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FAST HAIR SIMULATION

ABSTRACT

Human hair exhibits complicated dynamic behaviors and rich motion details while moving
with the head and interacting with other objects such as the human body. Faithfully simulating the
detailed hair dynamics in real-time is important for realistic character animation in games and
virtual reality. However, it is still a challenging task due to the large number of hair strands and rich
self-interactions. Previous methods usually spend too much time resolving collisions when
simulating full head of hair.

To accelerate collision response, we observe that the collision occurs in a local position, and
it is the elastic force that propagates the collision impulse to the entire hair. Based on this
observation, we propose an iterative algorithm based on Newton's method, which integrates friction
calculation into every Newton iteration. Our method could solve friction force quickly and the
result follows the Coulomb friction law without losing angular momentum. Under the discrete
elastic rod model, our algorithm is divided into two steps. The local collision impulse update treats
every rod involved in the collision as a rigid body and solves the collision impulse according to the
current velocity. The global velocity update uses one Newton iteration to propagate the local
impulse information to entire hair. Global updates and local updates are performed alternately until
all the hair strands reach a collision-free state.

In the end, we use some well-designed experiments to verify the correctness of our algorithm.
After the algorithm converges, it can ensure that there is no penetration between the hairs, and the
final velocity and collision impulse follow the Coulomb friction law. Comparison with state-of-the-
art hair simulation algorithms ADONIS shows that our method greatly improves the simulation
speed without losing accuracy.

Key words: Physical Simulation, Hair Simulation, Collision Response
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(1 =i 2 B AR H b es B il it

gk +t) = g(x*) +vg(x)Tt +%tTVZg(xk)t. (2.13)
SR SR IXA IR R BB AE s AR At
xk+ = xk — v2g(x*)"vg (xX). (2.14)

NARESCSE, B/ PUINN line search #5120 K, 5885 WA 1



*‘5 SHANGHAI JIAO TONG UNIVERSITY RIRE & FTEMFEMR

Algorithm 1: Newton Solver with Backtracking Line Search

1 Input: initial guess xg

2 for k< 0 to n do

3 compute Vg(x¥)

4 compute Vzg(.r"')

5 Azt —VQg/(.r"")_lV_q(.r’“)
6 o+ 1/3

7 do

8 o [a

9 oFtl  oF 4 oAk

10 compute y(.r’"“)

11 while g(z**1) < g(a*) + va(Vg(a* )T Azk;
12 end
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Al %35 2 RO PR, e (r,u) € L(u):
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uy >0
r=0 u=0 =0
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e uy=0, WYMESTES, 1=0

o u=0, MUZEHELE, riEEK,N

o uy =0llurll >0, WIEZIESERES), rEK, AT 1, BAEYIFE LT Su,
FHR
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Mv, 1 = M, + h(foxe + Fine (X + hvpiy)). (2.15)
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. - _ ~ 2
mv}ln > [lv —Vlly + E(x¢ + vh) (2.17)
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FEW VTS IRAS BRAE BRIl i B R BRI, T2 BA Tk B AT R 2 . IXFETE
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Algorithm 2: Collision handling system based on Newton’s method

1 Input: initial position xy and velocity vg

2 // Simulation loop

3 fort+—0ton—1do

4 ) — 0 10— 0

5 k+0

6 do

7 glv) = %HU — 0*||3, + E(xy + vh), where o8 = vy + M~ (hfegr + 1¥)
8 Avk — —V2g(v%) ' Vg(v)

9 Vel — 0F + aAoF

10 if £ =0 then

11 | (' + ContinuousCollisionDetection(vF, vFt1)
12 end

13 I*+1 « ComputeCollisionImpulse(C', v**!, I*)

14 k+—k+1
15 while & < N,.. and |[|Av|| < tol;
16 Vgt] vk
17 end
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3.2.1 SANER IRl

AR WA, Higshid B Ca. Bk I EE s AN R 2 T AR o i
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I Nuy = u" N GERTT R BANEE RABEK, SuffiE RN, EYFm LR
Nur =u—uyN, HifEHER 3 ML, WA 3-1 fros.

take off (u' = u) sticking (u’ = 0) sliding (uy, = 0)

B 6-1 55 Ey AR

o Huy = Off, XX CEAHKLE, Frblr=0
o Huy < O, phEFREMENYARAEL R A EE N 0, I HARIKAEK,Sh
Huy

) (3-1)
S R R R B R EN, T(ru) € L(0).
3.2.2 T|RZIEIHRGTE

TEBSHOPEAF R T, B 2 1A (R R AR AE P ARAT 2 16 o 7654/ R 1 e, 3
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FESHHBE Dy 0 oph
r BB AT R 4 B g, my . 2 B4 B

Vi, Ti Ty Ty = —ry, BIFFFOL IR A 5 B, L,
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FF 1 AR A5 L P BB PR SR AR B
Au1=%%+(qulxrﬂxll (3.3)

Hly = Zomylley [P FFRGEEANR . 5E UKy = =4 (LI ] Buy TR K, .
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XA = AR 2 S AT S iy, 55 3.2.1 SRR BOERIK, T
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2 JEfE S, H 2 T E TR B A R IR AT AT, A Te R A e At Al 4 AE 2 AT AR
PRI R XA AR OER AN, QSRR 2 Bln AN [H] W) FO b, REANRIE
ANFITE AR (AR AE, T2 8020 e SR B2 0 0 fph &, X dph & S i Kol 2328 Bl
SEBR R I E Inf, TERA TR L X OGEE IR AN R B &, s IR AT )
g, wE 3-2 @fir.

N

(a)

(b)

B 3-2 —H—IEE KRB —RPREE AR L. BFREBETERN—ARLEKET
REE R EWHIT, O©)F T REBIER R ERNHEE LT

N TBIEM IR R A, BATR AL 2 BT EHEAT IR . AR —ARAT Z Bn SR,

PAMEAE A S ST AGERT L SRS AT R A A AR S /NBL, IRl il R

R AR NN BHE I 2, R R 2 AN E R 1/n, BIEZRINE 3-2(b)

PR RSB, BATA N BOEFRHE AT T (vl > 0), SEBERIRLRE BTSRRI
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Algorithm 3: Compute collision impulse [unction

1 Input: collision set C, velocity v¥*1, impulse I*
2 Function ComputeCollisionImpulse(C, v*'', I¥):
3 colNum<— ()

4 foreach collision i in C' do

5 foreach wverter j in ¢; do

6 | colNum(j)+—colNum(j) + 1
7 end

8 end

9 | IFtL JF
10 C' <0
11 foreach collision i in C' do

12 foreach wverlex j in ¢; do

13 | m’; < mj/colNum(j)

14 end

15 compute 7 with v+ and m’
16 IRHL ¢ JREL 4y

17 if |[r| > 0 then

18 | inset ¢; into C’

19 end
20 end
21 C+
22 return /**!

3.3 £R/EH

ﬁTEMﬁFiB’JﬁPE,TUHﬂ A FIE AR R A b A B 4 SR R L . Bk
At ZR H H bR e B — B 3 A =B 3

Vg(w) =M@ —v,) — h(fexe — VE(x; + vh)) — I (3.6)
VZg(v) = M + h2V2E(x, + vh) 3.7)

BT T A A I AT AR 54 B P AR R LU BORE RN, X — 2Dt m] DU VAR R R AR B -
B UOEARHEARIE PR 5 28— UGB, XA R BT EREE, JF HoaT DA e e AR
oM, JIAERIE . FATHISRIG R, FIH AR B2 AN 2P 002 B AL 5 RCRAE 4 R 0 51 7B 3
RBAZERH, HEMFEEREZIRIRZ .

3.4 KE/NG

FERG BRAEAL ) BR3P AT I, kA [ A AT PAPRGESR %, BT S5 #
TEAT 4 )T S S A 0 A e A BRI, WSS A 2 IR AIC A 0 R RO o A T SRR S
TR RLE 7> P, BT HMBYIR Al R 25 8 R AR TS i b, A AT R AR AR
S SRR AT AR NI, 72 PR3 00 BB AT A8 15 5 SR i 2 G RS (R il Ja o
o QR EOFR AR I0E, AT DUE R AR D R A . ', &’
AR IE R SER IO UE VA RIHER P, JE 5 TR D5 25847 UL
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FUE SKWBUFSXEE

AT I SER IR UE SA I IR VE I S TN RO R T X L. B 58, 4.1 WA g TS
PLER—Led . 5, 4.2 19— SR O BRI SRIG UE I 1 B 5 R AE S PR UE AL A3
BN AR B 5 35 LA BEE D BRI IE R, I HLARATIE 0 Hr 1 SEV2AE A 5 Rl 43 A s
SRFTE. fm, 4.3 TR TR0 ENK, R BRI AT B S kT
bE# .

4.1 SEIMATS

HyEseEEE C++, THSEHE: https:/github.com/piclet/creamystrand. SZILIE T FF IR IR
H creamystrand', 7EmEAEASTIABIAU N f 500 A 7 BRI EARRS . R TR EE A 4R — R Sk
A RS 0 1 — LE A0y

peod TRl

FE TR ARAR R P MT r B 5 AT DLBEAT BESEREAR AR I, Wl 4-1 Ffow, R iRfEix—
ANBUR TS ST IE By, AR IS A T B OL T AT REAE IS B R A

B 7-1 ESLREA I PIIRLE Ly~ H BN SIS S, TEe I %)k Al i

FRATTH S35 o 7 AN 6 e 2 8] (R I S i 8 B -5 M R 22 8] B e T R 33, 363X
PRI O, A o 8] DR J8E, DU 2 T A DU ST A 0 AR P 2% T DA e S T i e -

(x1 4+ v1t) X (x5 + v,t) - (x5 + v3t) =0, (4.1)

Hef, x v (k=1,2,3) ZE=ADRMAN TR ARG ENEE. A 73w 2 & AT
UG ST I AR R PR 35 A /N OB R AR AR A R A Tl
FESEI R, JATEAEM T BVH I )8 5 EE0E 47 Rl F o U F 044

! https://github.com/nepluno/creamystrand
2 https://www.toptal.com/game/video-game-physics-part-ii-collision-detection-for-solid-objects
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o BERARLAR

FEAEBE BRI E i, WnB AR S AR A3, FATEA — A B Ky 0 i3
e R I E B R H AR B PR AN ) R BB E AR K. XA A BE R AR AR
WRERT—#B 2>

1 —~
Efix = Ekfix”x - x|I? (4.2)

Ha, xZ2ERk EEESMIME, 22 BiE.

. T

B EIRZ 0] DIHATHAT IR 4, Pe i B 5 5] DLYE B AR (B FRAT 15, Al e )
AT ALEAE B BVH grid FHRATHAT,  Jo 3505 B Bt ] ARl 5 2 R IF4T (Ja Ph 5 2
BE MR ENGE, HITEARED . R FEH OpenMP #4747 1HE

4.2 BEEIFHEMLGIE

AT AN TR AR SRV RE 15 PRUEAD (A 2 IR ANAE T 28538, ANAS [F) A BE AR SR 800 BEHE
THRRIERTE . e — AN TR SRR ISIOE L .

4.2.1 TflbHE
o BRZIAHIREE

"

B 4-2 — Ui 5E 10 Sk A4 B — R s [ B SR B B KIEARIREL Ny = 20, F
B AR BIE tol = 10~%cm/s.

o BRSIMEYIR IR

Bl 4-3 — o — i [F] 7 1 Sk A i B — A [ 5E B AT NI b o S RIEAIREL Nopgx = 20,
PR BIE tol = 10™%cm/s.
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B 4-4 —IRBURHAOSR AR H v 21 . 7T UG BB AE Sk R P A4k, IR0 SRRk
RS HITHT DA S Sk R 2 TRV FRIRIEARE e 220X R Sk R BE RS R I LA T B e IR AR SR

Npax = 20, “PEEEZLHIE tol = 107%cm/s.
4.2.2 PR

o BRZIFMESE
t = 0.05s t =0.10s

t =0.15s

u=0.9

B 4-8 Bl Sk R HPTRIR E SkR L — (EXDNAFBEER RHT 00
PR, B T ORI %), T DL B R MO A Sk AR .

o BREINEYIIR L A BE S
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t =0.1s t=0.2s t = 0.35s

w=01
uw=0.23
u=10.5

B 4-9 — /R H HsiE S ARBURHNE L. AT AR B R BT 0 5 A5 R,
BB J P FN R I Z, 7T DU B BRS80SO TV R

4.2.3 WS
5 X =AM RIS 4 b -

o TR A R P AL R, Forbn B R OV
#,
||17k+1—17k||
lav] = Z e 43)
¢ TR B —— YRS ORI R AT, S m R
1 m
larl = — |l (44
=1

e Fischer-Burmeister H. %R

FEAS BE $ e f8 A] DLSE A S — A B E B AR ) @1 BT (SOCCP, second-order cone

complementarity problem)
ruweleKs3iulrek (4.5)

Hrba, #lHw, v 8RS 3], BHC R WA 4-7 Frox. 1 SOCCP X A4/ T Fischer-Burmeister
HA R BOR 2 T ) R

KaxlyeKo ffE(x,y) =0, (4.6)
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Hefh, fFE(x,y)=x+y—(xox+yo y)%, o IBFFFF IR Jordan product. R LA fFE.
V10 A0 TR PR A e B 2 R R e AR B O

(a) " (b)
Bl 4-10 31 2O BRI flufilr & 1 A He /e K Py B AN

RNTTTEREE, ARATIRICAE PR A A, A ANk S, AR 50 R, TERANAS
] Py Za Wi st 2 el 4-8 FiTa

t =0.038s t =0.189s
102 4 — llav]| 103 - — llav]
— |lar] —— |ar]
-1 10! A
10 — e | —
107+ 10
, 103
1077
1075_
-10 |
10 \ 107 - \
10713 4 109
0 10 20 30 40 50 0 10 20 30 40 50
iteration iteration

B 4-11 PR AAR S, Ao id s WIS AR N PSS £, A2 5 il ORI 2 R ACB th 25
RIS AL PO EORUE AR KD e T LR SIS SCR AR IR, £E 20 4Mi%
RN T LD 211073, JF HL25 RARGF (A8 1 G BRI e

4.3 SIABFERTEL

AT EE 7 v ADONISE, Ul r s 2 2 — A
FAERERKA K SRR BRI, A B R i R
BTN e — R, i EPKN Ims, SN 5o 3R
AT A FR A A0 SR 2, B o RIEARIRECR 50,
JE AR Ak & Bk 1 1076 ADONIS i H i 3¢ 2 2 /Y
Gauss-Seidel fiffilii, i RKIEAREL 200, Bk &4 911
fEEAE/NT1078, e RAWUERIKEH 50. B ITiEF -k
RS BRI JEE P S KRN Sk e 2 TR PR BE 2 R 0357 0.3
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FATH LA ADONIS F07 545 K 70 7 WK 4-9 FIE 4-10, &FiiF-35 FIS 70 A WAtk
4-1, 1] A BIFRATH 7 EAE AL R _E AT ADONIS JUT-5E 2 59, 1B 52 F it /T ADONIS .
ADONIS i 5. 95% i [ #7E i 18, T el e /e A T B R AR 5%, PRIt EARER
MM EIE RS RA T EZE R N RS, HEMKIALL ADONIS th— N EHIE 2, T
FLSEAEREHE SR 2 B, FRATT R SRV R I SR B N R

(1) (2) (3) “)

) (6) (N (8

B 4-12 BATEIETREG R

) _ (3) 4)

(5) (6) (7 (8)

& 4-13 ADONIS 1jj H.45

ke 4-1 FAIWEEA ADONIS 152 hairball I} )—i P B I, AR S i 40k,
-3 BRI 2020 5500 Prepare £ HUET M AAA AL B AN —LEFiiT R (GRATTHY Prepare £9
B TSGR R, Dynamic FURABUEIY, CCD FoRiESHLtk I, PC %
INAEFERGAE, Solve JNfRAIE M &
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Method Prepare Dynamic CCD PC Solve Total
ours 57.25 ms  418.86 ms 102.54 ms 1.24 ms 29.24 ms 609.22 ms

ADONIS  8.87 ms 206.99 ms 21848 ms 7.07ms 8490.51 ms 8930.93 ms

4.4 RENG

AT SER ISR T R IERATE, UERT T ARSI AE LUBCER K S, IF HAE R
SHIAG R IER I EEE J) . /£ ADONIS 3 ECJSAIE B FATHI A A 0 RBOR B8 B 8 72 5 /Y
L T IB AT KRR TT o
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FAST HAIR SIMULATION

Human hair exhibits complicated dynamic behaviors and rich motion details while moving
with head and interacting with other objects such as the human body. Faithfully simulating the
detailed hair dynamics in real-time is important for realistic character animation in games and
virtual reality. However, it is still a challenging task due to the large number of hair strands and rich
self-interactions.

Over the past years, researchers have developed methods for hair simulation based on a variety
of hair models. Petrovic et al.l>!l and Selle et al.[??) use the mass-spring model to represent hair.
Bertails et al.?%! created the “Super-Helix” model based on Cosserat theory of rods. In their model,
a hair strand is represented as a serial of helix connected. Bergou et al.[? 271 defined stretching,
bending, and twisting energy based on Kirchhoff’s theory and proposed the Discreate Elastic Rods
model (DER). Because of its robustness and accuracy, DER became one of the most popular models

in hair simulation.

The interactions among strands is another important factor for achieving realistic hair
animations. Daviet et al.’7l combined the motion equation with Coulomb friction law and
formulated it as a cone complementarity problem. Li et al.l*®¥ proposed a projected gradient descent
method to project unconstraint position into a collision-free manifold. ADONISP?! considered the
nonlinearity in the hair model and proposed an iterative hair simulation algorithm based on Daviet
et al.’s solver. However, the methods mentioned above are extremely time-consuming when a large
amount of collisions happened.

We observe that the collision response is a local problem, they only affect a small number of
points near them. It is the elastic force that propagates the collision impulse to entire hairs. Based
on this observation, we propose an iterative algorithm based on Newton's method, which integrates
friction calculation into every Newton iteration. Under the discrete elastic rod model, our algorithm
is divided into two steps. The local step updates collision impulse. It treats every rod involved in
the collision as a rigid body and solves the collision impulse according to the current velocity.
Specifically, we calculate collision impulse needed to keep the rigid body rods unmoved relative to
each other, then project the tangential impulse to the friction cone to make them follow the Coulomb
friction law. The global step updates velocities through one Newton iteration to propagate the local
impulse information to entire hair. Besides, we divide the mass of rods by the number of collisions
they involved to correct collision impulse. Global updates and local updates are performed
alternately until all the hair strands reach a collision-free state. Due to the simplicity of the local
collision problem, our method could solve contact and friction force quickly and the result follows

the Coulomb friction law without losing angular momentum.

In the experiment part, we use some well-designed experiments to verify the correctness of
our algorithm. After the algorithm converges, it can ensure that there is no penetration between the
hairs, and the final velocity and collision impulse follow the Coulomb friction law. Comparison
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with state-of-the-art hair simulation algorithms ADONIS shows that our method greatly improves
the simulation speed without losing accuracy.
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