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Abstract— Interaction between particles in so-called granular media, such as soil and sand, plays an important role in the context
of geomechanical phenomena and numerous industrial applications. Proposing a two scale homogenization approach, a micro and
a macro scale level are introduced. The behavior of the granular matter on the micro scale level is captured by a discrete element
method, allowing the simulation of breaking and forming of contacts between the single grains. The problem on the macro scale level
is discretized by the finite element method. Computation of granular material in such a way gives a deeper insight into the context
of discontinuous materials and at the same time reduces the computational costs. However, the description and the understanding
of the phenomena in granular materials are not yet satisfactory and a sophisticated problem specific visualization technique would
help significantly to illustrate failure phenomena on the microscopic level. In this paper, we present a novel 2D approach for the
visualization of simulation data, based on the above outlined homogenization approach. Our visualization tool supports visualization
on the micro scale level, based on a discrete element method, as well as visualization on the macro scale level, discretized by finite
elements. Interactive rose diagrams are used, representing the dynamic contact networks on the micro scale level in a condensed
and efficient way. The tool shows both aspects closely arranged in form of coordinated views to give users the possibility to analyze

the particle behavior effectively.

Index Terms—Visualization, mechanics, granular media, particle interaction.
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1 INTRODUCTION

Multiscale simulation is currently one of the most promggfields of
research in geomechanical engineering since it is knowrmtabine
efficiency and robustness of macro scale level simulatioitis ac-
curacy and preciseness of micro scale level analyzes. Iprément
manuscript, we shall outline our recently developed-scale simula-

corresponding fields such asultiscale visualization From an engi-
neering point of view, multiscale visualization tools whiallow to
zoom in to the microscopic visualizatiould significantly improve
the understanding of complex failure phenomena and maydresyp-
port the development of new, more sophisticated materiaaiso

tion tool for granular media and illustrate the need for a correspond- Although individual visualization tools are available tbe contin-
ing two-scale visualization tool On the macroscopic level, our ap-uous macroscopic and for the discontinuous microscopd,lévere is

proach utilizes a finite element method to allow for efficiant ro-
bust large scale engineering computations. The finite elfemethod
is essentially based the continuum hypothesis, i.e., itieaphat mat-
ter is distributed continuously in space and can be charaeterigor-
ously through a set of field equations in terms of continuawstjties.
When thinking of granular media such as sand and powdersjitiis
obvious that these can hardly be characterized as consnéagcord-
ingly, in order allow for a more precise representation,aoem in to

the microscopic simulatiowhere matter is inherently discontinuous.

On this second scale, simulations are performed with theretis el-
ement method which essentially evaluates particle-ttighainterac-
tions. Obviously, a discontinuous technique like the diseelement
method is able to represent discrete failure phenomenaasichack
propagation more accurately than continuous strategies.
Although research in the area ofultiscale simulatiorhas been
quite intense within the past decade, there is hardly angrpss in
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still no unique visualization tool that provides a linkageeen these
two scales. Macroscopic visualization which is typicalsbd on rel-
evant scalar-, vector- and tensor fields has been solved splfitsfac-
torily from an engineering point of view. Microscopic vidization,
however, is still in its infancy and commonly restricted toyiding an
overview of the particle structure. The efficient combioatdf both
macroscopic an microscopic visualization tools is usub#ynpered
by non-compatible data structures.

The present research project aims at identifying novelalization
methods for the microscopic level with the ultimate goal efiding a
multiscale visualization tool capable of providing a conda view of
both levels of multiscale computation. In this context, wealgze the
applicability of the traditional rose diagram visualimatito provide
additional microscopic information about force networksggranular
media. This technique from Information Visualization iphed to
data arising from the micro scale level analysis. Accorlyirmur work
also implies a linkage between SciVis and InfoVis. The rasgm@m
enables a selective visualization of force directionseating struc-
tures and offering new points of view for the engineer to effidy
analyze large data sets resulting from the granular simoulaFor the
generation of the rose diagrams itself a specific sweeploarithm
is introduced to process the data sets, including an adapister al-
gorithm to produce numerically stable rose diagrams, ewerafge
amounts of data.

Both simulation tools, the finite element method and therdiscel-
ement method provide time dependent data sets which matiifrs-
selves in individual load steps. The sequence of load staph®
macro and micro scale level can be animated or controlled\bgR-
metaphor

This manuscript is organized as follows: Section 2 will pres
a brief summary of the homogenization process from an eegse
point of view. Related work for both, mechanics aspects, el as
visualization aspects will be presented in Sedtion 3. Oswalization
system and techniques for the micro and macro scale levebeavil-
lustrated in Section 4, while details of the implementatiomrevealed
in Section 5. Finally, representative results are disaligsowed by



a conclusion and ideas for future improvements.

2 BACKGROUND

Provided in the following is a brief overview regarding thechanical
procedures. Keeping in mind that the focal point of this dbation is
found in the visualization of data sets originating from tizsalale com-
putations, containing a macro and a micro scale level, deapight
of the related mechanics is found in the literature in thenegices. In
particular, the visualization finds its main attention oa thicro scale
level, see Subsection 4.2.
Thetwo scale homogenizatiprloser observed in Subsection 2.1

incorporates a finite as well as discrete element approacadard

finite element methoffem) is utilized on the macro scale level, as-

suming an overall homogeneous and continuous materiah p@iat

on the macro scale level is related to a micro structure. Thoeom
structure under consideration is assumed to be heterogesowell

as discontinuous, modeled bydescrete element methqdem). Due

to the focus of this manuscript, the homogenization appr@aa the
micro scale level computation are outlined in Subsectidnad 2.2.
Despite the importance of the finite element approach, wewailad-

dress the theme of finite element computation in detail. &atlve

refer the interested reader to standard finite elemenatiitez. The
complete homogenization cycle is depicted in Fig. 1.

2.1 Two scale homogenization approach

Modeling and simulation of confined granular medium inckidaee
description of the behavior of single grains as well as goaoups.

1

The advantages of homogenization schemes are found in g# ceFig. 1. lllustration of the two scale homogenization. The upper left quar-

bility to project microscopic quantities onto macroscop&haviors.
Thereby, in our case, the microscopic level shows the tnuetsire
of the granular medig, consisting of an arbitrary arrangement o
grains, see Fig. 1 (lower left). Such approaches allow tov@pithe
distinction of dry granular matter, i.e., the ability to florand break
contacts between the single grains. This feature is of grgairtance
since forces inside granular media are solely transmittecbatact
points. Note, due to the arbitrary arrangement of the graisisle,
guantities inside the granular assembly vary strongly dveidomain
of interest. Nevertheless, the theorem afH[13] states: the me-
chanical power on the macro scale level has to be equivadetitet
averaged mechanical power on the micro scale level.

i) @)

Therein, quantities holding an over bar are associatedtivitimacro-
scopic scale, whereas quantities without are related tmtbe scale
level. Both, the FOLA tensorP , see MALVERN [15], as well as the

material velocity gradient tensdf are considered to be two field ten-
sors, i.e., standing between the initial and the currerfigoration, see
Fig.[1. The branch vectdr;; between the particlesand; is defined
as the vector connecting the particle centers, wheﬁ:;gsrepresents
the contact force between the particieand j. Superimposed dots
on guantities point out the derivative with respect to theeti For the
sake of simplicity, we will omit the definition of the volumeerage

PiF—(P:tF)=(f

ij

procedure, denoted bi), and refer the interested reader to the pub-

ter shows the macroscopic body in the reference configuration % ~ at

—t
ftime zero. The macroscopic body in the current configuration & is de-

picted in the upper right quarter. Mapping between the reference and
current configuration is accomplished by the macroscopic non-linear de-
formation map . The granular micro structure %° attime zero is found
in the lower left quarter, whereas the current micro structure @' attime
t is found in the lower right corner. The mapping between the con-
figurations of the granular micro structure is based on the microscopic
non-linear deformation map ¢,. Applying the macroscopic deformation
gradient tensor F to the granular micro structure results into a stress
response P, resembling the PIOLA stress.

An effective algorithm to produce ab initio geometric peliorves
has been introduced by MER ET AL. [16], allowing the generation
of rves by a given grain size distribution.

On the macro scale level, only the homogenized, i.e., aeelagf-
fective material response is considered. Therefore, wecoasider
the material on the macro scale level to be homogeniousyiakip
the application of a continuum approach. In what follows,tmary
conditions on the micro scale level are solely applied atiogrto the

TAYLOR model. Thus, we assume particle fluctuation inside and on

the boundary of theve to be zero.

2.2 Micro scale level computation

lications [13, 17, 20]. Usingd (1), fluctuations on the micoale level The mechanics on the micro scale level of our homogenization
are smeared over the microscopic domain. TheLHheorem builds approach are based on tlem, introduced by @NDALL AND

the fundament of most homogenization procedures and istadetk  STRACK [5] in the late seventies. They presented an explicit dis-
averaged microscopic to macroscopic quantities. AddilioHiLL’s crete numerical method to analyze the behavior of granuledian
theorem leads to a choice of an appropriafgresentative volume ele- Thedem allows the simulation of the behavior of granular matter in a

ment(rve).

natural way, yielding to equivalent results if comparedxpeximental

A geometric periodieve, i.e., a periodic sample of the material ofdata [4, 6]. Complicated behaviors, such as continuoustylimear

interest, which is large enough to capture all effects ofithe material
and small enough to be representative for the entire micuotsire of
the domain of interest on the micro scale level, is laid oubteNthat

stress/strain response, dilation related to mean str@ssition from
brittle to ductile behavior, hysteresis and memory, as aglbreak-
ing and forming of contacts between the single grains auticaily

we assume a geometric periodicity with the period equalédahgth appear from thelem [3].

of therve itself, see Fig 2. Comparing the scale of the macro structure Please note, for the sake of simplicity, without a loss ofegality
L with the micro structural scalewe demand a length on the microof the visualization, we restrict this contribution to sritoparticles.
scale level to be significantly smaller than a length on thermacale Thus, the tangential part of the contact force between tiggesgrains
level,i.e.l << L. is disregarded. Additionaly, we assume a dry particle abgerax-



be the quantity desired. The macroscopiolR stress tensor results
by the use of averaging theorems to

—n-+1 n n
P = (P = (i @l ). 4

Thereby P states the microscopici®LA stress tensor, depending on
the normal contact forces between the particles. Detetioimaf the
macroscopic PLA stress tensor completes the computation on the
micro scale level.

3 RELATED WORK

In the context of finite, as well as of discrete element coraiomn
most visualization tools are intrinsically combined wiltetcomputa-
tional tools, counting as software packages. Extentiomhanges are
limited when it comes to commercial software packages. Thestm
prominent commerical software packages usefitin computations,
among others, are ABAQUS [1] and ANSYS [2], whereas in thecas
of dem analysis, DEM Solutions [10] and software from Itasca [14]
are to name. To the best knowledge of the authors, softwae ot
exist which is capable to perfom the visualization, or thepatation

of multi scale problems including different computatioapproaches
on each scale.

In this work we will present a modified visualization of thealed
rose diagrams These diagrams, introduced by@MTINGALE [18],
are commonly used for displaying circular information stuwes. The
construction of our improved rose diagram is based on swieep |
paradigms, known from computational geometry. An exampteaf
similar application of this class of algorithms is the work FoR-
TUNE [11] on the computation of Voronoi diagrams. The booloef
BERG ET AL. [8] gives a good overview of the various application
areas of this paradigm.

Our visualization method also incorporates a type of hiacat
clustering, i.e., agglomerative clustering. A lot of wotkstbeen done
based upon agglomerative clustering. The most relevaasjdecor-
porated into our approach, are those oAR® [19], since a similar
variance criterion is used in our clustering procesay BND EDELS-
BRUNNER([7] presented a range of optimized algorithms regardirgy thi
topic, including the algorithm of BrFaYs [9].

Fig. 2. Granular assembly showing nine geometric periodic cells. The
period is measured between the centers of the red circles. The red
circles generate the boundary of the geometric periodic rve and belong
to the boundary particle set %8, where as the particles in the inner
are associated with the inner particle set .. Note, the choice of the
geometric periodic rve is not unique.

cluding any kind of attraction forces.

In the case of dry granular media forces inside the gransisera-
bly solely transmit at the contact points. Contact forcesvben the
particles depend on a penalty force approach. The magnafitte
normal contact penalty forces depends on the overlap batthegar-
ticles. The overlage;; between the particles and j is calculated 4 visuaLizATION
by subtracting the particle radii from the length of the lmtarector,
yielding to: e;; = [|I;; | — [r; + r; |. For the distance between the
grains equal or larger to the sum of the particle radii, ig;, > 0,
the magnitude of the normal penalty force is set to zero. éncthse
of contact, i.e., the distance between the particles baisg than the
sum of their radii, the magnitude of the normal penalty fasceal-
culated by a potential energy functiaf, depending on the particle
overlap. The normal contact force, unequal to zeroefgr < 0, is
thermodynamically conjugated to the particle overap.

While current visualization systems solely deal with eitfem or
dem visualization, our approach joins both, macro and micrdesca
level visualization. In our procedure we combine standacdV/iS
methods with enhanced InfoVis methods, resulting in a neisl-
alization possibility for data resulting from multiscaleroputations.
Paralleling the simulation scheme (see Sedtion 2) , thealimation
scheme is divided in two main levels, the macroscopic andrticeo-
scopic one. The macro scale level view serves as a représenté
thefem grid and offers standard visualization techniques for thma<
, monfem approach. Moreover, special previews for the underlying mi
Frij = ¥n (51‘1) Tij (2)  ¢cro scale level have been introduced. For each gauss poafided
. in thefem mesh on the macro scale level, a link to the corresponding
Thereinn;; represents the contact normal, related to the branch vecififeyq scale level view is available. Both levels containeimariant
by n;; = L; /|L;;||. The prime on the energy function, denotes a4 partitioned into the so-calldoad steps Hereby, one load step
the derivative Wlth_ respect to the overlap of the'partlclaed J- at macro scale level corresponds to multiple load steps emiiero
Due to the application of theAv LOR assumption, each single par-gcaje |evel. The control of this time variation is accoripid by a
ticle is mapped by the macroscopic deformation gradierdded” .  \CR-metaphomtroduced in both view levels. Each view level is de-
Thus, the position of particleat timen + 1 is calculated by scribed in the following. Furthermore, possible interacsi between
_ the visualization levels are specified.
' =F e x?. 3)

K3

4.1 Macro scale level View

The macroscopic deformation gradient tengoris understood as a Thefem mesh as well as related features, e.g., bearings, forggh gl
map of the initial particle position:? to the current particle position and gauss points, are displayed in the macro scale leve] seaFig 3.
z'"' attimen + 1. Additionally, Eq. (3) identifies the macroscopicBearings are represented by unfilled triangles. Arrows aeel to vi-
deformation gradient tensor as the driving quantity of thel ho-  sualize forces which act on tfiem nodes. The direction of the forces
mogenization process, see Fig. 1. To complete the homagéniz is collinear to the arrow directions, while the magnitudéthe forces
cycle as shown in Fig. 1, an averaged stress quantity nedns te-  are resembled by the length of the arrows. The positionseoGiuss
turned to the macroscopic level. With regards to the meciahpower points, i.e., the locations where the microscopic cornstilequations
on the macro scale level we select the macroscopic PstressP to  are evaluated, are a standardized input to the finite elecaémilation.
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Fig. 3. Single finite element, containing a typical number of gauss
points. The gauss points are displayed as black circles. Selected gauss
points are highlighted, using a color scheme. Bearings are represented
by unfilled triangles, while forces are idealized by arrows.

In the case of nonlinear discrete as well as finite elemenpcdation,
loads and deformations are applied in multiple load stepsyrng the
convergence of the algorithm. These load steps can be thofigis
pseudo time steps, controlled by a classical VCR-metapBiarting
an animation on the macro scale level view relates to a quoreing
synchronized animation of the micro scale level view. Catioas
between the macro and micro scale level view take place ajahss
points, which are depicted by black circles. Selected gaosss,
leading to a view of the connected micro scale level strestuare
highlighted. A color coding scheme, resulting to sober eisgions
between the selected gauss points and the micro strucisirdgized.
Glyphs, presenting features of the micro scale level viegy, ®se di-
agrams or density functions, are superimposed on the hiepgguss
points. These kind of features are part of the micro scalel leew
and are discussed in Subsection 4.2.

4.2 Micro scale level View

Fig. 4. Granular view of a single rve, edge representation. The particles
are depicted as black bounded circles. The magnitude of the overlaps
is visualized by a color coding scheme. Therefore, the branch vectors
between the connecting particles are colored. Darker colors represent
a deep penetration, while light colors are associated with a narrow pen-
etration.

the particle displacement. The GUI allows a fast change &etvihe
so calledoverlap modeand thenormal view mode Another feature
of the granular view consists of the possibility of showihg patrticle
contact network. During the overall computation singletipbas as
well as particle groups move inside the boundegl yielding to new
particle arrangements as well as contact networks. Visisgection

Visually evaluating the results of the particle computasioobtained includes the analysis of connection lines, running throtighparti-
by adem on the micro scale level, is of great interest to researdherscle assembly, the appearance and disappearance of voides the

the engineering community. Each gauss point belongingddittite
element mesh of the macro scale level contributes a set olhis-
tion data, i.e., data that needs to be visualized on the nzaale level,
see Subsection 4.1, as well as data, gained from the corignstain
the micro scale level at a particular gauss point, necessasgualize
on the micro scale level. Thus, in order to conquer the taghrof
viding an adequate tool to visualize all relevant data, oaf provides
a second view level. This second view level solely supplies/s of
microscopic data for selected gauss points.

Similar to the visualization procedure on the macro scalel)elif-
ferent load steps have to be visualized on the micro scakd. ldn
detail, each load step on the macro scale level containspieulbad
steps on the micro scale level. For the sake of familiaritg, VCR-
metaphor, as presented in Subsedtion 4.1, is re-utilizethi®task.

Color coding, relating gauss points of the finite elementhmas

granular structure. In the granular view, the user can apstiowing
connection lines. These lines also enclose voids and nonembed
particles, while their main feature is based in resemblirggdontact
connectivity between the grains. Moreover, the user caerrobshe
magnitude of the normal contact forces by enabling a colqopime
of this feature onto the drawn connection lines. Therebsketdines
indicate greater magnitudes of the normal contacts forces.

The second view, titlediagram view shows aose diagram The
rose diagram, originally introduced byIBHTINGALE [18] in 1858,
offers a two-dimensional graphical representation ofreigcand dis-
cretized circular data. In its definition, the classicalerasagram re-
lates to a modified version of a histogram. Thereby, histogbars
correspond to the tiles of the rose diagram. The main diffezebe-
tween the rose diagram and the histogram is found in thengitally
periodic data representation of the rose diagram. We usalaaneed

the macro scale level to thee on the micro scale level, renders antype of rose diagram, laid out in Sectioh 5, to represent tteetions
easy and efficient identification, i.e., the frame color ¢f Helected of contact between the touching particles. Depending odéfiemed

gauss points relates to the color of the box framingrtiee In each of
these boxes two different views are available.

rve, including the changed particle setup inside, a distifgogsload
transfer direction inside the granular structure might daenfl. This

The first view, calledgranular view shows the particles pictured load transfer direction is well analyzed by the rose diagrepresen-
as circles, see Fif). 4. The user can choose between a fillediger etation, while in the granular view a clear analysis might henanage-

representation. While the filled representation gives adgoeerall
impression of the granular assembly, the edge represemtampha-
sizes the overlaps between the grains. Additionally, thedfiView
shows the periodic boundary patrticles in a different colthe over-
laps, which out-stand in the edge representation, are aft grgor-
tance, see Subsectipn 2.2. Their magnitude is directlyewlto the
contact normal force acting between the particles in caratad effect

able. The degree of refinement, i.e., the number of desirgueets,
can be arbitrarily determined by the user. A scanline algorj see
Subsection 5, is applied to construct the diagram itselfsicdly, a
delta region around an angle is observed. The appearancesies
in this delta region are counted and represented as blos3Jarimseq-
uispaced radial lines around the diagram center have besadddr
a better visual comparison of blossom length in the diagtagifj as



well as for comparison among different load steps or data set

The most relevant feature of our tool is its ability to intrstraight-
forwardly between the rose diagram representation and rdneutar
view, i.e., both features are linked together. Besides thiktyaof
transforming the shape of the rose diagram by adjustingdaersng
parameters, it is possible to select parts of the diagrantectieg a
part of the rose diagram highlights contacts inside thegearview,
collinear to the selected segment of the rose diagram. Titesiriig
feature enables the user to directly observe the intermahcbdirec-
tions, which relate to the selected segment of the roseatiagnd can
be utilized in any load step to reveal directional shifts.

In addition to the rose diagram, the diagram view offers thesp
bility of showing a density representation. One can redaisidensity

diagramas a rose diagram including an infinite number of tiles. Thﬁig. 5. Particle assembly with corresponding classical rose diagram.

density diagram depends only on the delta region, used totdbe
contact angles. A wider delta angle will lead to a smoothpresen-
tation, while a very small delta angle will lead into a veryigh high
frequency signal. The choice of this angle is not obviousvéoying
data sets. Therefore, the density diagram can be used w@lyigeter-
mine an appropriate delta angle for rose diagrams. Using fixgles
or fixed frequency spectra, one could extract the bordereofignsity
diagram to perform shape comparisons.

5 IMPLEMENTATION ASPECTS

The overall key aspects of the presented visualizationao®found

in the capability to handle and visualize data sets reguftom mul-

tiscale computations. In general, these kind of computatfwroduce
a large amount of structured data, separated in multiple. file our

case, data is ordered by index triples, comprised of ma@o steps
(mls), elementsélem), as well as gauss pointgg), leading to a num-
ber of files equal tonof = mls *« elem x gp. Thus, handling of the
files itself results in an interesting challenge.

Each file contains macroscopic data, e.g., stress tensssgiated
with the index triple. Furthermore, each file contains déthe micro
scale level computation, e.g., particle positions, gartéd by micro-
scopic load steps. The number of microscopic load stepsrdiffi
each file, depending on the applied deformation.

The amount of current data, as well as the intention of a ttiree
mensional extension calls for an efficient programming legg and
a rapid visualization framework. Hence, implementatiopggormed
by C++, Qt and OpenGL.

The visualization key aspect on the micro scale level rel&tea
novel procedure for rose diagram construction. In the mitesase,
data for a rose diagram arises from the unit contact normetove
n,;; . A unit contact normal vecton,; results from the normalized
branch vectol,; , which connects the centers of the particlesd .
Due to the ambiguousness of the unit contact normal veetgysand
n,;; , respectively, rose diagrams of granular media are intrty
point symmetric. Please note, each unit contact normabveen be
thought of as an angle inside polar coordinate system.

Traditionally, rose diagram construction follows a simpie error-
prone procedure. First, a circular domain is partitionéd égual sized
segments. Afterwards, the unit contact normal vectors eleged to
the appropriate segment of the circular domain, by compahe con-
tact normal angle with the circle segments. Counting the bermof
contact normal angles related to each segment equategjthesera-
dius. A normalization of the segment radii closes the ctadgsiose
diagram construction. In particular cases, classical diegram con-
struction leads to unexpected outcomes, relating to naalezirors in
the underlying data, see Fig. 5.

Our rose diagram construction prevents such errors by kgepe
segment width variable. Therefore, we convert the set otappg
contact normal angles into a function defined on the angwatirc-
uum. Introducing the region of influence, defineddyyeads to a defi-
nition of the directional density . For an arbitrary angle: , the region
of influence boundaries are definedias o —s/2andb = o +5/2,
respectively and border the right open interjvalb).

Visualization errors, originating from numerical errors, are visible.

p (@)= 53 Xy (¢ (e1.11)) ©)

Therein, the angle by a directiam,; influences the density function
p ifand only if « lies in the region betweebh = £ (e, n;; ) — /2
andl = Z (e, ,n;; ) +s/2, respectively. Therefore, the density func-
tion p is a piecewise constant function, constructed by a sum of rec
angle impulse functions, whereby each rectangle impulsetion re-
sults from the corresponding direction; , bounded by andl. The
paradigm of sweep line algorithms is commonly used in coatrial
geometry. Our sweepPie-algorithm is based on collectitg ddated
to the contact normal angles. Therefore, an angle segmesiz@§

is positioned twice for each direction, once in the case ah&went
and once in the case of an outEvent. An inEvent, se€ Fig. 6,isef
defined by positioning the left side of the angle segment trecan-
gle. In this case, the associated anglg is defined byqa;, = k.
Placing the right side of the angle segment onto the angleatethe
outEvent, see Fig.|6, right. Thereby, the associated angleyields
aou = I. The number of angles, correspondingrig; , inside the

Fig. 6. lllustration of the inEvent and the outEvent. The left side of the
figure shows the inEvent for a contact normal vector n ;;, marked by the
red dashed line, with its corresponding angle «, marked by the black
dashed line. The right side shows the outEvent to the same normal
vector n;;. The associate size of the angle segment is defined by s.

angle segment is counted and stored. Processing all oocesdy
sorting them in increasing order with respect to the assediangle
results in the density functiop, depicted in Fig. 7. A correspond-
ing rose diagram, see Fig. 8, results from the latter desdrdensity
function p by using a clustering algorithm. In detail, the neighboring
constant density function intervals, containing the seslivariance,
are combined. Thus, for a number of finite combinations tpgsed
density function reaches a constant value and is represbptsingle
segment. In our case, a full distance matrix, resulting filoedistance
metrics of neighboring cluster segments, is unnecesséig. cbnclu-
sion results from the fact that each segment has only twchbeig.



Fig. 7. Piecewise constant density function of an statistically isotropic
sample. The corresponding rose diagram is depicted in Fig.[8|

Fig. 8. Resulting rose diagram after clustering of the density function
shown in Fig.[7.

Formally, the distance to all other segmentsxis In consequence,
calculation of clustered rose diagrams is not limited byrthmber of
particle contacts. This arises from the fact that neighfgpmforma-
tion can be found and updated@(1). Due to the fact that there are
always two segments which form one new clustered segmentinmra
and memory usage are of ord@(n).

6 RESULTS

We have applied our visualization tool to a well-known peshlfrom
the area of geomechanics. This problem consists of a fodiéigy
pressed into the soil ground. The deformed structure is ise€ig. 9.
The overall soil on the macro scale level is discretized byfidibe
elements. Note, due to the symmetry of the problem considerdy
one half of the complete problem is modeled. Each finite eteme
contains 4 gauss points. The procedure of pressing thentpiotio the
soil ground is modeled by prescribing the deformation ofé¢hmodes
of the finite element mesh. The total deformation is applied 00
load steps.

Each gauss point is related to one on the micro scale level, re-
sulting into a total number of 166res. Eachrve contains 182 grains
and is generated with the algorithm proposed in [16].

The visualization of the solution data of the latter deslilge-
omechanical problem is impressive. Glyphs on the macre@deaél
view give a good overview of the related contact networkdaghe
associatedve on the micro scale level view. Thus, identification and
analysis of certain quantities of interest is done in a miminof time.
In Fig.[9 four gauss points of special interest are seleateti® macro
scale level view according to their rose glyph represematind can
in parallel be analyzed in further detail on the micro sceiel view,
Fig.[10. The visual link between macro and micro scale levsLip-
ported by usage of corresponding color frames. Additigntike capa-
bility of one tool handling all the data resulting from mattale com-
putations leads to an enormous work reduction. On the micates
level, the novel approach of visualizing contact networkadgelds
into a total success, based on the variable and unfixed se¢gnen
teraction features, relating the segments of the rose atiado the
corresponding contacts inside the, turn out to be a great help in an-
alyzing the load carrying behavior of granular materia¢g Eig[ 10.
Furthermore, the novel formulation of the rose diagram wkes in-
fluences based on the numerical errors of the visualizatiea d

7 CONCLUSION

We have presented a new system for interactive visualizati@ two
scale homogenization process. The novel combination amgextion
of both views, namely the finite element methdeing) view and the
advanced discrete element methddrt) view, helped to improve re-
search in the area of Geomechanical Engineering. Besidamfie-
mentation of standard visualizations, we have introduceédva class
of rose diagrams for the purpose of visualizing force diogst on mi-
cro scale leveldem) view. Interaction with these novel diagrams,
enables selective visualization of force direction patten the gran-
ular media. This shows relevant contacts inside the loaticarnet-
work, making our system an important new tool for furtheresrsh
in this area. The cluster algorithm, used for the rose diagganera-
tion, takes advantage of the segment neighborhood steustuthat it
is suitable for large data amounts.

In future work, we plan to improve performance especiallytfe
computation of the connectivity network for faster loadaiglata sets.
Since parameter adjustments for density computationsatie to be
determined manually by the user, we also plan to provide aptag
parameter adjustment. Another challenge will be the devatnt of
further methods to transfer our technique to three dimerasidata.
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