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Abstract: Smoothed Particle Hydrodynamics (SPH) is a popular technique for fluid simulation in computer graphics. With the
increasing demand for applications of SPH fluid simulation technology, many research achievements have emerged in recent years, and
the works include methods improving the algorithms of incompressibility, viscosity and surface tension, as well as strategies to enhance
its efficiency and stability. In addition, some researchers focused on designing methods for complex scenarios and building a unified
simulation framework to expand the application scope of SPH fluids. In this paper, the related works on SPH fluid simulation are
summarized and discussed from the above aspects, and the future developments of the technology are prospected.
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FERBAEWER X i P

B 17, SCHRUIRI B G5 5. 99 AN T 4 1k S ORE Ak 1) BT 9005, 70 DASJRAS KORG8 370 4 B2 R ) 26 1 4 35 AN A
E MBS

4 MEHXRRESHE

FEEN s, k. EELSE . ST H A, AR RS SIS . BRI 4R R SPH A
BRI, BRI (R AN 52 (6], 2 SPHEWT LAY E miz —. BARBLMY BUBHUR I SR SPH
M ANREIL B S, EAE T AR SPH i, AT CARZREFERCRMBRTE, . Bk, Ha=s
IR ARIR AR 7 VE, FHIGRN A HE5 SPH . 520 SPH i, FH IR A7 0l 5w 1) 07 vk LA K% 5 $048 0K 3y vk il
NG A o AR I T T T VE M I FEREAT AR 18
4.1 MBHEERBENMRAL
H1 T SPH 32 A 14 2% T AR T 5020 SRS 2 i 1 21 201 1 AR 0RE 1, BRIt g — A0l 00 o 28 7 AT AT 0K
RLT 24K DU T 5 SR T 5 o (H AT 30RE 1 22 4K T S50 A I TR R0 223 ) O s A A9 — TH SR AR RO 17 i 20 SPH
FERCRIE R AL — o PR AR A 4R R R & SPH Sk 77 T i R ST N 2, 3K — 7 T AT
FENEWR, MRITIEHE LK 6.
o PRRATHREIRM EIFFH MG VR, SRR T & HR e B 55, 3 I P A T Ak YKL T 4 22 ]
B ERE TR (AR, HIX RS B A AR . O T INRAT B B, — M R ik =2
HoRn 7% s R A B AT 70 41, bR S AT AR P e 7 3 P AR T, R B R T AL kL
TRIAT . HHE R S B2, B K-D BRI S AR L. Hoh K-D A ER L
ARy AR SPH VAT, HAZJTIREEE ] GPU JEAT I 6], 245 A% V0 A 47 038 A R 73 i
SIS IR R T BT 7E o B R 20 BT N R RS . XA AN By TSR B, & T T GPU
ZARREINIE IS, e, G R E 0 AR A 1] BRI AR R AR AL B AT HER, AR R N
THEH R AT DA — P i v o LR IR S A7 0 vk P A 3 R e A BRI A7 i vh A 61,

o [PHEASMERZREFFHEHGIE. B PR PR KNGS A D ER TERAL SR T, X8
WA 2 3 FICAF i 2 () (KD IR B, AT X— i PR I 6] 75 ¥ Sl 7 5 A s A R AT I [ — 2 B 2 8
Il 45 A 621641 SRIEAC L 21 W A%, DAREAR BRI Z IT4 o BeAbh, D 1 /L1 4R 3881 2R 1) A 7731
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® R/ LTI FRE KT R O T S AR IO R R AN R TN R, AR U5 VR B ORORL T AT
T PR AR T [ AR IO T BB 2 95 2, (HIX & S ECRR A SRR T 408 1 2 5| A 2 R0
Bo BEXFIX—fH A, Winchenbach 55 A\ FHH 1 —fah A I oA 1 41 3 42 Y R 345 A 5 $ 2 1 40
BRORL T (9 75 9E U8, 1% 759 AT AR RAIE AL IUL ARG E 1k (0 R I, R AT RE /b 5 R B AT 0k - i, T 3

R SR
% 6. SPH BB R H M TT 15
¥ = 25 A #7 E
F——— <oRE [ WA [ SREEGR | HTRI | BTRIE | Sbhges
%ﬁﬁ&ﬁ& *kKk Kkkk Kkkk Fedke ok ke /! *hKk
W ﬁ:‘{ﬁﬁ *kKk Kk Kk *kkk *kk *kkkk *hkk
RET 5 2R B3R SPH VAL [ 7 1 I Il il
BB 1A GPU i & = il 1 2 /
%'D‘fﬁﬁ$ Fkk Fkkk *kkk Fokokkk Fk Kk P

4.2 BIERMN S YEESPHIE

HER 2 FE% SPH R AR AR 1) DX 35 A A F AN 6] RS RL T B 75 o 25 e RDRE T 79 3 256 1T DA 5 o A At
PLRALGE o B, (B2 W SR . G SRR 15 It 1Ak 3% T BT 7 B 8 FH 10 43 9% 36 10 R I AR IE A AR A4
PR SR B, T A e o B A A B SRR R T S AR, N ER S b AT LR ARAIE — e A st R
I35 BT A s R TR, TR s T R B AL o IXOPh B IE R SR O i L Adams 5F A4
ISl SRMZ AP IR T2 REMWE S5 8™ B R S E E M, 0 — @8, Solenthaler 12
H T —Fh o HEER SPH 73k . %7 VEARAR IR A & B 5 H R A SRS, AR K 4 v 43 R X IR
SIHER I, IR T PR PR IR T AT RS VAR T R RE T A R, B, K
PR A R XR PR T 57RO R TN o AR 1% VR R R A PR 2R RE I K R SE, Rtk
XTI v AR R IR BN A TR . 8 T — P4 g, Orthmann 58 A2 T 2 7 #13 HI& R SPH
JigE, RRGINT AR RSRF B EAEE T B P A2, B BERE T 1% 07 N AR T PRI e,
Winchenbach 5 A St T H &4 #E M 7E, MRLF RSF AT BLESE ARk, B8 K HRLF RS) 8 Bl LA R B8 R
41 KL R ~F R 4 A5 07 AL B AR 2 — B R . O T RO 55 R R o O R SN A IR
Winchenbach %5 Nt — B3 T QR % RS iR 2R A A, il AR Sk RB EA R R PR R, 18,
EHRRE T AER PR SPH LRI E M4 (B 18).

Bl 18, HIERIAr#EE SPH M7,

Bgh: RAEQERHE SPH LR K IR B FRAR A LR, 1 BT (R A0 25 (0] R4, (HX — 5 R MEFE GPU
A, RN T AR, BESEPR RS g NiR 2, FEARIE . N R T 2 SRR IR R e M i ™
S, N A /TSR .

4.3 RHSPHE

7P SPH ERER —ANF R+ FEEH 2 AN E N P KT ERTE. SAREEsE, 4K

B IA) 20 AT DA /N T, 3R T 4 s AR T SR 8% . (H 32 F CFL (Courant-Friedrichs-Lewy) 25181, fj
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FAH S I ()2 KA RERGE KA, 75 W& S8 B 5. 1T REAS SPH ORI B0 L 32 7016 DL A A ]
PR P A8 R A A ) 28 A BRI AR R 9 7 ORIERS E 1, BEIBLTH 5 — e B CFL 2610 T F2 ¥ B %Ki
TR AL R MELE D O AR (P, R RN (R0 AT 25 T B B v ST AR e AR
PRI R A AR HE B o XX — ol &, Goswami &t T —F0 £ 2 Uk I R BA 43 SR 11681, 1% 3%
WERE A Rl 0 D 22 AN X3, RS DX P AS R RIS TR0 G, AN [ DX sk A 2 T 3l 3o 44 1 7 s S BL R] —
IR E N AR ELAE AT o 1 TR I TR0 K R PR R REAE S 87 A4 Y, O Tt v B AR O AL R

fEMEZ J5, Reinhardt 55 N#E— 05 T — M52 &7 D 1 SPH 1 5L AEIE B0, I — SEmE Hh i) R0 7~ #8 ) 1
H ORI )5 K BEAT 2 TS A& 9P/, %07 V38 ik 2 P 44 81 1) 75 QA I 1) b 1o 2 sty oA o 25 i
THALE ., S, M7 RS R M ARFEE . TR AR AR T HE R, Bz TTE A
FEARPT AR S BRI R . (E LR 572D SPH ARSI, LA O AN vl [ 48 SR A 24 3% T WCSPH %508,

NT R R AP K B, Goswami &8 A4 T PCISPHIMELE 238 SPH 454 [ 77 7A009). 5 T g
HE B RIS BRI O TR, A S AL 2R, Gao S AN G k-means JEK T EK A
S SRR B PAORE T IR 0 H ORI, SR 5 H45 5 520 SPH 17 B SR IS R S 1A FR) B 47 31

|
| .
P, e e aaenn.
|
P e
|
P, ° I» ° °
|
P, o f e o °
|
/. i f 4
t t N %= 4 ¥k

K 19. 520 SPHIAEOL JE BN SPH IERIEAE 1%, A3 BRI KL T BOAT G & .t I %1 ps HL 1 75 A A HL 4R
HRLT (prv pay pa) HEATTRSE, DEUL TG 20K po i1 (K 400K 7 I M BB ] 4 ] ¢ I 221

BE: Hul, B SPHIEAM AR RGFAELE L RRME: &, 125570 B3 88 00 7000 77 B A R
B, AR S5] iR ZEMBUEREE, o, %57t DU GPU #EH47 E .
4.4 HITIHE
SPH WA R BE W48 I H-AT T B SR mE, W m] DAB 32 BRI B B P4 . AT SPH A4 #5480 -
TIFE TR EA W, —REMEHS ARSI R, B —RE 5T GPU K5k, ML T, 4/ GPU
FEAT INTE S 1T LLAE PC b 288 B 4% b KR S AR ARG AL A2 A 400 %) P 1) R4, 10 FLBE 5 GPU B A 132 7
K EHMEFREMFKHTEE, 170 SPH FEMIT & 5 103 A Nt B i l FIFH GPU It %
RARAL SPH ARSI AR SZBLF R, HERBN T CG A1 it 2 —[160. 161, 163, 167, 172-176] | 4R fij 57 [} F- GPU
B4 PE, 3T GPU 3471010 SPH RARSLILIT R A7 e — s fl. &%, GPU MATE (BAF) — &/
HARMEBATY R, X & 37 5 P R PR R — e IR ok, %1 GPU W7 E 4 iid YLk 5 CPU
Z IR R R AR o S I Nt ST ), dhAh, IR ZOTVEIRXEA GPU BfE AT, Ehin BaE B PR SPH k.
S SPH 4%,
45 S5HERENGENES
B DR B 7 12 T R 2 ) 5 T SR I R R IR, ARSI . SRR T B AT I Rk
fE. BT CAA MG Z AT FAE FH T HL8% 5 ST B0k U B R g R 177, g R R M 4 T FEILT8-182) ) pr e I A
VAR TR RE B R A A S R R o 11831900 Rt Ak 47 BT SR A A SR SR AR — R B i T FEER
WMEAN AT ETFE, XU BT R BN B, R . IR BE NS 1 AR SR SR B AR o T AR B AL, B
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W L DU E R AR B AR, [H M, BRZMF R TAEEF AR — T L.
Rz A% 1 5 5040 DX B &5 4 114 SR 24 110 76 8 22 BF 9 4R [48%, 186, 1910991 {H iy F~ SPH V& B A% B H AL A
A7 B = R 0 B R . DA R AL T S B (T 7 v S e A, 18 SPH ik S 8UR Ik kg & 7 s
BRBLVEA A5 R HIX A, BUR 24 CHTE 7 T8
® [BEMLARM: Ladicky AN KM SPH KL+ ) vl A0 g[8l VA il @, RIEABATTHR 7 5 A B AL %
MR SPH AR T2 J74E (B 20(e)). % AE T — A% R SPH ARKL ¥ BT 52 2 (1)
JEBE R FT . RIETK 7 LKA AT R 48 M 20 SRAFAE M) &, 33 Tt ) vl 2% ) . TR T+ (4 3 5 Az
B, BEAE R PN B AR 12 3, A2 B SPH TR R T A 2001,
o  TTEMAEML: Schenck 55 N R I SPH i 44 07 BT 2 7T DASE L5 VR BE 4 48 X 248 B RS B, LY 2%
SHE R EEN BT SPH AR F IR RIS 5, PRIy DAL R H 58 4 ml ks A T4
PR 2 I 25 A 8 (18] 20(a)) 20, %7 AN RE B Al TS PBF VAR Ak i2 3)
AV -NIAR R G, T EL AT DLNEE B B R AR M B S 4
o BPIMSWLE: 5 2 A A B BRBLIEAN ], SPH i H (PR 2 R B H AL A F o] E B1i23)
BT, EAE T EEERSRMZE ML J7%, B SPH &b R ETHE 5B 524181,
[A it Ummenhofer 25 A I K SPH 7 5 B A0 & A 45 &, B T —Flol A0 3L T B R £ 0 4
BRI AR BRI (B 20(b)) 204, M2 BT, Ummenhofer 25 N7 VA B B HTT
SRS, T EAS A BAR . M Tumanov &8 R HORERL T TSGR (E B S W A b, B SR
P2 R 24 TR AR s Zh i v (B 20(c)) 12081, 3X — 304l Fl 17 JERAS T A B B 50E8 4 3 il 5L ) 0
BRBERBEARERA, R AR PR PR S MR F s, mH S TEMERES I ERREZ
(AT Ry o SEIRIF I 1Z 7 B PBR RIS BRI B I, BT LAZRTS L GPU I 1 PBF 4
HLP 200 fEHTHEEE
®  [EM%: SPH kb nl LI B W 4% J5 i 4 47183, 184, LY 1 Sanchez-Gonzalez 54 H b i AR AR PR
BRI )15 B A%8 (message-passing) I$FE (& 20(c)). %ML R S AT A0 k7, Ty
LRI D Sof L TA] P AE A o 30k P 25 T P IO 4 I A AL 2 P T SRS B T RN 3R LA
%, USRS E AR XI5, WRASRIE . TRk 2 0] 1 4 252081,

B 20, Hlm ksl I vk SR IR A ORI S5 &, B 72 2275 43 0 D () A o 8 0 44 1201, () B 22 ) 2%
(2021 (c) A5 AR 4 22 o) 245 12031, () ] W) £4¢ 12090, () B AL, 5% AR 12001,

Wi b 3R A Bl 9 s 3 4K SPH 3 it i T S AR O F T4k, A T T S R A R A B B
W FFRMAC TR HBOAR . tetn, N7 KB R e R 537 & L SPH JilfRsiif 2 B, Stanton 4%
AR T PR B oK 1 3 3 A S SR s SRS B 0 D5 kN %5 i Uy R A BOR FIUR B R R RE
BRRAACRE, SRJE M SPH AT S LR ACIR A, BE M0 2 35 32 M Bu X i il A o BhAh, AT WE T
SR T LB IR 2l R TR R I T A 32 2l (1 5 1208 2071 g R AT fi] A0 2 T HodE K
RTINS I ZRad A, S 5 T .

wWig: R HHTCARZ 8 SPH L S Hl IRl 7 ik 85 & fwt g, T HIX L8 77 ik # R B B R 07 HH 5
MR, BRI R EN A E. B, EXSTEAAE TR R R BB w5, AR
W FEARIE A3 5 AR Ty B, HOBUR AN, — B0 B h O 7 UNGR U R s s o0, (7 1ol
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TRE Sy AP AL D0 5Y, B PR E Rt LGRS T ik (M SO B O B, R AR T
SO R 5 H R BRI BT R RS, X A 2 e R LS T . e, XS T R AR A
FERAR, (R4 AR B R AR h 5 P A DN R A AR E I . 2R B TIR,  EARIE T RO RSN ) A
i BT R Rl H B A R B S, (B AEE AR, R 2t — D g3k .

5 ERGRIRIUGE

TARSEER, ik S e e a] R & R B LR, Pk AT B FK R R
R ER . BT R ST % . 2 H EFER RS Kk, B8 4 B R A B 5 S el T8 —,
HEVAIE N R - ik, 5 BRI S A FIRORH KRS & DURCH WL B B AR 5 3%, i SPH AR
W7 IRRENE LB R 203 R AR . DUR 2R T T i i .

1 RESEFRBEE

T 5 T A AR A UL AT LAy PR, — R 25 B ] Aok S AR AR T BRI RTT IR O S5
B, 15— MR E RS R Z AR AR AR A, X RTINS AR S o SR B i) R BT
S S T o [ B 3 AR A BT o AHARZ TR, AR I A SRR T R R T VA A A, AR R
- A RARR S BIE AR BT ORI . A SRR T AR 7.

o WAESRMERME. NIERE) A PR, K- R & i e 2 b b e il 5t

Ttk L4 208 BAKIATSL N A AT . Becker 858 A4 HH T3 T TN -H 1 SR F) A - M A4 R 75
BT 1208, Akinei S A\ St 1 78 MRS LAl 0 FRE 7R b, R T SRR 1 530 SOk
V6] b P e iR R EE 45 3 R SE DA 5 WA 2 T 5 R 1 75 75 144 He 48 A AE SPH P SIN T I 147
it N 0 B SRR BT A St Tt 7 5 AR 1 2% T 57 2 TR I R4 179 AR A T A Tl i
ALERIO); Gissler %5 A4 H 1B I XA WA 00T 5 AT B A A T QS B IR 1A - 1 AR 1 AL
FOURR MR 13T, 3 ik A T DU 25 4 YRR - AR S AR e 1 (18T 21D,

K 21, SCHRESIAS 2 1R 4y 45

o Vi EBMEMEHNRE . SPH AT LUBRUA R, W nT USSR E [E A AR, R T SPH ¥4
A - A R AR S B AT VF Z BT T 48 93, G EEEE, Yan SENGIN TR TIRARE A Ak
AR LA [ A KA Y, IR T R T SPH 3 R4 55 30 BRI A Rk 2 [ 0 R 15 D7 VR 18
Chen % ¥ Yan %5 NI TAERE— B 5 NBI T MLSRK HEZE R, @it i & 2 e/ —Tidkitk— B4
LSRR PRI, R EIRSE BT SPH YA UL RS & HENE S, AR FUE SR T A SPH i
P HE T A K B AR BEAT RS S 7, et Mdler AR AR SPH A 54 IRIT
AL [ 7 2 18] A% 5775130, Shao & A4 4] PCISPH ik 5 LSM A1 [l #% & 77141209
Rumman %5 A& i #4 F SPH Jiiik 5 PBD 51k [ {4 S LA & /1 75 121220045

o ViEZIAMEBMEE . WASE LM A I, T HARIOK S . Rk, 2R S K
P A RO BLEE XS RO 7T . i T SPH A% St 05 iR AE RN 22 AL RIEOK o 8K RE vh 75 ZE A
B BRI T DUORAIE B s 212, sEEld B0 E . Ren SEXFULREAT 1 ek k Y. 7EAdAT]
FEH BT, SRR T A EE B > BORRAL H RS 5 AL T 2 LA R 2 P BAE H 2 5 i, AR
T MR AR T, HREW LI 2 AR R A S Z AR Z A R
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EERIATHIRUTGE

22, RT3 B AR U235 R A 1 R AR IR0 R AR AR AR ADLISO) DL I R A A [225]

(HEZETF) .

B i A R S R T 22 4k, CG AU i A VR 2 e BRI JRUE MWL (& 7, Wik,

AERGZ IR E « A FR A A 50T LU — B R0 A BIE AR & 5 B IE AR
AW A EERAENSAAERFN E BRMU R, HWAMENEEHEZS R, B HRmMER
MRTHE & AR . Uk, Solenthaler 55 A4 HH A I fE 7 % % B THECRAUE JR SPH VR R R E %
FE CAHEAT A RIS AF 1027, 2 p 80 0 4k IR B A 2 5 AN BV AR 22 IRl R 2 3l 7= 2E R, Yang 25 A
$EH Pairwise 777 VESRIEAT M ORISR, B T 2 AT LV Y A B AL, U T OB LR FL B Ren 5§
N B0, AU A AR R T — AUAR R AU B, RO E R T S A RERA R LR, %07k
AR DU L B AR IR A F RS R, R R B IL 2 R B A RGBT IRAE I FE . 2 JF, Yang
LNBINT A ZBE R E HEMAER (Helmholtz Free Energy), J£454 Cahn-Hilliard J5 2, Bin]
SEPELFEREI . 4 TE MR (partial dissolution) 54 437 St INGT, JTde4E, Jiang 2 A\ G —
7E Yang 55 NI 5 i SEIL T AR FE I M CBUSE S 200, 3R T RIS E T2,

VARSI SR AR P 50 00T R 3 T 09 Y T I A AR 0L 00 L B S P A B R A B o
XPIX— )@, Cleary 55 N H& H T PO AR 0L &5 VR B R I AR Al il . a3, & IR M7
1512181 |hmsen 25 AR H T AE R R IIRAS . BRI N AR A B FAE RS IR,
AIEAR IS 2 TH 5 B RT3 T KR 8 45 ey 400 B S (2041,

AR AR E —F R A — P 9 A — AL R . Yang S8 AR T RAE 5 AR AR i
TRV 772059 Hochstetter 58 AR H T /K78 K&« A6 B2 AU U7 v 2470,
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o JEEW. ZIRTHMEAFE N, SPH R RMER E AL L. S 1 LB xE LA L 2 i i i
WL, Yang S5 AN HURE L ALY N R SRTE SURRL 5 (SR, TR I IS e R kA A R
HRE 711330, Wang 55 A $ K T7 R vE 2R iR JIE il )R B2, IR T B & A R i sk 1 1E
NS 772 EL K WCSPH VAR 1 I e i S5 R T AT 01 BTk - 1207 1% RE08 (RAEJIE 2 i R
R, JRAESNEMIL WM. RS EIF. Rk /¥ BUERU L — gL B A 1
WE (E 22) @9,

o FERMWAKIHER . Gissler 55 A4 T 0 T W iR PR I In 22 <8 R AT 7k, AN EAE AU
RLT-, T A AR 8 AR A3 P R HL AR T AR B v AR R IR T 32 B ) 2 R R, BRI 2R
Hh R GEIZ SR TR AR (& 22),

&R 7. SPH R RHNRIEN BIiE
. WOERIE | WA | WS | MR | TIAR | AR5 | o | BE | EANmE
o =1 HaRE | MRS e A vk L F0E ()

HEE [35, 66] [58, 113] [51] [57, 214] [133] [104] [59, 217] | [215) [213]

53 EFMENGE—HEER

SPH J7 A BE AU, B REM BB P A RL . ORI A L, DL RIM B I RS & 1l 12,
A e E T SPH B A—F EMHESR. BT SPH MG — 7 HAER R EAST R e, 3
. SRR E T, IR B ARG e, TS O T R R 2 R RR : Yan SAIEH T 6
FEA . BREEVEATRL . ORI S AR DL RS R FE I S8 — 1 T VAR) Yang S AR R T EE AR
A Je FLAR AR I 72 A 48— 1 HAEZRI0; He %5 N7 SPH VA 8] N TiE33) /1% (Peridynamics) Hig, #HET
BAT R0 R P PR RS 3 R 7 A DA B e 8 M ] 4 1) 48— 1 ECHE 421481, Chen 48 A7E SPH 15| AT MLSRK
(Moving Least Square Reproducing Kernel) i, % 76, & B4 RHE S 72 DL R [ 44 5 88 0 78 1) 58— 15
FAHELRR] (5] 23).

23. SCHRIMSIR AR 73 45 R X — B A R S TR AR PR £ DL R A RHR R A 07 588 3 7 1 4
.
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6 BESRE

RS IR BRILE. “nEH 7 MIEYIFESR, LA SPH R 0T HAE AR IEAE PE Y
K&, IEPPET KEMVIRBE . A SCNGAARE AR B A k. FasE e, THE AR UL R E 45 Sl
L7 R I S AE SPH VAR L R HEAT T 845 Wi T ARSI BERI 34T, RRX—H AR KR M
ARSI SBR . Famtt. SRS mMALRAN . TR N A BHE LT L7 :

BBEMA: (1) GPU BB 2 2 PE MK SPH VAL THELF ], DRIk SPH IR BE40L BVE 7 2240 % GPU 47
BRI, WA RRIT BN o A oDk S5 s SR m 7 ERE W 1B 4T /E GPU LA B N ME, X5
MR WA FFTRE— 05835, (2) AT RSEHRAE . MR S0 R B B 2 TSR, dofa e ff
TIE LT ORS00 [ B s AR SO B R AT R R AT LA R e (D K PR, R R EE BT (D
SPH ¥ H AR A R I F2 A2 SPH yR AR = IR AT, X T4 15k 25 R 28 s B HL 5038 &5 44 77 T B Ak 75 B R S b
.

BEARERRIN J¥E: (1 SPH ¥k B AT KR ™ 5 52 B AN Fa e ] B R, 3K — ) B0 T 9 A R 48L 1)
MBS BRR M, 3 RE B TEA I Nt 2 S AT T A SO AR i — AN FaE W, ¥ 2 K HEE SPH
TR B AR B R R (2) UARH ST 5 R ) SR A 25 B8 2RI A7 A0 A LT PR 1 A, R s 9 6 12 B A S 17F 7
COR I, A BEAR DI 24 1] 8 U] AT DA, 32 3 A 4D AR e v DA S Mo B s v, R, 76 SPH & HH X J7 TH I AR
s (3) HAT SPH LMV B BRI — B, ] GE 68 s AR J5 vk SRETHE U5 A B E SPH VA
BWEMATIALZMIEE, ERREEBENTANE.

BRFHEWBER L (LD RIFEHER, Eml. BRE. B5EZMMEME S MRS — 1 EAELE
F& o SPH VLRI B AR M EEMANLE. (2) HFAERBENGEEERERG S, Bt SPH k5
Hw 7R 2 6] (AR A S, 6 T HESD SPH YRR AR (8 A 5 B L.

SEWIWFIERIG A RS ) S5E IR 3) 75 vk 5 AR5 B Al A MY RE B3 B S BT RCE, T
Haetgshom g7 KRR DIRE, hans T “ XA IERE 7 AU A4 0 B A I2I8T, 3 g i kB e g bt | Ay 40 =45
SE097), i 3 T A R FC 0 R R . T AR R R ) R ik A 1180, 201, 219-2210 g5 — e i £ T i ) A B Sl —
AR, HIBOX RS T ER G R L W, AR, A S AEWGEhE, Dhfed T
—, MELLFEIBS RO AN FE RS . AREE S SNEFZG TSRS, XSG T IX—/E 7% .
F, WATAR X — AT ERGE Y. SR B, R AR RIF R E A

CG B Font T LREFIME W TR T SPH VLM FTIREN, Bk CG 4k 4 45 % £ 1)
AR BRI LS T TR AN S, ks E 7ML a2k, 5 b 3R b B 7y v 10814
4. T CG BURMIB FL A P, H/A A Rets B 2548 M AU EDRS MR T vk, BRIt T RR 8038 R A 5% SPH i 1) T
AEELE CC WML . AN i tedE CG Atk A —LeifF A TAE R B35 $2 1 SPH A4 (7 3 (1 % e
S PR P, b AR ek A 3k i e Ak T v 116, 162-165] | S AT SIS R 2R ] ROR ) R 41200, 2000 4T Sk 47
T B 7 v 18 1814 A ] BE AT SR SR 4t AR AR S 7T R B S AR IR RS .

M2, SPHERMERIHE R A RE CEIE TRZ#E, HEmEEE 2, ARE—DHRE.

References:

[1] Xiao Y, Chan S, Wang S, Zhu B, and Yang X. An adaptive staggered-tilted grid for incompressible flow simulation. ACM
Transactions on Graphics. 2020, 39(6): 171:1-171:15.

[2] Chen Y-L, Meier J, Solenthaler B, and Azevedo V C. An extended cut-cell method for sub-grid liquids tracking with surface
tension. ACM Transactions on Graphics. 2020, 39(6): 169:1-169:13.

[3] Goldade R, Wang Y, Aanjaneya M, and Batty C. An adaptive variational finite difference framework for efficient symmetric octree
viscosity. ACM Transactions on Graphics. 2019, 38(4): 94:1-94:14.

[4] Macklin M, and MUler M. Position based fluids. ACM Transactions on Graphics. 2013, 32(4): 104:1-104:5.

[5] Winchenbach R, Akhunov R, and Kolb A. Semi-analytic boundary handling below particle resolution for smoothed particle
hydrodynamics. ACM Transactions on Graphics. 2020, 39(6): 173:1-173:17.



XA AR F ABETFRAS A (SPH) ARG AR KGR 2227

(6]

[71

(8]

&)

[10]

[11]
[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[26]

[27]

[28]

[29]

[30]

Zhai X, Hou F, Qin H, and Hao A. Fluid Simulation with Adaptive Staggered Power Particles on GPUs. IEEE Transactions on
Visualization and Computer Graphics. 2020, 26(6): 2234-2246.

Chen Y, Li W, Fan R, and Liu X. GPU Optimization for High-Quality Kinetic Fluid Simulation. IEEE Transactions on
Visualization and Computer Graphics. 2022, 28(9): 3235-3251.

Hu Y, Fang Y, Ge Z, Qu Z, Zhu Y, Pradhana A, and Jiang C. A moving least squares material point method with displacement
discontinuity and two-way rigid body coupling. ACM Transactions on Graphics. 2018, 37(4): 150:1-150:14.

Nakanishi R, Nascimento F, Campos R, Pagliosa P, and Paiva A. RBF liquids: an adaptive PIC solver using RBF-FD. ACM
Transactions on Graphics. 2020, 39(6): 170:1-170:13.

Fang Y, Qu Z, Li M, Zhang X, Zhu Y, Aanjaneya M, and Jiang C. 1Q-MPM: an interface quadrature material point method for
non-sticky strongly two-way coupled nonlinear solids and fluids. ACM Transactions on Graphics. 2020, 39(4): 51:1-51:16.

Lucy L B. A numerical approach to the testing of the fission hypothesis. The Astrophysical Journal. 1977, 8(12): 1013-1024.
Gingold R A, and Monaghan J. Smoothed Particle Hydrodynamics - Theory and Application to Non-Spherical Stars. Monthly
notices of the royal astronomical society. 1977, 181: 375-389.

J J. M. Smoothed Particle Hydrodynamics. Annual Review of Astronomy & Astrophysics. 1992, 30: 543-574

Su ZY,Wang G Z, Wang Y K, Luo X, and Zhang H. Numerical simulation of dynamic catastrophe of slope instability in three
Gorges reservoir area based on FEM and SPH method. Natural Hazards. 2022, 111(1): 709-724.

Lyu H G, and Sun P N. Further enhancement of the particle shifting technique: Towards better volume conservation and particle
distribution in SPH simulations of violent free-surface flows. Applied Mathematical Modeling. 2022, 101: 214-238.

Peng X, Yu P, Chen G, Xia M, and Zhang Y. Development of a Coupled DDA-SPH Method and its Application to Dynamic
Simulation of Landslides Involving Solid—Fluid Interaction. Rock Mechanics and Rock Engineering. 2020, 53(1): 113-131.
Hammani I, Marrone S, Colagrossi A, Oger G, and Le Touzé€D. Detailed study on the extension of the 5-SPH model to multi-phase
flow. Computer Methods in Applied Mechanics and Engineering. 2020, 368(15): 113189.

Desbrun M, and Gascuel. M P. Smoothed particles: A new paradigm for animating highly deformable bodies. In: Proceedings of the
Eurographics Workshop. 1996: 61-67.

Xu T, Wu W, and Wu E. Real-time generation of smoothed-particle hydrodynamics-based special effects in character animation.
Computer Animation and Virtual Worlds. 2014, 25(2): 185-198.

Huang C, Zhu J, Sun H, and Wu E. Parallel-optimizing SPH fluid simulation for realistic VR environments. Computer Animation
and Virtual Worlds. 2015, 26(1): 43-54.

Stanton M, Humberston B, Kase B, O'Brien J F, Fatahalian K, and Treuille A. Self-refining games using player analytics. ACM
Transactions on Graphics. 2014, 33(4): 73:1-73:9.

Aldu& I, Tena A , and Otaduy M A. DYVERSO: A Versatile Multiphase Position-Based Fluids Solution for VFX. Computer
Graphics Forum. 2016, 36(8): 32-44.

Cavelan A, Cabezén R M, Grabarczyk M, and Ciorba F M. A Smoothed Particle Hydrodynamics Mini-App for Exascale. In:
Proceedings of the Platform for Advanced Scientific Computing Conference. 2020: 1-11.

Nie X, Hu Y, Su Z, and Shen X. Fluid Reconstruction and Editing from a Monocular Video based on the SPH Model with External
Force Guidance. Computer Graphics Forum. 2021, 40(6): 62-76.

Schoentgen A, Poulin P, Darles E, and Meseure P. Particle-based Liquid Control using Animation Templates. Computer Graphics
Forum. 2020, 39(8): 79-88.

Garc®-Feal O, Crespo A J C, and Gdmez-Gesteira M. VisualSPHysics: advanced fluid visualization for SPH models.
Computational Particle Mechanics. 2021: 1-14.

Li H, Ren H, Qiu S, and Wang C. Physics-Based Simulation of Ocean Scenes in Marine Simulator Visual System. Water. 2020,
12(1): 215.

Hassaballa H M, Aly A M, and Abdelnaim A. Interactive fluid flow simulation in computer graphics using incompressible
smoothed particle hydrodynamics. Computer Animation and Virtual Worlds. 2020, 31(7): 1546-4261.

Ihmsen M, Orthmann J, Solenthaler B, and Teschner M. SPH Fluids in Computer Graphics. In: Eurographics Proceedings. STAR —
State of The Art Report. 2014.

Koschier D, Bender J, Solenthaler B, and Teschner M. Smoothed Particle Hydrodynamics Techniques for the Physics Based
Simulation of Fluids and Solids. In: Eurographics Proceedings. Tutorials. 2019.



2228 Journal of Software # % 4% Vol.32, No.7, July 2022

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Bo R, Yang X Y, Lin M C, Thuerey N, Teschner M, and Li C. Visual Simulation of Multiple Fluids in Computer Graphics: A
State-of-the-Art Report. Journal of Computer Science & Technology. 2018, 33(003): 431-451.

Um K, Hu X, and Thuerey N. Perceptual evaluation of liquid simulation methods. ACM Transactions on Graphics. 2017, 36(4):
143:1-143:12.

Mdler M, Schirm S, Teschner M, Heidelberger B, and Gross M. Interaction of fluids with deformable solids. Computer Animation
and Virtual Worlds. 2004, 15(34): 159-171.

Keiser R, Adams B, Gasser D, Bazzi P, DutréP, and Gross M. A Unified Lagrangian Approach to Solid-Fluid Animation. in
Eurographics Symposium on Point-Based Graphics, 2005.

Gissler C, Peer A, Band S, Bender J, and Teschner M. Interlinked SPH Pressure Solvers for Strong Fluid-Rigid Coupling. ACM
Transactions on Graphics. 2019, 38(1): 5:1-5:13.

Liu G R, and Liu M B. Smoothed particle hydrodynamics: a meshfree particle methods. World scientific. 2003.

Fries T-P M, Hermann-Georg;. Classification and Overview of meshfree method. Institut fUr Wissenschaftliches Rechnen. 2004.
Cornelis J, Ihmsen M, Peer A, and Teschner M. IISPH-FLIP for incompressible fluids. Computer Graphics Forum. 2014, 33(2):
255-262.

Hong J-M, Lee H-Y, Yoon J-C, and Kim C-H. Bubbles alive. ACM Transactions on Graphics. 2008, 27(3): 1-4.

Thirey N, Sadlo F, Schirm S, Mduler-Fischer M, and Gross M H. Real-time simulations of bubbles and foam within a
shallow-water framework. In: Proceedings of the ACM SIGGRAPH / Eurographics Symposium on Computer Animation. 2007,
191-198.

Losasso F, Talton J, Kwatra N, and Fedkiw R. Two-way coupled SPH and particle level set fluid simulation. IEEE Transactions on
Visualization and Computer Graphics. 2008, 14(4): 797-804.

Lee H, and Han S. Solving the Shallow Water equations using 2D SPH particles for interactive applications. The Visual Computer.
2010, 26(6-8): 865-872.

Kang N, and Sagong D. Incompressible SPH using the Divergence-Free Condition. Computer Graphics Forum. 2014, 33(7):
219-228.

Shi J, Li C, Wang C, Qin H, and He G. An advanced hybrid smoothed particle hydrodynamics—fluid implicit particle method on
adaptive grid for condensation simulation. Computer Animation and Virtual Worlds. 2020, 31(6): 1546-4261.

Shao X Q, Mei P, and Chen W X. Real-time simulation of realistic fluid animation based on stable SPH-SWE numerical model.
Acta Physica Sinica. 2021,70(23):259-270.

Fei Y, Guo Q, Wu R, Huang L, and Gao M. Revisiting integration in the material point method: a scheme for easier separation and
less dissipation. ACM Transactions on Graphics. 2021, 40(4): 109:1-109:16.

Peer A, Gissler C, Band S, and Teschner M. An Implicit SPH Formulation for Incompressible Linearly Elastic Solids. Computer
Graphics Forum. 2018, 37(6): 135-148.

He X, Wang H, and Wu E. Projective Peridynamics for Modeling Versatile Elastoplastic Materials. IEEE Transactions on
Visualization and Computer Graphics. 2018, 24(9): 2589-2599.

Alduan I, and Otaduy M. SPH Granular Flow with Friction and Cohesion. In: Proceedings of the ACM SIGGRAPH / Eurographics
Symposium on Computer Animation. 2011, 25-32.

Gissler C, Henne A, Band S, Peer A, and Teschner M. An implicit compressible SPH solver for snow simulation. ACM
Transactions on Graphics. 2020, 39(4): 36:1-36:16.

Ren B, Xu B, and Li C. Unified particle system for multiple-fluid flow and porous material. ACM Transactions on Graphics. 2021,
40(4): 118:1-118:14.

Huang L, H&lrich T, and Michels D L. On the accurate large-scale simulation of ferrofluids. ACM Transactions on Graphics. 2019,
38(4): 93:1-93:15.

Kugelstadt T, Bender J, Ferné&ndez-Fernéndez J A, Jeske S R, L&chner F, and Longva A. Fast Corotated Elastic SPH Solids with
Implicit Zero-Energy Mode Control. In: Proceedings of the ACM on Computer Graphics and Interactive Techniques. 2021, 4(3):
1-21.

Wang X, Fujisawa M, and Mikawa M. Visual Simulation of Soil-Structure Destruction with Seepage Flows. In: Proceedings of the
ACM on Computer Graphics and Interactive Techniques. 2021, 4(3): 41:1-41:18.



XA AR F ABETFRAS A (SPH) ARG AR KGR 2229

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]

[81]

[82]

Akbay M, Nobles N, Zordan V, and Shinar T. An extended partitioned method for conservative solid-fluid coupling. ACM
Transactions on Graphics. 2018, 37(4): 861:1-86:12.

Ren B, Li C, Yan X, Lin M C, Bonet J, and Hu S-M. Multiple-Fluid SPH Simulation Using a Mixture Model. ACM Transactions
on Graphics. 2014, 33(5): 171:1-171:11.

Yang T, Chang J, Ren B, Lin M C, Zhang J J, and Hu S-M. Fast multiple-fluid simulation using Helmholtz free energy. ACM
Transactions on Graphics. 2015, 34(6): 201:1-201:11.

Yan X, Jiang Y-T, Li C-F, Martin R R, and Hu S-M. Multiphase SPH simulation for interactive fluids and solids. ACM
Transactions on Graphics. 2016, 35(4): 79:1-79:11.

Yang T, Chang J, Lin M C, Martin R R, Zhang J J, and Hu S-M. A unified particle system framework for multi-phase,
multi-material visual simulations. ACM Transactions on Graphics. 2017, 36(6): 224:1-224:13.

Chang Y, Bao K, Liu Y, Zhu J, and Wu E. A particle-based method for viscoelastic fluids animation. In: Proceedings of the 16th
ACM symposium on virtual reality software and technology. 2009: 111-117.

Kim J H, and Lee J. Stable and Anisotropic Freezing Framework With Interaction Between IISPH Fluids and Ice Particles. IEEE
Access. 2021, 9: 146097-146109.

Jiang Y, and Lan Y. A Dynamic Mixture Model for Non-equilibrium Multiphase Fluids. Computer Graphics Forum. 2021, 40(7):
85-95.

Ihmsen M, Cornelis J, Solenthaler B, Horvath C, and Teschner M. Implicit incompressible SPH. IEEE Transactions on
Visualization and Computer Graphics. 2014, 20(3): 426-435.

Cummins S J, and Rudman M. An sph projection method. Journal of Computational Physics. 1999, 152(2): 584-607.

He X, Wang H, Wang G, Wang H, and Wu E. A variational staggered particle framework for incompressible free-surface flows.
arXiv. 2020, 2001.09421.

He X, Liu N, Wang G, Zhang F, Li S, Shao S, and Wang H. Staggered meshless solid-fluid coupling. ACM Transactions on
Graphics. 2012, 31(6): 149:1-149:12.

Reinhardt S, Krake T, Eberhardt B, and Weiskopf D. Consistent shepard interpolation for SPH-based fluid animation. ACM
Transactions on Graphics. 2019, 38(6): 189:1-189:11.

He X, Wang H, Zhang F, Wang H, Wang G, and Zhou K. Robust Simulation of Sparsely Sampled Thin Features in SPH-Based Free
Surface Flows. ACM Transactions on Graphics. 2014, 34(1): 189:1-189:9.

Si W, Qin J, Chen Z, Liao X, Wang Q, and Heng P-A. Thin-Feature-Aware Transport-Velocity Formulation for SPH-Based Liquid
Animation. IEEE Transactions on Multimedia. 2018, 20(11): 3033-3044.

Lai W M. Introduction to Continuum Mechanics. 4th ed., Butterworth-Heinemann, 2009.

Monaghan J J. Smoothed particle hydrodynamics. Reports on progress in physics, 2005, 68(8): 1703.

Bridson R. Fluid Simulation For Computer Graphics. 5th ed., CRC Press, 2014.

Becker M, and Teschner M. Weakly compressible SPH for free surface flows. In: Proceedings of the ACM SIGGRAPH /
Eurographics Symposium on Computer Animation. 2007: 209-217.

Peridyno. https://github.com/peridyno/peridyno

Physika. https://github.com/PhysikaTeam/PhysIKA

Splishsplash. https://github.com/InteractiveComputerGraphics/SPlisHSPlasH

CPP-Fluid-Particles. https://github.com/zhai-xiao/CPP-Fluid-Particles

Winchenbach R, Hochstetter H, and Kolb A. Constrained Neighbor Lists for SPH-based Fluid Simulations. In: Proceedings of the
ACM SIGGRAPH / Eurographics Symposium on Computer Animation. 2016: 49-56.

Liu S, He X, Wang W, and Wu E. Adapted SIMPLE Algorithm for Incompressible SPH Fluids with a Broad Range Viscosity. IEEE
Transactions on Visualization and Computer Graphics, 2021, 28(9): 3168-3179.

Reinhardt S, Huber M, Eberhardt B, and Weiskopf D. Fully asynchronous SPH simulation. In: Proceedings of the ACM
SIGGRAPH / Eurographics Symposium on Computer Animation. 2017: 1-10.

Bender J, and Koschier D. Divergence-free smoothed particle hydrodynamics. In: Proceedings of the ACM SIGGRAPH /
Eurographics Symposium on Computer Animation. 2015: 147-155.

Weiler M, Koschier D, Brand M, and Bender J. A Physically Consistent Implicit Viscosity Solver for SPH Fluids. Computer
Graphics Forum. 2018, 37(2): 145-155.



2230 Journal of Software # % 4% Vol.32, No.7, July 2022

[83]

[84]
[85]

[86]
(87

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[99]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

Matthias Mdler C D, Gross M. Particle-Based Fluid Simulation for Interactive Applications. In: Proceedings of the ACM
SIGGRAPH / Eurographics Symposium on Computer Animation. ACM. 2003. 2.

Schechter H, and Bridson R. Ghost SPH for animating water. ACM Transactions on Graphics. 2012, 31(4): 61:1-61:8.

Gotoh H, and Khayyer A. Current achievements and future perspectives for projection-based particle methods with applications in
ocean engineering. Journal of Ocean Engineering and Marine Energy. 2016, 2(3): 251-278.

Luo M, Khayyer A, and Lin P. Particle methods in ocean and coastal engineering. Applied Ocean Research. 2021, 114: 102734.

Yu P, Peng X, Hu B, Cheng X, Zhang Y, and Li D. Extension of 3-D coupled DDA-SPH method for dynamic analysis of
soil-structure interaction problems. Applied Mathematical Modelling, 2022, 111: 436-453.

Yang Q, Jones V, and Mccue L. Free-surface flow interactions with deformable structures using an SPH-FEM model. Ocean
Engineering. 2012, 55: 136-147.

Bouscasse B, Colagrossi A, Marrone S, and Antuono M. Nonlinear water wave interaction with floating bodies in SPH. Journal of
Fluids and Structures. 2013, 42: 112-129.

Shi Y, Li S, Chen H, He M, and Shao S. Improved SPH simulation of spilled oil contained by flexible floating boom under
wave-current coupling condition. Journal of Fluids and Structures. 2018, 76: 272-300.

Dzwinel W, and Yuen D. Bridging diverse physical scales with the discrete-particle paradigm in modeling colloidal dynamics with
mesoscopic features. Chemical Engineering Science. 2006, 61: 2169-2185.

Qi Y, Chen J, Zhang G, Xu Q, and Li J. An improved multi-phase weakly-compressible SPH model for modeling various landslides.
Powder Technology. 2022, 397: 117120.

Vannozzi L, Mazzocchi T, Hasebe A, Takeoka S, Fujie T, and Ricotti L. A Coupled FEM-SPH Modeling Technique to Investigate
the Contractility of Biohybrid Thin Films. Advanced Biosystems, 2020, 4(8): 1900306.

Ye T, Phan-Thien N, and Lim C T. Particle-based simulations of red blood cells-A review. Journal of Biomechanics. 2016, 49(11):
2255-2266.

Geara S, Martin S, Adami S, Petry W, Allenou J, Stepnik B, and Bonnefoy O. A new SPH density formulation for 3D free-surface
flows. Computers & Fluids. 2022, 232: 105193.

Chola K, and Shintake T. Generalized entropically damped artificial compressibility for weakly compressible SPH. Computers &
Fluids. 2021, 229: 105093.

Antuono M, Sun P N, Marrone S, and Colagrossi A. The 3-ALE-SPH model: An arbitrary Lagrangian-Eulerian framework for the
8-SPH model with particle shifting technique. Computers & Fluids. 2021, 216: 104806.

Khayyer A, Gotoh H, and Shimizu Y. Comparative study on accuracy and conservation properties of two particle regularization
schemes and proposal of an optimized particle shifting scheme in ISPH context. Journal of Computational Physics. 2017, 332:
236-256.

Wang L, Khayyer A, Gotoh H, Jiang Q, and Zhang C. Enhancement of pressure calculation in projection-based particle methods by
incorporation of background mesh scheme. Applied Ocean Research. 2019, 86: 320-339.

He F, Zhang H, Huang C, and Liu M. A stable SPH model with large CFL numbers for multi-phase flows with large density ratios.
Journal of Computational Physics. 2022, 453: 110944.

You Y, Khayyer A, Zheng X, Gotoh H, and Ma Q. Enhancement of 8-SPH for ocean engineering applications through
incorporation of a background mesh scheme. Applied Ocean Research. 2021, 110: 102508.

Bender J, Koschier D, Kugelstadt T, and Weiler M. Turbulent Micropolar SPH Fluids with Foam. IEEE Transactions on
Visualization and Computer Graphics. 2019, 25(6): 2284-2295.

Ilhmsen M, Bader J, Akinci G, and Teschner M. Animation of Air Bubbles with SPH. in: GRAPP, 2011, 225-234.

Ihmsen M, Akinci N, Akinci G, and Teschner M. Unified spray, foam and air bubbles for particle-based fluids. The Visual
Computer. 2012, 28(6-8): 669-677.

Yang S, He X, Wang H, Li S, Wang G, Wu E, and Zhou a K. Enriching SPH Simulation by Approximate Capillary Waves. In:
Proceedings of the ACM SIGGRAPH / Eurographics Symposium on Computer Animation. 2016: 29-36.

Huang W, Iseringhausen J, Kneiphof T, Qu Z, Jiang C, and Hullin M B. Chemomechanical simulation of soap film flow on
spherical bubbles. ACM Transactions on Graphics. 2020, 39(4): 41:1-41:13.

Chang Y, Liu S, He X, Li S, and Wang G. Semi - analytical Solid Boundary Conditions for Free Surface Flows. Computer
Graphics Forum. 2020, 39(7): 131-141.



XA AR F ABETFRAS A (SPH) ARG AR KGR 2231

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

[120]

[121]

[122]

[123]
[124]

[125]

[126]
[127]

[128]
[129]

[130]

[131]

[132]

Vacondio R, Altomare C, De Leffe M, Hu X, Louze L D, Lind S and Marongiu J, Marrone S, Rogers B D, and Souto-Iglesias A.
Grand challenges for Smoothed Particle Hydrodynamics numerical schemes. Computational Particle Mechanics, 2021, 8(3):
575-588 .

Peer A, Ihmsen M, Cornelis J, and Teschner M. An Implicit Viscosity Formulation for SPH Fluids. ACM Transaction on Graphics.
2015, 34(4): 114:1-114:10.

Peer A, and Teschner M. Prescribed Velocity Gradients for Highly Viscous SPH Fluids with Vorticity Diffusion. IEEE
Transactions on Visualization and Computer Graphics. 2017, 23(12): 2656-2662.

Huang Z, Schneider T, Li M, Jiang C, Zorin D, and Panozzo D. A Large-Scale Benchmark for the Incompressible Navier-Stokes
Equations. arXiv preprint arXiv:2112.05309. 2021.

Band S, Gissler C, Ihmsen M, Cornelis J, Peer A, and Teschner M. Pressure Boundaries for Implicit Incompressible SPH. ACM
Transactions on Graphics. 2018, 37(2): 14:1-14:1011.

Chen X-S, Li C-F, Cao G-C, Jiang Y-T, and Hu S-M. A moving least square reproducing kernel particle method for unified
multiphase continuum simulation. ACM Transactions on Graphics. 2020, 39(6): 176:1-176:1511.

Winchenbach R, and Kolb A. Optimized Refinement for Spatially Adaptive SPH. ACM Transactions on Graphics. 2021, 40(1):
8:1-8:15.

Ando R, Thurey N, and Tsuruno R. Preserving fluid sheets with adaptively sampled anisotropic particles. IEEE Transactions on
Visualization and Computer Graphics. 2012, 18(8): 1202-1214.

Adams B, Pauly M, Keiser R, and Guibas L J. Adaptively sampled particle fluids. ACM Transactions on Graphics. 2007, 26(99):
48:1-48:7.

Winchenbach R, Hochstetter H, and Kolb A. Infinite continuous adaptivity for incompressible SPH. ACM Transactions on
Graphics. 2017, 36(4): 102:1-102:10.

Solenthaler B, and Pajarola R. Predictive-corrective incompressible SPH. ACM Transactions on Graphics. 2009, 28(3): 40:1-40:6.
He X, Liu N, Li S, Wang H, and Wang G. Local Poisson SPH For Viscous Incompressible Fluids. Computer Graphics Forum. 2012,
31(6): 1948-1958.

Bao K, Zhang H, Zheng L, and Wu E. Pressure corrected SPH for fluid animation. Computer Animation and Virtual Worlds. 2009,
20(2 - 3): 311-320.

Wu M, Liu S, and Xu Q. Improved divergence-free smoothed particle hydrodynamics via priority of divergence-free solver and
SOR. Computer Animation and Virtual Worlds. 2021, 32(3-4): e2006.

Batty C, Bertails F, and Bridson R. A fast variational framework for accurate solid-fluid coupling. ACM Transactions on Graphics.
2007, 26(99): 100:1-100:7.

Nair P, and Tomar G. An improved free surface modeling for incompressible SPH. Computers & Fluids. 2014, 102: 304-314.
Takahashi T, Dobashi Y, Nishita T, and Lin M C. An Efficient Hybrid Incompressible SPH Solver with Interface Handling for
Boundary Conditions. Computer Graphics Forum. 2017, 37(1): 313-324.

Wang F, Lin S, Luo X, and Wang R. Coupling Computation of Density-Invariant and Divergence-Free for Improving
Incompressible SPH Efficiency. IEEE Access. 2020, 8: 135912-135919.

Monaghan J J. SPH without a Tensile Instability. Journal of Computational Physics. 2000, 159(2): 290-311.

Solenthaler B P R. Density Contrast SPH Interfaces. In: Proceedings of the ACM SIGGRAPH / Eurographics Symposium on
Computer Animation. 2008: 211-218.

Andrade L F D S, Sandim M, and F P. SPH Fluids for Viscous Jet Buckling. Sibgrapi Conference on Graphics. IEEE. 2014: 65-72.
Zhang Y, Ban X, Xu Y, and Liu X. A Predictive-Corrective SPH Method for Shear Thinning Non-Newtonian Fluid. Journal of
Computer-Aided Design & Computer Graphics. 2017, 29(5): 906-913 .

Bender J, and Koschier D. Divergence-Free SPH for Incompressible and Viscous Fluids. IEEE transactions on visualization and
computer graphics. 2017, 23(3): 1193-1206.

Takahashi T, Dobashi Y, Fujishiro I, Nishita T, and Lin M C. Implicit Formulation for SPH-based Viscous Fluids. Computer
Graphics Forum. 2015, 34(2).

Morris J P. Simulating surface tension with smoothed particle hydrodynamics. International Journal for Numerical Methods in
Fluids. 2015, 33(3): 333-353.



2232 Journal of Software # % 4% Vol.32, No.7, July 2022

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]
[156]

Yang T, Martin R R, Lin M C, Chang J, and Hu S M. Pairwise Force SPH Model for Real-Time Multi-Interaction Applications.
IEEE Transactions on Visualization and Computer Graphics. 2017, 23(10): 2235-2247.

Yang, Li, XS, Liu, YQ, Wu, and EH. A novel surface tension formulation for SPH fluid simulation. The Visual Computer, 2017,
33(5): 597-606.

Yang M, Li X, Yang G, and Wu E. SPH-based Fluid Simulation with a New Surface Tension Formulation. in 2015 International
Conference on Virtual Reality and Visualization (ICVRV), 2015, 295-300.

Akinci N, Akinci G, and Teschner M. Versatile surface tension and adhesion for SPH fluids. ACM Transactions on Graphics. 2013,
32(6): 182:8-182:8.

Wang X, Liu S, Ban X, Xu Y, Zhou J, and Kosinka J. Robust turbulence simulation for particle-based fluids using the Rankine
vortex model. The Visual Computer. 2020, 36(10-12): 2285-2298.

Liu S, Wang X, Ban X, Xu Y, Zhou J, Kosinka J, and Telea A C. Turbulent Details Simulation for SPH Fluids via Vorticity
Refinement. Computer Graphics Forum. 2020, 40(1): 54-67.

PatanéG. Meshless Approximation and Helmholtz-Hodge Decomposition of Vector Fields. IEEE Transactions on Visualization
and Computer Graphics. 2022, 28(2): 1328-1341.

Fries T P, and Belytschko T. Convergence and stabilization of stress-point integration in mesh-free and particle methods.
International Journal for Numerical Methods in Engineering. 2010, 74(7): 1067-1087.

Chalk C M, Pastor M, Peakall J, Borman D J, and Fuentes R. Stress-Particle Smoothed Particle Hydrodynamics: An application to
the failure and post-failure behaviour of slopes. Computer Methods in Applied Mechanics and Engineering. 2020, 366: 113034.
Belytschko T, and Xiao S. Stability analysis of particle methods with corrected derivatives. Computers & Mathematics with
Applications. 2002, 43(3-5): 329-350.

Si W, Liao X, Qian Y, Wang Q, and Heng P-A. Versatile numerical fractures removal for SPH-based free surface liquids.
Computers & Graphics. 2019, 81: 26.

Akinci N, Thmsen M, Akinci G, Solenthaler B, and Teschner M. Versatile rigid-fluid coupling for incompressible SPH. ACM
Transactions on Graphics. 2012, 31(4): 62.

Bender J, Kugelstadt T, Weiler M, and Koschier D. Volume Maps: An Implicit Boundary Representation for SPH. in Motion,
Interaction and Games. 2019: 1-10.

Harada T, Koshizuka S, and Kawaguchi Y. Smoothed Particle Hydrodynamics in Complex Shapes. in SCCG '07: In: Proceedings of
the 23rd Spring Conference on Computer Graphics. Budmerice Castle, Slovakia. 2007: 191-197.

Ihmsen M, Akinci N, Gissler M, and Teschner M. Boundary handling and adaptive time-stepping for PCISPH. In: Proceedings of
the Seventh Workshop on Virtual Reality Interactions and Physical Simulations. Copenhagen, Denmark. 2010.

Band S, Gissler C, and Teschner M. Moving least squares boundaries for SPH fluids. In: Proceedings of the 13th Workshop on
Virtual Reality Interactions and Physical Simulations. 2017: 21-28

Band S, Gissler C, Peer A, and Teschner M. MLS pressure boundaries for divergence-free and viscous SPH fluids. Computers &
Graphics. 2018, 76: 37-46.

Takahashi T, and Lin M C. A Multilevel SPH Solver with Unified Solid Boundary Handling. Computer Graphics Forum. 2016,
35(7): 517-526.

Koschier D, and Bender J. Density maps for improved SPH boundary handling. In: Proceedings of the ACM SIGGRAPH /
Eurographics Symposium on Computer Animation. 2017: 1-10.

Bender J, Kugelstadt T, Weiler M, and Koschier D. Implicit Frictional Boundary Handling for SPH. IEEE Transactions on
Visualization and Computer Graphics. 2020, 26(10): 2982-2993.

Fujisawa M, and Miura K T. An Efficient Boundary Handling with a Modified Density Calculation for SPH. Computer Graphics
Forum. 2015, 34(7): 155-162.

Cornelis J, Bender J, Gissler C, Ihmsen M, and Teschner M. An optimized source term formulation for incompressible SPH. The
Visual Computer. 2019, 35(4): 579-590.

Patankar S. Numerical heat transfer and fluid flow. CRC press (eBook). 2018.

Takahashi T, and Batty C. Monolith: a monolithic pressure-viscosity-contact solver for strong two-way rigid-rigid rigid-fluid
coupling. ACM Transactions on Graphics. 2020, 39(6): 176:1-176:19.



XA AR F ABETFRAS A (SPH) ARG AR KGR 2233

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

Takahashi T, and Lin M C. A Geometrically Consistent Viscous Fluid Solver with Two - Way Fluid - Solid Coupling. Computer
Graphics Forum. 2019, 38(2): 49-58.

Takahashi T, and Batty C. FrictionalMonolith: a monolithic optimization-based approach for granular flow with contact-aware
rigid-body coupling. ACM Transactions on Graphics. 2021, 40(6): 206:1-206:20.

Goldade R, Aanjaneya M, and Batty C. Constraint bubbles and affine regions: reduced fluid models for efficient immersed bubbles
and flexible spatial coarsening. ACM Transactions on Graphics. 2020, 39(4): 43:1-43:15.

Takahiro Harada, Seiichi Koshizuka, and Kawaguchi Y. Smoothed Particle Hydrodynamics on GPUs. Computer Graphics
International. 2007, 4(4): 671-691.

Goswami P, Solenthaler B, and Pajarola R. Interactive SPH Simulation and Rendering on the GPU. In: Proceedings of the ACM
SIGGRAPH / Eurographics Symposium on Computer Animation. 2010: 55-65.

Ihmsen M, Akinci N, Becker M, and Teschner M. A Parallel SPH Implementation on Multi-Core CPUs. Computer Graphics Forum.
2011, 30(1): 99-112.

Winchenbach R, and Kolb A. Multi - Level Memory Structures for Simulating and Rendering Smoothed Particle Hydrodynamics.
Computer Graphics Forum. 2020, 39(6): 527-541.

Teschner M, Heidelberger B, MUler M, Pomeranets D, Gross M. Optimized spatial hashing for collision detection of deformable
objects. International Symposium on Vision, Modeling, and Visualization. 2003, 3: 47-54.

Band S, Gissler C, and Teschner M. Compressed Neighbour Lists for SPH. Computer Graphics Forum. 2019, 39(1): 531-542.
Solenthaler B, and Gross M. Two-scale particle simulation. ACM Transactions on Graphics, 2011. 30(4): 81:1-81:7.

Orthmann J, and Kolb A. Temporal Blending for Adaptive SPH. Computer Graphics Forum. 2012, 31(8): 2436-2449.

Goswami P, and Pajarola R. Time adaptive approximate SPH. In: Proceedings of the 8th Workshop on Virtual Reality Interactions
and Physical Simulations, VRIPHYS 2011, Lyon, France, 2011: 19-28.

Goswami P, and Batty C. Asynchronous Liquids: Regional Time Stepping for Faster SPH and PCISPH. arXiv e-prints, 2020: arXiv:
2009.14514..

Gao Y, Zheng Z, Li J, Li S, Hao A, and Qin H. Dynamic particle partitioning SPH model for high-speed fluids simulation.
Graphical Models. 2020, 109: 101061.

Qu H, Mashayekhi O, Shah C, and Levis P. Accelerating Distributed Graphical Fluid Simulations with Micro - partitioning.
Computer Graphics Forum. 2019, 39(1): 375-388.

Nie X, Chen L, and Xiang T. Real-Time Incompressible Fluid Simulation on the GPU. International Journal of Computer Games
Technology. 2015, 2015: 417417.

Huang C, Zhu J, Sun H, and Wu E. Efficient fluids simulation and rendering on GPU. In: Proceedings of the 12th ACM
SIGGRAPH International Conference on Virtual-Reality Continuum and Its Applications in Industry. Hong Kong, China. 2013:
25-30.

Zhang F, Hu L, Wu J, and Shen X. A SPH-based method for interactive fluids simulation on the multi-GPU. In: Proceedings of the
10th International Conference on Virtual Reality Continuum and Its Applications in Industry. Hong Kong, China. 2011: 423-426.
Ramachandran P, Bhosale A, Puri K, Negi P, Muta A, Dinesh A, Menon D, Govind R, Sanka S, Sebastian A S, Sen A, Kaushik R,
Kumar A, Kurapati V, Patil M, Tavker D, Pandey P, Kaushik C, Dutt A, and Agarwal A. PySPH: A Python-based Framework for
Smoothed Particle Hydrodynamics. ACM Transactions on Mathematical Software. 2021, 47(4): 1-34.

Carensac S, Pronost N, and Bouakaz S. Optimizations for predictive—corrective particle-based fluid simulation on GPU. The Visual
Computer. 2022: 1-13.

Callaham J L, Koch J V, Brunton B W, Kutz J N, and Brunton S L. Learning dominant physical processes with data-driven balance
models. Nature communications. 2021, 12(1): 1-10.

Miyanawala T P, and Jaiman R K. An efficient deep learning technique for the Navier-Stokes equations: Application to unsteady
wake flow dynamics. arXiv preprint arXiv:1710.09099. 2017.

Li Z, Kovachki N, Azizzadenesheli K, Liu B, Bhattacharya K, Stuart A, and Anandkumar A. Fourier neural operator for parametric
partial differential equations. arXiv preprint arXiv:2010.08895. 2020.

Holl P, Koltun V, and Thuerey N. Learning to Control PDEs with Differentiable Physics. 2020. arXiv preprint arXiv:2001.07457,
2020.



2234 Journal of Software # % 4% Vol.32, No.7, July 2022

[181]

[182]

[183]

[184]

[185]
[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]
[198]

[199]

[200]

[201]

[202]

[203]

[204]

Xu R, and Ren B. Solving the fluid pressure with an iterative multi-resolution guided network. The Visual Computer. 2022, 38:
433-442.

Karniadakis G E, Kevrekidis | G, Lu L, Perdikaris P, Wang S, and Yang L. Physics-informed machine learning. Nature Reviews
Physics. 2021, 3(6): 422-440.

Mroweca D, Zhuang C, Wang E, Haber N, Fei-Fei L, Tenenbaum J B, and Yamins D L K. Flexible neural representation for physics
prediction. In: Proceedings of the 32nd International Conference on Neural Information Processing Systems. Montré&l, Canada.
2018: 8813-8824.

Li Y, Wu J, Tedrake R, Tenenbaum J, and Torralba A. Learning Particle Dynamics for Manipulating Rigid Bodies, Deformable
Obijects, and Fluids. 2018. arXiv:1810.01566, 2018.

Wang R. Physics-Guided Deep Learning for Dynamical Systems: A survey. 2021. arXiv:2107.01272

Werhahn M, Xie Y, Chu M, and Thuerey N. A Multi-Pass GAN for Fluid Flow Super-Resolution. In: Proceedings of the ACM on
Computer Graphics and Interactive Techniques. 2019, 2(2): 10:1-10:21.

Chu M, and Thuerey N. Data-driven synthesis of smoke flows with CNN-based feature descriptors. ACM Transactions on Graphics.
2017, 36(4): 69:1-69:14.

Shen S, Yang Y, Shao T, Wang H, Jiang C, Lan L, and Zhou K. High-order differentiable autoencoder for nonlinear model
reduction. ACM Transactions on Graphics. 2021, 40(4): 68:1-68:15.

Ma P, Tian Y, Pan Z, Ren B, and Dinesh M. Fluid directed rigid body control using deep reinforcement learning. ACM
Transactions on Graphics. 2018, 37(4): 96:1-86:11.

Xie Y, Franz E, Chu M, and Thuerey N. tempoGAN: A Temporally Coherent, Volumetric GAN for Super-resolution Fluid Flow.
ACM Transactions on Graphics. 2018, 37(4CD): 95:91-95:15.

Tompson J, Schlachter K, Sprechmann P, and Perlin K. Accelerating eulerian fluid simulation with convolutional networks. in
International Conference on Machine Learning, 2017, 3424-3433.

Kim B, Azevedo V, Thuerey N, Kim T, Gross M, and Solenthaler B. Deep Fluids: A Generative Network for Parameterized Fluid
Simulations. Computer graphics forum. 2019, 38(2): 59-70.

Wiewel S, Becher M, and Thuerey N. Latent Space Physics: Towards Learning the Temporal Evolution of Fluid Flow. Computer
graphics forum. 2019, 38(2): 71-82.

Xiao X, Zhou Y, Wang H, and Yang X. A Novel CNN-Based Poisson Solver for Fluid Simulation. IEEE Transactions on
Visualization and Computer Graphics. 2020, 26(3): 1454-1465.

Cheng, Yang, Xubo, Yang, Xiangyun, and Xiao. Data-driven projection method in fluid simulation. Computer Animation & Virtual
Worlds. 2016, 27: 415-424.

Xiao X, Yang C, and Yang X. Adaptive learning-based projection method for smoke simulation: Adaptive Projection Method based
on Machine Learning. Computer Animation and Virtual Worlds. 2018, 29(3-4): 1837.

Um K, Hu X, and Thuerey N. Liquid Splash Modeling with Neural Networks. Computer Graphics Forum. 2018, 37(8): 171-182.
Bai K, Wang C, Desbrun M, Liu X. Predicting high-resolution turbulence details in space and time. ACM Transactions on Graphics
(TOG), 2021, 40(6): 200:1-200:16.

Gao Y, Zhang Q, Li S, Hao A, and Qin H. Accelerating Liquid Simulation With an Improved Data-Driven Method. Computer
Graphics Forum. 2020, 39(6): 180-191.

Ladicky L u, Jeong S, Solenthaler B, Pollefeys M, and Gross M. Data-driven fluid simulations using regression forests. ACM
Transactions on Graphics (TOG). 2015, 34(6): 1-9.

Schenck C, and Fox D. SPNets: Differentiable Fluid Dynamics for Deep Neural Networks. Conference on Robot Learning. PMLR,
2018: 317-335.

Ummenhofer B, Prantl L, Thuerey N, and Koltun V. Lagrangian fluid simulation with continuous convolutions. in International
Conference on Learning Representations, 2019.

Tumanov E, Korobchenko D, and Chentanez N. Data-Driven Particle-Based Liquid Simulation with Deep Learning Utilizing
Sub-Pixel Convolution. In: Proceedings of the ACM on Computer Graphics and Interactive Techniques. 2021, 4(1): 12.

Zeiler M D, Krishnan D, Taylor G W, and Fergus R. Deconvolutional networks. in 2010 IEEE Computer Society Conference on
Computer Vision and Pattern Recognition, 2010, 2528-2535.



A F RBETRARS A S (SPH) ARy AR KGR 2235

[205] Sanchez-Gonzalez A, Godwin J, Pfaff T, Ying R, Leskovec J, and Battaglia P. Learning to Simulate Complex Physics with Graph
Networks. International Conference on Machine Learning. PMLR, 2020: 8459-8468.

[206] Guan S, Deng H, Wang Y, and Yang X. NeuroFluid: Fluid Dynamics Grounding with Particle-Driven Neural Radiance Fields.
arXiv preprint arXiv:2203.01762. 2022.

[207] Li Y, Lin T, Yi K, Bear D, Yamins D, Wu J, Tenenbaum J, and Torralba A. Visual Grounding of Learned Physical Models.
International conference on machine learning. PMLR, 2020: 5927-5936.

[208] Becker M, Tessendorf H, and Teschner M. Direct Forcing for Lagrangian Rigid-Fluid Coupling. IEEE Transactions on
Visualization & Computer Graphics. 2008, 15(3): 493-503.

[209] Shao X, Zhou Z, Magnenat-Thalmann N, and Wu W. Stable and Fast Fluid-Solid Coupling for Incompressible SPH. Computer
Graphics Forum. 2015, 34(1): 191-204.

[210] Abu Rumman N, Nair P, Mdler P, Barthe L, and Vanderhaeghe D. ISPH-PBD: coupled simulation of incompressible fluids and
deformable bodies. The Visual Computer. 2019, 36(5): 893-910.

[211] Lenaerts T, Adams B, and DutréP. Porous flow in particle-based fluid simulations. ACM Transactions on Graphics. 2008, 27(3):
49:1-49:8.

[212] Lin W-C. Boundary handling and porous flow for fluid—hair interactions. Computers & Graphics. 2015, 52: 33-42.

[213] Gissler C, Band S, Peer A, Ihmsen M, Teschner M. Approximate Air-Fluid Interactions for SPH. in Workshop on Virtual Reality
Interaction and Physical Simulation. 2017: 29-38.

[214] Jiang Y, Li C, Deng S, and Hu S M. A Divergence - free Mixture Model for Multiphase Fluids. Computer Graphics Forum. 2020,
39(8): 69-77.

[215] Wang M, Deng Y, Kong X, Prasad A H, and Zhu B. Thin-Film Smoothed Particle Hydrodynamics Fluid. ACM Transactions on
Graphics. 2021, 40(4): 110:1-110:16.

[216] Cleary P W, Pyo S H, Prakash M, and Koo B K. Bubbling and frothing liquids. ACM Transactions on Graphics. 2007, 26(99):
97:1-97:6.

[217] Hochstetter H, and Kolb A. Evaporation and condensation of SPH-based fluids. In: Proceedings of the ACM SIGGRAPH /
Eurographics Symposium on Computer Animation. 2017: 1-9.

[218] Kim B, Azevedo V C, Gross M, and Solenthaler B. Lagrangian neural style transfer for fluids. ACM Transactions on Graphics.
2020, 39(4): 1:1-1:10.

[219] Hu Y, Anderson L, Li T-M, Sun Q, Carr N, Ragan-Kelley J, and Durand F. DiffTaichi: Differentiable Programming for Physical
Simulation. 2019. arXiv:1910.00935.

[220] Takahashi T, Liang J, Qiao Y-L, and Lin M C. Differentiable fluids with solid coupling for learning and control. In: Proceedings of
the AAAI Conference on Atrtificial Intelligence, 2021, 6138-6146.

[221] HuY, Liu J, Spielberg A, Tenenbaum J B, Freeman W T, Wu J, Rus D, and Matusik W. ChainQueen: A Real-Time Differentiable
Physical Simulator for Soft Robotics. in 2019 International Conference on Robotics and Automation (ICRA), 2019, 6265-6271.

Mt 3253 SOk
[45] &5 Mg MG, R SO 2 T A8 P SPH-SWE B A5 3 1y 310 912 I8 VAL 8 31 1 52 I AL 4 B 27 4%, 2021, 70(23):254-265.
[127] GkHEGE, BEWRLR, ESRIM, XI5, BUVEME SPH AR AW ik i BN - KL IE D7 V5. tH SENLA B Bk 55 DB 2 244, 2017,

29(5):906-913

XU AR (1988 —), 55, 18 -2, 2 BERT FU AR
N FEHUETE 2, YIRS .

/(1985 —), B, tit, REIBESL 6L,
LRI, EEF AT LA,
LZEE R

D

L1
]

- 8




2236 Journal of Software # % 4% Vol.32, No.7, July 2022

FOR1967—), B, Wik, #iE, L SR A(1947 —), T, -1 02 W B,

'S, COF %4 5 AR I B HLR 2 Lﬂj CCF b, LEBFF B, 1

S mxom s s R AR, B EE R - SR P R, TR G 0 e

— S TT R, P 5B 5 i 00 52, FE 42 BT S ], B S
A‘V’L . . x . FOALTH A, WL B 5 B3R ).



	光滑粒子流体动力学（SPH）流体仿真技术综述(
	中图法分类号: TP391
	Survey On Fluid Simulation Using Smoothed Particle Hydrodynamics
	1   SPH流体仿真的基本实现方法与讨论
	1.1   基础理论
	1.2   基本流程
	1.3   重要的参数与条件
	1.4   面向不同应用的SPH流体仿真方法

	2   流体重要特性的模拟方法
	2.1   不可压缩性
	2.2.1 状态方程法
	2.2.2 投影法
	2.2.3 基于约束的方法
	2.2.4 总结与讨论

	2.2   粘性
	2.3   表面张力
	2.4   其它

	3   数值不稳定问题的改善方法
	3.1   拉伸不稳定问题
	3.2   插值精确性问题
	3.2.1自由表面处理方法
	3.2.2固壁边界处理方法
	3.2.3提高流体整体插值精确性的方法

	3.3   求解步骤间的干扰

	4   仿真效率提高方法
	4.1   邻域查找算法的优化
	4.2   自适应分辨率SPH法
	4.3   异步SPH法
	4.4   并行计算
	4.5   与数据驱动方法的结合

	5    复杂场景的模拟方法
	5.1   流体与固体的耦合
	5.2   其它复杂场景的模拟方法
	5.3   复杂场景的统一仿真框架

	6   总结与展望
	References:

