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T H2(Deformation)

o ZfZ(Deformation)@IgR/ LAINIRAFZRERMHI. &, ez

EPERFERIACR (FRLA, BEsIRER! ) . EXMRMULH, JUTNRTHA

AREARRETE,
': ;}‘ q ’/

(b)

e SMorphing[@, f:llzﬂxﬁ/%ﬁ%wﬁ_ari FrAZS B AL BRI B
f2(Free Form Deformation),

o SATEREIIERSERNEN, AERENENTEE. Blitl, =
T BRTEXIZIERIEEAE, SEEREMIEETIESS.




TR

o SYINFTERAVEN. EIEFHRIYMARIEMERTRIZIC, WIS,

MoHE. SHEFHER S
s ZIBFRIES: WIETXIPolygon Meshfyeditingfldeformation,

» SZHE: BaliEdIREEE T ERMRE, HE{REIGER.
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R
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B2, S2HE

RRHIIME S TR =EEF I, BT EHRRND ARG, YRR A—
ERFAIATHAZERY; XY THS N EFHRTIARIIN, AR — PN IRFGRFRITHED

HEIRIAYIELZR S,

o SYIRFRRICKAVZER. BRRIME

RHIIR. TSR

[T IR

TZBRFRTRIIR, Xel{ERTS

ZIEHE: ANTHL EHmE B EZAI =7
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BIFHMRERER R

o BarrfRHHNEIMESPER 2T AR HE
WG, &%
* Barr A H. Global and local deformation f
of solid primitives. Computer Graphics, X
1984, 18(3):21~30 (20225E10H26H, 5lF ‘
1495;R%) N /
o EEHRRNEEGIET, YIINEER
CSG(Constructive Solid Geometry)RisE3R . Q ’
o BT EANYMARINER:, 5. LEOI4ant.
KA. K3Z. KB AR /RIZE,
CSGHERLTTARTIA R E B S ZOMIA, CSGHiEE!
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BiIrHMBRERER LA

o BarriEl TIERBIEEIR(E, HRILIEE
AFNBEREHZ(Global and local

deformationfERFTRIEF

o fIRHINEFA: * tapering
= Twisting(fsERERNET)
= Bending(ZH) o
= Tapering(#fi4H) * twisung
o ﬁ‘éﬁ%?rﬁ’ﬂﬁﬂ,mf_ T @ I TIERNE
=5, AL ERITESEFRIEER AL
_EJZEI’JﬁAZlK @ %= /J:'—T@VKE’J%F]% aJ
JFHDVRRY AR EF1 IR AR AR TR,
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FEARB N ER R EREMNTE

o EARER=HEATRATIRT, RIEMEIHERYIA LS RELEAZER.

BRI T SR ER TN, EHREFREA R RYTRR

1\nl

o BarriR2HBYAEZ S

A, AMEREVINTRAERIREL

o RETEFERAA LIRS, HARAK, X %) By, )RR, X TR

R LR, EoERK, Y, 2)&KFR, WEREZ A Y =X'=F(X)

k=, HPFA—EIUHHEXEIRAX FIEFHEL.




o M0

BSEERIEYIRRIYI R E S

IZIEREXIYDIAR )R SR Theser i, AR

o TEJLIANIEE

HBEER LIER

o TR _ERAIYIIA.

)

=

PEsKIS.

A, JIEENIERER
, AFERE LY AE I RRER.

8] (BAEN

MR

AR REE RYREI T,

, FerVBEEYMARI TR AL E),

RV LY Ty i = O AN VA=

HENMEE,

X

ATIEERE TR

Z&RFNZEHERYJacobianfb



TR EDR EZEERITE

o AX' =F(X)HYJacobian FEfE/T:
](X) — [ll(X);lz(X);lg(X)] = [

o IR IX=X(u,v), PIUE_ERIFESEZLCIX=X(u(t), v(t)), N4REITIRE /79X
XJu, ViRSHIZ& RS :

IF(X) OF(X) OF(X)
0x; = 0x, = 0x3 ]

B oXou 0Xov
~9uor Tavor
6X ax
o WK FE—rSHBATEREN: N =

H(?X 6XH



TR EDR EZEERITE

o LRI RETHRMEN:

oX' OJF 0x; OF 0x, OF 0x

ou _axlx 0u+0xzx u +6x3><%

OF OF OF |[ox, dx, 0xs]" X
= =1X) >

~ |0xy 0xy 0x3|| Ou’ ou’ ou

3
B FNEN: X/, = z]i,j Xy

. tHEE, T)?EI’JtJJI‘]E'aX,xEJacobian%EBEJ(X)EEL‘JJ???tJJI“cﬂ%g—xo

ou u
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TR EDR EZEERITE

o BIISYMARY AR EEIRIEST:

-2 (302
ou ov oS ot

3 3 3 3
:(Z‘Jixi,ij(Zijj,tj:ZZ< )IS J.t
=1 ]=1 =1 j=1
/X2,3X3,t — X35% |
:(JZXJs’Jsx‘]leXJz) XK1t — K5 Xat
\Xl,sXZ,t _X2,sX1,t)

=[J,xJ;,J;xJ,,J;xJ3,|N




TR EDR EZEERITE

o EAXHE—HEFEMA: det(M) =M, o (M, xM,)
[M, x My, My x M, M, xM,T
M, e (M, xM,)
M, xMy, My xM;,M, xM,]
det(M)

M =[M,,M,,M,] " =

o F(118ZI: N =det(J)J™'N
e HFHEEENX/N—BHAEE, FAltdetQ)BEAVITE, MNEFRSFNHRE]
JAIE, JacobianfBfEANE AT HRRNBEERMARTR 2L,




T H5lF——Scaling

(X' =a,x
o RERATRGIT RGBS caling: F: qy' =a,y
(2" =2,z
fa, 0 0)
o HlacobianfBf¥/3: J=(0 a, O
0 0 a;

o {KFALLA: det(J) =aa,a,



TR 5lF—Scaling

(a,a, O 0 )
o EMETIEEA: det(J)IT =| 0 aa, O
. 0 0 aa,,
o HTZRENXKNAAERE, AREZHRIEFTEY:
/a, O 0
J" = 0 Zla, O
0 0 UYa,

o EXRTURIHIHEATOERRAVEKE, WA EZEKEAAEEE. 123548

E

ICMX, Y, 2) R (X, ALY, a52),5EE[RI(ng, Ny, N)ZRHRAI(N,/a,, Nyla,, Nafas).



T HflF——Tapering

o HZAMBAVETZAZHZ Tapering /3:

(X' =rX
F: <y'=ry, r=1(2)
7'=1
o Bf'(2)>08f, AR INEABETIEA; D5 Ak taper odifier

o If'(2)<0HY, ZFAPIRRIR/INOZHHZHTEE/N,


https://knowledge.autodesk.com/support/3ds-max/learn-explore/caas/CloudHelp/cloudhelp/2016/ENU/3DSMax/files/GUID-51233298-312D-4773-AD22-ADB08E70CCE1-htm.html

TR F——Tapering

Z A IRAIY) ) AR AR R T -

e original -
(r 0 f'(z)x ©
J=|0 r f'(2)y
0 0 I * tapering 2z

X/9det(J) = r*, ZIERVFEBATRZ
Ear2. AR AR A RARRE /T - .

twisting
(o 0 0)
det(J)J " = 0 r 0 .
—rf'()x -rt'(2)y z, " Bening
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TR F——Twisting GBRIHIEHER ZRZ)

o ZZIRIEFEE P IR B4 EﬁZ §
MiroE (BIHRE)

>y
=
|
=
”
S
4+
=
S
S

\ z'=z A
th 0 = f(z),c, =cosb,s, _smé? t)]r']g

THEFEME /T

(Cp =S, —xs,f'(2)—yc,T'(2))
J=|s, ¢, xc,f'(z2)-ys,f'(2) 3DS MAX Twist Modifier
0 0 1 )
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https://knowledge.autodesk.com/support/3ds-max/learn-explore/caas/CloudHelp/cloudhelp/2021/ENU/3DSMax-Modifiers/files/GUID-0AD7CE08-9992-4E49-BA11-672DEA3B13CF-htm.html?st=twist

TR F——Twisting GBRIHIEHER ZRZ)

X|79det(J)=1, FrLAZRERC ZRZARIFBFA

! ‘ o
AT, LTSRN S

det(J)J 1T = " tapering

* twisting

bending
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TRl F——Bending (ZHIZTH)

Oy RIS AT (Bending) .

IR Voin <Y < Vi » DAY,
THIRIEIZRFR 1K,

sz(y_yo)’
y Y = Ymin
Hrf: y=1y, Ymin <Y< Ymax
| Yinaxs Y 2 Yinax

ENSHAR 0 ETEXEINNEE, EFEX
A, TR RO K E RS 3DS MAX Bend Modifier
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https://knowledge.autodesk.com/support/3ds-max/learn-explore/caas/CloudHelp/cloudhelp/2021/ENU/3DSMax-Modifiers/files/GUID-D9F88C33-8272-4463-A886-7FBAC9A17B85-htm.html?st=Bend Modifier
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X=X
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\

1
c,(z—=)+=,
o k)

TRl F——Bending (ZHHZERY)

e 1Rcyp =cosB,sy =sinb , WIEZEFIERZET

1
_Sa(Z_E)"‘ Yo
1
—sg(z—E)+ Yo +Co (Y = Yomin)s

1
—SG(Z —K) + Yo +Cg(y_ ymax)’

1
K

1. 1
Cg(Z_E)-I_E—i_SQ(y_ ymin)!

1. 1
C,(Z—— — S - in/?
9( k)+k+ 9(y ymln)

ymin < y < ymax

y < ymin

Y > Y

ymin < y < ymax

y < ymin

Y > Yinax

Ey=y B, x' =x,y'=y,z2'=z
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Tl F——Bending (ZEHTHZ)

o HI[EIZEHRFEENT:

(1 0 0 ) A

J=|0 c,(-kz) -s, |, ;iEPIZ={k’ ¥:y
A 0, y#y

\O Sy (1—kZ) C, )

o EAdet()) =1 - kz, FRLABEPARRTMHERINIL - kz,

o EMRAEREN:

ol

(T 0 0)
det(J)J ' = 0 r 0
—rf'(z)x —-rf'(z)y z)




T

3. Result of a second
deformation (twikt)

22

2. Resultof a
deformation (bend)

4. Muting the Bend
yvields a twist.



EIHER A ZFFDRHE T

o BarrfUZ G ANNBRF Tapering, TwistingFFeElITH,, XBEAIR
KE—RRBITAE.

o XOHMIT{FEEBERETH 5% (Free Form Deformation) FFD, ¥ ERY
CageITHZE,

FFD73iAEFFD, EREHRMAIFFD, =
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BHHERRBIEFFD

o 19864, SederdergFHERH 7 —MIEEE
ST EIBERE S—RREYEE, 1%
FEAEEREIR, EBYIRERN—

ZS|8], S[FTERAVSSIEEIRT, YIAtEkES

21 K8 I B4
> /170

o XEFFENANE: MIFSEUL!

e Sederberg T W, Parry S R. Free-form
deformation of solid geometric models.
Computer Graphics, 1986, 20(4):151~160
(202242108 26H, 5| H3980iK)
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FFD Demo

Dancing Car Starting from 00:30
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—FFD

- #EEH,, FX=IXBezierfHim
3 3
Qwv) = ) ) PyBis WB(®),  uel01],ve[0,1]
SHRVHERS) :

o XJ

i=0 j=0

ER—IER XIS

A XY ZEEES[B) (RO TEEH
o
o AR LR
oo\
(s o %
Ty “““1‘ <
L L L S A S S SR SR
o 7 P Ce—
ML w - “.“..‘;.‘?
RS
usessesiae)
aig e
0

R2— R?
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=4%FFD

o [EFE, —IK==)XBezier{BHHME

3

Q(u,v,w) =Z

3
i=0 j=0 k=0

F—IER (B AR SEZEE)RET —S

B;(w), B;(v), Bx (W) /9BernsteinEil£y, X
PHITRAP, SRISTE.

23: Pijk B, (u) Bj (v)B, (w), (u,v,w)e[0,1]x[01]x[0]]

HYDUR, HH

™

Bezier{iK 641"

o IYIRERNZIESIRRT, #IURBERQU,v,W)HIZEIZTAE,
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=4FFD

2

o BezieriBEHEE R SBezier ESSLIAIME

o Z BezierfBHIE R HiEER—D ERIGERY
Bezier{k, FE(IIFRXFPESHIBezier{kg—

FFDIR,

o BANER=AREHEEERNAFERFIIKS
RESHIRIIERIZSHIRR /T Lattice (RRTR).




=4%FFD

o IXFFDIRAY="24RTTMA (S, T, U), Befi 1R AE(31+1)(3m+1)(3n+1) Ml TR
EV—AFFDHR, st Ixmxnik= =% BezieriB i E AL,
o FHFFDIRXSYIMARTHRIZ RN T:

G’ (s,t,u)

(s,t,u) /'/)(

FFDER IR, (a) RENPIRSIEEHERAELIR(SEMY); (b) EIEani=hlll=3ER
FFDIR; (c) iRIBAFIREINRERGRINE.

29




=4%FFD

. REYHINS (HEHINS) ElatticeFEIRYE (SE1L). EIZFFDIR

HYBBRAAIRER !
X(s,t,u) =X, +sS+tT +uU

HX NEEIRRIRER (FFDREI—MERD » (S, T, U)ALattice=%H
HEERI.

FIXEELREAN/NC IR T LatticeRYIRFR, ElatticefARREE— =&
—fYlatticeZ A4 F

(s,t,u) €[0,1]x[0,1] x[0,1]




=4%FFD

ANipiglattice s— N ESR, NIEESTRRI:

Pijk =X, + (LJS + (LJT + (LJU
3l 3m 3n

HA0<i<3L,0<;j<3m0<k<3n

—ARER T, FelIFmtRlattice 4R SEIB R SRTETT, X, T
FFDIRAYIFHIERTRREIEHR, REZHE latticeZS[BJAAFR(S, t, u) (L
EXRXR! ) |, XRAFHE—LIELIESR:

X=X,+SS+tT+uU

31



=4%FFD

S:(TxU)o(X—XO) t:(SxU)O(X—XO) u:(SxT)o(X—XO)
(TxU)eS (SxU)eT (SxT)eU

o EtEALE, LatticeZSRIANYIARZTBHNNZLLHIFEIHIKER -

2. ZHFFDR, tRIEANENRITHIRE, BolizhllimePy, -




=4FFD

HEIMRTEEIAE
o R IE¥IAT B SlatticeSBI5EEANE], latticeTS (AW BIRNEEIRE S T
RRYETHZ

o 5TElatticeTR(s, t, u), Bl 17eiEI ST ERIBezieriB/IE, FIGEHRIRAAIZERE
HIEERATR(U, v, W), IZEEEREIXTAAIZRS [ /3 (1s, mt, nu)RYEEELERS, RIS RK(is, it, iu),
BRFBHERIEIRLERA : (u,v,w) = (Is —is, mt —it, nu —iu)

d

1]

o ANBHELRE, EERITEERITIRQU,V,W),
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L

AREHIFFDERZ. (a) AT, (b) B/ RIERAIFFDEEHZ
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o FFD—"EEMFRESEH

FFDRYER

EERRTIAR S

x=1(a, f)y=9(a.f).z=h(a,p)

o FFDQ}&% Xig = X(X, Y,2) )I_I\UQ}FZJEEI\J

P

X (@, B) = X(1(a, B), 9(a, B), h(a, B))

o TR, BINRASE

.

H9:



FFDRYER

SRR T

o FFDHIZBS—MEREREXTZEHRAD)

ill, IXFFDJ3

X ffd (X’ y’ Z) — (F(X’ y, Z)’ G(X’ y’ Z)’ H (X’ y, Z))

e EfJacobian{THIEX T

‘](Xffd):

oF

oF

OX
oG

0Z
oG

OX
oH

0Z
oH

OX
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FFDRYER

. WISRITATENIARRTT Yz, MERAIARRTTA) (X, ) dxdydz, 3
TR ARBORRRR

V = [[[3(X ) dxdlydz

o AER(LIHARRINEN, RFEITTIXr)BILE TR, R (Xr o) AIRIEM =2
=BernsteinZINT\AY, THEEVIRRIAFARIKAEREHIT(hIT.

o MRI(Xrrq) =1, NWIXFFDERIFFRAY,




s it AR MR T A TN G




FFDIER

Modelling - Deform

FFD Modifiers




O ﬂﬁna“l
s SRRV ERRTEK;
s BE;
s B
O ﬂ,‘ﬁ“:
s Lattice /9477 NEATAR
s MELUEHEIS 9T
s HTIRMEMRREF,;
s NERPIENE,




[RIptREY | Green Coordiﬁa'teﬁ_ﬁ%%éﬂi"ﬁ

* Lipman, Y., Levin, D., & Cohen-Or, D. (2008). Green coordinates. ACM
Transactions on Graphics (TOG), 27(3), 78.

41




Animated FFDTH %

Undeformed object Deformed object

T, TRENBEI—F

o LatticelImRVTMHEESE— 1A RREL: Xrrq = X(x,y,2), R3—> R3

42



Animated FFDZH 53

[+ ] [Perspective ] [Shaded ]

Modifier List

FFD 3x3x3
Editable Poly

FFD Parameters

Volume
Deform:
¢ Only In Volume
All Vertices
Control Points:

Reset

Animate All

¥

BB TR TREN TSI ERIRSIER
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Animated FFDTH %

m lane
&
L]
3
E]
=
Lt
@
B
]
L]
L]
Obiject traversing the logical FFD coordinate space Object traversing the distorted space
In logical FFD space In distorted FFD space

Deformation by moving the
object through FFD space

44



i ERYFFDJ5XEFFD

FFDE— 1N EEEMRNT IR, BERESTETNEIBatticeffzik.

1990, Coquillarti2 T —MFR AT BIFFDGE, 1Zh A1 E 77
mE{RRylatticefiZdR, MmBESEIME{EEAITH.,

Ref: Coquillart S. Extended free-form deformation: a sculpturing tool for 3D

geometric modeling. Computer Graphics, 1990, 24(4):187~196
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i ERYFFDJ5XEFFD

o EFFDE!atticefIFFDElatticefIXFIET: BRIFFFDE atticelE A EBESIERY
—&8%3, WS FFDBlatticen] §FHIREEFFDRYlattice .

o G0, XF FEIFRAVEREF lattice, RILAR FEBIGIEFRAEIE. BT, 7(_
Lattice=S|a], MM HEHEABARIFFDER, WEl(a). Ae, BESHFME
s=0F0s=1Yi=HITR, $ElatticeimAIMEGEFEISE—E, NE(b)Fia~.

&G, GHERMNINR, BIEREReEBMNBENRES, WE(C)Ff . X

=3 ?Jzﬂ]?E'EIJ NEARRIEFFDIR.

o BIHIEZSNEAREFFDIEEE, FITTLUSRIEELXNSESEFFDIL, ESFHHE

EH&EI’J?I%IJTﬁﬁ BY, $aiEEAFRRIRZESTIRZELEERRR,




i REIFFDY5EEFFD

/tu_?\ t>2ﬁ

/\

12 EFFDRIMINE
(a) LatticezS[ARYFEHE (b) MAGMmFE () SFHAEHTRR



i ERYFFDJ5XEFFD

o EFFDBRIEEFIAE, FATRILLRASFFDIG AR AR EYIARZER.

o EFFDGEY, HATFFFDM=&MS ST BATNNES, SYTENA
fElatticeSBIRNNBEELIMESZKE (ZIEXR! ) .

o (BEEFFDERH, MNZEZEABEXMERANTMNKRAEEEXR! ),
B =i UKAR. RAEFFDIRXIYMRERAIL RN T :

+d




i ERYFFDJ5XEFFD

. BEMRERN—RQ, (& /oAAEHERI S IERIE QR ERIEHE,

?&EKTH =
3 3 3
Q(u,v,w) = Z, 1ZPijkBi (U)B; (v)B, (w),
i—0 j—0 k=0
HTHIUEAN, RISQEHELEHERIEERL R, v, w), P, NZER
T RIRYEHIINR. X, REEYREREIRI(, v, w)=(0.5, 0.5,

0.5), fERI1SEIARIFAININEER.



i ERYFFDJ5XEFFD

RIBREITRIFER, BolEFFDRAYIERFITNR.

RIEEHESTE, KEXEHIINE.

50



EFFD73iARIAER =

o EFFDIERIM:
. ERTFEINERNTASIEL,
o EFFDFZZRYERR:
s ERREIREREHITR R A REFR SR
ZIBHIES
s TEEYISElatticeB| T B EPUIRE

BRERESE, SETEEESE. 3ps MAXRmAELTE:
FFD(Cyl) Space Warp

51


https://knowledge.autodesk.com/support/3ds-max/learn-explore/caas/CloudHelp/cloudhelp/2021/ENU/3DSMax-Simulation-Effects/files/GUID-8B425194-A81B-4D31-A2E9-BE2EEA6624E9-htm.html?st=Extended  FFD

H—f5: BEFCagelIEH

" = W ¥ =
v e &8 N

o Cage: —"EBESDHRIEBIRYIL D HrEI=HIMIE,

HTFcageWZH A AZEEENME. EREFENE, RO TSFEEI TR
ZHIRIE.
o THZIRIE: (1). HIEERCage; (2). itEEEJCagetlttr; (3). fRiECaget&
AU (4). IBCageI T @I TRTITERICagebinyt BRI EE EARE,

LI

52



EF CagefIZERs

INTERACTIVE CAGE GENERATION
FOR MESH DEFORMATION

Starting from:
05:07:00

* Le, B.H. and Deng, Z., 2017, February. Interactive cage generation for mesh deformation. In Proceedings of
the 21st ACM SIGGRAPH Symposium on Interactive 3D Graphics and Games (pp. 1-9).

53



Deformation transfer

o EMMRARNZRIERREISZ—MIURB;
o AFIBATLIEARETNAEL. =RRZEN

EINEIE R, Deformation Transfer
o FAFEILUBE LANRAIRCASRIEE for Triangle Meshes

SIVE S

o BN, BUA—1%IE
AR

Robert W. Sumner
Jovan Popovic

* Sumner, R.W. and Popovi¢, J., 2004. Deformation
transfer for triangle meshes. ACM Transactions on
graphics (TOG), 23(3), pp.399-405 (1000+ Citations).

54



S5UFRREXA(Mesh)3ZH;

e Mesh Editing

e Mesh Deformation

Digital Geometry Processing !



HFLaplacian&txfYMesh Deformation

e Differential surface representation \

e ldeas and applications
s Compact shape representation

= Mesh editing and manipulation

Olga Sorkine, Daniel Cohen-Or, Yaron Lipman, Marc Alexa, Christian Rdssl, Hans-Peter Seidel: Laplacian

Surface Editing. Symposium on Geometry Processing 2004: 175-184 (with 1394 citations)

56



Triangle mesh

o Geometry:

m Vertex coordinates
(X1, Y1, Z1)
(X2, Y21 Z5)
(Xns Yoo Zp)
e Connectivity (the graph)
m List of triangles
(I3, J1, Ky)
(I3, J21 K5)
(I I Kin)

57




Motivation

e Meshes are great, but:
= Topology is explicit, thus hard to handle
m Geometry is represented in a global coordinate system

o Single Cartesian coordinate of a vertex doesn’t say much




Differential coordinates

e Represent local detail at each surface point
m Dbetter describe the shape

e Linear transition from global to differential
e Useful for operations on surfaces where surface details are important




Differential coordinates (Laplacian4tF )

e Detail = surface — smooth(surface)

e Smoothing = averaging



Laplacian matrix

e The transition between the 6 and xyz is linear:

-,

J

1 e N(j)
0 otherwise

d, iz

|0 otherwise

61




Laplacian matrix

e The transition between the 6 and xyz is linear:




Basic properties
e Rank(L) =n-c (n-1 for connected meshes)

e We can reconstruct the xyz geometry from delta up to
translation

LX =0



Differential coordinates for editing

e Intrinsic surface representation

e Allows various surface editing operations that preserve local
surface details




Why differential coordinates?

e Local detail representation — enables detail preservation through
various modeling tasks

e Representation with sparse matrices
e Efficient linear surface reconstruction




Editing framework

e The spatial constraints will serve as modeling constraints

e Reconstruct the surface every time the modeling constraints are
changed

Detail constraints: LX =09

Modeling constraints: X; =Cj, J E{jl, j21°°° Jk}

66



edit

Reconstruction




Reconstruction

k
X = arg min(”Lx—ﬁXH2 + 1%, —ck|2j
X s=1




Reconstruction

A X =Db

Normal Equations:
ATA x = ATb
x = (ATA)1 ATb

compute
once
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Editing framework

e ROI is bounded by a belt (static anchors)
e Manipulation through handle(s)
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Demo

Laplacian Mesh Editing

A short editing session
with the Octopus



Demo
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The End



