArbitrary are derived, which are used
ValCalculatorBC . . .
T —— T to create the classes for expressions compiled at runtime
FEre Bl ey E::Iii}g?,;i}iﬁj that have already partially been discussed as modules in
DirichletsCscalar L — Particlefensor figure 7. A corresponding abstract class inheriting from
DirichletBCVels zﬁ . ; .
Symmet ryBCScatar ValCalculatorPair was not yet implemented. As dis-
cussed in section 5.2 the claBarticleCacheArbitrary

requires one FunctionParticle object, while the class
PairParticleArbitrary requires three FunctionPair
objects in order to realise arbitrary expressions compéed
Figure 9: Class-hierarchy dfymbols for data manipulation. To save space rntime. Most of the hard-coded modules are listed in figyre 9
the non-abstract classes implementing usable modules areagJésts. Their . . . .
input and output behaviour is summarised in table 1. The classiag expres- and the JO-behaviour of some of them is given in table 1. A
sions compiled at runtime are coloured. To save space, sonseslaave been complete overview of all available modules (which is always
left and are not discussed. up-to date) can be found in the built-in manual of SYMPLER
[15].

A final word about the ordering of the computations per-
formed by theSymbols is necessary. Each module being an
instance ofSymbol may be interpreted as a computational box
with well defined input and output terminals. The termindls o
different modules have to be connected correctly, i.e., if resul
B depends on resukt, thenA has to be computed first. As can

ValCalculators require a further distinction into pair and pa geen from figure 7, an ordering of thgmbol modules in
particle concerning the produced output. The table shoigs th,q jnn it file is not required. The dependencies and the corre

distinction. AValCalculatorPair stores one result per pair o qering is determined iteratively during initialisatiotnre-
of particles of possibly dierent species. Therefore, it requires g4} 4ple loops in the dependencies are reported dépends

one memory-dfset to the location (currently in theag of & 4, A andA on B, then the user may specify for example that old
Pairdist) where the result should be stored. On the othef 4, es ofB should be used for the computationAf

hand, avalCalculatorParticle requires a pair of mem-
ory offsets totags in theParticles (cf. section 4.2) be- )
cause the two species of the pair interaction might eedi /- SYMPLER on the bwGRID

ent. One might for example think of the definition of an in-  gyMPLER is available to scientists on the eight high per-
teraction between fluid particles representing the spemiles ¢, mance computing (HPC) clusters of the bwGRID project
and water, respectivelyParticles of different species may [38, 39] in the federal state of Badeniftemberg (BW),
store diferent kinds and dlierent amounts of data in theiag. Germany. The bwGRID provides HPC-Resources especially
As a consequence, the memo_rﬁsets for the_ output of_a for academic researchers in BW but also from elsewhere
ValCalculatorParticle may difer from species to species ;, Germany and even abroad. SYMPLER is accessible to
and have to be saved separately.VgCalculatorPair, the sers via a SYMPLER-portlet [40] that was developed for the
bwGRIiD-Webportal [41]. Figure 10 shows two snapshots of the
SYMPLER-portlet. The portlet provides an easy-to-use web-
Table 1: Input and output properties of exemplagmbol modules. The cor-  interface and allows users to send compute jobs to available

PairScalar ValCalculatorRho PairParticleScalar
PairVector ValCalculatorKernel ValCalculatorVolume PairParticleVector
PairTensor ValCalcNegDKernelDivR ValCalculatorShear PairParticleTensor

compute, may also be already defined on this abstract level
Here, the diference lies in the argument the function takes
a pair representation foralCalculator and a particle for
ParticleCache. Table 1 shows this distinction for the respec-
tive derived classes.

responding class hierarchy is given in figure 9. nodes on one of the state’s eight HPC-clusters. Input files fo
ClasgModule Input  Output  Storedper  SYMPLER can be conveniently uploaded, created and edited
ValCalcNegDKernelDivR pair scalar pair on the portlet. Besides regularly released and statewicesac
DirichletBCVels pair  vector pair sible versions, a nightly built version with the newest upda
PairParticleScalar pair  scalar particle was created locally at one cluster site. Through the SYMPLER
PairParticleVector pair  vector particle portlet, both versions can be easily run from any web-aecess
PairParticleTensor pair  tensor particle point anywhere in the world, only by a web browser with in-
ParticleScalar particle  scalar particle stalled grid certificates. Since the SYMPLER-portlet is paa
ParticleVector particle  vector particle ible with the Java portlet specification standard JSR 16§ [42
ParticleTensor particle  tensor particle it is easily portable on portals of other grid-computing ieon-
Eigensystem particle  vector&  particle ments, and the design concepts of the SYMPLER-portlet are
tensor hence generally applicable.
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GRID ‘ mates for the maximal wallclocktime and the maximal memory

Welcome , Do et Pnfle Home  Loscut 5 R consumption. A directory structure for the SYMPLER output

[ Doc | Gatiet |fGhem | 6io |["CAE | wth | ‘ is created automatically by the portlet based on the number o
_————————— XML input files and their contents. The webportal provides
SYMPLER &% tools for monitoring the job and for downloading and organiz

SYMbolic ParticLE simulatoR

R ing the data after jobs are finished. In addition to the htmVB8Y
> . .
@‘Mm : |  PLER documentation, the portaifers an Avatar that provides
| sympler Job Submission | | Document tation | | Sympler-portlet Input Format | | Example Input Files help fu nC“Ona“ty, a StED-by-Step gL“dea and examplet”htﬂs
to train new users and answer questions of the more expedenc
Job name: ones.

Upload Sympler input file:
3
Browse... Nofile selected

8. Some application examples
Submitted jobs \

The design of SYMPLER enables users to apply the software
Jobid: Job name: Job stte: - to computational problems from various verytdrent fields. A
B B | collection of problems where SYMPLER has already been ap-
O T T T . plied is summarised in figure 11. One major field is the process
s e U S i simulation of micro powder injection moulding (micro-PIM)
of powder filled feedstocks, and micro-casting of metalyallo

Job Details | Remg

CEST 2013-04-11 Refresh | Stop | .

2986 vxdxke_9_16 JPw-grid-uni- single-node  SCHEDULED
1:34 Remove

—— mannheim.de

206 18 gunuebgende st PRESTAGNe  {FETANSON - SEER SR for caramic and metalic micro-parts (cf. left part of figurB).1
2984 vxdxk6_17_24 globus.bfg.uni-freiburg.de long PRE_STAGING flE;T 2013041 E::‘eoi: —— Speclal aspects that ha.ve been InVGStIgaIEd |n detall ml
10 : 1 | Refreshselected (This can take awhile!) Remove selected IS PIM are y|e|d-stress @Cts [43, 44] and pOWdeI‘ Segregatlon

in the feedstock [24, 45]. Also, heat extraction by the mould
Figure 10: bwGRiD-portlet for SYMPLER with job-submissioringow (top) WaS_SImU|ated both for micro-PIM and also mlcro-castl_ng. In
and job-monitor (bottom) showing 4 job-packages of 8 jobs eBelsh package ~ Particular, the cast alloy can be coupled thermally to thétga
was sent to a dierent cluster in the federal state of Badeiixttemberg. represented by a full or reduced finite element based hewes-tra
port model [45]. In all these cases particle dynamics wad use
for an SPH-simulation of the fluid dynamics of the moulded
SYMPLER possesses some shared memory parallelism vimaterial. Further fluid dynamic applications of SYMPLER
OpenMP-parallelisation of most of the force-calculatiorda have been the simulation and design of electrowetting based
time-integration routines and of other loops over partiade  microfluidic devices for the transportation of pico- to nhieo
particle interactions. The bwGRID supports this paraheli droplets [46, 47], constraint SPH-simulations of haemaatyn
and allows to distribute one compute job over several corescs for the estimation of blood flow measurements with mag-
The main focus during the development of the SYMPLER-netic resonance imaging [48], and hydrodynamics with conve
portlet was put on so-called primitive or pseudo-paradbgion,  tive transport and dynamics of local magnetisation [49].
still the best scaling parallelisation strategy. The reafo Another major field of application is coarse-graining anel th
this focus was the observation of an increasing need for paelated mesoscopic simulation method dissipative partigh
rameter screening and ensemble averaging in engineerthg anamics (DPD). In particular, coarse grained models of aarbo
computational physics applications, such as the procegis en nanotubes [50, 51] and graphene [52-54] have been developed
neering of micro powder injection moulding or the statiatic (cf. left part of figure 11). Here, SYMPLER was used both for
mechanical coarse-graining of graphene and carbon nae®tubDPD simulations and also MD-simulations. Based on the lat-
(cf. section 8). In these cases, many independent simngatio ter, coarse grained DPD-models have been constructedhé&or t
have to be performed, which is a task ideally suited for a gricsimulation of the macromolecules, SYMPLER also provides
environment providing an immense number of computationabonded interactions, some of them using expressions com-
nodes and cores. The SYMPLER-portlet was designed in sughiled at runtime. In another approach to DPD, a new energy-
a way that several similar jobs can be automatically conbine conserving DPD-scheme was developed and successfully im-
and calculated in parallel. The single threads are diggthon  plemented and tested with SYMPLER [30].
different nodes via the Message Passing Interface (MPI). The The given application examples show that multi-physics and
runtime-compiling capabilities of SYMPLER (cf. sectionds®  multi-scale problems can be handled in various ways: Hygrod
explicitly accounted for by the SYMPLER-portlet by first man namics can be coupled, for example, with heat flow or elastody
aging and bookkeeping the runtime generated program codemics, either fully within the particle based frameworktfw
and then the runtime-compiled libraries that have to beelihk MD, DPD, or SPH) or even with a concurrently running solver
to the respective instances of SYMPLER running concuryentl for a linear system of equations representing, e.g., a falée
Required resources used for parallel execution such assnodment based model. Multiple length or time scales can belseadi
and cores are automatically calculated by an algorithmdasentroduced by providing dierent interaction forces compiled at
on the number of threads and the hardware that is used for thrantime for diterent combinations of particle species. Since in-
calculation. The user must only provide a jobname, and estiteraction forces compiled at runtime may be arbitrary fiomst
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Figure 11: Collection of problems where SYMPLER has alreaggrbapplied successfully. They are sorted from left (smalfight (large) according to the
typically occurring maximal length scales, as indicated @netkis at the bottom.

of the particles’ state, the user may also implement a sesmle Runtime compilation on the other hand, provides us with
transition from MD to DPD or from DPD to SPH. flexibility in the form of the equations. Dierent SPH-
discretisations can be tested, and new state-dependefaries
example of the transport parameters, are easily addedhiall t
flexibility is gained without significant loss in performanbe-
cause the expressions compiled at runtime provide a means of
fast computation.

9. Summary and discussion

From an application point of view, SYMPLER could be sum-
marised by its three outstanding features: i) An arbitramnn
ber of particle species with arbitrary DOFs, ii) arbitragyrs Both concepts are combined in thgmbol hierarchy. This
bolic expressions and iii) integration into the bwGRiD eowi  hierarchy provides a collection of modules which are subdi-
ment. Although not exhaustively, the main concepts i) — iii)vided into three main groups: The first group computes new
have been discussed. The software uses object-orientation Particle properties from already computed properties ef th
guarantee modularity and flexibility, both for the user anel t Same particle. One hard-coded example is the computation of
programmer. the eigensystem of an arbitrary>33 tensor. Other modules

For a versatile simulation tool expressions compiled at runComMpute particle properties as well, but as the result ofna-su
time are used in order to Specify new physica| prob|ems demation over all its neigthUrS. The SPH-discretisationhef t
scribed by additional partial or stochasticfdrential equa- shear tensor is one example and might be the input for the com-
tions with additional DOFs. The solution consisted of addin Putation of the eigensystem. The final groupsghbols stores
a field for arbitrary additional data to eadfarticle. The COmputed properties in pairs, for example the derivativarof
Integrators were made responsible for introducing newinterpolation function.

DOFs to this data field and for integrating their respectiyaee Itis often claimed that object-orientation is slow compuhiie
tions of motion. This extension can be used for example foprocedural codes. The SYMPLER design splits operatioms int
adding an internal energy or a concentration varighds addi-  slow initialisation and uses strategies to achieffecient and
tional DOF. fast code for the computationally intensive particle ofierss.
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Table 2: Comparison of runtimes for hard-coded and runtime-dechpimu- framework IS .constrl.Jcted mStea.ld for a broad range of a@pllc
lations of the same problem. In addition, runtimes of comparsigiellations ~ 1ONS. 1N particular, it was possible to apply SYMPLER to all
with LAMMPS are shown as well. The results have been obtdired single-  application examples mentioned in section 8 because molecu
core simulations of 1000 particles over 5000 time steps ondinany Laptop  |ar dynamics, dissipative particle dynamics, and smoopizad
computer. LJ: Lennard-Jones fluidht= 1 with particle densityn = 0.8442 ticle hydrodynamics methods are supported. Last but net,lea

andr¢ = 2.5. DPD: Simulation of a DPD-gas @&t= 1,n = 3,rc = 1. The input . . .
for SYMPLER is distributed as example input together with soerce-code > Y MPLER was extensively used in lectures and practical labs

[15]. which enormously enriched the teaching by providing pcatti
| hard-coded runtime LAMMPS experience to the students.
LJ [s] 22.0 30.7 7.5
DPD [s] 13.5 17.1 7.6
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Appendix A. Used UML-concepts

In the presented work, the Unified Modelling Language
(UML) is used to describe design aspects of the object-taten
software SYMPLER. Here, we briefly explain the concepts
used in this paper. A general introduction can be found if.[20

A common strategy of the UML is to show just the relevant
information. Therefore, for example, the description ofass
is seldomly complete, but rather focussed on certain aspect
The left part of figure A.12 shows how classes are represented
in the UML. “Class” is a class name. In this paper, (and in the
C++-code of SYMPLER) the rule is applied that a class name
starts with a capital letter.



DataFormat

Class Integrator DataFormat
+publicAttribute: type
#protectedAttribute: type +doubl eByOf f set (of f set) < -
-privateAttribute: void* +addAt t ri but e( nane) <<- |
#protectedOperation(parameter:type): type 11
+publicAbstractOp(parameter:type): type 1
1..*

. :Dat | 1
JustTheClass d:Data A note | :
’, 1

. . - 1 : Scalar .
Figure A.12: Left: The box entitledClass” shows the full description of a ntegratorScalar e 11
S . - 1: addAttribute(nane). of fset

class. Below, the most compact form of a class representatitimei UML is -offset: integer = b o o o m m m - 2 -2 = 1]
shown. Right: Connections with filled diamonds show a comjuositwhile Tiegrate() 3: doubl eByCf f set (of f set) :

empty diamonds denote an aggregation. For further explarsasiee thetext. L~~~ [~~~ ~-=-========7

Figure A.13: This class diagram demonstrates how the irgmend of a class
|n the next Sect|on beIOW the Class name Class attrlbutgs m&ntegratorScalar from an abstract CIaSSntegrator is denoted. Ad-
. . . 'k _ ditionally, the diagram shows two dependencieslategratorScalar on
b_e listed. Pu‘b'!lc attrlbgtes are ,marked by?’_ prOteCted at DataFormat and the UML-representation of an object, in this case amuntst
tributes by a #”, and private attributes by a-" in front of the  of the clasdata with named. See the text for further explanations.
name. Behind the class name, separated by a colon, the type of
the attribute may be given as an optional information. Thee sp _ S
cial typevoid* denotes a pointer to an object of arbitrary type. ent class. In the class diagraimtegrator is written initalic
This concept is used for the introduction of arbitrary DORrs i Style because it is an abstract class, i.e., it serves aseaajen
section 4. isation and as the description of an interface, but no itstsn

Below the attributes, the class operations may be listed if@n be directly created from this class. _
a third section. The distinction among public, protectestj a  Generally, dashed arrows indicate dependencies. In this wo
private operations is performed exactly as for attributgsr ~ they are, e.g., used to indicate message passing which & a sp
operations, the type after the colon denotes the return type Cial type of dependency. By attaching both ends of the de-
brackets behind the operation's name, one or more argumen§ndency at the right positions, one may provide additional
may be given, again optionally together with their type. Theinformation. For example the messagédAttribute is an
second operation is written italic style, which denotes that it OPeration ofbataFormat which is called by an instance of
is a polymorphic function. IntegratorScalar in orde_r to obtalln information abqut the

The classJustTheClass demonstrates the most compact Memory dfset of the scglar it sho.uld integrate (cf. s.ect|on 4.4).
form of a class representation. This compact form is oftéfirsu 1 N€ output of the call is stored in the corresponding member
cient if the focus is just on the relation amongfelient classes. ©ffset Of the IntegratorScalar. Afterwards, itis the op-

One family of relations is shown on the right of figure A.12. erationintegrate, which uses this information to access the
An empty diamond denotes an aggregation, while a full gj-scalar by means of another calliataFormat. The numbering
amond represents a composition. Both relations describe 4 (e messages indicates the order of their execution.
is-part-of-relationship. The fierence is that a composition . S°Metimes, a further explanation or Comrnents are required
is stronger, i.e., it is expected that if the “owner” situhten N @ class diagram. For this purpose a "note” may be used such
the side of the diamond dies, its “part” on the other side die&S N figure 6. Infigure 9 from section 6 the note is misused to
as well. In figure A.12 this is the case for thetribute display a list of derived classes in a more compact way.

being part of theDataFormat or the Data belonging to the In the centre, figure A.1_3 shows the UML—repre_sentation of
Particle. On the other hand, if onata object dies, there &N OPject, in this case an instance of the clzssa with name

might be othemata objects left which are described by the d.
sameDataFormat. In programming practice, a composition
is usually realised by letting the owner hold the objectlifse
while for an aggregation, the owner just holds a pointer to
the object (cf. figure 3). The numbers indicate multiplesti
SinceDataFormat may hold one to mangttributes, this

is denoted by 1. .*". On the other hand, the fact that each
Particle holds exactly on®ata object, and that eacbata
object is related to exactly one description obitgg aFormat is
denoted by the multiplicity 1”. The classattribute is writ-

ten with small letters, because it is in fact a C-struct, aelass
with public members and operations only. The left part of fig-
ure A.13 denotes that the claBstegratorScalar inherits the
properties described in the clagstegrator. This is indicated

by a connection with an empty triangle on the side of the par-
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