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Applications of Voronoi diagram in the Moving particle semi-
implicit method
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China)

Abstract: To optimize the algorithms for establishing and analyzing spatial topology in the Moving
Particle Semi-implicit (MPS) method, this paper applies the Voronoi diagram to three key components:
neighbor particle search, surface particle detection, and particle shifting. The specific approaches are as
follows: a particle Voronoi diagram is constructed to facilitate neighbor particle search by leveraging its
inherent topological relationships; a novel method based on Voronoi cell structure is proposed to
address the challenge of surface particle detection; and a particle shifting scheme derived from the
Voronoi diagram is developed by integrating the Lloyd relaxation algorithm with the Green-Gauss
formula. The results demonstrate that: the Voronoi-based particle search achieves an efficiency

improvement of over 159 times compared to the traditional all-pair search method; the Voronoi-based
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surface particle detection is more accurate than the conventional particle number density method and

computes 43.3 times faster than the geometric method; furthermore, the Voronoi-based particle shifting

effectively reduces system disturbance while preserving the smoothness and non-overlapping

characteristics of the free surface, also yielding a computational efficiency advantage exceeding 6 times

compared to traditional shifting approaches. In conclusion, the proficient spatial partitioning properties

of the Voronoi diagram present promising potential for its application within the MPS framework.

Keywords: Voronoi diagram; MPS; Surface particle detection; Particle shifting; Neighboring particles

searching

SR A B J1 % (SPH) P
M kB E (MPS) P)gE T
Frkg B H TC ARk, X IRITEER
THAE SR SO R, Xk HEH )
M HITREE, AEERE G
F, WA Z AN VE FR A% pR BT 73
B, SPH FI MPS BN AR, #EA
WEPIZ B A RASEI T
P JEE WAL (HZ,
W TR [ RN CR,, BT
12 3 J5 #R A 2 ER T AR ]
SEEE RS S Q| K ey A R B SR A A
1) Afeteist T — 2, B
TR AR Rz — SCREN
wiA i THEE Wi s S B AR,
I SR 38 ) o3 AT 1) 25 K5 T kR
JE OB PR T AR A R 2R 1Y
o, RS AR E MR A kL
FHATIEE W iEs), NRSFIRTRE
IS, R A H T B0 R A
A a2 N ER R E

Voronoi EFR Voronoi #|77, J&—
FhEET 23 (A o B LA 24, ml LA —
£ Ry [T 0 B sy R N = S e
AT DA e 5 b A 38 25 T e 0 OC 38 F Jmy 0t

P ZRIUAT, TR LU T 4 U T
(8 e K B E(E T, T X A Ry
P, FETCMAE I, Voronoi 1 H
FARSRLT BT 4l AR FR RN, IR AR
T DIRIINY /NG 1L R | oS [ A a1
. FEHERL L, RERH R PRy 2s )
SrEVEEE, W TR TR T3l
BRI, T3, WA EE R
H iz Y # Fh 45 # 2 R SPH 15 %]
Voronoi ki ¥ 3l Jj 2% J7 % (Voronoi
Particle Hydrodynamic, VPH) J7k™,
o & 45 & VPH 5 SPH i 17 #8 &
e

FH T Voronoi [ 2 5 T B A5 #)
IFRENC R, B, Bk s
F 5. (particles) AR5 B o5 A4 HE X Jf
(1) Voronoi EIJ& 73 AIATIY . 7EIX 4
IR T, RES AL AR =
Voronoi HLITH Jj [ H ALk (FF-432k)
st CPrmm) o, XAERART
TERE Ry &R I LT B oA o BROTHYIE
ARFNR/INEE B B B R S o7 5 A
TR SCHRIY), SRR 7 7 &R Jakr
TR FR SR A A r
I, B MPS H, OB SR R T



JEFAHL, %5 Voronoi EI7ERS shi T2 Bk sh A 3

TR AR BSUE FE HAHR R AR JE L
FTH#HAT R . AR,
Voronoi FLIGAYAY 52 HAS B FlH: i 48
Mo () prgm, KT
Voronoi (1 Ja) #B 46 Fb 73 #1125 l A% 48 SPH
1 MPS 7E > R 5800 [ P #5475 43 B 58 fin
B2, WHRR R WU AR REE

1E Zhou 25 TA/EH, % Voronoi
E 51 A2 MPS 54F B RKhihids B H A
FRACFE RS o JrPT R, BT
Rz B 4R 13 TR R D S L3 I A
TR T R AR o A A
A e =iy b2 T D T S B N
AR R FAE 2R, SRR T LA SOk
T =7 kAT TAE.

1 MPS A%

Bk kR LR H
Koshizuka Fil Oka (#2546 i, 2502
— R AR A B H SRS ik, T
P YRR S R . ROk
Uk, 2 TC A 7R A PRI KE
FIAH EAE A TERL ., R ik
T, RIFSCRER, RIS RN AR
PR, TR A
B, DT SE A Tl 7 R A B AORR A

Bk B AR R AR
TRGIAT, 2Rl BT s A, BE T
FUEEARLE AR T P (R
S BHORL -, Bk AT ik Lk
A AR, G ST A (R B AR AR A
SRR bR B E A pREGIE AT Bk 1 H
SYRRE, ARSI

FEFRUT
Dp _
0 pVu=0, 1)
p% — Vpt+uViu+f, @)

K p WU ; IRl w i
W p T IR
RS Tk R4 V2o Laplace 5
F; V A Hamilton ¥,

#% K% (Kernel Function) B#E&
FIE TR, X HUL R R
14 25 ] Ak R AT 47 (B FH pR &, % T
SPH HIMPS Ilii 5 , % pREIIAE AL,
(AR X 5 . SPH LIS i) He i i
A, MBS  1%% B2 fh A B A%
PR A o TIFE MPS Hr, A% R %K
AU T 5808000 B3 R 43 4 4B T
o PRI MPS B9 s EE SPHOR UL,
2 AP OE ATy Gl i 0 N

X T MPS J5 i, A% eREIGHE H R H

S b il ek o = .
W)= 7"—1 (r<r€)’ 3)
0 r=r,)
At BT BT RN
o TEMPSTiik, AR BT

—Br A RO T, AAr

<vgs=d zq‘”“fj, )

(V)= 2538w )
Arp. g Bbri; o Bk FEEE R
B, & SCRNAERL A5 0 A B =



4 [LL7S

s

SN S

XX &

SWr—rl); ARATBIREG d Fond

B2 w, S R BTk W (r,—r)).

MPS SR A JTIARA 5 R AT
Vil =) R Vs (6)
A w M A I R A e
FORLFEC%EE, y MIRA IR ], —
JBHL 0.02.

2 Voronoi B4

Voronoi & ¥ Voronoi |43 Hi ¥ %5
[ 43 B BT R SR A R AR,
25 IR 3 A T B, AR 5
OB

Vi={xeVj#id(x,p)<d(x.p,)}, (7)
A VRIS 4 %E Voronoi ot (Rl—
T 5 dxp,) Ros WA E AL E 2
Voronoi 37 & s AR .

H 4 Voronoi I E X, A A& B
HEA —AEEMR: Hh BRoThfE
MZEL SZGh A, W XA
PE, HAREE AR rh A HE . 78
BUEITE Y, Voronoi EIHL AT LLF &
PRAUE LT 2sh 1) Z2 308 IAg Sl 4

A 1 Voronoi [Bl— M43 Ay 15 42 11 ]
WMk Ak, i B SRR
$ DAY R 1 5 vh A2 B Voronod [ [1]422
2% W A H] Voronoi K I fE 55 N
(Delaunay) — i k& X 1 T, 46
AL A RS, PTG G R AR F
(PR A 1) o ARSCR 2 B
2R AU R 2 A RN s R g =N N (5157

7k O(NlogN)

B 1 Voronoi A& A
Fig. 1 The demonstration of Voronoi

diagram

3 Voronoi B MPS ik iz F

H 4k Voronoi I PET, 1E& HBA
TEZ AT TAERIF A& T 1IC-MP-MVM 3K
fifr e, T ML 1 AR ), I8
SCHEF MPS J7 3£ 47 T Voronoi X1 47,
M FRAR B i 64T TR G AL
SR, Voronoi EIAUAY H gk it 5:
SN SRS, HAR S B — 2oV Fr s AT
PLHIR AL MPS J7 i 155 . A Sz
T LAUR =4~ Voronoi Bl J7 %,
G150k . BT Voronoi 11948 JE ki T 18
% . Voronoi 2 I RL ) % LA} Voronoi
VAR RS %5 N 11 D VA N R 7
R FAF LA AR E T =T

3.1 SPEHFEER

W75 0 SPH A1 MPS %5, £ H]
BIS)is seAs . i A HET S5 7 R AL
AR SR Z BIAHENCR (RILR
JERLFHNER) o Ha PUIt ] 52 2% 2 AT LA
& O(N), T Voronoi &l 14 #4 i Bof 0] 52 4%
ik O(NlogN), A it B % % B Voronoi



JEFAHL, %5 Voronoi EI7ERS shi T2 Bk sh A 5

A TR a8 R I AN AR
H T 76 MPS 5¢# SPH J5 ¥ th 5| A
T Voronoi K#EATRLF B AL TF . KT
L/ U311 YA N YA i 7 A = Y (2
Wi S LB R ] . BRI, FEAE AR
PR, St T AR T A
AN R MRS, Bome] AR EA
AN R TR R IR, X
WUTRT DAAS W A 2R VAR A RAF AP 1Y
THAERCETFE N L
mE 2 FoR, XFTFatki+, HE
JiE A T LAIA R 2 L -L, DA A [ Y 2
Ko AEIFBEINZOIE R, FRATE
S TFAT MR, A PREN(L) T3k
PSS 1 J22 A B T A 4R T A . X T H
PrPIAE 1B — 2R A
L,=NV(L,), (8)

W, XS TR AR
g:“Jngﬂ%Ug} 9)

IR SRR T L, JZ MRS BT AT 4R s
R, ML B A S8 T LA B
RIA%, T3 LR RS

H I R HEAE 2 RO A%

LF(LJNWLIJ%UQ» (10)

FEMCERN [, PATER R 12 AT
VA BV PR i FTAE ) Voronoi FRITHY
NZ (—B/hTF3) 4B RIA% R ] 15 )
— AR SRR, X TR
PR T TR EE TR, M
S, HFEIFE RN, M T
Voronoi EE AT LA Z BT

ou
o @v
. XK
{©) 14
0 0
B 2  Voronoi 4R &4 T3 &k BB+

g
Fig. 2 The schematic map of Voronoi

based neighbor particle searching

P, R T2 SR, AULTR
P HIHR 3 T2 R0 408 s A% 51 e R AT 15
Rl RV e A R B ST Y ey A
FHVRMATEENE, X T 210,19 SCRREE,
FRATI 5 HT L3 S LATR 14 2 20 o A
48 Jm kL F 5E o B4R JE A% 51 R

SRR T SR AR
K UMR2 TR

B R M T g A
K, MR IR 7220 kLT
BT, USRI HCRET 2
403.2 %, NS Voronoi 4 i 11 1% 7£
W, WA 159.0145 5T, 534, %07
BRI TRCRE I, TE4y e SRR IX (A
I ABE LR T

ARSFFAR G ATFFAT Voronoi 4 i
HoR, BB A S A S 7E N T
AR . B CSCER UL, 43



6 [LL7S

s

SN S

XX &

X IFATBIRCR L 5124 X
B ESRY BT 15 57%, Rk, FR7

3 Voronoi IR 24 S AT AR
AT DI AR

%1 4 Voronoi 34 '& A i %t bt

Table 1  Voronoi searching time cost comparison with single CPU core
T Eaworing|| Voronoi % ({14822) H{E/ ms Voronoi 2 (L &A1) IEl/
/ms ms
50000 250 16 15.62x 47 5.31x
100000 4031 63 63.98x 156 25.84x
200000 106859 265 403.2x 672 159.01x

%2 Voronoi 3% & 47 F A B
Table 2 Voronoi searching parallel

computing time comparison

R SFLXEATE])/ | Voronoi $8 & i )/
ms ms
1 106859 265
2 66187 131
4 28860 70
8 14094 37

3.2 RENFHIE

1 F MPS Jy & hids B H 5k,
H R BN A TR+, A
SR oGS N T SR WA DA A = S
%, MMiEAR 5 R A i A A
o HULREE, F AR R R 5L
SN TR AR B S A e
fai Ak TR BURG L 2R BOE R K. LA
PR R DR R RS, HERA Y
FE AR — J7 1 AT LAY A i ) 2
R, B AT AR R R AT
%i%[ﬂ][w]o

25 ML 2 TR ) VAR R 2R 1
P TR IR A I A X — M
F T 2R AR 09 SR A 53 Xk

e, HAR s nh A% B &
IINTF TR P ERRL - 0 T PR R E0
FEHEE " R —PERT, AT A IS
591 2R [X 43 P L 1 R 2 DR T,
Tﬁ H
(n), <pn’, (11)
A poFRER A HE F L AR L
SCHIAMAT, BIE R —AN 0 B 1 2 Al
B, ARSCHLB=0.95, i Bk T3 2
BB R SRR R T
SR, 2RI A R 52 Ak
F A EBUYE . T MPS R,
TRMRL TR RIZLIZ B S B0 DL
— B Z B0 B 2l R IR, Sk
BRAN LR IR, NI Em T
R R A s e, X T2
FHMPS $H58,  HY T AH LI 5 2 4
{H, BHAR PR AR T8 & S5 RE
KIGEF IR, XM ZH MPS 15
HA Xt 3 T 4 S A B RA PET
WERUL, FET Uk ry R IR 4
FEFECAUERG, 0 Shibata Y AR TLEIAE
78 3 T Voronoi B A IG1E .,



JEFAHL, %5 Voronoi EI7ERS shi T2 Bk sh A 7

THHEHIC L s, S00E S p, IS r A
re= |p,—s,|. (12)
WE 3 o, =2k T F I

.
1. NFRRLF, O e B s = P A

Infinite edge

_—

7e<Ygaloo

2. RIARLT, W R FITAN S A El
Fe>Vgalo

3 YGRITRL T, Wi R H T 5 R
TR F- B ITAHAR .

XFF—BAFOL, p,,,— 0.1

B 3 Voronoi & @ #:F H) & F ik

Fig. 3 Voronoi based surface particle detection

BT E RO T UL 4, FE
AERPE SRR ERL, LT R HE Ty
Yoo TERCIEAN b, FRATRT L TORRRIE AN
ATy X T HAS BB A (7200 4
wi) B, FRATHC100 I JE Y 2
TREF A . ol BEEPYFF 2 2859 ms, 1
Voronoi #5111 BT 4 63ms, RCR K
SRR 43.3 4%,

3.3 MFEH

#£ SPH Al MPS i, & i kL i
% (Particle shifting) ¢4 kL T4 #i
o) IR B S SR B AR i
HREENIEN . NSRRI TR
SR — B, B ER R TR BTk
JERLF IR DI GA B AR 350 . JE
S HFR N

J=-DVC, (13)

e SN VORI DR
PR BT, ATig

or,=—Cond?VC,, (14)

Krr: or, W HRRFMNEE, T
KRR C,, TTH R

1
Cragm. (15)
HAPEREVC N
1
VC,= n—ozjv%. (16)

TESEPRHRE R, TR A
BRI 9 SRS AT, S0k T 7R i 1)
7 1 B A BRI BERR I, ARt
I RHRE NI N VR AN A a gD
TE . B, fELEERD I, B



XX

FIR SR A2 SR AN SE B LT

BIERER A" (Optimal PS) :

FIE T

Pl

0O

P e

ENCE S I ) Py

Fig.4 The comparison of different surface particle detection methods

or,==Coudi(I-n,Qn,) -VC, (17)
Hr, n k7 m &, T RALE
M. adizsB e, Rk fk kR
THREF-AE H i ) e RS, iR
K7 A B R T

ST AR rOE R A R TS
I e B AR e R ) SRR A 2
IERARER T [ FERS RN P JE Y
VRN A A0 S LRP R e VAR R TN
B, SRR A3 A AN 2 S BORME
WKL T . TERL T I AT SR R
EAOEHGE, RFIERRARNY . 2k
T AR, MELAORAIE Sl oe B
PERY I e, RL T F L TC R 2 TE i)
A, P, FATRIH T Voronoi FH 1Y
PR, & TRk ok, BN
F%°M Voronoi Particle Shifting (VPS).

FETZ I EIRATEE : Voronoi fi7
B TERUO AR I A 1 Rl v (BRI
BA P AEN) o BT HRITIEARIUL A
PRI SR JE BT 47 5¢, K, Voronoi H
TCRARAR AR B b S e 1R F7E Ry
2 [a) 5P . K% Voronoi i & # 3))
RO, 1B IT A A
KNI, X eRBOR 3L,
SCRFSCRAE R A AR, B
Y118 2% 1o [ 2 o

ZHPSIT:, A

or;=Cui (P, —S,), (18)

2. p, s, 435 A Voronoi B & A5
ARG O . ARA8) AT LA RTE
TN AP AT — IR Lloyd #4515

VPS X T+ B AN KL - e SRk
Ut PRHIE TR [ BE T SR A 1 [+



JEFAHL, %5 Voronoi EI7ERS shi T2 Bk sh A 9

PERALAALE o SRR T AR~ 4)
AT S AR R TCEAIER . R, 3
TTE— 2P 1 BT SRy R AR b1 A
FER I, LT BR M Neighbored
Cells Voronoi Particle Shifting (NCVPS),
[EAER), FRATIE B Voronoi HoTakfs T
KR RSN C R, IR, AR AR
AR, A BB AT LU -

1
VFZEZAMW (19)

Horpr, Sy EaToxt iy ) EAREATR, 4,
NI BB IR, r, AR T
O EPOR AT 8

FEMCEERE I, SLARFIERSE CRi
HAEL) MAMBZ%HC,, (B0.01)

CIEE S

I

&=£%&2Aﬂw (20)

ZOTERA RN IS L
J6, NCVPS J&F TREf iy Ll 5 2. 1
Ak PS Ay MR BUFRE AT B A 5 TR A1 3
A XA RIRBE AL THFIR RS AR S 3
AEIH A SEORATF B — A R A
AR R B A TC RN s X —
¥R R A, AX21#4
REET OMME, (RN A E e
oA 21 TR 4 ] — AT B IE
A7 . AHIE TAE SR PS, HAR#E
T A RBCRAE, I HLid FH X
BB B (X H A5 kLT AR 28 R
F); AT VPS, HALHE TR R
BN (BT ORGSR, Bl
KU, R TR B A B 2

St R EA 7 B BRER
[FIRERY, 7 A R BRI R 45
i, DVRUE A R I R
or/=or- (I-n,&@n,). 1)

TCie SRR PS HAR , R BEXTHT
FIE EAFRAEAS 2 Py P
/=0, +Vo,-or, (22)
Horp, o, F ! 73 5l 2 i 7% | 5 09 9
LN
K E—A TR A R e
PR Bl f 7 P T 2 U A
0.5mx1.0m HY 7K it A7 0.5m KK, %)
TR 2B A R TR, ST
0.5m 5 B A 7K AE 9] 1 36 F 2R 0 A1 10
T, dE At MPS 77 VA TSI B E B 1
KEI1 . B GEHH AR 130
e, AT LA MY AR TR] PS i) T AT
BB SRR . LR BIRES

E.= 2 %m,uf. (23)

LN KE R E S, BEREE,
NRATRERE T 0. &S S T AR EAFS
AR ZS B BB TR 3004, W LLE
B, SRR EAT R R RS A A
FES150 45 . B 6 s =P ik T Shig
H R 2k, AT OPS 77k, VPS
FINCVPS J5 L #0a] LU 2 48 5 3l BeFE
ik B EAL K. X UL BT VPS Al
NCVPS JFiEfE SR E B X R4
PRI/, Geit T #ioK R Sk
BF-HiR 2%, OPS i 1.27%. VPS N
1.23%. NCVPS H1.19%, JCitfi# PS
Ik, HoK iRz BoN, Ba W



10 W% G2 K A

XX &

it i

MUVPS

A5 FRETESTEEHSKIGFET A FE = BT

Fig. 5 Comparison of particles and pressure distribution for different particle shifting

methods in hydrostatic cases

—OPs

e fEl/s
B 6 RRATESTFAEHKILYF
B3 A TR W 23T
Fig. 6 Comparison of total kinetic
energy decay curves for different particle

shifting methods in hydrostatic cases

X RA A AR ST
HKiid, NCVPS fil VPS /] [t T OPS, £
Bl F 1€ 22 R0 oK At i) 2 s 1 R
PEo 7 RPARTIGE G, LE B IE
RS, RN ik
TR B E 0.4 s PR T AT 1E &l .
TG T B 7 VR R 43 A T o R
AR AT (Non) MUIEML T, AR
AT AR SR8 FH PS 1Y

BT, BARRELRUETHAR E ST, (H2
Al DLER B 19 B R
OPS (&5 RN AT UM A R . ]
VPS J5 i B 45 5 1 OPS 5Bl , A7 7E A
OPS KUY H R IK.FEHSIE . 1E
fHFHNCVPS 50, FI i 3R 1E T H
WK T EHSE.

TEILEEAY |, NCVPS kA i
BUNOAEEY, R 8 F R, AT T
£ 1000 > #iF_EHAT 10000 ¥ A [F] PS
Jrk AR, VPS MINCVPS #H e T4
45 OPSI/D T 84.6% 2 86.8% K15}
K, ST 65U ERCRET.

JCie ful Bl PS 7 vk, AT LS Bl
MPS F ki ffa e 8 . AT AR
PS AT T XTI, ik 3 fn, =
FpO vk R T 5E R TR Y, H R
EESECE P SRR SR GNEE R
2 BRIk, VPS MINCVPS A L T1£48
PS J5 i B /N SRR T 4 1 1
RORBY I



JEFAHL, %5 Voronoi EI7ERS shi T2 Bk sh A 11

OPS
EUETR T

NCVPS

FEFT EH 7 5N
bop2e

Fig. 7 The comparisons of different

particle shifting methods in the dam

B 7 HAp) o

Hitims

. 2376 2031
1] L ‘ Il l L
QPs VPS NCVPS
e
B8 RRERT MG kit s Eafit
Fig. 8 Comparison of computational
efficiency for different particle shifting

methods

4 i

A SCHE Voronoi K151 A ZI % slki +
Fpakrh, o WS EUESR, ATRAR
FPUTF 458

(1) #y3& 7 Voronoi &5 #E4748 )&
P RA B ST RRCRRI TR
1.

(2) FEF Voronoi 14 5% ik 1 H A
HERR DR AR S L

break case
#3  RFPS 7 ikAFiEsfpb
Table 3  characteristics comparison of different PS methods

ik ER T SR TR

OPS e RBE SERAR IR WA ()
VPS ERES AN A A & Lo ()

g . BT
NCVPS AR L P F 5 AR AR oM

(3) #£F Voronoi A VPS #INCVPS
7 Al LR RGPS B OPS k. 1F

/D RGP BN I UEE R R T R R
F4 TR Pt LT SR AS FEAR A (I3



N

12 (L7 i ==

XX &

ARSI =My o] DU T H oAtk
T2k, WSPH, DEM (B HoT
) A, ORIRAS T 0T SEAR E TR
B

A = AT B AT DL 4
B SR, B R 4
Voronoi 144 il e Fige e P n)
T 3 — 20 o5 DR B = 4T Y
UINIER

SE

[1] Lucy LB. A numerical approach to the
testing of the fission hypothesis[J]. The
Astronomical Journal, 1977, 82: 1013-
1024.

[ 2] Gingold RA, Monaghan JJ. Smoothed par-
ticle hydrodynamics-theory and applica-
tion to non- spherical stars[J]. Monthly
Notices of the Royal Astronomical Soci-
ety, 1977, 181: 375-389.

[ 3] Koshizuka S, Oka Y. Moving-particle
semi-implicit method for fragmentation of
incompressible fluid[J]. Nuclear Science
and Engineering, 1996, 123(3): 421-434.

[4] Koshizuka S, Nobe A, Oka Y. Numerical
analysis of breaking waves using the mov-
ing particle semi-implicit method[J]. Inter-
national Journal for Numerical Methods in
Fluids, 1998, 26(7): 751-769.

[5] Colagrossi A, Landrini M, Numerical
simulation of interfacial flows by
smoothed particle hydrodynamics. J. Com-
put. Phys. 2003, 191(2) () : 448 - 475.

[ 6 ] Duan GT, Yamaji A, Sakai M, An incom-
pressible — compressible Lagrangian par-
ticle method for bubble flows with a sharp
density jump and boiling phase change,
Comput. Method. Appl. Mech. Engrg. 372

(2020) 113425.

[ 7] Sun ZG, Xi G, Chen X, Mechanism Study
of Deformation and Mass Transfer for Bi-
nary Droplet Collisions with Particle
Method, Phys. Fluids. 21 (3) (2009).

[ 8] Adami S, Hu XY, Adams NA. A transport-
velocity formulation for smoothed particle
hydrodynamics[J]. Journal of Computa-
tional Physics, 2013, 241: 292-307.

[9] Zhang C, Hu XY, Adams NA. A general-
ized transport velocity formulation for
smoothed particle hydrodynamics[J]. Jour-
nal of Computational Physics, 2017, 337:
216-232.

[10] Jandaghian M, Shakibaeinia A. An en-
hanced weakly-compressible MPS method
for free-surface flows[J]. Computer Meth-
ods in Applied Mechanics and Engineer-
ing, 2020, 360: 112771.

[11] Sun YJ, Xi G, Sun ZG. A generic
smoothed wall boundary in multi-
resolution particle method for fluid -
structure interaction problem[J]. Com-
puter Methods in Applied Mechanics and
Engineering, 2021, 378: 113726.

[12] Sun YJ, Xi G, Sun ZG. A fully Lagrangian
method for fluid - structure interaction
problems with deformable floating struc-
ture[J]. Journal of Fluids and Structures,
2019, 90: 379-395.

(13] KU, fife 1122, FRHE . Je TR sk 12K 2

LR IR AU, T 224k,
2011(03): 345-349.
Zhang S, Xie LJ, Zheng Y. Simulation of
surface tension force using moving par-
ticle semi-implicit method[J]. Chinese
Journal of Computational Mechanics,
2011, 28(3): 345-349.

[14] Gou W, Zhang S, Zheng Y. Implementa-



JEFHE, 2 . Voronoi BITERS Bl ik Hh iz H] 13

[15]

[16]

[17]

(18]

[19]

[20]

[21]

tion of the moving particle semi-implicit
method for free-surface flows on GPU
clusters[J]. Computer Physics Communi-
cations, 2019, 244: 13-24.

Khayyer A, Gotoh H. Enhancement of sta-
bility and accuracy of the moving particle
semi-implicit method[J]. Journal of Com-
putational Physics, 2011, 230(8): 3093-
3118.

D. J. Munoz, V. Springel, R. Marcus, M.
Vogelsberger, L. Hernquist, Multidimen-
sional, Compressible Viscous Flow on a
Moving Voronoi Mesh, Mon. Not. R. As-
tron. Soc. 2013, 428 (1) : 254 - 279.
Gaburro E, A unified framework for the
solution of hyperbolic PDE systems using
high order direct Arbitrary-Lagrangian -
Eulerian schemes on moving unstructured
meshes with topology change, Arch. Com-
put. Method E. 2021, 28(3) : 1249 - 1321.
Chartrand C, Perot JB, A Method for Gen-
erating Moving, Orthogonal, Area Preserv-
ing Polygonal Meshes, J. Comput. Phys.
454 (2022) 110940.

Zhou J X, Wen J B, Zhang H Y, et al. A
nodal integration and post-processing tech-
nique based on Voronoi diagram for Galer-
kin meshless methods[J]. Computer Meth-
ods in Applied Mechanics and Engineer-
ing, 2003, 192(35/36): 3831-3843.

Fu L, Hu X Y, Adams N A. A physics-
motivated Centroidal Voronoi Particle do-

main decomposition method[J]. Journal of

Computational ~ Physics, 2017, 335:
718-735.
Egorova M S, Dyachkov S A, Parshikov A

N, et al. Parallel SPH modeling using dy-
namic domain decomposition and load bal-

ancing displacement of Voronoi subdo-

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

mains[J]. Computer Physics Communica-
tions, 2019, 234: 112-125.

JiZ,FuL, Hu XY, et al. A Lagrangian In-
ertial Centroidal Voronoi Particle method
for dynamic load balancing in particle-
based simulations[J].
Communications, 2019, 239: 53-63.

Hess S, Springel V. Particle hydrodynam-

Computer Physics

ics  with tessellation techniques[J].
Monthly Notices of the Royal Astronomi-
cal Society, 2010, 406(4): 2289-2311.
Fernandez-Gutiérrez D, Souto-Iglesias A,
Zohdi T 1. A hybrid Lagrangian Voronoi -
SPH scheme[J]. Computational Particle
Mechanics, 2018, 5(3): 345-354.
Fernandez-Gutiérrez D, Zohdl T 1. Delta
Voronoi smoothed particle hydrodynam-
ics, 0-VSPH[J]. Journal of Computational
Physics, 2020, 401: 109000.

Zhou Z, Han P, Sun Y, Sun Zo, Xi G,
Incompressible-compressible moving par-
ticle and moving Voronoi mesh method
for multiphase flow, Journal of Computa-
tional Physics, Volume 537, 2025, 114062.
Fortune S, A sweepline algorithm for Vor-
onoi diagrams, Algorithmica. 2 (1987) 153
- 174.

Han PD, Liu QX, Zhang K, et al. En-
hanced Dirichlet boundary condition in
MPS method for free-surface flow with
negative pressure[J]. Computers & Fluids,
2023, 256:105820.

AR, XURHT, TR SRR
A H T S AR T A KL 1
Dirichlet i3 % 26 1 [J]. 7422 2238 Ko
274, 2022, 56(8): 141-148.

Han PD, Liu QX, Zhou ZQet al. Dirichlet
boundary conditions in meshless particle

methods for free surface flow Simulation



14

%

v
B
H—
3

XX &

[31]

[32] 7

under negative pressure gradient[J]. Jour-
nal of Xi’
56(8): 141-148.

Shibata K, Masaie I, Kondo M, et al. Im-

an Jiaotong University, 2022,

proved pressure calculation for the mov-
ing particle semi-implicit method[J]. Com-
putational Particle Mechanics, 2015, 2(1):
91-108.

KL, P L RO B sk T Bk
1% PR BSURRAIE X0 s 7 o e R o P 1) 52 T
[J]. PO 2830 K 2x 41, 2019, 53(9): 1-6.
Zhang K, Sun ZG, Xi G. Influence of the

kernel function characteristics on the sta-

[33]

(34]

bility of pressure solution of moving par-
ticle semi-implicit method[J]. Journal of
Xi’ an Jiaotong University, 2019, 53(9):
1-6.

Lloyd S. Least square quantization in
PCM, IEEE Trans. Inform. Theory. 1982,
28:) 129 - 137.

Wu G Q, Tian H Y, Lu G, et al. Par-
Voro++: A scalable parallel algorithm for
constructing 3D  Voronoi tessellations
based on kd-tree decomposition[J]. Paral-
lel Computing, 2023, 115: 102995.



