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SObi@T Q+2bbBM:
QK BM Zm2v-J ii?2r E b2K2"

hQ +Bi2 i?Bb p2 " bBQM,

QK BM Zm2v-J ii?2r E b2K2 X h?2 L2T2'f61Ss S'QD2+i, 6’22 f PT2M
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h?2 L2T2 f61Ss S QD2+i, 6 22 f PT2M@bQr
SQHv+ vbi H:2M2 IBQM- .27Q K iBQM aBFk
M/ SQbi@T Q+2bbBM;

QK BM Zm2W/ J ii?2r E b2K2*

1 JBM2b a BMi@UiB2MM2- IMBp GVQM- *L_a-1J_8jyd G:6-6 9kykja BMi@1
2 2T “iK2Mi Q7J2+? MB+ H1M;BM22'BM;-IMBp2 'bBivQ7 H# K -hmb+ HQ
IMBi2/ ai i2b

1@K BEK BMX[m2v!KBM2b@bi2iB2ZMM2X7"

#bi® +iXAM i?2 T bi +QmTH2 Q7 v2 "b- 2zQ'ib ? p2 H2 / iQr */ i?2 +QMp2
2bi #HBDb?2/ bQ7ir "2 T +F ;2b, L2T2 - /2p2HQT2/ T°'BK "BHv i*L_a M/ JBN
M/ 61Ss-/2p2HQT2/ ?BbiQ B+ HHv ii?2 .27Q K iBQM S'Q+2bb H #Q  iQ v
M/ UbBM+2 kykyV i i?2 /p M+2/ *QKTmi iBQM H J i2°'B Hb 1M;BM22 BM;
IMBp2 'bBiv Q7 H # K X h?2 Q#D2+iBp2r b iQ +'2 i2 M 2ti2MbBp2 M/ ?QK
7Q° TQHv+ vbi H TH biB+Biv bim/B2b i? i BM+HmM/2b TQHv+ vbi H ;2M2" il
IMBi2@2H2K2Mi+'vbi H@TH biB+BivbBKmH iBQM-TQbi@T Q+2bbBM; M/
r2°2mT;" /2] iQ +QKKQM bi M/ “/b- #Qi? BM i2 Kb Q7 mb ;2 M/ "2bQm +2b>
T°QD2+i Bb mM/2" +iBp2 /2p2HQTK2Mi M/ /Bbi'B#mi2/ mM/2 7 22 fQT2MG@
2iiTh,ffM2T2 XBMTIQ ff72TtXBMXM7Q

RX AMi"Q/m+iBQM
h?2 L2T2 T QD2+ir b bi "i2/ BM kyyj M/ } bi "2H2 b2/ b 722 f QT2M
CmHv kyyN- M/ ? b #22M /2p2HQT2/ #v _QK BM Zm2v- T'BK "BHv i *L
GiB2MM2X h?2Q B;BM HBMi2MiQ7i?22zQ ir biQ;2M2" i2  M/QKTQHYV
b oQ"QMQB i2bb2HH iBQMb- M/ iQ K2b? i?2K 7Q° 7m’i?2° mb2 BM }ME
bBKmH iBQMb (R)- BM+HmM/BM; i H ;2 bi° BMb (k)X h?2 T°QTQb2/ b2i
TTHB2/iQ pB'im HHv Mv 6* .@ivT26 TQHv+ vbi HKQ/2Hb UBX2X /2}M
p2 iB+2b- 2/;2b- UTH M "V 7 +2b M/ TQHvV?2/° VX 6m’i?2 2zQ ibr2 2 K
Q7 KQ 2 +QKTH2t KB+ ' Qbi m+im 2b- bm+? b i?Qb2 7QmM/ BM bi22Hb
i?72 ;2M2° iBQM Q7 TQHv+ vbi Hb Q7 bT2+B}2/ ;" BM T QT2 iB2b (9)- #2
"2THB+ i2iviB+ H;" BMbBx2 M/ b? T2bi iBbiB+b-Q 7 QK 7mM/ K2Mi H
BM~m2M+2 Q7bT2+B}+7 +iQ b-BMTm 2Hv MmK2 B+ Hbim/B2b (j)X 6Q"
rboK BMHv TTHB+ iBQM@/ Bp2M-#mii?2T Q; Kr bbm{+B2MiHv ;2M2"
Ub22 M 2t? mbiBp2 HBbAiQIb,TIiBI2H2bXBM7Qf TTHB XKBQMbX?iKH

h?2 61Ss T ' QD2+ir b bi 'i2/ BMi?2H i2 RNNyébBM S mH . rbQMdb ;
S'Q+2bb2b G #Q iIQ'vU.SG #V i *Q " M2HH IMBp2 'bBiv- M/ bBM+2 kyky
[2p2HQT2/ BM J ii?2r E b2K2 6b ;" QmT- i?2 /p M+2/ *QKTmi iBQM H J
G #Q iQ'v U *J1 G #V i i?2 IMBp2'bBiv Q7 H # K X h?2 Q'B;BM H B
rbiQ /2p2HQT +Q/2 iQ bmTTQ i i?2 bBKmH iBQM Q7 TQHv+ vbi HHBI



BM+Q TQ  iBM; #Qi?i?2 MBbQi ' QTB+ 2H biB+ M/ TH biB+ "2bTQMb2X 1
7Q+mb2/ QM /2p2HQTK2Mi 7Q bBKmH iBQM Q7 b?22i 7TQ ' KBM; QT2  iBC
1p2Mim HHv- i?2 7° K2rQ'F BM+HmM/2/ i?72 7Q KmH iBQM Q7 TQHvV+ vbi
?QKQ;2MBx2/ "2bTQMb2 (d-3) M/ "Q#mbi T~ HH2HBx iBQM 7Q " H ;2@
[2p2HQTK2Mi b r i?2 TTHB+ iBQM Q7 i?2 7" K2rQ'FiQ TmHH@}2H/ bB
"2iviB+ HHv /Bb+ 2iBx2/ BMiQ i2Mb iQ i?7Qmb M/b Q7 2H2K2MibV mbBN
bT2+B}+ HHv M/QK@b? T2; BMbpB 0Q QMQB i2bb2HH iBQMbBM i?2
T°QD2+i (k)X

7i2° /2+ /2 Q7 b+B2MiB}+ +QHH #Q" iBQM M/ + 'Qbb@mb ;2 Q7 i?2
irQ "2b2 "+?;°QmTb- M/BM +QMiBMMBM; 2zQ iiQK F261Ss Tm#HB+H
BM T BH kyky iQ K F2 L2T2" M/ 61Ss irQ 6+QKT MBQM T 'Q; Kbo6- iQ
M/ ?2QKQ;2M2Qmb 2Mb2K#H2 /2/B+ i2/ iQ i?2 M HvbBb Q7 TQHv+ vbi
iQ }bi +QKKQM "2H2 b2b BM CmHv kykyX h?2 Q' B;BM H ;Q Hr b iQ 2 I
i?72 irQ T°'Q; Kb- pB i?2 /2bB;M Q7 b? "2/ }H2 7Q°'K i- M/ iQ mT; /2
+QKKQM bi M/ /b BM i2°'Kb Q7 mb ;2 Umb2  BMi2 7 +2- T°'Q; K BMTmil
2bQm T +2b Ur2#bBi2- /1Q+mK2Mi iBQM- bQm ' +2 +Q/2 K M ;2K2Mi- mb2"
i?72 L2T2°f61Ss T QD2+i? b+QMiBMmM2/iQ /2p2HQTBM HH Bib bT2+ib-
+ T #BHBiB2b Q7 Qi?2°- 6b i2HHBi26 T ' QD2+ib /2p2HQT2/ #vi?2irQ ;°Q
iQ 2bmHI TQbi@T Q+2bbBM;-bm+? b P BHB# M/ >2"K2b U*L_afJBM2b
T Q;" Kb7Q Ul"a.@ivT2V /i ™M HvbBb- M/ P.6S6 U.SG #f *J1 G #V-
Q' B2Mi iBQM /Bbi'B#miBQM 7mM+iBQM M/ TQH2 };m 2 "2H i2/ +QKTmi
M Qp2 pB2r Q7 i?2 L2T2 f61Ss T QD2+i-rBi? 7Q+mb QM "2+2Mi /p M+

kX .2b+ BTiBQM

L2T2 M/61Ss "2T'Q: KbiQ #2 mb2/BM bm++2bbBQMX L2T2 Bib2H7 I
U6@ho 7Q  i2bb2HH iBQM- 6@J0 7Q  K2b?BM;- 6@ad 7Q  bBKmH iBQN\
7Q pBbm HBxXx iBQMVX L2T2 Bb r'Bii2M BMi?2*H M:m ;2 M/ KmHiBi?"
ivTB+ HHvmb2/ QM T2 bQM H+QKTmi2 X Aimb2bb2p2° H2ti2°M H HB#
7Q° /Bbi M+2 +QKTmi iBQM iQ K2b?BM; M/ BK ;2 :2M2" iBQM (RR- Rk-
61Ss Bbr'Bii2M BM i?26Q i MH M;m ;2 M/ T HH2HBxXx2/ mbBM; PT2M .
QM +QKTmi2 +Hmbi2 bX ivIB+ HL2T2 f61SsrQ F~Qr Bb BHHmbi  i2/
i?72 7TQHHQIrBM:X

kKXRX h2bb2HH iBQM :2M2" iBQM UL2T2  @hV

SQHvV+ vbi Hb "2 KQbi Q7i2Mi2BB2H0-2 NB)@IMNM D mM/2° p2+iQ B H 7Q K
BX2X- mbBM; p2 iB+2b- 2/:2b- 7 +2b M/ TQHV?2/° UQ  6+2HHbDOV- N
am+? 6* .@ivT26 ;2QK2i"B+ H 2T 2b2Mi iBQM HHQrb 7Q" i?2 KQ/2H
TQHvV+ vbi HHBM2 KB+ Qbi'm+im 2b r?BH2 biBHH #2BM: T QM2 iQ K2b?

KXRXRX aBM;H2@b+ HMu2b® R Rt @BRWBXi2bb2HH iBQM M@ K KQ 2 bT
i2bb2HH iBQM (ky)V + M #2 ;2M2" i2/- BM/2T2M/2MiHv Q7 i?2 bBx2b-

Bib +2HHbX h?Bb Bb K /2 TQbbB#H2 mbBM; G ;m2 2 i2bb2HH iBQMb-
Mv bm+? i2bb2HH iBQMb- M/ r?Qb2 b22/ ii'B#mi2b UTQbBiBQMb M/ r
+QMbi> BMi@7°22 QTiBKBx iBQMX h?Bb Bb /Bz2 2Mi 7°QK KQ 2 bi M/ °
ii'B#mi2b "2 T 2@/2i2 KBM2/- 2X;X 7°QK ;" BM bBx2 /Bbi'B#miBQM

H:Q 'Bi?K Q" 7°QK BM/BpB/m H ;> BM T'QT2 iB2b (9)X PTiBKBx iBQM E
bT2+B}2/ +2HH T°QT2 iB2b U;" BM bBx2 Q" b? T2 /Bbi B#miBQMb- KQ T
TQbBiBQMb- bBx2b Q" b? T2b- Q  2p2M ~ bi2 ' Bx2/ BK :2 Q7 i?2 TQHv+"
2H2+i'QM # +Fb+ ii2  /Bz  +iBQM Q bvM+?'Qi'QM s@ v /Bz  +iBQM 2t
Q7 bBM;H2@b+ H2 i2bb2HH iBQMb "2 T QpB/2/BM };m 2 k @ +X



program arguments optional input les

grain number, etc. \ ) T experimental data
S

Neper -T
Generation

rogram arguments . ersonal computer
prog 9 tessellation le, .tess P P

element size, etc. \ : (openMP multithreading)

Neper -M
Meshing

mesh le, simulation.msh input le

: / simulation.config

FEPX computer cluster
FE simulation (MPI parallelization)

raw result les, .post

program arguments
element results, etc.

Neper -S
Post-processing

rogram arguments . . A ) personal computer
prog 9 simulation directory, .sim

element color, etc. \ i (openMP multithreading)

Neper -V
Visualization

PNGor VTK les inputs/ , results/

6B;m 2 RXvTB+ H L2T2 f61Ss rQ F~Qr- BM+HmM/BM; i?2 bm++2bbBp2 bi
QmiTmi }H2bX h?2 /Bz2 2Mi L2T2 KQ/mH2b M/ 61Ss "2 "'mM BM bm+
“'mK2Mib U7Q L2T2'V Q' 2ti2'M H }H2b UQTiBQM HHv 7Q L2T2 - 2
2t+? M;2 "2bmHi }H2b M/ /B 2+iQ B2bX

KXRXKkX JmHIiB@b+ H2Jm2HbR@ bl+i BIQMDXb2HH iBQMb "2 mb2/iQ 2T 2b:
KB+ Qbi'm+im 2b 7Q  r?B+? bm#/BpBbBQMb UBX2X- BMi° @+2HH Q" BI
T? b2 i° Mb7Q K iBQMb Q++m" /m BM: i?2 K i2'B H T°Q+2bbBM:- b Bl
iBi MBmMK HHQVb- 2i+X h?2v "2 Q#i BM2/ #v ;2M2" iBM: i2bb2HH iBQMkE
T 2pBQmb-mTT2 @b+ H2i2bb2HH iBQMUDbV- KBKB+FBM; i?2 +im H T2\
KB+ Qbi'm+im 2b + M #2 :2M2" i2/- r?2°2 i?2 +2HH T°QT2'iB2b Q7 i?2
i 2 +?2 b+ H2- b BM i?2 + b2 Q7 bBM:H2@b+ H2 i2bb2HH iBQMX P B:
bm++2bbBp2 b+ H2b + M HbQ #2 i F2M BMiQ ++QmMi (j)X M 2t KTH2 Q
T QpB/2/ BM };m 2 k/X

kXkX J2b?BM: UL2T2" @JV

h2bb2HH iBQMb + M #2 /Bb+ 2iBx2/ pB mMbi'm+im 2/ K2b?BM; BMiQ

T QpB/2b mMMB7Q K 2H2K2Mi bBx2 /Bbi'B#miBQM M/ K tBKBx2b i?2 2F
J2b?BM; Bb mbm HHv T 2+2/2/ #v i2bb2HH iBQM "2:mH "Bx iBQM T Q +2
72 im 2b Q7 i?2 i2bb2HH iBQM (k)- r?B+? Bb 2bb2MiB H iQ Q#i BM ;QQ/
Q7 2H2K2Mi bBx2 M/ b? T2 7 +iQ V-7 +BHBi i2b i?2 MmK2 B+ H +QMp:
HHQrb 7Q  H “:2 bi° BM bBKmH iBQMb UmT iQ #Qmi 9yWVX hQ "2 +? H
#2 TTHB2/- #vV r?B+? M2r K2b? Bb +QMbi m+i2/ Qp2° /27Q K2/ K2b?



"2 i MbTQi2/ (k)X _2K2b?BM; /Q2b MQi bB;MB}+ MiHv z2+i i?2 bBK
HH K2i?Q/b +QK#BM2/- TQHvV+ vbi Hb ? p2 #22M /27Q K2/ iQ bi° BMb «
HMKBMBmMK BM TH M2 bi° BM +QKT 2bbBQM (k- kk- kj)- M/ H ;2  bi’ B
TQHvV+ vbi HK2b?2b "2 T QpB/2/ BM };m 2 k2-7X

kXjX *vbi H@SH biB+BivaBKmH iBQM U61SsV

"Q /Hv- TQHv+ vbi H Bb /2}M2/ pB i?2 K2b? M/ + vbi H Q' B2Mi iBQN
r?BH2 i?2 + vbi H #2? pBQ  Bb /2}M2/ pB Bib 2H biB+ "2bTQMb2 U>QQF
UbHBT bvbi2Kb- bHBT FBM2iB+b- M/ ? “/2MBM:;V- M/ i?2 bbQ+B i2/ K
Bb TTHB2/ b 7mM+iBQM Q7 iBK2 #v bT2+B7VvBM; p2HQ+BiB2b Q  7Q +

KXjXRX *vbi H _2bT@MHB2AR/ /2b+ BTiBQM Q7 i?2 # b2 KQ/2Hb 2KTHQvV
"Bp2M #2HQiiTb2(A72TtXFM7Q/2b+ BTiBQM Q7 HH p BH #H2 BR/2HbV X
“2H i2/iQ i?2 2H biIBpBi>BRF26b H r,

=C" URV
r?2°@Bb i?2 biBzM2bb i2MbQ X *m#B+- 22t :QM H M/ i2i° ;QM H bvKK2i
h?2 FBM2K iB+b Q7 bHBT "2 /2b+ B#2/ #v TQr2 H r,
j g
= 0 e sgn( ); UkV

r72 "2 Bbi?2 }t2/@° i2 bi° BM ™ i2 b+ HEBW;i?Q22bBHNWR-/ b?2 ~bi ' 2bb QM
bvbi2K-g Bbi?2 +m "2Mi +'BiB+ H 2bQHmZ2Bth?22 " hii2 DRMbBRIBpBiv 2tT QN

6Q° MBbQIi ' QTB+? '/2MBM; bbmKTiBQM-bHBT bvbi2Kbi 2M;i? 2pQH
#v

_ G0 9 . :
=N o UiV
(22 By Bb i?2 }t2/@bi i2 ? "/2MBM: " i2 b+ghl BM:i 2D B{MBEBVH bHBT bvb
b im> iBQM bigy2Bhi?2 BMBiB HbHBT bvbi BOHP2MQRM@MBM2 ~ 0Q+2 2 °/:
2tTQM2MiX AM i?2 #QpBIRFmHiBQHMi2/ b
X

= i uov
61Ss ? b i?2 #BHBiv iQ ? M/H2 Qi?2" + vbi H #2? pBQ b- HBF2 +v+H
bi2M;i? 2pQHmMIBQM- H i2Mi ? "/2MBM;- 2i+X- 7m’i?2° /2b+ " B#2/ B
+QKTH2i2 /2b+"BTiBQM Q7 i?2 # b2 +QMbiBimiBp2 KQ/2H M/ i?2
BKTH2K2Mi iBQM + M #2 7QmM/ BM _27bX (d-3) M/ "2 HbQ/Q+mK2Mi2
/2b+ " B#2b 61Ssdb T'2@kyky bi i2 (k9)X

kKXjXkX .27Q°K iBQM bBKMHVBQM Bb /2}M2/ b b2i Q7 bi2Tb i?°Qm:? il
U:2M2  HHvVV 2Bi?2° mb2 @bT2+B}2/ bi° BM Q' HQ / bi i2 Bb i *;2i2/
bi2TX 61Ss +QMbB/2 b 2Bi?2° mMB tB H /27Q K iBQM +QM/BiBQMb Q"
+QM/BiBQMbX aBKmH iBQMb K v . HbQ #2 +QMbB/2° +QMbi Mi HQ /BM; °

KXjXjX "QmM/ v *QM@EBIBIQMbXQM/BiBQMb Kmbi #2 TTHB2/iQ +QMi QH
"2bTQMb2X 61Ss HHQrb 7Q° ;2M2° HBx2/ #QmM/ v +QM/BiBQMb- i?Qr
p B2iv Q7 +QM/BiBQMb bmBi2/iQ i?2 # b2 /27Q K iBQM ?BbiQ B2b Um
I12b+ " B#2/ #Qp2X :2M2° HHv- #QmM/ v +QM/BiBQMb "2 /2}M2/ i b2i C
bi?2 T'2b+ B#2/ p2HQ+BiB2b BM i? 22 Q i?Q;QM H /B '2+iBQMb i 2 +?



U#V

u/v

uz2v ursv
L

6B;m 2 kivTB+ H KB+ Qbi m+im 2b M/ K2b?2b ;2M2" i2/ #v L2T2 X
;7Qri? TQHv+ vbi H- U#V k@T? b2 TQHv+ vbi H- U/V MOQM@+QMp2t TQ
b+ H2 TQHv+ vbi H "2T 2b2Mi iBp2 Q7 U# BMBiB+V bi22H KB+ Qbi ™ m:
TQHv+ vbi H- M/ U7V K2b?2/ .*h TQHv+ vbi HX



KXjX9X _mMMBM: *QMIBABIQBIBMIR Bi rQmH/ #2 MB+2 iQ b v r?2 i "2 i?22
+QM/BiBQMb Q7 61Ss- i? i Bi + M ivTB+ HHv "'mM QM bK HH iQ KB/@
b+ H2b r2HH-i? iivIB+ H+QKTmi iBQMbi F2 72r?2Qm b- XXX J V#2i?
Bb RJMQ/2b f 2H2K2Mib- #mii? i H ;2  bBKmH iBQMb + M #2 "mM- 2i+X

kKX9X SQbi@T Q+2bbBM; UL2T2® @aV
SQbi@T " Q+2bbBM; BMpQHpP2b i?2 "+?BpBM; Q7 bBKmH iBQM UBMTmib
Q7 i?2 "2bmHibX hvTB+ HHv- i?Bb Bb /QM2 mbBM; +mbiQK }H2 M/ /B
b+ BTib M/ T°'Q; Kr'Bii2zM BM ;2M2° HH M;m ;2X L2T2" BKb iQ bBKTI
T Q+2bb pB i?2 /2}HMBKBQMIBQM /BIVAPQ WBHBiviQ KQ/B7v Q  +QKTH?2i2
bBKTH2 T°Q+2/m 2b-rBi? 7Q+mb QM QT2 iBQMb bT2+B}+iQ TQHvV+ v
bBKmH iBQM MBb2+h@ WTH2 M/ / Ti #H2 ?B2° "+?B+ H }H2 M/ /B 2+i
bb?QrMBM};m 2 j-r?B+? BM+Hm/2b i?2 bBKmH iBQM BMTmib M/ 2bm
bi2TbXBKmH iBQM /BRR@iIQ AQ TQbi@T Q+2bbBM; QT2 iBQMb bm+? b
Q7 K2b? T°QT2'iB2b U;" BM +2Mi2'b M/ pQHmMK2b- 2i+XV- M2r bBKmH i
2tBbiBM; bBKmH iBQM "2bmHib- ;" BM@ p2 ;2/ Q b KTH2®@ p2" ;2/ 2b
b2ib Q° 2H2K2Mib- 2i+X h?2 M2r "2bmHib "2 BB KmW iBK NMDOB/ 2/+ BOM i
S® +iB+ HHv-i?2 M2r "2bmHib #2+QK2 ii'B#mi2b Q7 i?2 2MiBiB2b iQ r?E
7Q° i?2 "2p2'b2 TT'Q +? +QMbBbiBM; Q7 /2}MBM; K2b? “2;BQMb 7 QK
mb27mH 7Q° }M2 M Hvb2b Q  iQ B/2MiB7v KB+ Qbi'm+im 2 T QT2 iv 21l
bBKmMH iBQM #BM2+HBQV 2T 2b2Mi 2tT2'BK2Mi H/ i bBMTmiUQTIBQ|
bk.Q j. Q'B2Mi iBQM K Tbh T°QpB/2/ #v 1"a. Q  bvM+?°'Qi'QM s@" v /B
h?Bb K F2b Bi TQbbB#H2 iQ mb2 i?2 b K2 iQQHb M/ T°'Q+2/m 2b iQ T
/[IBz2 2Mi K2i?Q/b- r?B+? Bb T 'iB+mH "Hv BMi2 2biBM; BM i?2 +QMi2t
+QKT "BbQMb (k8)X

kX8X oBbm HBx iBQM UL2T2 @oV

oBbm HBx iBQM K BMHv QT2 i2bBM "2 H-T?vbB+ HbT +2-iQ b?Qr K2
#mi+ M HbQ #2 /QM2 b TQH2 };m 2b Q BM Q B2Mi iBQM bT +2-iQ M |
;2M2° i2/ MQM@BMi2 +iBp2Hv- ii?2SL: Q S.67Q K ib-Q ii?2o0hE 7
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