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Abstract

Physically based simulation is a technique to virtually reproduce natural phenomena of
the real world in computers based on physical principles. This technique is widely used in
many fields, including aerospace/mechanical engineering, and medical science, due to its
high precision as well as low cost. Together with physically based rendering, physically based
simulation can be used for making special effects in movies, such as flood, hurricane and fire.
With the development of 3D printing in recent years, the research topic of digital fabrication has
attracted much attention. Physically based simulation can improve the quality of 3D printed
products. By performing stress analysis before printing, we can make the structure of the printed
model more stable. By mechanical analysis, we can even print models whose physical property

will satisfy certain constraints.

Surface mesh plays an important role in simulation. First, thin shell objects (i.e. paper,
cloth, shell, bubbles) are usually represented by surface mesh directly. Second, the shape of
most objects are represented by surface meshes, which are widely used for collision detection
and real-time rendering. Third, dynamic mesh can be used to track the surface of fluid, which
has no static shape. Although all objects in real world possess finite volumes, the topology
and computation of volumetric mesh are usually very complex. If the computational model
can be approximated with surface mesh, the computational cost can be greatly reduced, thus

improving the performance of simulation.

In this thesis, we modeled three kinds of materials: water droplet, viscous sheet and plastic
sheet, using surface mesh. The shape of water droplet is mainly influenced by surface tension,
so we can simulate the motion of water droplet using a deformable surface model while ignoring
the water flow inside. Merging and splitting of water droplets can be simulated through Boolean
operations and mesh optimization. Surface mesh is very suitable for the simulation of viscous
sheet and plastic sheet, as they are both thin shells. We apply these simulation methods in

the virtualization of two traditional fabrication techniques: hydrographics and thermoforming,

I
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proposing "Computational Hydrographic Printing" and "Computational Thermoforming", which
can be used for 3D surface coloring. We built prototype systems of these new techniques, and

validated their usability and robustness through physical experiments.

The contributions of this thesis are as follows.

e We proposed a mesh based real-time water droplet simulation method. Using a deformable
surface model, this method is able to simulate droplet motion, the hydrophilic effect, and
droplet flowing on solid surfaces. This method reduced water droplet simulation from 3D
volume to surface meshes, thus greatly reduced computational cost, making the whole

system real-time and allows user interaction.

e We model the viscous sheet floating on water using surface mesh, and simulate the
phenomenon of viscous sheet stretches and wraps around the object as it is immersed
into the water. We apply this simulation in the virtualization of hydrographics, which
is a traditional surface coloring technique. We proposed "Computational Hydrographic
Printing" method, which solved the problem of precise alignment between color pattern
and 3D model. We built a prototype system using off-the-shelf hardware, which combined
virtual simulation, system calibration and controlled immersion. We further extended this
technique to multiple immersions to solve the problem of color deviation due to large
stretch. In each immersion, we only color a certain part of the model, and finally get a

seamless texture after immersing in all directions.

e We model plastic sheet using surface mesh, and simulate its stretching under air pressure,
which finally adhere to the mold surface. We apply this simulation in the virtualization
of thermoforming, which is widely used in industry to make thin shell plastic products.
We proposed "Computational Thermoforming" method, which is able to make digital 3D
models into physical objects, with the help of 3D printing. First, we simulate the thermo-
forming process, taking the digital 3D model as mold. We calculate a pre-distorted pattern
according to the stretch of the simulated plastic sheet, and print it on the transparent
plastic sheet physically. By simulating the venting process, we detect potential air pockets
between the plastic sheet and mold, setting vacuum holes accordingly, and print vented
mold using 3D printing. We improved a small-scale vacuum forming machine, making it

possible to align pattern on plastic sheet with mold. After vacuum forming, the printed
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pattern will adhere to the mold surface, forming a physical reproduction of the digital

model. The plastic sheet will give the pattern a protective layer.

Keywords: Fluid Simulation, Surface Tension, Mean Curvature Flow, Surface Coloring, 3D

Printing, Viscous Sheet, Hydrographics, Plastic Sheet, Thermoforming, Texture Mapping
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1 REEHRE A T KB LBA#TYEGE, HAZNHED DL RPVAR AR {1 & #
rE. HBRAEEERMAKNKE L A- 22 TREMANNAER S, NES
A AR X TPVARE B L B B # 1l

2. EIMMAE R A EPVAREWAEM L E 2 5, MEAKENNYELR AT,
5% HPVARR /E B A KB BT I AR o & i T4 4 B9

3. HEMMEER aEdff ARy, FEATPVAR LG — A a2 EH x| Ly
AT, WTEILRPVAR S = AEA R E B X R REZIANBH UK T HER
HISCEE, B DA IOV A B R
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4. YVERSEI & BTN X B RATENAEPVARR b, PVARR B = AH Lo B R KR,
RT3 KR 1E, PVARE L9 IR RN B ke =@, N T AKX dEE
B, TUEFRA T LEREIARE, B LRENLIBANEET L E.

BERAGOZ R ENG EGIT)WELI.47), BIHAMEAVHNEZE, HFHET
WA EH ZI AR E LA,

3.3 EMHE

T E KR AZ Q& I AT EPVARE F 9 FY R B %, @ HUP X 5B E W
Wz )5, R ERANEE EI L RITWAE. EUG AW A Z = EEA W LA R,
KEHXE, UFERAMPVAEN A AL E GTH 7 EHE34THR)., Har&A#
HMEMARNREY, HTEAERNELENEEEZRN, FILENG R FHER
W REEE H L,

EMGEENZEAPVARR L R SRR BRI R — PR R R, BB X
A, TUERIE L —m e kN EZ G, BEERRET L E. FHIbxA-BRA X
AR AR E R, KA R W BRA

3.3.1 HHFEE

RS T 4e Z 80, ATEV ST B R OVPVARE BN B 7 A £, [ G E B B9 5k H 34 47 B9 R
H—EE A EAA G SPVARE X £ R AL, (E5PVARRT 3 & 8ot A M,
AN K —EEUTRAGEEER, MERFEeRUZRIETE, HM3EE+
RAKE., A EF, BN EFPVARE -—REEDNGREL, ARMAERENTE, &

(a) R Q (b) (¢ (d)
i me;

3.6 JKEEN, PVARRHRIHHEENERRENTEER @—MIFFGBEEERTER; 4~
T FEKEBIPVARE ERI— . (D)MIE—EaFFHIa K. —EBPVAIRNISAMIRRYRE, FHEK
A ERER TR AL, B R EHah. (QWIFBEIRNKF. LREmhEEREHMNE
Wik E. (DARMWEDF L2 ERFEFBEEAMERAHBEEDF—EEH.
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%, PVABRRY SN R I B 2oy, FFETH5). CEWa EE~A & ErPVAREE R
—RTI, MEKRFLIEFAENE, EREGTREFTHEAMH. ENTEWECHT.

AT ERWE, FTUKFREEEER K APVARS W E M. R, ERNB RS+,
BTN AKEEZER BE&E (Smm/s) [ F e LUIEw T BK:

1. AEPVARRH A TH#ERA.
2. KPR REE A B EH 7 mEy iR

3. i EEA AT ER AT AN EE, — By EamR kT, FHEY
i L

ETERBER, TUBHEEEBEENE £ FE ERITE, EXANHERBNEER
EYRE KB AL T AEAE, B RZHEARA AL G ARERE. & THE
E A BB oy B /N TR B B A A, T DK R A

Vg EE N —EFEZE, FRITALLF AN PVARK I TR B =,
FE % E H0, PVARR GBS ooy A £ (W F), EREFTURE LT LR K
HH. ITHUFLE—Rx, HREFT SR ExRERNEKANER 7 MER; &T#H
JErR S Mt a A ER B R T, B E 8RN Gx f R T B3R E A /NME L
KATFu(x), x e RPETHMEBEHN — R EY, ERNWARFEREET 7 @R
e, B HRAE LT R R LR i b Bu() By X

3.1

vin(l—cosB)/sinf, x eI,
u(x) =
0, x €T,

H, LA Ao 8RR A R A B R s Fs vy R B TR py R B
OB Sxm A AT FEESAKTEZENKA, nxBRY T 9@l Fo e %
Mo EENMAKFHILES, BRTHELASE, WMLNREERGNAREEEEH.

4—1_‘\/
X
]'_‘S

T4 & FHE IS SN

3.7 FHMEERANAFFM
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LHREBRTRZE, T—IRERBNECLRAFLAGTHEENTOL L. KA
FWTAM T HE T & FREHAER UK L RER, IHM T E TR ETH
REGHTERE LERGS, AREXRITHEE (3357 2l EEaE,

3.3.2 HrEwHmsER

HTEBEAFBEMAEEFEAZM, MAERRNRE SRR, X EEERL
AAR/ANE U, H T DUR AT HE AT (Stokes Flow) 5k 4 34 1 Fb b o 9 R 9 32
U, EZEEFG T, FETHRE A LH RN — M s

Viu(x)=0, x€Q (3.2)

HPQAREEEFEAE LR, w2 ITERE, wE3.8, HWREEE YK
BANKEIMEL M. AR329 L FFH A AR31. EHETHET (3.35%), MHEEH
B, REEEN NHEFKFRBEAR32. BERAFEFTEILHENT, NTRIER
BATMEE . EREEG THEM~AEBREN, ANSEEENEELL AL
., MmRIERMAFE, FiEAR3.29 318 43E T,

3.8 FMERAITERXE

NAI20 T B LR R R, HIAEERY X RS (iR R K8 § B,
AU FRENITHEEER, EEMARHARANKEHRRRR, BAPELEERLR, H
FH LS AR RRTER, SENTETHAERTERESR2 TR, FRXHEFEXA
oM RBEE R T HERIT L,

333 LUK MEFEER

B T PVAE AR 9078 ol 2 5 4 R 2R U ORE e pk B e L0, [ B R Rl Batty %
AW X P R pg h ik A E R R, B E AT - HmA KL, £ F

SEEH,, EX HNRe=UL/u, TEXIER ANavier-Stokes 7B+ 2 — ML ENK., EFUNREHMERE, LYKES
MERE, ulkemshsFi R4,
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—NERAMFE AT E _ERENE, AEHETEAM. BARY, EXNMHER PEKE
Afm(VEARDEZX—m R EN R ERR L, XA E G R £z
o, HIBDik T

pi+ fin(x)=0 (3.3)

BT ARX PR FEER ST T AENLRNITE, HkdBattyd XPId g
R#AMTT —AWEN, Tk, EHHBEEV LU ENNE, A EET diE (bending
energy), H & EHfE (4rf#) ft & (membrane energy). X £ [ h# R A F & +E 5,
AhZTHatEnT. FEEEZAKT LEREBENEEELEFENRS, W,(x),x€Q.
wnGingold £ 16 > ¥ Frak Uo7), s gk & 5 4 1 R 5K 8 ok E e

Yh(x)
2(1—2)

EFh)EHBEEXRNEE, o ZHRMEKEWE, YEPVARWY KEE, vEPVARE
HEA . EWEAT EEAERIRARN, v=05; HREFNELZREH (3.6%).
R34, HBRNTeXFABMUEKE, ATHRERYFEALANYE, BLEXHERE
REE, FLMEBEEA T LR A BANFREXEQ LR

W, (x)= ((1 = »)tr(e?) + vtr(e)?) (3.4

fint(x) = vx (f Wm(x)ds) (35)

3.3.4 HHREE #HE

BRENEER )T ERARMNEF, TUHNEBREFRANG —SEEY, HRAES —
RAREER, —PUHETRERBEREREZRENGEREE. AW, & T EPVAK L
TENET B, BM 2 mEENEE., MATHNWEEAE, #EE e EE T,
PVARR A & st R # (£90.5mm), o FURH ok 09 B Z 3 7m, & LAGE 8 FE B 30 6y 7T 4 o 44 %
®, FFERAEREHAELERATADHKA., AE3.9%, ZMEANERATELE
FERTOMEEZNDE, BhEerdEd; TaMNELRF EINEELDH, FHiit
CR R CE SR

AT AT ENG AR, ERELOEEHERN, CRTEREFAECRREFERE
B-RAWERE. AT HEZAFR, K0 KPP RKME: BABRREKREENEZH
HE, AHAHEEHTENGE, EAIZRFEAFER-BER. FTXREZEZ
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3.9 BRXTERNMIZEMNEE KEENYEEIESD, HREERESXIPVARRK R4 S0
PR ERUEER R, EHNMRETEITERUEEHENERE, BAURSHERNEE. MRS
EMEMEZETHNEENERER, BESERBHIITT. AMNERZIEPVARSRII—EEN
HNERER, BIRTERD, EMRBATESEENT,

G, B_IRTUREFCRREFE LG5 —EWEE, AXNEHGEEEEIERZ—
MEMFEBAN, EANALRT U RHT, ERFHHWEELIFRAEL M. TEREE
RER, AFAFERLS LR %ﬁﬁ%& FWEERItES, F—FXAHETL
MERARE N EFEEHEEE—ENEE, BT RRRKAES A AR T —
FREUTERE

PR EEEE I EE, TURBLITHN M EEE FWEXERGEE, BTN EHE
FER S EERAE, MR EH ] DA% E|CMYKA & = 8 . CMYKER € 18
EITHNEES (., &4, #. B) AN EESEARAMEEN T LKL, &
MNEEHMER[0,1], HhEFXWAENEMLER (KAL) TUEAXHFCLTEE
BT, BXAMEE AL, A, REREENR Ft. BIELH, LI FAAh=0.05tmm £
KRR iy BB AT U R4 R,

EUHHEIRY, RNTEHEFREFRNEE, FHAFENEARGFEL, FEX
R=ZARMBHERNERL, FREZAVARE &, HAREE—FHENERE, %
R R B E T Ah(x) = ho(x)Ag(x) /A (x), HFhy(x)E @& Ex=AWHEBEATREE
Ag(xX)FIA, (x) 4 A K A4 Box = A T el A7 4 T AR A 2 8w AL

]

3.3.5 ¥MEitHE

A 5 3¢ A7 U A 3E 2 G £ 8 R K F R PR G 77 %% (Finite Element Method) it .
BRAEXE LWH SR = ANERTE. REFJuO)NEBRRNEHEE=ZAPHE TR
L, EZATRAIH W & EkER
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3.3.5.1 ARG EH

EREBANKHLIET, EEONLAREER G RKEXF & B THEABLTE
M, S&—WiMget EEANKNEE, AHEFEKEHRREL (FRRL T, zﬂa&%
EHZE, LAUAEEE (wTrianglel™) E#HEEH#T = Ak, REBHTHEN
E, ITXRAL (BEALF) TENT A, SHEATETHELE CHHHE—BiWTR
EEAFER=ZANENREL, UFEAERIRUFREEARE, EXLR T, LK
HKFImm, ZAFKAAE TRI30°, ZAREMRERBMIcm?, £ AL IR
(3.3.2%) #HTHEHR, EEHZIFHRNE ARG FRET Ll 7E, EAELN
Rt EEER (3.33%) #TUHEN, LFEAL— P HANNENES LK, ELTECE
BEAEFZ I MAENESH WA, AR5 H KM LAK3.3, ﬁ»&l%)ﬂi?éﬁ%ﬁ%%ﬂ%ﬁﬂ
— /BT S KB H %, HBatty® AW EDIE AR,
Algorithm 1 JEZE PR, P 7 B — AN )20 KT B R
1. BAER A #E T4 R E K
20 EHUF AT, (LE3.7)
3 A X8, HLF AT, T,
4 B £ —wing AR R A b
50 EHUFAMH (K31
6: BRI EFER—F
7. EXHEEEE: heV, /A
8 HEMGFENTH®EE(N3.3.67)
oo EFBRERTMAE

3.3.5.2 iHEEAGEF

BARE T HAE TR LR B AAER, M DA TRERESITE. &
AR T HEELRRS, ERRFREENNT L. Fln, 3FE3.15F 8 IRAATEM
HE, FRTARTERFEY, WHEAMEEFENFTES2o. £xhy, KNI
WRAKENIB I RARHIMAMELHLT03, ALK AHACEREE L LB HY
BR, ERAXANUBE, REQHKMA, RRAERAFAMEEERRXATHET.
R e fim g A TER R EE T EE, ATETHEENEZ. I RARDY
T8, MG RGWRAFREEFTRENTERE. BRILZ, EZREEF (357),
e AR R R AN T M E A, TR b B AT 2
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3.3.6 HERE

B RN ENREN T EL—IPVAR LW R AR EHNBRA X R, N TEHE®W
BNMBETURL ZHRAREAENEEEMERENCE, ERHE— KO E, AL
BRI EERE. BTN HERR, AT ERRTRFHHEZR, BHERTRET
B s o HERER. ATHRBE-ITRRINTE, EEMEFPRAEL LT (B
FHT), SrEAEVFET, LEREFEEZ Fu(x, ) =B, BERFHEEEE LT, A
EANTBEEETERE S ANHE, FHERT X ENEE,

EEWNFENE—FHEF, XE-IMEERTRIANCEGEN AN, X— W&
ERAZAZTALGERE. XTHEEELRACTxRWEELT, KIRELE
o, BEIMAERERELR, TARETBRA(): x —» X FRUET2EAKF, FE|
Framat, HEEEBRAgS ()Xo x, THERTUAAERWXERERESL K
Fo' (%), TR ELBAaRE, RIFT FEITHHEE,

3.4 YL

LEMERER, TALTPEERE, FE-EREXASHAHEAMELEN R
G, BEMGEEANE. ZRHEET —EETREMIWW=ZSNE A%, ATEEW
RAL, ARBAT KRN EE.

341 RE¥#E

EANT R G E3.100T . BER G o E R T # 2 W R, #8940 7815 % 4 1 o 3 1=
THRLE, ERHEIRANLETFHEZEELENN TIn, B EAEFHEHELEH T H
A B sl, BEALMEE T EH E, 7 LAZEOmm/sE10mm/sTE B N E LS . EEBE,
YR Z O\ 3 A 1% 7 5mm /s,

KEWTHAE—AEBIRAM, I5EETm#EEE£30°C, 1T H 4 E £ BIPVAFE L i
BEAE L, WEAARTERE, MEREEFRE, A XA EEAFHRAER, EiT
DUGRAE & K PVAFE# K B E A I AL B, RATE FHA4R T WPVARE, [t & 3@ vt £ 47
EVHLEL A LAE E AT BN £,
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"

Kinect

& 3.10 HHEKFEERIRE RITNRFEZE[ - BEFKIKERARPVARR, —NEETM
FHEHHFERMFEER R ETEMNELEN, UR—NRERN (Kinect) ATREFESR
AR L E FNFATE).

342 HAB=#HEM

HTEHMWNEEE Rt EA Tz, BReZHABER g HEEHE M
B, AMERNCEMARATEENHEFTFEN, AT FrXAFEE, §LEEREE
EREL, AFREIZHAEASK, THHEAMEY TPVAENCEMHA N, AL MIE
FEEHATENGE, REAMPVEEEZE, FHIATAEENEE,

AT HRBEA L E A E, KAIH — & &K E ¥ HlKinect, # i KinectFusion®
FNE B EA G RWN3DE T, N T TPVABWAE, EMEWE S L2ET mA
@ FENVNDER, FNPVABEAN T FERANLES IO, BT FEEA
FEEERANTRA R C A, UAICPH KU L 5T 2 =5, TETUI
FHRrreEill e FEEANMESLE, AMItHHEPVAENESLE, EXkY¥,
AP E AL TT R iR 2 A 1 1.5mm.

343 RABZRAKEE

BANREREEREN R ZR AL (H35) WIEEREE, ArPRE— 1% F3DHE,
BRNSE, UREHTER T —ZHDELMHER, EXERAXTFERERE L,
RAZ %R AT H L ZERAAN TPVARMC EAH =, AJ5E T E W FTH B
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HREE, FHRFETEAITHNEPVARE . REHPVARE R AEKE L, HHPAT AN E
k.

3.5 ¥ EB: 2REH

KNI HEAEN T B A LB TR RENEE, EXMEWEANKERET
Wrig g, EREMERLTEE D, FERESEHL TR, Xad T ¥ E e i EiL
B, AxZHEFEEAUN, MARENHFERREN, UHEERA, THERGWEX
BERNWMECRRAR. SuwFERLANHEK, EREZTL2Pwa. HATRELR
RAWNIE, FRAFNELERE ZE - dw LT 217 .

BRENT RSB RAEN - NREE, SEEKEELT L, FELFEXEF
THIE k. (W EBRAAKERE, TEAKWA— K, AA31FWOEENL80°, MR
ERABIEHANLFRELFFA, AXMBISNLRLEHFTIHAERANERIRE
it 2R A

B M A SR T AR — N BT ik: B — MR ETE 77 | E SRR, x4
FEATRZAATHEAR WX G R wRZ6, HATHNE—K EA2HEK, H
WPVARRE AL Z AR, BT - QBRAEREN. B8 EW— K wREHT 2K,
LE— R LB EERNNEEXLREE T IR EWNE

3.5.1 HELE

BRAFP AR E LA T E, BHEERNIEL,E R LN R, EHER
By, FRBHAMNYERH— Mo HTEE, ZRENLEHEE TENIE, AHFE
HHEEEAN TR EHANEZ, dhEkEm L — &, SBREAX—ARAE—RENFHE
B, FEHTANERENZEFFEBEAX — AN HERIW T E, P 8E%N 7 Enir
FORBREYARERERE L, SDAHUTHHERNLEMH T (3.4.2%), FMAE
JE A7 E o

BERH LT AN M0 AL, KRB AT IR 7% (3.3.27) MHHH#ATE
WA E, #LOEREEE.3.67), TUREN % FEE = £45 A K @B Eo(x).
¢;(x)HyJacobiant & i Ex RV &, HJ AT R ERZx m AW F AR, T —A
ZARN =T Eq,q,,q, €ER?, HEAEZHFE L LA Hp,p,,p; €RE FMAERN=
fa T o A E— WS (p) : p > g, T AR D0,
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Akd

low stretch | high stretch

B 3.11 ZIRFEIPVAIRAREN G E EMAIMRER FPVARRMGFE Y AR BT R R REIT AT L
%, FEELRIIEREIhERIGE,

S(p) = ((p, P2, P3)q; + (D3, P1, P) @2 + (P2, P, P1)G3) (3.6)

(P12, P3)

Hob (e, ) RTR AT S A= AW ER. A5 % # fJacobian 2 — 3 x 284
K, ERATRERZEANZATMRAL BRI, H5HHFEZABHRASHE
2B, EiF EEE— AR RR A EIE 5 TSR B = A RA R R B,
*EAN T MIBA TN, REET EAAN TR A FE— AR EE, WEIR
e

BE, MEN G- RRELSHERNMIEETE, IERAEDRTHATT 4
B, HEEE—YH T B e

35.2 WHHBEFTHWEINEE

EE—FF RN ERREES NN 7wy o8], 5 R e X £ TR
(3.32%) #ATHRREITH, FHEATHAMER, ANLEHE I THE G EEEHE.
TRTENBARAN,EES, AHETHRTFLNEEGE T EREER, FBHELE
MR (3.3.3%) HATHANITE,

R—w, FAP@RITERENITERE, UG L—F v AR ik E <A
REL ARATHRARMZG, FAELEEEEBELY (333F) #TEMNGEE, B
KaedRWEREEZZARANTHE, BREE RN T € EE, wHE3122M 5|5
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B 3.12 ZRENENHFREANEZNERTELRE SITRR—AHFRLENEERNTEL
2. () §ANAELITELERNTEZER. (P) BFFETER, MEAELESMERR
. (A) R&TENEPVARR EHIER.

To ENFHNEAERUEANA T EEERE (E312FE -5, F2 &7 E Ly E
ERAT A R (E3.126 M —F1). AJEHATH R, 47 HAE % T | xR e 3 4 24T
EE. FMERTETRE, EHF6 7 MERALANTRE, HEFAF REHMT K, EAN
BANSEREL L RENRRGAET Wk L.

353 UHRTFHAE

LKA L RPVARE A HE LB PR BRI A, NTRATHEHNRR, EEF
ERUIFRFZEXBRBRNTHELE R, TR EADHEE AT ELTWEL
BrA#emwareRe, FLEIARFFRIBERBDIEAHES ENERLAR. 0k
E3.12%, RATHUWITHERAZEARTEN. STHRI T, LEER FHeX
B A6, HAIEKRFHENTNAGHEBRT HEENEw,; =1. MEXREHSNIWT R, HF
EAREERE KR TN IE R B E W, AR A

L] —

d.
w;=1— #,for d;; <H, andw,;=0,otherwise (3.7)
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Heod ZRMAjEOFRAUFHNMES, HEEFTETCETENE H, £
BHEEHESmMm, HTRIERBTLZRFE, WhE - SHHOAHNNEE S RATERE
EHE, TFEFENTNAELAREECNRE#RTH . FWME, HEFTENEE
WAL w; = wij/ Duwijo W R FECMYKE 8 B B & Kc;, NI EjEIT FH % €
i, THEZEN NG ENHE 5 aeRdw WEAKEE, Hw c+0—w )W,
FW =(0,0,0,0) HCMYKE & = 8] ¥ 4 & €,

3.6 ILBER

RANTERRIT T RIEHEZR (3.6.17) ERIEMEER N EHNE, KRB ELAEE
MEMZBBEARTTHE, AFLERENFE (3.62%) URLZREHEFE (3.6.3%).
1 BiE4T 7eIntel i5 4430 CPU £, % %k F B} B£3% 17 7 Nvidia GTX 780 GPU £, FrH By L%
HRE4 TS -5 2 TR RIR N BT R

RMPVARR AN T EYE S % FE. BE. WKEE. & Ep =1300kg/m® f1 &
Fh =0.5mm % # 8 & PVARE (i B $2 ¢, # K42 (Y = 1.82MPa)# 1 # 2 L 1o | £ /57
Bl, BAAHFEE - MHEEERHAE Ak L, FEATREAGREENXANTEH#
TRMGE, ERENELRERFEANENHEER, FEAVREEE, XIMER
&y SE IR e 32 5 40 R T BT R o 52 e

3.6.1 WifMR
FAVRE L EME R EAT LT =8 L.
1. BREHAKEHNRZAGE G EE?

2. LA RBEAA DA AT E R B 4 R g ?
3. WRKHWARTUER, ENGARGILE L EHEE?

3.6.1.1 FEEMEKIL

TR FTEE, CRAENTZ-IMRANKERELT EL. Wit HAEHE
TR EENERH#ATESR, TEAMFATRANRE. RINFAERNOEEEEZEER
MR LLREE, FERERZTHRPESRRIET EEE, ROV BERAKE N HTE
MR EAMA/NR KB EBHEImIE A, FH20sREENEE, wRERE
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[ 3.13 KEFENAESMHEIE RARNEERER, T2BERNZNERE, YEERREHKITE
. NERA, RESAFEENT R BR =R BRENERFREBTT, BLEERGEE
BANR, INMIERRKEENZIER ATES .

(@B LB 4 DRI RBEEGFE (I LR REL (5 H

[ 3.14 LM ERERSHERIRKRBERIE  WEENURYEFESKZENIGHE
RO, RRXE—YEEEM LM ERSHERARMMRERITHER, HERHTESY
BRINMEER, IEFRIRE MR ERER R ERLES.

HEE, WEAKEHIEZT UER#TH., RERERWESI3FR, EHF RN
ZEGERABEET IR, 2K, 3K, FREEMEA T MEANEE BT UE
H, BRERMEG/ T EeBz Lt —ReaenmEE, HLAEkE S8R W A8
o

3.6.1.2 WHER X

EBI4ZH AR H AR E S A EERY TRERS L. XAT —1HE
HUR R Sk i, SAWNFERAEMEANK, FHAMTEERAKTZE, LHHFR
FANKe HMAEBBAARRENE o, WPRZAEREy A RREEA, S5 LHE
FRAKEEBRNLFERCEEGTA, DB EFEHAAZEHTEIR L. R
E3.14M)f (W T AL RFTUE L, FAUEMEFEEA AT ERANITEREE
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yo3a43s ybiy

UD1241S MO

3.15 KEZEVBEWIE BIEEEE/LAFHE (REMPE) EE FREDRFERHE (85
KRN R) LR, NEERFESJUMHHEXSTRNRERMIEREE. FRER AR MRE), R
EZA8id1.5mm. ERERILFKIREABI2mm, BiFFIKERHE2RBEX, EHREHLTX
(#95mm). () WHRBKRELIE. () #FENTLOERISEY. () PVARRAVRIRER,

-

3.6.1.3 #FE AL

HRATAF MR R R T E: — 4 R~ H12emx12cmx lemiy FAR 1 — A~ E
Z8ecmiy E 2k, wE3.15F R, EEM ERET —SANHFI MG, XLEMEHATHER
BA WM E, XEMGEHEE &R, FHib TR UZEPVARRN Y &, X SR W Rt
ARG, IHEERXX A S5HA LB RARGES, BXHECNEZyER, o
KEHRANFEZER T UBRIYNERFE (BEE L) S/UARE (MERH WiREx
HATEZENE.

FRERLZAA, RAEFEZFHT15mm. FRERIREEEATAK, 4
FIHAR Z AT 2mm, EFFRNREZLEE A (H5mm). XEFH A LEL—FE
BREARAKTZ G, PVANRLHREER cREL D, FAERRAKESHEEREHHX
AERETL80°, EEMGEM T AREASHAT &4, HitFREZL2H B A,
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B 3.16 ASKM-MERMAVKIEZFEISE BENMEASKIAEENINRSG, EitEEE3D
HREE UK, HZARERFURE LRitaiE, RRBEKEHNARGAREE.

& 3.17 HUERIC-ZEBR R ARMREAYKEZENSEIE  /KEZENBRRE B h A B REANEITK, F Ik
MHEERFRRER. EhEZAEIIDITENHIENERTK, EMNAKRIK, FihRERBHHR,
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MTHZEENER, BRAEORESHFELURAENER. EH34HBREH W
HR, REgAK#ENTEML, RN EaHE R HE SR RTR#

KENT LRGN MR EREHTEE, RINWFTERHESY RE 2 M0 H.
BI3.16FT R e it B AR AT R LA RN E . RN ZETF K&, Hikby
FRZEARNIRE LYK, RAEEZAXABRBR T THEEHR. AFHNERR
Ko BITEMNTE, HERE T EPVAR LTV R EE, @2 CA#EE
HEQ | A PR R AT AR H

BI3.17 Bom 89 2 47 R SRR AR BRI B sk PSR, RATHY 77 ik a6 7t JLF B AR E
#HTFCE. FTAIREERNREHAT 2P HEKFENIR, EHLPHRLNECUR,
TENBRARAEGR LT, ERREELFRER. TEHTHETZRROHIK, &
AMENTEHNATRERE—RBE LY T €.
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& 3.18 FRILENSLE BINMNERKBEAERZENER, £ EHNEABRFHETNEERE
TNEAKREERSDIREL,

-

E3.19 ZR¥EENIEE BMERAEASEZENRE, X L/NEARFHIERWNERE, £
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M EWER, ZRAFPRIWKXBREZNEYERNET. B —R7|Wxk, EAT
XERAGEBHITEREN ST E C,

B RXEFEMAFE—EAWRRE B4, WREANFRENUE (AoE3.20F7
T, BREEANYRGEEE RS, NLNEALAEBOURETHTHTTENE E,
XWRARENTIZLARAGFEEN M. B, SREDFEANURFRLETE, A7
SRFHEXBWAE KL X2ETWERNIAFTZFA G2 MW, HEAEHE
HWEK—KEH, SHEERFH;AARENENE—R, REAHNRRELRMB2AK
Alo BT RREFEBITHNHETX, AEREFTXEFSF, B REZIE v
BHROMECRE, FETIIARBL —FHE, FHTHE, F=, PVAEEKEHLE
PR A TR AN AR B R, BEANEREASERINEE TR, MNmEHRER
o RAMNTUBIH W FBEEN T ERFER GBI RN, EEmREESCHEREST

, RERXSFWERZNWTH, NTIZGEENTHE. BEET RN IEF, T
ZRERWFERITEEER, BEaMmUEHRE. F0, HOGEHEEAEREWN TR Z
— M, REZEWNER. BIASEHR IS, 7 LULZXCMYKWE = 8 799 & 4T 6
M, EREREGLEAENEEHN -, ANYMRBELEELHTFEHITEEA, &
B, AEMZRER ks, BN FEHERAPEEZN. WF4SET UK REHN T H0E
i, EEEEAWEHHTb—Rhh, ANEAZIHENSZLAEFLEN B,

(% FHEA (b) K #£ B SE 4 R

®3.20 KMERG-BIRAEXNMTEEE MNTXMESAMMHEXENER, TRATAKRERE
&, PVARRNSZEMBEARERTE W RIZUR M (BEEWRAR). Fit X MR B A MBEXE A& & K
HEDRHFITER.
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o
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“ET RN R W7k, JHHEEA3DITH, R SUE B R WL T AR B (R O SE A
B, gAETFARAEAERL, NEZKBWIBEHRATENGE. REGEFER 7B
ME, TEETMPEREE, GENEEAE/F . BRINHAZTRNGE, KRB/
FEEAZ AR AN AT, FELEEE EREHRA, BADITHFFEEFE
HAAWER, KEREMATMEABRERZREN L, FEMEXNFHHATET RE
B, TEANERMAT#ANEE, ARE/AFOANEEEZT —EZ2HARY . B
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EHEIE, RINBFUATHEAKKORER, YaEEERHET —MHHHRE, Eif
BRI IR G- Lo, LEAENMAEUBRESR 2 FERRRE. RILZIN, X
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TR EAZE. FiaHAETRE, SSBIHSAKHL, TREMAEXRSENER TR
i, HMZERENRE. (QFERARAE, BPRARMEETR. BEMNEE LT, $ELHEH,
BHIAL T E R 2B .

(b) F- =% Ak AL J X fi 4 7

El42 BREZRESR BEZREFTERTIEEREN @, £78EXE, NRAZ

BEA70F )y, REFRER, MAT &, NElwmadk, K2R THRES LT,
AETHEZRERBRE, RIBREHT —HREEmEE, REZWFE, EREMR
RWHAFCTTE— I ERE A, FAENREERMN, wREFEHEL T L%
B E R, BATEZRE, I UREEFRHENETEN &, wREREEN 7 &
MNEEHATIH L, LRESE G R LM X
ARG A HARERE”, ETEWFENEERTRY L. HE/RFERER
RAE MBI EEERE, FENAFNEZAE BT AR B R ELG R, R

Y/ j %k JB: http://www.eastsoo.com/pifa/traffic-10035591.html/
20 B & JR: http:/ /www.lago.com.cn/goods.php?id=38
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BREREIRETORE, AEBRAFRENHNAEEERR; RRNSTEFEEREHSANME,
B 3DITENHFIEFHESFLRE, REBIETMEFENRISERESH, ERSHSIENE
FEE—H SRR,

NN EEEREBRINEZRAH#THE, TEERATAREL, #ERAFRTH L
TR EEE;, BASDITHHEFHAILNER, AR ETSREKEFBEER X
W, RAGREESEAENEFER —FWEIWER., RAREWEI3FR, TEGE
wWTFE:

L EMIE e A EZRABE NS BERTHE, GEEMARNZEMRETHME,
DR AEZHEMFEERL KT E LA,
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R, WAL PR EHAI, EA3DITHRELFFHAIILNEL
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TIREBRRE S, ORI TN AEENER ), URFHIANEALRI AR
M, #TEZRBEE, KATEERHFEZER F WEDER L,
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-

43 HERBIBEHE

X B R A BEAT W R Tuﬁ%ﬁﬁﬁm,ﬁﬁﬂﬁﬁkmEﬁTﬁ@%E%M
Eﬁﬂ%@%~% TN BLENUFERRERFER LS MR EAMARA
BB KR, BT AR A XEE&EX&/I\T%%H’?E)@@ AUV EERE, ERVEZE
B R G B AR — .

431 HHBEHERF

S LR LERVET LY SN PR S EEA Y S S
AN 2GR EHERER. RAENEEHERTRIE BEYE, HEHSE b

HINH HXNA

ool BT + P

N\ [EARIRPR
frfmg (s71)
ﬂ1 BT
— 10
TR EEYSES
(a) (b)

4.4 PREBUMBNA-NTHEREURE () REMMHABTNESINA-EXNTH%. &£
IEEXEA, MRNEEREMHEE. NOBSERRR, MRFFREYRE, HEERL. M
BT R Mt 2 Z R R RRE RN, (EFRAREENI0E, NAOTHREBIZ20%, ELrEL
IWABNMIESREPRAERIEE, AFTSEHREENRE. (b) BN N-HErML%, UERSHA
AOTERSENE, M+ ERM .
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WwE44@) . GREMA-AEMEEES B ETEN - TRN X 4, BIRATEN
B AR EEEN L. REEMRER N, ARG 2ZH, T
TREMAMSRAANE B E R ERRITE, FEREZN AR o & L85 2o
BRR, MARBERRZMZ#ENE, BLERART L BURE, HoEIE &I
AU REEEAHARS. EEEN TN, IR BA—HEN ) B BRI
(il E%ﬁwAww AR R B 2R E 2 R AT R B ] B, E AR AR R R
AN HREBRNE AR PR AR T 2 R EEFWIRE.

AT ] oy 32 - 2 P AR R 0 (B] 4.4(b) T oo %%ﬁ@%ﬁ@ L A1 %} #yvon Mises iL 77
NTERRIRET, BE— A FEEEN TR, ZERITHEBEMRE, FEHE
& MR R AL, ﬁb@ﬂ%ﬁ’ﬂ@ﬂ&ﬁl‘&&ﬁi@ﬁﬂ HJLME R—BRWHEE R AFHREDE
FBEHENER. BTG RENERDRAA, BEMERHEGHET R, FHit
1 31 F A5 e 7 R A

4311 BEFL

AR RB P ERANAR BN BT H &M, AREE i B B B R A7 A E
R%, HWTUZE TSN A, RERMASHaEI, 26K, AT A e A it
FERFARFZRUGBHEYLFEAXA (wE450 ), EEERE 2T EFEMR, FHit
Bt e A N A, AR B R A B S PfaffE AVIR MR R H., BT R

HRBIAEF, WEAEATFE, HERAEHE ZENSHKNK, BEMEFT U3 x 25

50
40
430

=20

=10

(a) % /&% il I 77 (b) T3 &% i fL 77 (c) 7 1E At = Al 9 & i

B 45 THNOMTHRZEERTENSME RO HEZEZHNSD. FEESHN BT
TER, FiHEREEGZENCEE (B MEERGBZBENEZNAEXENE). JUED,
EEERTHEAMERTENEZRR ), TELHNERREGERINRE. AREGELRE
B, ALUGESHNIZE, NS HERE.
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xR, HRTFHANEEZNEMRMLEL A -

G= %(FTF - (4.1)

HPTR2x 20 BALfE, TRBANLAN

o=k [(1—v)G+ vtr(G)I] 4.2)

HEFk =Yh/Q-P)ERMBW T o, YEVRKEE, hZEHATWEE, vEM
e Em e (CEER R BB 50507,

4312 #EWHFRL

T A AR B T Plafft foBargteil 1% A By 7 ik, 5 H2RE h B i A P
ARBIBER, BREHEENE, DEMREF UL BABREF A EEF,RH L

F=F,F, (4.3)

A % ik HBargteil % AU = 4 4 A L, R%%ﬁﬂ‘]é’ﬂ*‘%)ﬁﬁﬁﬁﬁ?jﬁ@m,
HIF, &3 x 28, F,R2x2%H, EARLFHERGHBEEZRENARTE, BltEHE
7 Bargteil¥ A "ldet(F,) = 109 /R #l. 15 EFF 4T, \Vxﬁﬁﬁﬁ/fﬁ%’}iE?prﬂﬁﬁfﬁﬁfﬁo
— B EaBRERE, F ek, TRF5RWEFRAHF -2 T. #4EMK,
FRETHEANBESH®, BETEAR4L (BAEE) X422 EAREA) A,
FF,BAKF,

EHENE—FF, RIEvon MisesH| A &4, AWMBANAREEEETT BRK
FRo % M von Miseskz 77 22 K

o, = \/Gf +0%—0,0, = 4/(tro)? — 3 detor (4.4

Heo Mo, B NR42F oI NMFEE. —Bo BT T R B RE Koy, #
Pt Tt B A

BUHR EMB R EBA, EELHEERRRo, WU, R B AR
SELMEEU, AL YR ERAE Ro, TR AF,K B, 5 & %M TLudwik's 7 &2 87

.
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oy:ayHﬂng;JH (4.5)

HEFo MRS ERER, KEMBRNRE, FTERE440) FEE+EHE
oA

ERWRo, #9Em, 2ERCETREENTNBRRER T eEELE, Hio, >
O, ML BELIRY LG 2BENEXSEEYEE S0, FEALRFRSTHE, B
Tl HihE#STEHERKBENE— P+, WwR AL Ivon Misesiz /71 BT JERAIR,
LA EATRA, BERFLEFEHEAL, o, =0, F—FTFEVAMEFHE
E, BRRRERDEZREFRBNEENERNF, =FF, T&0,8/», o, M\
735 B|F#7, %X 7 3% 5 PfafffrBargteil &= A 54 2£ 001,

FHEERNEMEF, AR ZERBNEENE, WREFHNENENE, HltEes®
WHHFWENE, B FFE2# (Singular Value Decomposition), F2|F,=UxV ',
HHAUMV AR =R — st ElE, SR3Ix 2 AEE, BRI TEAMA TN &
JE—AT, A A2x 2% AES = diag(A,,4,). TEBUN EHEF, EH A :

F, < V(det(S):S)Y V' F, (4.6)

HPEByWANRTERTEF,NENMEE. K T IEEH Ky #H L% m N E
2, MEMETHEFWIHATEH:

F, — FF," =det(S)? Udiag(A,", 4, )V . (4.7)

FHdet(SRIEESRMETR L BN ECAN, EdTFTHRELTELW, BE
MR ZR/PNTRKENTEFE, XA EERL, Fit, y&[0, 11X B BUE % K& &
(rR4.1) B/NElo,=0,. Plafft’fiBargteil 1% A R 20 A 17 Bk, v 2B s & K5
BHEH MEBSTHEETY, REYARLIBSTYE, EUVEREHT T X, HE
MHELIRUNREEY X, BE - HE T ER % Eo, =0, Wy E.

ARG Eh: —ERSBUEERITAHTHFOENEREF, EA -2 &R &
Mo, —o, FE - nR44F0WyE. EE, T -AEROEXESKEF, oo #
EyWEEK. BTy % o, BNE0, fio, >0, FHi—TaE%E0, 11X K& B —4
bl
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4313 A

A BEERRE TN, A ELESY, EFEMINER, GFE
. BEAWIEN. BEA, UEKKEA,

1. ES

MHEXENEANEH, T THAAIRERE, EEATHELENIREZ. #
KOs AN AR ETEAET Y, FHRBEUCIFARN, KEMBERRMALZE,
WS RER, RELBIAAmE, HIEFERAWAIR S, XL&N N EMN
AT HBER. EXEmHEE, RN AEHER EEERANKWEN B
kb, BRABANGEIBRFHBEENEARRTE, B THARHEE, £ihH
MM B (N91-340%), BRHRFETHNANBEREFE—EWEd., FHEAW
BHRE/RAGZ G, ERRASEFRETE (435404, —BXEIEREZR,
AU AR BET . BN BN E, ERAHMEIENEZNHAENTE, AN
T HBEAE A, EAANET UL, YHEETHEZ G, ZAENERLHF
HBEANT EFHNA. BREANGELBFHLAEENNEMN. I TEARNEHR
F(ERLTILVEAWAEZRA NI, EARBLER TWENTERUE S mE
B, JUEFRGHMmAGTEER F,
2. HEMZRN

REBRFBRNZE, $HRERRA B EZIALE, FERATHEXAHAR
B, Al TEF, BHAFEMIAEARTLXINEIHA, FEaEEXE L
FAEES. HTHAROEENFEL B S AL, Bl 3DERTIE -4
Jl2mm x 2mm x 2mm#L N 1k % 44 2 79 85 3 37 11°°) (signed distance field) | T3 By
PATA AN, [FBridson® AV T A KL, BEAmGER K IERKHF A R
BN FAEAREH, SEBRFRENE - A, EEEZTAZ&EEEH
HEZMAETNES, wWREEXTMAEBd <h)/2, £Fh 2B FHWHEEE (X
Yo A 1lmmE W ERAHD, EZBNIFAITETEN

h

. k(2—d)Mn, d<hy/2

fr= 2 , (4.8)
0, otherwise

HEFMEZME—HABERN =02 — (HHNES BRI ZTN S EWER, AZE
BREZ RN EMAHERE, kAERXRARDOER. XA LA EER R
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THRANEZRCERBHAT .

3. RARHEEEN

B f AR SR RTINS EARE R, RYAE
IR KRR, M TR E— &, BEANRAE UL, 2PuRER S
BT 2 A RS B R AR

ff = 4.9)

. —fo FARAFAI
—MH fi» otherwise

ﬁ*ﬁ%ﬁE%%%@%ﬁ%%éﬁfﬁﬂ?@i%&%om%ﬁm%m%§¥%ﬁ
HERAE, B ENGEATE R E RN & 8 55 LR S5 AR T

4. K5EAN

BEM AR KT E, TR A, MEALERZAE M, B
FREHAME, B TeMEREMNWRE. AHELEY, BAUTEFI AL
MAAEN, RERHAGHMS I =ATNE L, ENM=AF WA A

f, =—pAn, (4.10)

HEFpRLYABHATAMMALEREZ, ARZ=ZAVNER, a2 R =AM ENME
ME. ERAF—EERER, e AREAFEATESR, THF£F. HBitE
WHBAFEREES, a2 BANER. wRd <hy/2, B ZTAA
m&%i,ﬁﬁﬁﬁﬁﬁ%ﬁﬁi*ﬁ%%ﬁi@ BEEERREESE Ad=hy/28
mAte BT HENEEX UM ERNR TN A, HIAHE+#HAFEND
4 )8 Z hoo

432 BMEHTEFE

KNBLARTANER FNEHATH R H = A PFAESEREN F#HATEH SN,
WREGEM KRR —HWER, LR WELTrianglel V& & = AR . FNMZAF
WﬁTW LR A30°, WARLERA2mm?. B F s EMC TR LR (EH4.1). &
WHEELSATFANNE, F—AHBEERAFAMECE KB THELE. slTEFP, EH
FHAGARTRE, EfrEpalEeixmamut, ARl EEARTmR. Y54
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(@)

B 4.6 BRAZHPEREE HARAHATESRARR, EHENS—SSIMABLE
BZHPERS. BRRTHE/BHIENFEINE, BRANNTERS. (2 EMEERAMN
B, BREEMEE, SESERESEED. EENE, BRENBERNS, SSEAREMN
XENF, UREBHFABITE. OEMESME, ASEHSEENAESEARE, HLE
Hxtiga. EYTAEMERZE, HLFRBEARELRIGLE. MSREMESRENTE,
B R RS RN £, & SHEARE NI N F, 8B FERE.

ITHEEZE, TEF A NE: HER, EWNE, ERFERRENEATHEREL
xE (F4.10)). @ TEASERERE, BT ULAGZIBFREEL N, AV EHR
Fr B 4 b R R B

HEETRmRAEREELH, F—FERMEXN TR LB AT, FHLHRTE
%%ﬁxﬁ WHE N R BUPEREFF, R E, EFFRETRACBHER, F1E

— SR RFWEUTERE., BRI, AERAEAN. BENIRHA., HELEE
BAMEM AL ENER, XL FHA U AETE, FE S F 9 ROk Rk 3 &
WHRE, EMTEFKENRS0K, THKERAEL LI HE % (conjugate gradient) &
KA

YIMENEEHZ G, A TEENEWER. &l d A LA 6 von Mises#| A &
o, >0 =AW, ¥TRE=ZAF, Aotk EHF,ERo, =0, EFREWELEL
THERAT T EFKWITHE

4.3.3 ITHEZE & &

LERF R ADER T LG, W EET B 5EE K@ 9 8Bk 4 X
Ro EABRATRET BB F LR E R 53D R HARANKE KR Z AWK R, THE
EWIHE TR 5T EAENFEAMR.

WHEERM F EWTHERETUE A2 B NAEE ESE, Y TEHENENMEE,
WEFEHLATKEEABR T B FENN =AY, FHELECLT. B THENE
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B 47 MPERRERARMHIE BIETHENREMEOEZRBEAMRERMEITER.
(a) BFFER KGR, (b) HR/KEFENFIERNEE, RERMHTRHFEIASHELRE. (W
AEARBI R E B EB R A B AR AL R, (d)E SRBEEEMER, BIVE=ZMERIMA —E R LA
B, () RAREHSIN, =S#HEETMREXE, SBERRTERZEEAE. hiE
E’J?SHEI’JEI%&HH&TEWMH?&}_LWZHU, ITENHREIRMANSEHRRE. (P) REFTTHSAL,
BEIRAEITENRZAHITHERIE, RithEERATHRMEIAMER. (H) FTENERMZHET
THRRIE, ABKENREARS.

EMETHIBRFARE, AR —BEEREEN G NE TUEEER - = A
9?743, FEFHREQCLTITHEE k. o’ BEFFE LW A, EXREEE EH— &, 3t
o' mER &P, REHARA LT Mt TEA L, HEE LLADER WL A+
K&, AR BEES NG E. SEE LIANGRAETZEE, REFET 2EY
A EE R,

At —FREEECRE, RIKER TR TS RAEZENITE Y. EHAF EL
KA AHE, FERAMTE T AETHGNEN (WEA7DA ), FlFEE A
BHATBIE, 7k HPanozzo®F AV, Tz —Me &, EMBFHRICER A
WA, THEEHENENERAMA ., BHNEEXMESEREMAMRR L. TER
HECMYKA & = B F B E Heg, TRz ABREAEHEN(AL/A)cze M THMEFT
AW, HERHEETRUMXM T EHATRET, 3 LET L RITEHREH R i
Aok, TR EE . RATHA — 6 2B EWCMYKE LIT ETAL, 52 A BT R B 52 B
Bes ENMRWEL7 R, EAZRATIEY, BHAOREETH KENEE
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K, BORAEA R P, Hik— Pt BT A, TR AEHNAEE
FEREREEHN G E,

4.4 HKIAA A

8 JE W07 Foe i B I B ﬁﬁﬁ&%ﬁﬁi%ﬁﬁﬂ%ﬁwﬁ,ﬁ%%ﬁ&%%*
B BE, INMBRRALERFERZ AWAA S H# S AE RERBM 4 KL, LR
£, wR3DEA LA ME X, %Aﬁﬁﬂ%ﬁ%m%%mﬁﬁa4ﬁﬁﬂﬁ%§,%E
EAMBEEMG T TEHFHNER, wEHABH T, AT HLxMER, FEEEMNGTE
MEREM A TREANIERZELS NG R, FEAXREXBREHIA. TH X,
EABAEGE T X BRI L, EEES T R A RE.

4.4.1 BARE RN

EENEREY, AEZEDRTEMSTONB SR RT 8, 7UERRHEEF
HELMNE R EENGREEZMBENE T+, ﬁﬂ%ﬂ%ié’?fﬂ?*ATﬁMEES’ﬁ
AL, FrEx— A KZMEEERRE, RARE TR R — KL TURA KA
THRED R, BoXFUaRMEETRELHE, RAMEL %H%Aﬁﬂimﬁ}}\ﬁ%

AT AR BRBERAZZAR, SWESRE FNAPK—IF, FHRBESRE FH

(a) A (b) THAAL (0) A #HAAL

B 4.8 HSAKEMAEZRBEGERNENE BI—NHFEMEER, MWABESIIMELTNES
REERNFM: () BTUKHERE. b) MRZBAREHASIL, ESSWEEMERS, 15
BRI TESRENES. () HRETHSAZE, MEHINSSEA IS S HESFLEHER, T
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