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1.1
Smoothed Particle Hydrodynamics (SPH)

[8, 17, 18, 13] SPH
1.1

1977 Gingold Monaghan[8] Lucy[16]
90

SPH

SPH
SPH

SPH

SPH
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1.1: SPH

1.2
SPH

1.3
5 1

2
SPH 3 SPH
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2.1
2.1.1 SPH

Müller [20] SPH
2.1

1.1 SPH

2.1: 2 ([20] )

Ihmsen [12] 2 2.2

Solenthaler Pajarola[23]

2.3 SPH

[23]
Szewc [24]
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2.2: ([12] )

2.3: ([23] )

2.1.2

Hong Kim[9]

Zheng [29] 2.4
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2.4: ([29] )

2.1.3

[10, 7] 2.5(a)

[12]
Boyd [6] Fluid Implicit

Particle(FLIP)
FLIP

2.5(b)
2

2
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(a) [10] (b) [6]

2.5:

2.2 SPH

Müller [19] Becker
Teschner[4] SPH

[22, 5]

SPH
[11]

CG
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3

3.1

∂v

∂t
= −(v · ∇)v − ∇p

ρ
+ μ

ρ
∇2v + f

m
(3.1)

v ρ p m t μ f

SPH

(3.2)

∂ρ

∂t
= −ρ∇ · v (3.2)

Algorithm 1 SPH
t

(
)Δt Δt

t + Δt t

ai = ap
i + av

i + as
i − g (3.3)

ai, ap
i , av

i , as
i i g
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Algorithm 1
while Simulation do

for all fluid particle i do
(3.26)

(3.28)
(3.5 )

(3.31)
end for

(3.4 )
for all fluid particle i do

(3.38)
(3.14)

end for
t ← t + Δt

end while

3.2 SPH
3.2.1 SPH

SPH 3.1

3.1

SPH

x φ

φ(x) =
∑

j

mj

ρj
φ(xj)W (x− xj , h) (3.4)

j h W

3.2
i xi φ ∇φ ∇2φ

∇φ(xi) =
∑

j

mj

ρj
φ(xj)∇W (xij , h) (3.5)

∇2φ(xi) =
∑

j

mj

ρj
φ(xj)∇2W (xij , h) (3.6)

xij = xi − xj

[19]

ρi =
∑

j

mjW (xij , h) (3.7)

ap
i = − 1

ρi

∑
j

mj
pi + pj

2ρj
∇W (xij , h) (3.8)
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3.1: SPH

av
i = μ

ρi

∑
j

mj
vj − vi

ρj
∇2W (xij , h) (3.9)

(3.5) (3.6)

[20]

av
i = 1

ρi

∑
j

μi + μj

2 mj
vj − vi

ρj
∇2W (xij , h) (3.10)

[17]

∇p

ρ
= ∇

(
p

ρ

)
+ p

ρ2∇ρ (3.11)

ap
i = −

∑
j

mj

(
pi

ρ2
i

+ pj

ρ2
j

)
∇W (xij , h) (3.12)

Δt

vi(t + Δt) = vi(t) + aiΔt (3.13)

xi(t + Δt) = xi(t) + vi(t + Δt)Δt (3.14)

9



3.2.2

2.2

(3.1) ∇ (3.2)
(3.15)

∇2p = ρ

Δt
∇ · v (3.15)

SPH

SPH [19]

pi = k(ρi − ρ0i) (3.16)

ρ0
ρ0

ρ0i k

[4] Tait

pi = ρ0ic
2
s

γ

((
ρi

ρ0i

)γ

− 1
)

(3.17)

cs γ = 7 Tait
(3.16) cs (

340 [m/s])

Courant-Friedrichs-Lewy(CFL)

Δt = min
i

(
0.25 min

i

(
hi

|f i|
)

, 0.4 hi

cs(1 + 0.6α)

)
(3.18)

α 0.05 0.8 3.3.2
(3.18)
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3.2.3

(3.4) (3.12)

(3.4)
1

[17] cubic spline kernel [19] viscosity kernel

cubic spline kernel

W (xij , h) = α1

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1− 3
2

( |xij |
h

)2
+ 3

4

( |xij |
h

)3
0 ≤ |xij |

h < 1
1
4

(
2− |xij |

h

)3
1 ≤ |xij |

h < 2
0 othewise

(3.19)

∇W (xij , h) = α2

⎧⎪⎪⎨
⎪⎪⎩

( |xij |
h − 4

3

)
xij 0 ≤ |xij |

h < 1

−1
3

(
2− |xij |

h

)2
h

|xij |xij 1 ≤ |xij |
h < 2

0 othewise

(3.20)

α1 2 10
7πh2 3 1

πh3

α2 2 45
14πh4 3 9

4πh5
viscosity kernel

∇2W (xij , h) = α3

{
(h− |xij |) 0 ≤ |xij |

h < 1
0 othewise

(3.21)

α3 2 20
3πh5 3 45

πh6

(3.19) - (3.21) h

hi =

⎧⎪⎨
⎪⎩

(
NH

π
mi

ρi

) 1
2

for 2D(
3NH

4π
mi

ρi

) 1
3

for 3D
(3.22)

NH NH

hi

NH = 26

11



3.2.4

2
[30]

3.2

3.2:

3.1: 3.2

head 0 1 2 3 4 5 6 7 8
10 -1 4 7 5 -1 2 0 3

last 0 1 2 3 4 5 6 7 8
10 -1 4 7 6 -1 2 1 9

next 0 1 2 3 4 5 6 7 8 9 10
1 -1 -1 8 -1 6 -1 -1 9 -1 -1

Algorithm 2

id

x Nx y Ny

id = iz ∗Ny ∗Nx + iy ∗Nx + ix (3.23)

12



Algorithm 2
for all particle i do

id (3.23) (3.24)
tmp = last[id]
last[id] = i

if tmp == −1 then
head[id] = i

else
next[tmp] = i

end if
end for

id ix iy iz

xi = (x, y, z) xmin= (xmin, ymin, zmin)

ix = (x− xmin)
dx

iy = (y − ymin)
dx

(3.24)

iz = (z − zmin)
dx

dx

head

last next

head last next −1
i id

tmp last[id] (tmp = last[id]) last[id] i

(last[id] = i) tmp tmp == −1 head[id] = i

tmp �= −1 next[tmp] = i

3.2 3.1
Algorithm 3

id head[id] j

next[j] j == −1

1

13



Algorithm 3
for all particle i do

for idx = ix− 1 to ix + 1 do
for idy = iy − 1 to iy + 1 do

for idz = iz − 1 to iz + 1 do
id = idz ∗Ny ∗Nx + idy ∗Nx + idx

j = head[id]
while j �= −1 do

if |xij | < h then
j

end if
j = next[j]

end while
end for

end for
end for

end for

3.3 SPH
3.3.1 MultiSPH

SPH 2

3.3 3.3

[23] δ

(3.25)

(3.26)

δi =
∑

j

W (xij , h) (3.25)

ρi = miδi (3.26)
(3.7) mj mi

3.3
SPH MultiSPH

ap
i = − 1

mi

∑
j

(
pi

δ2
i

+ pj

δ2
j

)
∇W (xij , h) (3.27)

av
i = 1

miδi

∑
j

μi + μj

2
vj − vi

δj
∇2W (xij , h) (3.28)

14



3.3:

(3.12) (3.10)
[23]

(3.17) Tait MultiSPH
2.3 SPH

3.3.2 IISPH

1.1 SPH
SPH Ihmsen

Implicit Incompressible SPH(IISPH) [11]
IISPH (3.2)

(3.2) SPH

ρi(t + Δt)− ρi(t)
Δt

=
∑

j

mj(vi(t + Δt)− vj(t + Δt)) · ∇W (xij , h) (3.29)

(3.2) ∇ · v

∇ · vi = − 1
ρi

∑
j

mj(vi − vj) · ∇W (xij , h)

Δt ( )ρ∗

(3.29)

ρ∗
i = ρi(t) + Δt

∑
j

mj(v∗
i − v∗

j ) · ∇W (xij , h) (3.30)

15



v∗

v∗
i = vi(t) + (av

i + as
i − g)Δt

(3.30) (3.29)

ρi(t + Δt) = ρ∗
i + Δt

∑
j

mj(vp
i − vp

j ) · ∇W (xij , h) (3.31)

Δt ρ0i ρi(t+
Δt) = ρ0i vp = apΔt

Δt2 ∑
j

mj(ap
i − ap

j ) · ∇W (xij , h) = ρ0i − ρ∗
i (3.32)

(3.32) pi

Δt2ap
i (3.12)

Δt2ap
i = −Δt2 ∑

j

mj

(
pi

ρ2
i

+ pj

ρ2
j

)
∇W (xij , h)

=

⎛
⎝−Δt2 ∑

j

mj

ρ2
i

∇W (xij , h)

⎞
⎠

︸ ︷︷ ︸
dii

pi +
∑

j

(
−Δt2 mj

ρ2
j

∇W (xij , h)
)

︸ ︷︷ ︸
dij

pj (3.33)

dii dij

Δt2ap
j

∑
j

mj(diipi +
∑

j

dijpj − djjpj −
∑

k

djkpk) · ∇W (xij , h) = ρ0i − ρ∗
i (3.34)

∑
k djkpk pi

∑
k

djkpk =
∑
k �=i

djkpl
k + djipi (3.35)

pi (3.34) pi

⎛
⎝∑

j

mj(dii − dji) · ∇W (xij , h)

⎞
⎠

︸ ︷︷ ︸
aii

pi =

ρ0i − ρ∗
i −

∑
j

mj

⎛
⎝∑

j

dijp
l
j − djjp

l
j −

∑
k �=i

djkpl
k

⎞
⎠ · ∇W (xij , h) (3.36)

pi aii

pl+1
i = (1− ω)pl

i + ω
1

aii

⎛
⎝ρ0i − ρ∗

i −
∑

j

mj

⎛
⎝∑

j

dijp
l
j − djjp

l
j −

∑
k �=i

djkpl
k

⎞
⎠ · ∇W (xij , h)

⎞
⎠

(3.37)

16



l ω (= 0.5)

(3.32)
ε

(3.38)

vi(t + Δt) = v∗
i + ap

i Δt (3.38)

IISPH

[22, 5] Δt (1 )
1

IISPH

3.4
3.3 MultiSPH IISPH

MultiSPH IISPH
SPH MultiIISPH

IISPH MultiSPH

Algorithm 4

3.4.1 MultiIISPH

(3.30) mj = mi

ρ∗
i = ρi(t) + miΔt

∑
j

(v∗
i − v∗

j ) · ∇W (xij , h) (3.39)

MultiSPH
(3.26) δ = ρ

m

(3.39) mi

δ∗
i = δi(t) + Δt

∑
j

(v∗
i − v∗

j ) · ∇W (xij , h) (3.40)

δ∗
i (3.32)

Δt2 ∑
j

(ap
i − ap

j ) · ∇W (xij , h) = δ0i − δ∗
i (3.41)

17



Algorithm 4
- -
for all fluid particle i do

d̃ii (3.42)
δ∗ (3.49)

(p0
i = 0.5pi(t−Δt))

âii (3.52)
end for
l = 0
- -
while average density error < ε or l < 2 do

for all fluid particle i do∑
j d̃ijpl

j (3.42)
end for
for all fluid particle i do

pl+1
i (3.51)

pi = pl+1
i

end for
l ← l + 1

end while

δ0 Δt2ap (3.27)

Δt2ap
i = −Δt2

mi

∑
j

(
pi

δ2
i

+ pj

δ2
j

)
∇W (xij , h)

=

⎛
⎝− Δt2

miδ2
i

∑
j

∇W (xij , h)

⎞
⎠

︸ ︷︷ ︸
d̃ii

pi +
∑

j

(
− Δt2

miδ2
j

∇W (xij , h)
)

︸ ︷︷ ︸
d̃ij

pj (3.42)

(3.42) dii dij d̃ii d̃ij

pi

pl+1
i = (1− ω)pl

i + ω
1

ãii

⎛
⎝δ0i − δ∗

i −
∑

j

⎛
⎝∑

j

d̃ijp
l
j − d̃jjp

l
j −

∑
k �=i

d̃jkpl
k

⎞
⎠ · ∇W (xij , h)

⎞
⎠

(3.43)

ãii =
∑

j

(d̃ii − d̃ji) · ∇W (xij , h) (3.44)

IISPH (3.41)
ε

MultiIISPH

18



(a) (b) 1

3.4:

3.4.2

3.4(a)
Akinci [3]

3.4(b) 1
Vb

Vb = 1∑
b W (xib, h) = 1

δb
(3.45)

b

ρ0

Ψb(ρ0i) = ρ0iVb (3.46)

ρi = mi

∑
j

W (xij , h) +
∑

b

Ψb(ρ0i)W (xib, h) (3.47)

MultiIISPH
(pb = 0, v∗

b = 0, ap
b = 0) (3.39)

ρ∗
i = ρi(t) + miΔt

∑
j

(v∗
i − v∗

j ) · ∇W (xij , h)

+ Δt
∑

b

Ψb(ρ0i)v∗
i · ∇W (xib, h) (3.48)

19



δ∗
i = δi(t) + Δt

∑
j

(v∗
i − v∗

j ) · ∇W (xij , h)

+ Δt
∑

b

Ψb(ρ0i)
mi

v∗
i · ∇W (xib, h) (3.49)

(3.41)

Δt2 ∑
j

(ap
i − ap

j ) · ∇W (xij , h) + Δt2 ∑
b

Ψb(ρ0i)
mi

ap
i · ∇W (xib, h) = δ0i − δ∗

i (3.50)

pi

pl+1
i =(1− ω)pl

i + ω
1

âii

⎛
⎜⎜⎝δ0i − δ∗

i −
∑

j

⎛
⎝∑

j

d̃ijp
l
j − d̃jjp

l
j −

∑
k �=i

d̃jkpl
k

⎞
⎠ · ∇W (xij , h)

−
∑

b

Ψb(ρ0i)
mi

⎛
⎝∑

j

d̃ijp
l
j

⎞
⎠ · ∇W (xib, h)

⎞
⎠ (3.51)

âii =
∑

j

(d̃ii − d̃ji) · ∇W (xij , h)

+
∑

b

d̃ii · ∇W (xib, h) (3.52)

3.5

SPH [19]

[25, 4, 2]
Akinci [2]

[2] 2

f c
ij = −γmimjC(xij , h) xij

|xij | (3.53)

γ C(xij , h)

C(xij , h) = αc

⎧⎪⎨
⎪⎩

(h− |xij |)3 |xij |3 0.5 ≤ |xij |
h < 1

2 (h− |xij |)3 |xij |3 − h6

64 0 ≤ |xij |
h < 0.5

0 otherwise

(3.54)

20



3.5: C(xij , h) (h = 1)

αc 2 35840
209πh8 3

32
πh9 C(xij , h) 3.5

n

fa
ij = −γmi(ni − nj) (3.55)

ni = hi

∑
j

mj

ρj
∇W (xij , h) (3.56)

(3.55)

2 Kij = 2ρ0i

ρi + ρj

f s
ij = Kij(f c

ij + fa
ij) (3.57)

as
i = 1

mi

∑
j

f s
ij (3.58)

21



(a) (b)

3.6:

Akinci

( 3.6(a)) Akinci
Yang [27]

( 3.6(b)) (WPCA)
i xw

i

Ci

xw
i =

∑
j xjW

s(xij , h)∑
j W s(xij , h) (3.59)

Ci =
∑

j(xj − xw
i )(xj − xw

i )T W s(xij , h)∑
j W s(xij , h) (3.60)

W s(xij , h) =

⎧⎨
⎩ 1−

( |xij |
h

)3 |xij | < h

0 othrwise
(3.61)

Ci

Ci = RΣRT (3.62)

R Σ σ

(= diag(σ1, . . . , σd)) d 2 2 3 3
Σ

Σ̃ =
{

ksdiag(σ̃1, . . . , σ̃d) N > Nε

knI othewise
(3.63)

σ̃k = max(σk, σ1
kr

) N Nε N

ks kn kr

22



Nε = 10 ks = 4500.0 kn = 0.5 kr = 4.0

C̃i = RΣ̃RT (3.64)

C̃ G

Gi = 1
hi

RΣ̃−1
RT (3.65)

T G

T i = (1− η)I + η
Gi

|Gi| (3.66)

η η = 0.02
(3.58) T

as
i = 1

mi
T i

∑
j

f s
ij (3.67)

3.6

Yu [28]

φs

φs(x) =
∑

j

mj

ρj
W (x− xj , h) (3.68)

(3.68) (3.19) - (3.21) h

3.7(a)

3.7(b)
[28]

3.5 (3.65) G

φs
new(x) =

∑
j

mj

ρj
W (x− x̄j , |Gr|) (3.69)

r = x− x̄j G ks = 1400.0
x̄j

x̄i = (1− λ)xi + λ

∑
j xjW

s(xij , h)∑
j W s(xij , h) (3.70)

λ 0 ≤ λ ≤ 1 [28] 0.9 ≤ λ ≤ 1
λ = 0.9

3.7(c)
Marching Cubes [15]

23



(a)

(b) (c)

3.7:

24



4

4.1
3.3.1 4.2

4.3

4.1
POV-Ray[1]

4.1:
CPU Intel(R) Core(TM) i7-4770 3.40 GHz

16.0 GB
OS Microsoft Windows 10

C++
OpenGL

GSL (GNU Scientific Library)
OpenMP

4.1

3.3.1 Solenthaler Pajarola[23]

4.2

Δt = 0.3 [ms] 4.1
4.2 Δt = 3.0 [ms]

4.3 4.4
t = 3.0[s] 1 4.3

4,704

25



4.2:

3600 3600
ρ0 [kg/m3] 1000.0 250.0

γ [N/m] 1.0 5.0
μ [Pa · s] 0.001 0.001

cs [m/s] (Δt = 0.3 [ms]) 100.0 100.0
cs [m/s] (Δt = 3.0 [ms]) 20.0 20.0

4.3: 1
[s/step]

Δt = 0.3 [ms] 0.19
Δt = 3.0 [ms] 0.25
Δt = 0.3 [ms] 0.27
Δt = 3.0 [ms] 0.40

4.1
4.3

4.3(b) t = 0.6 [s]
4.2 cs

cs (3.18) CFL
cs Δt = 3.0 [ms]

cs = 100.0 [m/s]
4.2 4.4

Δt = 0.3 [ms]

Δt = 3.0 [ms] 2

4.3 Δt
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(a) t = 0 [s] (b) t = 0.6 [s]

(c) t = 1.2 [s] (d) t = 1.8 [s]

(e) t = 2.4 [s] (f) t = 3.0 [s]

4.1: (Δt = 0.3 [ms])
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(a) t = 0 [s] (b) t = 0.6 [s]

(c) t = 1.2 [s] (d) t = 1.8 [s]

(e) t = 2.4 [s] (f) t = 3.0 [s]

4.2: (Δt = 0.3 [ms])
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(a) t = 0 [s] (b) t = 0.6 [s]

(c) t = 1.2 [s] (d) t = 1.8 [s]

(e) t = 2.4 [s] (f) t = 3.0 [s]

4.3: (Δt = 3.0 [ms])
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(a) t = 0 [s] (b) t = 0.6 [s]

(c) t = 1.2 [s] (d) t = 1.8 [s]

(e) t = 2.4 [s] (f) t = 3.0 [s]

4.4: (Δt = 3.0 [ms])
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4.2 4

4.1 2
4 2

2

4.4

4.4: 4

ρ0 [kg/m3] 1000.0 500.0 100.0 10.0
γ [N/m] 1.0 1.0 1.0 1.0

μ [Pa · s] 0.001 0.001 0.001 0.001

4.5 4
24,200 4.1 15,792

Δt = 3.0 [ms] t = 9.0 [s] 1
0.93 [s/step]

4.5(b) (d)

4.5(f)

4.4
100:1

100:1
4.5(e) 4.5(f)
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(a) t = 0 [s] (b) t = 0.9 [s]

(c) t = 1.8 [s] (d) t = 3.6 [s]

(e) t = 5.4 [s] (f) t = 9.0 [s]

4.5: 4
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4.3

4.5
(

)

4.5:

ρ0 [kg/m3] 1000.0 50.0
γ [N/m] 1.0 0.0

μ [Pa · s] 0.001 0.0
Δt [ms] 3.0

4.3.1

1
1

4.6 4.7 39,600
5,400 7,224 t = 3.0 [s]

1 2.1 [s/step] ( 4.6 4.7
) z = 0

3.6

4.6(a) (b) 4.7(a) (b)

4.7(c) (d) 4.7(e) (f)

33



(a) t = 0 [s] (b) t = 0 [s]( )

(c) t = 0.4 [s] (d) t = 0.4 [s]( )

(e) t = 0.6 [s] (f) t = 0.6 [s]( )

4.6: (t = 0.6 [s] )
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(a) t = 1.2 [s] (b) t = 1.2 [s]( )

(c) t = 1.5 [s] (d) t = 1.5 [s]( )

(e) t = 1.8 [s] (f) t = 1.8 [s]( )

4.7: (t = 0.6 [s] )
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4.3.2

( 4.8)

[12] [7]
3.5

9

4.9 76,823 19,977
11,116 t = 3.0 [s] 1

4.5 [s/step]
4.9(a) 4 5

4.9(c)
4.9(f)

4.8: ( )

36



(a) t = 0.0 [s] (b) t = 0.6 [s]

(c) t = 1.2 [s] (d) t = 1.8 [s]

(e) t = 2.4 [s] (f) t = 3.0 [s]

4.9:
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4.3.3

6

4.10 85,197 24,003
13,776 t = 3.0 [s] 1

5.0 [s/step]
4.10(a) 3 3 4.10(b)
(c)

4.10(d) (e)
4.10(f)

4.9

4.10(d) (f)

1
1
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(a) t = 0.0 [s] (b) t = 0.6 [s]

(c) t = 1.2 [s] (d) t = 1.8 [s]

(e) t = 2.2 [s] (f) t = 2.6 [s]

4.10:
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5

SPH

SPH IISPH IISPH

4

[21, 14, 26]

GPU OpenMP
CPU 100,000 1
5

GPU

40



41



[1] POV-Ray - The Persistence of Vision Ray. www.povray.org/.

[2] Nadir Akinci, Gizem Akinci, and Matthias Teschner. Versatile surface tension and
adhesion for sph fluids. ACM Trans. Graph., Vol. 32, No. 6, pp. 182:1–182:8, 2013.

[3] Nadir Akinci, Markus Ihmsen, Gizem Akinci, Barbara Solenthaler, and Matthias
Teschner. Versatile rigid-fluid coupling for incompressible sph. ACM Trans. Graph.,
Vol. 31, No. 4, pp. 62:1–62:8, 2012.

[4] Markus Becker and Matthias Teschner. Weakly compressible sph for free surface flows.
In Proceedings of the 2007 ACM SIGGRAPH/Eurographics Symposium on Computer
Animation, SCA ’07, pp. 209–217, 2007.

[5] Jan Bender and Dan Koschier. Divergence-free smoothed particle hydrodynamics. In
Proceedings of the 14th ACM SIGGRAPH / Eurographics Symposium on Computer
Animation, SCA ’15, pp. 147–155, 2015.

[6] Landon Boyd and Robert Bridson. Multiflip for energetic two-phase fluid simulation.
ACM Trans. Graph., Vol. 31, No. 2, pp. 16:1–16:12, 2012.

[7] Oleksiy Busaryev, Tamal K. Dey, Huamin Wang, and Zhong Ren. Animating bubble
interactions in a liquid foam. ACM Trans. Graph., Vol. 31, No. 4, pp. 63:1–63:8, 2012.

[8] R. A. Gingold and J. J. Monaghan. Smoothed particle hydrodynamics: theory and
application to non-spherical stars. Monthly Notices of the Royal Astronomical Society,
Vol. 181, No. 3, pp. 375–389, 1977.

[9] Jeong-Mo Hong and Chang-Hun Kim. Discontinuous fluids. ACM Trans. Graph.,
Vol. 24, No. 3, pp. 915–920, 2005.

[10] Jeong-Mo Hong, Ho-Young Lee, Jong-Chul Yoon, and Chang-Hun Kim. Bubbles alive.
ACM Trans. Graph., Vol. 27, No. 3, pp. 48:1–48:4, 2008.

[11] M. Ihmsen, J. Cornelis, B. Solenthaler, C. Horvath, and M. Teschner. Implicit in-
compressible sph. IEEE Transactions on Visualization & Computer Graphics, Vol. 20,
No. 3, pp. 426–435, 2014.

[12] Markus Ihmsen, Julian Bader, Gizem Akinci, and Matthias Teschner. Animation of
air bubbles with sph. In GRAPP 2011 - Proceedings of the International Conference
on Computer Graphics Theory and Applications, pp. 225–234, 2011.

[13] Markus Ihmsen, Jens Orthmann, Barbara Solenthaler, Andreas Kolb, and Matthias
Teschner. Sph fluids in computer graphics. In Proceedings of Eurographics 2014 - State
of the Art Reports, 2014.

42



[14] Christopher Jon Horvath and Barbara Solenthaler. Mass preserving multi-scale sph
pixar technical memo #13-04. Technical report, 2013.

[15] William E. Lorensen and Harvey E. Cline. Marching cubes: A high resolution 3d surface
construction algorithm. In Proceedings of the 14th Annual Conference on Computer
Graphics and Interactive Techniques, SIGGRAPH ’87, pp. 163–169, 1987.

[16] L. B. Lucy. A numerical approach to the testing of the fission hypothesis. Astron. J.,
Vol. 82, pp. 1013–1024, 1977.

[17] J. J. Monaghan. Smoothed particle hydrodynamics. Annual Review of Astronomy and
Astrophysics, Vol. 30, No. 1, pp. 543–574, 1992.

[18] J. J. Monaghan. Smoothed particle hydrodynamics. Reports on Progress in Physics,
Vol. 68, No. 8, p. 1703, 2005.

[19] Matthias Müller, David Charypar, and Markus Gross. Particle-based fluid simulation
for interactive applications. In Proceedings of the 2003 ACM SIGGRAPH/Eurographics
Symposium on Computer Animation, SCA ’03, pp. 154–159, 2003.

[20] Matthias Müller, Barbara Solenthaler, Richard Keiser, and Markus Gross.
Particle-based fluid-fluid interaction. In Proceedings of the 2005 ACM SIG-
GRAPH/Eurographics Symposium on Computer Animation, SCA ’05, pp. 237–244,
2005.

[21] Jens Orthmann and Andreas Kolb. Temporal blending for adaptive sph. Computer
Graphics Forum, Vol. 31, pp. 2436–2449, 2012.

[22] B. Solenthaler and R. Pajarola. Predictive-corrective incompressible sph. ACM Trans.
Graph., Vol. 28, No. 3, pp. 40:1–40:6, 2009.

[23] Barbara Solenthaler and Renato Pajarola. Density contrast sph interfaces. In Proceed-
ings of the 2008 ACM SIGGRAPH/Eurographics Symposium on Computer Animation,
SCA ’08, pp. 211–218, 2008.

[24] K. Szewc, J. Pozorski, and J.-P. Minier. Simulations of single bubbles rising through
viscous liquids using smoothed particle hydrodynamics. International Journal of Mul-
tiphase Flow, Vol. 50, pp. 98–105, 2013.

[25] Alexandre Tartakovsky and Paul Meakin. Modeling of surface tension and contact
angles with smoothed particle hydrodynamics. Phys. Rev. E, Vol. 72, p. 026301, 2005.

[26] Rene Winchenbach, Hendrik Hochstetter, and Andreas Kolb. Infinite continuous adap-
tivity for incompressible sph. ACM Trans. Graph., Vol. 36, No. 4, pp. 102:1–102:10,
2017.

[27] T. Yang, R. R. Martin, M. C. Lin, J. Chang, and S. Hu. Pairwise force sph model
for real-time multi-interaction applications. IEEE Transactions on Visualization and
Computer Graphics, Vol. 23, No. 10, pp. 2235–2247, 2017.

[28] Jihun Yu and Greg Turk. Reconstructing surfaces of particle-based fluids using
anisotropic kernels. In Proceedings of the 2010 ACM SIGGRAPH/Eurographics Sym-
posium on Computer Animation, SCA ’10, pp. 217–225, 2010.

43



[29] Wen Zheng, Jun-Hai Yong, and Jean-Claude Paul. Simulation of bubbles. Graphical
Models, Vol. 71, No. 6, pp. 229–239, 2009.

[30] , , . . , 2014.

44


