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[Abstract]

We present a particle—grid hybrid simulation that combines the global pattern formation of the Gray—Scott
reaction—diffusion model with a particle-based subgrid approach for turbulent, fine-scale details. Particle
motion is guided by curl fields to induce rotational trajectories, and local concentrations of the reactant and
product (U, V) are modified along particle paths, enabling high-detail patterns without increasing grid
resolution. The framework proceeds in three stages: (1) grid-based Gray—Scott pattern generation, (2)
particle-driven subgrid detail augmentation, and (3) iterative particle-grid interaction. By tuning interaction
strength and influence radius, the level and extent of subgrid details are controlled. In 2D simulations, the
proposed method yields richer and more dynamic structures than a grid-only baseline while avoiding the steep
computational and memory costs of high-resolution grids; systematic variations in interaction parameters
produce predictable changes in pattern scope and intensity. These results demonstrate a practical balance
between computational efficiency and visual fidelity in hybrid reaction—diffusion modeling, and motivate future

work on 3D extensions, optimization, and broader physical and visualization applications.

» Key words: Gray-Scott Model, Particle-Grid Hybrid Simulation, Subgrid Details, Turbulence Representation,
Curl Field-Driven Particle Interaction
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I. Introduction

AHAANA LERE Tiefel HiE 7 dd2 A=
stet, 22lst & o9 wopld 23 A+ FAolH:
3] yre- %,V\P(Reactlon Diffusion) AJARE Tt 4]
27t 1jjElo] ApAo 2 FMT= w7

Am 4%

i

UES 498 4 9o], B8 A 2 A2} 79 g
Hol 2818 w2 de) Algslo] Yt o]  Gray-

Scott RH2 & 7tA] gtst ZA19] vhgat et Y S &
off &5k (stripe), AL (spot), ~-8-F0](vortex) 5 Tf
ofst alEjjo] IS AlAISH 2 9l CfmAlo] uAla] vlS

L O v o
-2}t K| AR}, ofaigt BEle gt 2al02 Hild
e Sojste AT 2 o) T, AT By A
A(biomorph  pattern), AZ A& AHXHcell

morphogenesis), SA] A]ZtsHflow visualization) S o]
2] ZofoflA -&E|of gt

Z2u 7189 ARL 7|49t Gray-Scott 222 i =7t
TjE19] A& B3 2(detail fidelity)S Z2AsH= dBA @ &
2 RG] G2o], THYE ARE A8 B ted)
A& ALt vlgo] vlgRle g ZUksics A 7t
Rt} £35] W& turbulence)l} F&(vorticity)eb Zo]
A7HRog 2aRlsly 2amog Bxbst 522 13ls)
7] AshHE TR ARG B2 Boksol a7Hne, J1E
Azt 7 RRIgto Ry 529l Algeoldo] ofzich

ol2{et TAIE siAst| sl ZZoll= WA 7[5t Ala]
o]M(Particle-based Simulation) &o] 24ty Qlct
WAL 7 YL ASNel BH(OIA, S, UE SIS
N8 YAl WEOR BAFORM, A4} YA oBL T}
517] o]8]-& RS RW(free surface)o|ut 24 W& (local
turbulence}& AtAATA LAFH 4 It} 53] JAF7E
AsAte S ADT HIg AAH= Smoothed Particle
Hydrodynamics(SPH) 7|H-& 8] & S-=o|ut AES- AA
A1 A, olefat YA sl Yie
Subgrid £%9] MY 2=(subgrid motion)g ZAIGH=
o i 7P<l‘34 AR} 714F Bkg-2hht nellah A ¢
H& 4 fEE 238 4 Qo

2 Aol ol2fet vl v e =, Gray—Scott §F
324 Bt 4} 718t Subgrid HTH S S8R YAt
~ZAZ} stol Bl Alg2fold Bg AlQtettt. Aot 7Y
2 27} 714t Gray-Scott 20| MKl YHS-2t )
S Alatsta, At 719F Subgrid Al AEI0] 1 QjojjA =
o UR 2 B 25 F/lt WAlo2 et

QXIS 2Al01e wxCurl WE(Curl field)x*2 E3)

(o]
Eakqt =
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W5 SR SAR o e S aupso g Attt
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II. Related Work

1. Background and Foundational Research on
Reaction-Diffusion Systems and the Gray-Scott
Model

Turing®] WA AA7E AY2aps] Py WAl Cigt
S-ShF 07]U5(2:9] Turing TE)e] o] &4} 7|52 &
55Tt [1]. Pearson ©<=gt Gray—Scott 7

Aol

okt 8] 3-ARRE ofglo] £3ighs AYAos B
ol mzfulg] F7te] a4 LS K =gtolitt [2]. Lee
oo AFA TRESAONN FeArgot= gfet ZHET) o
= Aj2e AR el Was), vhe-shit melo] 22
A IS et [3]. JeiE A Alg o] FofofA
L Witkin & Kass@} Turk’} 8r2-skat 7]6t E“’\ﬂ 3
4 E 2H ¢ j"lets JjAsto, REE Al BRE S
ioli Aystict [4,5]. o]2ist 7]€kS "jEro 2 _,JELoﬂ
+ Gray~Scotte] $AJSiA UL} VAL Je s 7Hd
st ﬂ So| Aote]x Qct [17,18,19].
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2. Particle-Based Fluids

SPH Lucy ¥ Gingold & Monaghan®] =54 Aot
o® AlEgIon], AA golE 4R YRR 2
ALl RS- BH-BAF AA- 745 H]AE 552 oA o g
neldeh & o} [6-8]. Monaghan®] 5742 SPHe] o]
22718 547 H8UYS Ao it (6]
B ojq0] 017(} ABT2]lE B3 0|33t SPHO X|9A-
0] Gray Scott AR} 2H0] KMo T §

3. Procedural and Physically-Based

Augmentation of Vorticity and Turbulence Details
A7} sl e 22X ofn ROl | )8 15 B
fot7] Qal], 9AdstofA] Vorticity ConfinementZ} ]
Bl oA AV]/AR Algdoldd] gupdeR
A= 9,101 BAM ZHo|A+= Curl-Noise?} &
Aol 0R1(uIRFA) 17 WEVS 247 Wete W
02 92| zojuj, o ix] 24/AMEY I e G
= AR [11,12). 2 479 Curl BE 4% ¢
252 oeist Ad Aol Uete Zojstnl, vkg-shit
“Alu]g sl SEY 0 Aojsict,
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4. Particle-Grid Hybrid Approaches: From PIC
to FLIP and APIC

IR Yrieh o2 Ante] S ATsH: PIC-
AD sto]E2] =X Harlow?] PICO|A] &9sto], 2] &
ALS ZFo] FLIP, 0|9 -B&AS 7§43F APIC S02 A
slehiTH [13-16]. o] AQL ZAxt Ao} shaint Yt 24
UEILS $A] 8ok Hold, 2 At Agtete vl
~2AHART + UAHSubgrid) 2YY] 7iEA 72 ©f

5. Numerical Refinement and Extension of the
Gray-Scott Reaction-Diffusion Model

CAZE| R} A B2RIDG), $2 Y, B-AZel
718t o]4te} 52 Gray-Scotte] VFA = A M} QPgA
ARMA Rlste JHssb g [17,19). £3] Singh S&
A Gray—Scotto 4] Turing Ti8S AU Z ZLASH
2x] AAZ ¥t [17], Tok-Onarcan 52
A ®olA 1D Gray-Scott setE A Al
o[/ dsitt [18]. o= w4/vlRE AR} 5 dRtekd
¥ 29 ==} [19,20].
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III. Preliminaries

1. Mathematical Basics of the Gray-Scott Model

Gray-Scott §H-g-ght @elo & 7ix] gtat 24 Ut
Vel uhga EAke LE: uAY Agygaos A
ojgict.

(r;thDV U-UVi+F1—0U) (1)
E’@fva V= UVI— (F+E)V

o7]A UL §ES20] =& YL AAEol Lw D 9}
D, US VO gt A, Fe UY 338, ke VY
AHG VI 2lZaA|or AAREZ, SRES Emmo}q
o] BHRAlS. %x7| =7z} njejulg AA| wel &

ARH & It tige AEdE 4+ Ao (Fig. 1 x%),

S5l UVIEE 5 34 19 O e e

l

Fig. 1. Gray—Scott patterns by various parameters

AR 718F A2HL o=t Y-S 27sHRIet Al
At v]go] vjgA oz ZUI5i. o] Hshr] Yol YA
718k Subgrid 20| B a5t}

71& Gray-Scott & AJ152 &
2oF ARE AR A el 22
19], PIC-FLIP-APIC AE9] stojH|E Alggfold2 &
Ao & BEL A AE i
16]. o]of vlall & A= VAL LAPHE EJsAY 4
bl es 57717180, AdlidE Gray-Scott 4
AF 9ol AR} 718 Subgrid #7115 HEHYS 271510 Al
7_|1-7<4 E.XPE E‘HH] 71]’\}”1133 H]_Q_Q _ﬁ/\i}f‘;}‘_—. 7—]2
g4 o]-]j)f :rLf\]K% oz, o]x} ;q]x% o ujfa} H]—O =3 ‘_]-
(U, V)& A 27k galoz Aust o |

imrL Mof|A, 7]& Gray-Scott ¥1g 2o U
S sto|B|E 7|Ha} ApEstEC)
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2. Definition and Physical Meaning of Curl Fields

Curl et WEgo] SRS Yehe Soba ot
At= g et 241 HEAS of] tisl Curl2 oh3at Zo]
Alptect.

oF, oF,
curl = —— (2)
ox oy

39 B0 Curle TFg g Qito st
curlF= V X F (3)

Curl BE= 7A g0l ehR(vorticity)S LEHY
o, 2o o2 HEgo] Foixl FoflA doh @)Hst
=AIE HERICE 2 A7oAl= Curl BES /g5t &

Afo] gAlele wsinl, Aol AK Gray-Scott el
o wsle et

3. Cncepts of SPH and Pattern Interaction
Smoothed Particle Hydrodynamics(SPH)= H<4; &
BAlE U 78R g Altske 7ot} SPHE ZAA} 7]
uF a2 fgh AAE ZI8E Al HAS Alsshy,
A A 270U Al &Y 28 wA|0IM 8T
SPHY| 7] YA YUk p, §& v, 4 PE AT

ok o2 Sol, Wet chgut Zo| At
Zm W(|ri—

P

r|h) (@

o174 p:% UAF 9] e, my= JAF 59 A, W
A2 & h% I H}ﬁo]l:}_ UAE 718F LEof| A=
URT 47 He 1At e Agsi, o)
Gray-Scott Tj&lz} A& olct. AR o=, Curl ©
B 7|8to g QdRpe] SAIUE Aostal, URPE AUt
A20]A Gray-Scott TEI9] Ut VIS T3t 2ol
7%t

Un,eu;(‘rﬂy):

VII,C'LU (x’ y)

oPIN Iz.y) = YA B
£ sfejolel2, QA-mfe

Fe Ut €4 a9} gt
YR8 w2 Aol

4. How Turbulence Relates to the Subgrid
Approach

54 AL ol ARt AIBA] Rt RaA Ay
TELS Beker 2 ook Curl oS ALGSIR ARl &
AUe WIRAY I 2502 RUY 2 9lo0], of
2 S5 A o Wake sk BAL 4 ok o
A 7l g ERIge AR SRS FolA] iE WIE
of Ze Uelue ansoz AR,

IV. The Proposed Scheme

1. Hybrid Simulation Framework
H A1E a5 WS B3-S 95l Gray-Scott

2} YAk 7] Subgrid HIWE A slolu A
Aete AT 5o 2e St e Wels B
517] 9190 Subgrid H2S AHgstel, A £849S
SABtANE AR gRAe FA] EFY 4 A=
WASIECE TePE ZRIe) ARt 1§ Fols A,
Wg E@S ] Qo) Artel gAAe Curl BE

2 7to|Estgint. o] R g 2 TS meRith
1) Gray-Scott oj& A34d: Axp 7[¥roz HAAARI g
S-FAE TiEls Altste, ol= AJARIYl AWRAQ]

Wlgo] o g4l

9;% £elsp] el Ar%sanq, A} 718 T glo]

2. Algorithm
Alokshe stolazle AlAgje] etmelzo] ojAfEEL
o5k 2ot (Fig. 2 %)

Initialize Grid and Particles:
Set initial U, V concentrations on the grid
Generate particles with random positions

Simulation Loop:
For each timestep:
# Step 1: Update Gray-Scott Pattern
Compute Laplacian(U), Laplacian(V)
Update U and V using Gray-Scott equations

# Step 2: Generate Subgrid Details
For each particle:
Sample local grid values
Update particle properties (velocity, position)

# Step 3: Particle Influence on Pattern
For each particle:
Modify U, V in its influence radius

Fig. 2. Pseudocode for hybrid systems.
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2.1. Generate the Gray-Scott Pattern

£7] AEjolA 9 o] Et cheat o] Aojgict

U(x,y,tHO) = value determinedby condition

Condition :
1)U =1, 1f( x,y) & seedarea
2)U = 0.5,if (z,y) € seedarea

(6)

V(z,y,t<0) = value determinedby condition
Condition :

1)V =0,if (z,y) & seedarea

2) V = 0.25,if (x,y) € seedarea

(7)

Fig. 3& Gray-Scott 20| Cjokst mjjel AY 2o
20, ol2igt T2 YA JFE B9l o BAekL &

A Feiz 2 4 ot

m 0238

Fig. 3. The generated Gray—Scott pattern.
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tjo

2.2, Guiding Particle Movement with Curl Fields
Curl BEE W7|ReF 22 3d 255 239 okt

AFgEM, 2D MEPOH Thaat o] gejic,
F == Y.F,= X ®)

ol2 £8) YAts Curl WEO| 3A ko] wj} o)

soi, 9IxlE ohg Alo2 julo] LY,
r(t+1)=rt)+v,(t) At 9)

71 v, = (F,,F,)& Curl BEo|A MEYH AAt
9] & wo]t}. Gray-Scott IfElo= Curl ®lg Zlo] &3k

g]o] 9lom, o] Fig. 4of|A] &olgh 2 qict

Fig. 4. Gray—Scott diffusion affected by Curl fields.

Fig. b= UAP} Gray-Scott 1j&lof] 0]X]&= Z4AXQl
Qe AlZIeK 2102, Curl BE9lo] JEAIgOR 9
= Hoj&Eo

off miElo] Moz WH s Ba

Fig. 5. Local deformation of the Gray—Scott pattern
induced by particle motion.

Fig. 31} Fig. 58 vlusty APt HjE o 0)x]= 9
= B3| HAZ 4 ot & AFolM= Gray-Scott
gol Add ole, UA FeAtde] d¥e sk dl
S T Fig. 62 YA} Gray-Scott mfHdf] 0]
© 9FE TYH = Ui YAt olF F=& 1Y
o =44 Hohs f=ot, Curl BE9F 2Ysto] HY|R
oF 2 BAs 558 BIASIY. o]= Gray-Scott ¥
of YAt 718t Subgrid JTHES S S HolE

Fig. 6. Gray—Scott affected by particles.

V. Experiment and Results

= otst Gray-Scotta} QAL o] H 2]
T odlo] 58 F3ol] Yol e oA Lo
3

= =M ArEkE Fig. 3-89 RE Ads
256%X256 AX} AN AAE|9 0T, 7t Ao AFR
H YR 4, A2AE T R A af 59 oRUEE
o] A BAlsHIt EeE 2 MEIAE (a) 7]
Gray-Scott 24 TE, (b) ¥AH 718 e 1", (c) ¥
wig}, () 2= sk 2R TAstel A2 xjolo] of
0] Waksh Adste shirt.

A g2 steglo] Ay, ATES0] 24, ClolEA

o= Pustel theat o] AAsteir
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« AR} SIALE 256256
o 27| AJE ¢ BAlof] §ES{(Seed area)E HJA]
o mjjolg 44 -
D, =0.16, D, =0.08, F=0.035, k = 0.06
* AR 7i4> - 10074
e Curl @E 37] : 20x20

Fig. 8. Diffusion of the Gray—Scott pattern when
increasing the strength of a and (3.

7l &4t gl Altol] mhE Gray-Scott TH2] A}

Ae|E Heks BHoET JAt 7|8t et tiE2 YA}l
olF d=o o mRlo] F4oz wistsin, o B4
FEHES FFI AR A 7ol & A st EE
o] 31%/dS W shatEe mdste] WrlFet 2 54
S8e AAAoR FxsIY (Fig. 6 AL).

2 A9 aukE AZA ZaR ofet fANCRE
glsl7] Yall, 712 Gray-Scott D@} A|ote AR}-A
A stojBe| = wHlo] Ak u]8-g vlwstit FUSH A

A} Bl = (256%256)001 4 AT 718 Subgrid 4= 7;%%
714 o, 1 AT Bt AL ARE S7hs 9F 3-6%

ol HEFlen, ol Yt AR HES %“:71 Skl

At SIS 5126512 oo BYS 1 QPEE 4
ule] 7t ul 8ol vlsh oj§. Ak Wwe) A oAl T
{|.=ob ur

Siid= AAF tie] °F 1.05-1.108] &0 Qw3 4
Msto], DA AXIE AA AL Zuc FX 58
A

rolsick olefd B ok A 71g0) 241 o

VI. Conclusion

2 A= AL 7I8F Gray~-Scott §H3-—2h4t 28of ¢
AF 718k Subgrid HIAUES AgstA, Aside ALl
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