1 METHOD, DEVI CE, AND COVPUTER READABLE MEDI UM FOR GENERATI NG A DI G TAL

PI CTURE Technical Field [0001] Enbodinents relate to the field of conputer
gr aphi cs woQosigisessti fic visualization. By way of exanpl ecrsehedioo®os S
relate to nmethods of extraction of curves for three-dinensional (3D)
objects, generation of a digital picture illustrating the 3D objects based
on the extracted curves, and stylized animation for conveying 3D objects
etc. Background [0002] Conputer grlaphi cs has becone a popul ar nedium for
SCi enceMETHOD , aDEVICEUAND atOMPUTER REXDARIN) METAIUMI SORNSENRBRAGTIHEEAL i N
producing realistic imges. Research in this area has been very successful
Conmput ers can now gener ate i meyeS PHatPIGTR® realistic that you can not
tell themapart from photographs. In so many aspects, however, a
non-realistic imuge i's nore effective and preferable. Experiences show

that, so frequently, an artist¥echiiigginFigldainting of a same scene is
pr oved b f I i 90?@5 icat | d.nmore _pleasing in
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Background

[0002] Computer graphics has become a popular medium for
science, art, and communication. It has long been defined as
a quest 1in producing realistic images. Research in this area
has been very successful. Computers can now generate images
that are so realistic that you can not tell them apart from
photographs. In so many aspects, however, a non-realistic
image is more effective and preferable. Experiences show that,
so frequently, an artistic drawing or painting of a same
scene 1is proved to be both more effective in communication
and more pleasing in visual experience than a photograph.
This is mainly because of the absﬁraction nature of wvarious
artistic styles. More examples can be found in mechanical
manuals and medical textbooks, in which illustrations instead
of photographs are widely used td explore complicate
structures and insides of shapes. Under the rule of "as
detailed as necessary while as simple as possible",
traditional illustrations are especially effective in
communication. It is also shown that, comparing with
photograph, non-photorealistic images have many advantages,

such as, focusing attention on specific features of shapes



while omtting extraneous details, exposing subtle attributes and hi dden
parts, clarifying conplex scenes with distinct stylistic choices, and

si npl i fyiWg 28ha8261t o prevent visual overload etc. A | oPCHISGRew®dasOhes i n
the area of nonphotorealistic rendering have been carried out in recent
years. [0003] As one of the nobst imgortant techniques of traditional art
and illustration, line drawings can represent a |arge anmount of information
in a highly abstract and rel atively succinct manner. Conputer generated

| i ne dreihg drast hicen develroped fdegmitlbe kegbahnogsobttenputeibgtaphi cs. |t
has inproved greatly in recent_years as.the result of the ipprovenent of
non- phot® e%%&@??dp$éﬁﬁkwﬁiﬁf%f(ﬂﬂ% GOEe1eX 5664FS | H5pR rdtt by the

ef fecti yepesstid Qoimaey,catioriapd ithenheaniye oft paseapiialyexpari ence of
traditional |ine drawi ngs, extensive research has been carried out in
conput ePYgeherAt ¥ | ifne U &fi F§SCPEFPSRapRsti? JPdIfedtan- Appel proposed
nEthOdSpﬁ8f0§éAﬁ9¥§&§%%n@@Qi%@aEQvEeBEHBeéa?fﬂéﬁgﬁhpqd'}égﬂi¥“.Space and
rendering I n imge space ("Thé notion of quantitative 1nvisibility and the
machi neye@neleri ng of solids"” in Proceedings of the 1967 22nd nati onal
confere o t_al. ,in u i.nteract.iyve technical. illustration
systen1F6¢%?%$2%t?9§ gcﬁﬁ%céégglfﬁg?fg.4{LFeéﬁ$15P%§eg i%§§%6$ltn3§1999
synposi ant oand ni Enacttrarel B driaghideslvinker tananap aase Xor 4 Nl reposed
algorithmto_extract silhouetites on ot urfaces and geperate |ine
Gir i nGAMSEA bkt | A TAPAEY Uk PG LYnBOER TS { eSS HAE Prokedi ngs. of

Si ggr apsu2®0)t mahrzony &Yoridhe eSt ek UE Ce@NTh (EOMa@X NGy hak bBeni nterior of
3D shapes, Kalnins et al. proposed a nethod to draw creases in their

WSl WEIRIPR et frg™s fSEeRP P WY WS NPRPUBEEWIREPRE Fokekt did®ct |y on 3d
model s”; w9 K5O €2 NIS, Ofn FAWAPN2002),s and LBLEREaREe AL al . used ridge
and volley lines to 3 enhance transparent skin surfaces ("Enhancing
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(" Repr eseathermn o ed toeptialonputeari-egerendt edapéniandli aknkl | ustrati ons”
in Proc ediqﬁf of QPAR.2004 . N_ et al.bfocused on . multi-scale line
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t he sizeompuishaperiaatiyges idepidehednys €OAPsH e greral ethildots .

drawi ngs("Multi-scale Iine draw ngs.from 3D neshes" in Proceedings of the
2006 syMpROSt HRBPSERt BRAEPATeI3D ot HpPities padoshamBnyeeatEgdri es of

f eat ur ec ki Nes e (W delkcesedatbd st@l faietifgr ant inaERULBLgener@ted |ine
drawi ng systens. Border lines are one of these feature |ines which appear
in 3D mrleldn wHeranfé taivacenyss bpehity sopshdhesmacbinpnesnderénast ant

1| uni gkl on A sSrd.acedehineh e calseokhe, shadhng, poundari es bet ween

t oon shadi ng regions. elIf intersection Iines are ere the surfaces of the
nodel | aeefeewice) Amtiogpchhese alconnburgyucsdgygesitnbteeacantveutechnidgés and
val | eys. are nmost. representative feature lines in recent years, .Contours,
nor mal I%/fdle%tirr?zc&ogs Styﬁgel\r}i Zi %]ilteerb%cr ISt t§iC Héﬁ%?tégfu%?%yﬁ]i%s Vhere a

sur f acertaersd iy offr aiet he9yi eweboandn hecamee rbpyii sebbe. gEaph odss. show
strongest cues wi th nodel -to-background di stinction. Suggestive contours,
whi ch i ST dBEEeATSY 2BEERr PEOBPSE .a%g%ﬁﬁﬂﬁhﬂpv@xééﬁFBugé1P8P956ﬁ§eying
shape” &f Heseedings Rl Shaggapkrdf03) i ndr & L9 Jenadnas itda 16Xt ensi on of
the actual contours of surfaces. Suggestive contours are |ines drawn on
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valley lines,. al I crest.lines, are, ( 0 .surface al ong which
t he sur%%b@jléhgéggﬁg#pﬁgs ?H%Vlgges%%%§“o?Qﬁﬁﬁ%ﬁgé&P§0w§F?Uanescriptors
for shaperoesd atiirens Iwhiogh 3dsmabdeky usedrodesNAFLAMA impitgir ai ded desi gn
and cogggéﬁr-aided manuf act uri ng) applications. [0006] Being the

st at e- of ¢¥fer A1 fEdSRr@nten&s, Howver, Thafe 7d tHREESY i heRC3ithe can
capture all visually inportant features. Contours alone are quite limted,
since they can not capture the structure and conplexity of the shape
interior. Suggestive contours can not illustrate salient features in convex
regions, white ridge/valley lines arc viewindependent feature |ines which
fix on surfaces and appear nore |ike surface marks rather than a natural
line drawing in animations. [0007] Therefore, it is desired to generate a
digital picture for 3D objects using an inproved nmethod of extracting
curves of the 3D objects which can nmake the digital picture nore perceptual
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[0008] Further, it is also desired to extend the generation of a digital
picture for 3D objects to generation of a video sequence of digital

pi ct ur es WD2R11A8AWsham ¢ setting for stylization of the PCESG26WHOEEe of
the digital pictures. In other words, it is desired to provide a method of
generation of animation with digital 3picture coherence. In this context,
animation refers to a video sequence of digital pictures. Stylization may
refer to presentation of a digital picture or a sequence of digital

pi ct ur esnhgsoce d ngn¢warerst yd ke rorsustiplcest |(CEpatheingr atAespd hanc agcior ding to
nature or traditio exanpl e, .styli zatjon char acterjistic of
non- phot Bf %??%tljc&éprpll %eataln(?né[alllﬁytb] Eeﬁi)nf%n?gEg Giteali s Hio%% ur e
coher engegppy wefedn tandonsigiserepeafl ashythaat b@nr@xsw\gerphﬁﬁger ent digital
pictures within the video sequence. Sunmary [0009] In one enmbodi nent, a
net hod 9%016?69+%Ie%011‘5b1re>§éﬂef”&ttpnéléedijﬁiib’apgpi%t@riéen"[W‘ri@tméﬁylﬁcl udi ng
recei Vi DGrE, LS & HIJTRNHIARS; thephessRbat b Py LR  £AGH ;?)gn—aa yogl ity of
curves, wherein each curve represents at |east parti al ape of a
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on the qurves f.the curve %goup, gd for mdn%’dt he |taI |cture usi ng the
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conput ediré»eﬂﬁtﬁ%m £r el meateerdiAg Pockbba i ARt hes ﬂ@écfdd@%ﬁ%\éﬁuﬁqr e
provi ded. [0011] It should also be noted that the enbodi ments described in

t he depeRdénteErafhee ot &P Hdépendent nethod clai mare al so anal ogously

valid fgéoé:h mh@eéaeegwgegeeﬁcgeét@@rgomvégraf@a%&aleyWPSCB mher e
applica rief Description of the Drawings [0012] ThHe draw ngs are not

necessaftdietof st earterpimmited wenead tgehdrialel yirbeulng pVaCeIdS upon
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fol | ow Py modend mgsheren tlie clurface is open. Isophotes are lines of
constant illumination on a surface which are also the
shading boundaries between toon shading regions. Self
intersection lines are where the surfaces of the model
intersect. Among these, contours, suggestive contours, ridges
and valleys are most representative feature lines in recent
years. Contours, normally defined as the visible part of
silhouettes, are lines where a surface turns away from the
viewer and becomes invisible. Contours show strongest cues
with model-to-background distinction. Suggestive contours,
which is proposed by DeCarlo et al. ("Suggestive contours for
conveying shape" in Proceedings of Siggraph 2003), are
considered as the extension of the actual contours of
surfaces. Suggestive contours are lines drawn on clearly
visible parts of the surface, where a true contour would
first appear with a minimal change in viewpoint Suggestive
contours convey shapes elegantly. Suggestive contour is the

pioneer of view-dependent feature lines which are especially



FIG 1 illustrates the definition of PEL on a surface in one enbodinent; 6

FIGs. 2 (a)-(d) show an illustration of effect of the PELs; FIGs. 3
(a)-(d) iwbustvereithe effect of a main Iight and auxi| PETEGR0IYHOE0dN t he
3D object for obtaining of the PELs; FIG. 4 (a)-(f) illustrate the
adj ustment of auxiliary |ight Iocall% on a 3D object; FIG 5 (a)
shows an exanple of the vertices (xl, 171), (x2, y2), and (x3, y3); FIG 5
(b) illuystrates the face coordi nate system FIG. 6 (a)-(f) show an
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sequence which conprises a plurality of igirtal pictures in onée enbodi nent;
surface bends sharply. They are ones of the most powerful
descriptors for shape variations which is widely used in
CAD/CAM (computer-aided design and computer-aided
manufacturing) applications.
[0006] Being the state-of-the-art feature lines, however,
none of these lines alone can capture all visually important
features. Contours alone are quite limited, since they can
not capture the structure and complexity of the shape
interior. Suggestive contours can not illustrate salient
features in convex regions, white ridge/valley lines arc view-
independent feature lines which fix on surféces and appear
more like surface marks rather than a natural line drawing in
animations.
[0007] Therefore, it is desired to generate a digital picturé
for 3D objects using an improved method of extracting curves
of the 3D objects which can make the digital picture more
perceptual consistent and can give users more freedom in
achieving desirable line drawings.
[0008] Further, it is also desired to extend the generation
of a digital picture for 3D objects to generation of a video
sequence of digital pictures with a dynamic setting for
stylization of the video sequence of the digital pictures. In
other words, it is desired to provide a method of generation
of animation with digital picture coherence. In this context,
animation refers to a video sequence of digital pictures.
Stylization may refer to presentation of a digital picture or
a sequence of digital pictures according to a style or
stylistic pattern rather than according to nature or
tradition. For example, stylization may be characteristic of

non-photorealistic applications. In this context, digital



FIG 8 shows a nethod in one enbodinent; FIG 9 illustrates a device in one

enbodi nent ; FIG 10 illustrates the determ nation of continuation of
two curvewp 2011/087451FI G 11 il lustrates the determn nati orcofsgremabéoesi sm of
two curves; FIG 12 illustrates determ nation of the potential of
the two curves to lead to a closed cérve,; FIGs. 13 (a)-(c)
Il1lustrate the curve grouping anong different digital pictures; FI G

14 (a) shows a 3D object; FIG 14 (b) shows the presentation of extracted
curves ptomitd e encecmags relfewntoncbh & sdnda)of stgnd stnlos;, FIG 14 (c¢)
shows the presentation of extracted curves fromthe 3D object as shown in
FI G 14"’“{‘%‘5)9 I%é;ffﬁ% d§'tg>}lt§? pyctures ¢ERin 18§1g H1499 Sq9Uedrate an

exanpl e of determ nation of single curve correspondence between different

digital pictures; and FIG 16 illustrates a conputer according to one
enbodi nent . Summary

[0009] In one embodiment, a method is provided for generating
a digital picture, the method including receiving a three-
dimensional representation for each of a plurality of curves,
wherein each curve represents at least partially a shape of a
three-dimensional object; grouping the plurality of curves
into at least one curve group based on the three-dimensional
representations of the curves using three-dimensional
information given by the three-dimensional representations;
associating each curve group with a picture element based on
the curves of the curve group; and forming the digital
picture using the picture element.

[0010] According to other embodiments, a device and a
computer readable medium according to the method described
above are provided.

[0011] It should also be noted that the embodiments described
in the dependent claims of the independent method claim are
also analogously valid for the corresponding device and

computer readable medium where applicable.

Brief Description of the Drawings

[0012] The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the
principles of various embodiments. In the following
description, various embodiments are described with reference
to the following drawings, in which:

FIG. 1 illustrates the definition of PEL on a surface in

one embodiment;



Description [ 0013] Edge detection is a well-studied problemin conputer
vision. In 2D imges, an edge point is defined as a point at which the

gr adi ent wegoitsdasiassunes a naxi numin the gradient di rectsicamo/otimer vation
in human vision and perception shows that a sudden change in the | um nance
plays a critical role to represent afd recover the 3D information.
bservation al so shows that for a grey-scale inmage of an illum nated 3D

obj ect under general illum nation and reflection conditions, the

zer o-cr ossi ngsGef 2héasetdndhemden dillectiranabnderi vafieve of the i mage
intensi{;% along the direction of the intensity gradient occur near the
ridges bS¢al | eys of the 3D object. Inspired by the edge detection in

i mge processing., 3n(one(@nadivenrtatedthyper@tceuryes, mwbhchi sy be named
as Photic Extremum Lines (EEL), are defined which characterize the |ocal
vari at i ®R%ofu¥H L3F hat 1 BH iFe dthiey 38n oBleracésropbhadpingj eEt the [ 0014] In
one enbpgigent, EEL is a set of points on the surface of a 3D object where
the variation of illumnation in the direction of its gradient reaches the
| ocal maxi muRfG$00A5]aFt @) 1lillusgsetat ébet hdjdetmanti oh afixEELary [ 0016]

G ven alf???h%’%%ﬁ%ﬁ% patgh o“gﬁj]ie:cgs-c R ->R3in FIG 1, it may be assuned

that the uncti o -> Ris C3 -continuous. In this
context, R2 FeferS tao) tatmwdi nensixangller edl tepacertices thg wagtior space of
pairs of_real nunbers. R3 may fe o, t hyee-di nensignal _real space, i.e.
the 8 V&t é’rZ)Spﬁeg Zf“’t r3’|'3|5l’e§&§f 1E’e ) nbinbed srateEs $£49%at the third
deri vattodr&xhsts @ykdns; continuous. [0017] Gven an arbitrary point p e S
as shown in FIG 1, nis the surface nornmal at point P on the surface patch
S. The tangehtC¥ect ofd Sfakdosy ageflABSATRBEAN 60FH? NRERS syst em on t he

poi Nt peof ribEedUFd ACEH AL tS3DMIBKE-t8588 different view points;

FIG. 7 illustrates the process of generating a video
sequence which comprises a plurality of digital pictures in
one embodiment;

FIG. 8 shows a method in one embodiment;

FIG. 9 illustrates a device in one embodiment;

FIG. 10 illustrates the determination of continuation of
two curves;

FIG. 11 illustrates the determination of parallelism of
two curves;

FIG. 12 illustrates determination of the potential of
the two curves to lead to a closed curve;

FIGs. 13 (a)-(c) illustrate the curve grouping among
different digital pictures;

FIG. 14 (a) shows a 3D object; FIG. 14 (b) shows the
presentation of extracted curves from the 3D object as shown
in FIG. 14 (a) in one style; FIG. 14 (c) shows the
presentation of extracted curves from the 3D object as shown

in FIG. 14 (a) in another style;



S =- s =uauVav If Sis a regular patch, then Su and Sv are linearly

I ndependent and formthe basis of the tangent space. [0018] The gradi ent of
f may be Wef20nag744: Vf=LG-s +4E-jys (1) EG - F2EG F2v \R/ﬁ@tSGZOIQ/OQMﬁV are
the partial derivatives of the scalar function f, i.e., 4=1, and j'=--; E,
F, and G are the v av au coefficientd of the first fundamental form of S,
i.e., E=(Su, Su), F=(Su, Sv) and G = (Sv, Sv), where (,) is the dot
product. Gven an arbitrary point p ES as showmn in FIG 1, nis the
surface nornilGat Yoi i) Plon iheisursftac@anpakehpde andddeaeohénstcfsnt he unit
vector Sk, 105 ALl Nt of. fo 9 AdIe RN, c2RaGE 0L BRL " iy Py the surface

pictures; and
FIG. 16 illustrates a computer according to one

embodiment.

Description

[0013] Edge detection is a well-studied problem in computer
vision. In 2D images, an edge point is defined as a point at
which the gradient magnitude assumes a maximum in the
gradient direction. Observation in human vision and
perception shows that a sudden change in the luminance plays
a critical role to represent and recover the 3D information.
Observation also shows that for a grey-scale image of an
illuminated 3D object under general illumination and
reflection conditions, the zero-crossings of the second order
directional derivative of the image intensity along the
direction of the intensity gradient occur near the ridges and
valleys of the 3D object. Inspired by the edge detection in
image processing, in one embodiment, a type of curves, which
may be named as Photic Extremum Lines (PEL), are defined
which characterize the local variation of illumination
directly on surfaces of a 3D object.

[0014] In one embodiment, PEL is a set of points on the
surface of a 3D object where the variation of illumination in
the direction of its gradient reaches the local maximum.
[0015] FIG. 1 illustrates the definition of PEL.

[0016] Given a smooth surface patch S : D ¢ R?> —> R® in FIG.
1, it may be assumed that the illumination function f: S -> R
is C® -continuous. In this context, R? refers to two-
dimensional real space, i.e. the vector space of pairs of real

numbers. R’ may refer to three-dimensional real space, i.e. the
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and D w(2) Dwis referred to as the directional

scal ar

Intuitively speaking,
the direction w.

Then, the PEL may be defined as the set of points satisfying: DAVII=

f ot osgs1Dg=(Vg,w) is the directional derivat iPC&/S&RoIHH04003

derivative operator.

For

Dw may neasure the changes of the function f al ong
[0019] The entire s& utions of DWIfl =0 form cl osed curves

or curves that termnate at the surface boundaries. Thus, the 9 surface

may be divided into two regions, i.e., the region which satisfies D, VWO
>0 and vhetoegimrcavtifclirsplesf oesrdmr fnurmbeds.. Ch meenenbedi mert, PELs
correspgﬂgrgodggggagioérgaf%rgug% lere D lnhgtgl<0, nanely, the variation
of the )

[0017] Given an arbitrary point p € S as shown in FIG. 1, n
is the surface normal at point P on the surface patch S. The
tangent vectors S, and Sy define a local coordinate system
on the point p of the surface patch §, where:
5,8 g8

ou , ov
If S is a regular patch, then S, and S, are linearly
independent and form the basis of the tangent space.
[0018] The gradient of f may be defined as:
ﬁG—ﬁFS+ﬁE—ﬁF
EG-F* * EG-F* "

where f, and f, are the partial derivatives of the scalar

of .

function f, i.e., j;=5—, and j;=5;, E, F, and G are the
]

coefficients of the first fundamental form of S, i.e., E =

Vf = (1)

(Sus Suw), F = (Sy, Sy) and G = (Sy, Sy), where (,) is the dot
product. Given an arbitrary point p € S as shown in FIG. 1, n
is the surface normal at point P on the surface patch S, and

denote w as the unit vector of the gradient of f on the tagent

LY@
v/ o)

Then, the PEL may be defined as the set of points satisfying:
D, |vf|=0

space of point P on the surface patch S, i.e.,

Lq DuD.|Vf| <0 (2)
D, is referred to as the directional derivative operator. For

a scalar function g, LLg={Vgﬂﬂ is the directional derivative

along w. Intuitively speaking, D, may measure the changes of

the function f along the direction w.
[0019] The entire solutions of llﬂVf”zO form closed curves or

curves that terminate at the surface boundaries. Thus, the

a



illumnation reaches its |local maxi num PELs effectively convey useful
i nformati on about the shape of an 3D object. [0020] FIGs 2 (a) - (d)

i Il ustratwotbeydgEss for illustration of the shape of anp8Dschymmbeoof 0021]
FIG 2 (a) illustrates the surface 200 of an 3D object. The dotted lines in
FIG 2 (b) illustrate curves which s&isfy DivDmfil <0 on the surface 200.
The dotted lines in FIG 2 (c) illustrate curves which satisfy Dwfli=0 and

DwDwr fil <0 on the surface 200. FIG 2 (d) illustrates regions 202 of DAVA>0
and regsansa264maf, DAVAHRi HEA22htRetesrragisdnsf he. suyfage 209ishown in FIG
2 (a), the entire solutions of DDVfI=0 form cl osed curves or curves that
term navBigh shtisfieac® fBdar ped. theesestor wesiali \dadd sfiessur f ace 200
into two regions, i.e., Lc VW> (colored in dark grey in FIG 2 (d) ) and
D , Ov f I|VEpt 8redni anki ghvogimsnt n FEIG @ r(mdspond PELS phdat teed s ves in
FIG. 2 (b) ) correspond to part of the curves where DWDIVfIi <O i.e., the
vari at i onrgkest etd ubi,PalVix 0 eacheslvhe thecala mext nen Fhetdet t ed curves
in FIGs. 2 (c) correspond to the points satisfying DMI Vf11=0 and

DwDwr f i fbubiehied reackenvéyst hecakanax iy or ks onf Sdoutvehe shape of

the 3D oBhect. uNOEE1t PAELLAS: EHRVESLQD Lhe figden surfage gre not shown in
(b) and (c) . 10

[0020] FIGs 2 (a) - (d) illustrate the PELs for illustration
of the shape of an 3D object.

[0021] FIG. 2 (a) illustrates the surface 200 of an 3D
object. The dotted lines in FIG. 2 (b) illustrate curves

which satisfy l%llmV7”<0 on the surface 200. The dotted lirnes
in FIG. 2 (c) illustrate curves which satisfy llMVf”=0 and
_lenij”<0 on the surface 200. FIG. 2 (d) illustrates regions

202 of D,|Vf|>0 and regions 204 of D, |Vf|<0.

[0022] Referring to the surface 200 shown in FIG. 2 (a), the
entire solutions of llme”=0 form closed curves or curves
that terminate at the surface boundaries. These curves divide

the surface 200 into two regions, i.e., llme">O {colored in

dark grey in FIG. 2 (d)) and D,|Vf|<0 (colored in light grey
in FIG. 2 (d)). PELs (dotted curves in FIGs. 2 (b))
correspond to part of the curves where LM[%MV[”<O, i.e., the

variation of the illumination reaches the local maxima. The

dotted curves in FIGs. 2 (c) correspond to the points
satisfying L%ﬂVf”=0 and l%JlﬂVf”<O which do not convey the
useful information about the shape of the 3D object. Note

that the curves on the hidden surface are not shown in (b) and

(c).



[0023] In one enbodinent, the illumnation on the 3D surface may be totally
user-controllable. In other words, in one enbodi nent, the user may achieve
t he desi rwd 201l0ssdsnati on by mani pul ating light freely. [PO®@&&pRoibweooos

illum nation of 3D shapes depends on lighting conditions. Anong vari ous

| i ght nodel s avail able in graphics, d&0omonly-used one is Phong

specul ar-reflection nodel: | =l anb+ diff+ spec=kal a +kdld(n- 1) + k s s
(vr) (3) wheren, 1, v, r are the surface nornmal, light direction, view
di recti ¢0023ahd Inefonectinbnddinesct i bhe iesmechatviedy;omxHes 3@ ShirTiaress

constant whjch is er for surf hat ar snmoot her, .k, is anbient
refl ect '9% 8n§?5?1jffy%s‘?%— %sl(j’nt |“nt°(1'§r it YOTRY- i SN dPPEuse

refl ect eRPogORShENt thd udesr Gidyf lé%@ll'év@htthlenﬁ‘éﬁilréki, iKiubsrapestl By
reflection constant, | is specular light intensity. In this context,

sur f aceMABE ARl aBiNGot MNP Igfeed Ysur face may be referred as a vect or
per pendigpb g1 irhc! N91LABAERL OBl 38035 OskaL. SUEIAGR: An R ATy opr esent s

anbi ent |1 gh{ In this context, anbient T1ght may refe illum nation
surroundPndi bisubj edtony \w-'elms |1d4<;1hft ur@pi:eé§eatvsmhlelehirﬁ useaph ighet,, whi ch

IS even com n ace, cCre S nts specul ar
l'ight. ?ng{)rﬁggég’g lFe%P oS égu nPI g%?g%%?/r r% oOI i S'ﬁ ich reflects
nore int ns Iy al ng angd arou d or frgma surface. Since
equatio é ?So of % ({anlgl-ley(? aybtir):)ﬁs t he

ELs h

n
correspondl n i ew aﬁd i depéendefit in ore enidodi nent .

[ 0025] one enbodi rrent PELs conve sha es of 3D objects by enphasi zi ng
si gni fiﬂ‘gﬁfevﬁrl ti ohs &f 2FF| GRT nBEY \fgqr%'sdf’f%eéhr&cﬁﬂﬁ@'at 3D

shapes {hénssipddOiom tdhd aRGaRs i@h RUFraR tRerGEPLYBL-EXPEI | ENEES,s I N one
enbodi nent, the |ight
a shininess constant which is larger for surfaces that are
smoother, k, is ambient reflection constant, I, is ambient light
intensity, kg is diffuse reflection constant, I4q is diffuse light
intensity, ks is specular reflection constant, Is is specular light

intensity. In this context, surface normal at point P of a

surface may be referred as a vector perpendicular to the
tangent plane to that surface at P. [,, represents ambient
light. In this context, ambient light may refer to the

illumination surrounding a subject or scene. I,

g Lepresents

the diffuse light, which is even, directed light coming off a

surface. [ represents specular light. In this context,

spec
specular light may refer to light which reflects more
intensely along and around the reflection vector from a
surface. Since equation (3) 1is a function of the light and
view directions, the corresponding PELs may be view and light
dependent in one embodiment.

[0025] In one embodiment, PELs convey shapes of 3D objects
by emphasizing significant variations of illumination over 3D
surfaces. Aiming at 3D shapes illustration with concerns of

human perceptual experiences, in one embodiment, the light



11 nodel may enphasize on illumnation variations strongly related to shape
variations, and may suppress those |less related or orthogonal to shape
vari ati or§0 20H/BMsmg shadi ng nodel , the anbient |ight LiPEH/SG0IOONE0OANE

whi ch does not contribute to the variation of illum nation. The diffuse
light /diff is deternined by both shdpe and light. The variation of the
diffuse light /diff is highly affected by the variation of the surface
normal . The specular light /spec is dom nated by the viewi ng and |ighting
condi t iTvpdel ki ¥ remlye bz c onsiiddred nags ien grrhegonab $acooglyf the 3D
surface n_ ot her rds, /spec is nat relevant to_the shape of the 3D

obj ect - teé% ‘?%es sappeecu\f‘_!d:rlalq-’lléjhnts’/ $h&c My SIRPF 5 acgh?iﬁt ﬁ?%sl i nes whi ch
are | esseletad edr t ortheg3ih shapesiansk dist ractomg. for Bldshafteadddqustrati on.
On the other hand, the power factor of the specular light /spec is nore
conput dtPdnhl EXxpemBP RNt Thight | hmones cfisdiandntvhiche dgeisi et |i ght | anb

dth | light [/ be . d nd the diffuse light is
consi AGTERE Tt 1P RO orapT ERQURoE DR BBERT HITS obt ai nod T or
the |ighidmg n%dgk;kﬁkgr%iﬁﬁd %}(ﬂ%th shape and light. The variation

of the diffuse light Iﬁﬁ is highly affected by the variation

of the surface normal. The specular light [

spec 1S dominated by
the viewing and lighting conditions, which may be considered

as an orthogonal factor of the 3D surface. In other words,

I is not relevant to the shape of the 3D objects. Thus, the

spec

specular light [

gee May introduce feature lines which are less
related to the 3D shape and distracting for 3D shape

illustration. On the other hand, the power factor of the

specular light [

spec

is more computational expensive. Thus, in

one embodiment, the ambient light [,, and the specular light

I, may be ignored, and only the diffuse light is considered.

Thus, from egquation (3), the following equation is obtained
for the lighting model

I=k,I,(n-1) (4)
[0026] Note that the view vector v is not involved in
equation (4). Thus, the corresponding PELs in one embodiment
are independent of view position.
[0027] In another embodiment, the view dependent property
may be desirable in the real-world applications. More
importantly, for real-world 3D shapes with complicated
geometry and many details, the criteria to locate the feature
lines usually vary in different parts and are rather

subjective. Thus, it is desirable to provide users more



[ 0026] Note that the view vector v is not involved in equation (4). Thus,
the correspondi ng PELs in one enbodi nent are independent of view position.
[ 0027] | rwanotimsr4senbodi nent, the vi ew dependent proper PET/HSR019006D03I r abl e
in the real-world applications. Mre inportantly, for real-world 3D shapes
with conplicated geometry and many détails, the criteria to locate the
feature lines usually vary in different parts and are rather subjective.
Thus, it is desirable to provide users nore 12 freedomto control the
desiredfrétdotriat iomtriml sdte sfepitriee vildwsdependencoasawekfyashehe user
control ] abilit erf ornmance J ui renents ne. odi_nment, the

fol | owi Hg® ‘I"l%ﬂ‘% '?ﬁr;ecf(la © 15t "IL:‘%L it provided. Cf(%f@]ﬂ?ﬁé?[lll ghe fodel that is
used i NnpencoEdNE NEFYu ICGIATItSES 1& meneinbgh&meﬁﬂr exanpbeioRim@i n |ight

source is set using a directional %ht whose light rays are parallel to
the vi el 9REtBrde) nFQR Hérl vk?rd’srovtlﬁé term"main light" is simlar to the
"head | {@h38} wﬂbcmlﬁﬁtmeeéy peed 19 (e oI Greystigan@f vehicles. This
setting is base uman perceptual experience. Thus, the |ight nbves when
the vi edPpRf heeThanyey! lAghd r &l exapRéei | BUR® hat } oah ansou hee cbs r espondi ng
PELs ar [ 9] o] h | that is
used furgt%elr(?él\’lL pa?:]gl:rggczﬁlﬁq%éstll ﬁé g’ﬁ)?lggb gﬁ? £?1¥£ %ré o@%%?@véfds

opt i onato s \heght\secrm),r bdrusmlhetrowblrglal,l ghe tdaemu%reamspbx:g}ﬁt’edlsar eas. The
contributio a hts,, he illum ion is Jocal and
mdepen%lérﬂ{f% th L!g%v' ew%aosﬁq‘g&)% THE S0 Pi §F 5 j5360111861“?9%1’?séj&hffay be defi ned
Wi th n-1ightin@pptd e lacaldh dlesusehisnteteshgdi § 6gh &S, ot Ghapr ovi de t he
user freedomto control, EEL in different areas. [0030] FIGs. 3 (a)-(d)

i1l ust r%?léceffﬁté“éprﬂ%ﬁ?dﬂedweof Thwe | i“§Rt 1hBHEI MPHrS eXtsadti®Y 6™ PELs in one
embodi nBHtnt ArpHqsd Runpy rbsusel eched 1o fthen3Pngbiget for the
illustration of the effect of the | ight nodel. [0031] FIG 3 (a)

i |1 ustreeesesdrdipguPilisghrs dievagpbeeder®. t he Stanford Bunny for

extract L oL ti f. e f Bunn he main |ight
1o ol 2L TonSpt hnhe AT k. e SR, Bh e nr 4

di recti bartiyr usimpy itses @i Aeksghtn#laak dhieg r PHUssmy Ioormwent he rough
shape vveII gFI

optlontp)spot %1ghts may be used to highlight the
user-specified areas. The contribution of auxiliary lights
to the illumination is local and independent of the view
position. The auxiliary spot lights may be defined with n-/,
but applied locally to user interested regions, which provide
the user freedom to control PEL in different areas.

[0030] FIGs. 3 (a)-(d) illustrate the application of the
light model for extraction of PELs in one embodiment.
Stanford Bunny is selected to be the 3D object for the
illustration of the effect of the light model.

[0031] FIG. 3 (a) illustrates that four lights are applied to
the Stanford Bunny for extraction of PELs for illustration of
the Stanford Bunny. The main light #I is a directional light
whose direction coincides with the camera direction. By using
the main light #1 alone, PELs may convey the rough shape well
(FIG. 3 (b)).



[ 0032] However, sone inportant |lines on the eyes and feet may be m ssing
(as shown in (b)). Then auxiliary spot lights #2 and #3 may be used to

i ncrease Wheolig8asicont rast on eyes and feet to add nor @CASGAV109H0¢aE shown
in FIG 3 (c)). Note that the Bunny body contains many short feature |ines
due to the small relief. These linesl3however, may be | ess favorable by the
user. To renove these |lines, another auxiliary spot |ight #4 as shown in
FIG 3 (a) nay be added to decrease the |local contrast on the body. As a
result §003R1i foke@er3d Edhnge mpstroént hbiseml én fieet e d iawes faree mayoved
successful | n ore de 3.(a) _illustrates an anpl e
wher ei nb?olﬂ¥ f%%‘ﬁt gl%r Webd "t 05 IIuéFF‘th 8%&3%?%?8?% hﬂlﬁ% ﬁ(ght #1 is
t he mai andi ﬂhtmayﬁ'ﬁ@éalﬂkdaﬂill@ﬂ:r@@smltd@s leickh thatvhew €hregés osind The
purpose _of the main light #1 is to convey the_rough georretr of the

St anf or #eBunhY. a‘li_‘?g‘h‘f%e #ELHUIS dRF #8 04 18uXiFi aPy (F) ght BOTANFRAC may be
used tothOCELRSE Wbafess fasit d acaly caRtasbathee €XaBR! Quel Pothhs case,
auxiliary light  #2 is applied locally on the eye area. Auxiliary |ight #3
i s appl $edlbnreheef oothesed,ingsd @Wehfleanymlah/gh? #aspsfapprakete fcal |y on
t he bod r f f u e I lights
are use%h(tgo@%]%'r elys]geg{ro eglggageﬁtg%e { o¢ c{)1é'a}2:ont 3%3% %%’yt %g)élst %g{;% ed

regi ons#4 wassh@ELsimﬁsleeBaddEdm@y Ip @ naalabe amafahne@steothecabcéEatures of
t he 3Dob ects or t e nequ rrents of .use [ 003 (b) i]lustrates
the rougt BEORELTY O (e, 211 gr & Bl By “PELS GhEN SnfS) & HEOHRi n 1 | gh
#1 is appl tied. srﬁalpafbm@arinfersomrlél Gemdveh) suseEBsEAPOYL ant |ines, such
as lines_ that may illustrate eyes and foot in nore detail, are m ssing.

Al so, db@033!] s&ﬁe“@ﬁ?ﬁl AefaafurbsCofst ) SthhSTR EmMP S¥a@Plfeat ures on

the bodyharesn therel £t JmRNYseiBllh PELSswWhheh eausgcdhsir@ctions and are
not hel pful to convey the shape in the back |eg area. 14 [0035] FIG 3 (c)
i |1 ustriagesyt hTel@é‘bn%l ris ynepmed nofl ighe, Svapsordt Bratryorwserincidesai n | i ght
#1 and I 2 d e,se fromFI G
3 (c), ‘%{v}%% \%lge% |r%%:t§o§2 gﬁ% 3;# r;%%%e %theoqaﬁ%r ggghle 2 Jg%ntrast on
t he eyetandommy tfﬁ@@&ﬁinglg@Orr@t(rd) oif] Itbst fatesotteByroyet Lyghys PELs of the
St anfor%j2 Zaé{‘uer tarlllexrllaum i ar gh%‘ #4 i S uk?)ed toddecrease t he
contras As & resarty l%et Fex FSRt % BF PEIS ©F the

St anf orﬂn&mmelar a@elrmﬁaeexé l[oQﬁ?z?]:oEQﬁ:aSlterlFersBaaﬁﬁlepnen matyisisual |y
achieve the desired ill ugh%\atl on usi n .the main_l| |ght al one. However, nopst

of the T33F: woFfH idel s ézcéﬁplapl? t&84 J86ABLYyC AN FreRYS XA 1s, which

may notabeiildbptradred #siing appliiegl enl kabt fobhusreh oRE Sibodi Mmpt,
auxiliary lights are used to inprove the il lustration. One advantage of PEL
i s thatligkt st hels fapriiabiacs! lyhenatkel Pafy rrgpt sf 51&%hSta%nE<méi number of

lights, gihe) ! 10tENS| dnlRRyi kA, t599§11999 Qiéﬁx%'&f@ -uddq My be a tedious
work to mani pul ate these parameters manually. ['n one enbodiment, to

m ni M zeneheasd for tdefrages thet droaetli erentarasst hod tite mredideiccd o conput e
the optimelose! {ingsof pbhe AL A4l ol atomatLcallyind 90381 |0 one

enbodi men several regi ons of i NTeres De i mproved.
Each rehooanl | Sestmmtds eﬁouglle Bbabbjastsooe alme(lte@nyrémeg*’rﬁs ofa usergay be
used. [0034] FIG. 3 (b) illustrates the rough geometry of the

Stanford Bunny by PELs when only the main light #1 is

applied. As can be seen from FIG. 3 (b), some important

lines, such as lines that may illustrate eyes and foot in

more detail, are missing. Also, due to some small features

of the Stanford Bunny, i.e. features on the body area, thefe

exist many small PELs which cause distractions and are not

helpful to convey the shape in the back leg area.



f SHA [ 0039] G ven a user-specified patch YcS, c=1n fdA this context, A
nmeans that the integral is carried out over an area, and c is the

bar ycent evogbiy@dassiegi on A. 15 [0040] I n one enbodi menPCTHGIPIO000003 Nt Lux
may be applied at position x with light direction d= x-c. In one

enbodi ment, the contrast of illuninatlidon on S by spot light /aux is
maxi mzed if details are preferably to be added by the user. |In another
enbodi ment, the contrast of illumnation on S by spot light /aux is

m ni ni z&€A0BS] | if&s &r dcprefiénabkytes biee remmved byt RELsert. ther exanpl e,

the folLeubag formul as, My Bk Used: 1Tk Vho?dhto.dd, detaits, (5) ormin
lights #2 and #3 are applied. As can be seen from FIG. 3 (c),
two auxiliary lights #2 and #3 are used to increase the
contrast on the eye and foot.
[0036] FIG. 3 (d) illustrates the geometry by PELs of the
Stanford Bunny when a further auxiliary light #4 is used to
decrease the contrast on the body. As a result, better
extraction of PELs of the Stanford Bunny is achieved.
[0037] For simple shapes, one may usually achieve the desired
illustration using the main light alone. However, most of the
real-world models have complicated geometry and many details,
which may not be illustrated using a single light. Thus, in
one embodiment, auxiliary lights are used to improve the
illustration. One advantage of PEL is that users may fully
control the auxiliary lights, such as the number of lights,
their intensities, positions, and directions. It may be a
tedious work to manipulate these parameters manually. In one
embodiment, to minimize the effort of user interaction, a
method is provided to compute the optimal setting of the
auxiliary lights automatically.
[0038] In one embodiment, a user may specify several regions
of interest to be improved. Each region is small enough that
just one auxiliary light I,u,x may be used.

j SdA

S

B fad S
J

[0039] Given a user-specified patch S'cS§S, ¢

this context, A means that the integral is carried out

over an area, and c¢ is the barycenter of the region A.



f

= laux where LI aux n(u, v) 1 lc, +ltld +k,d2 1= x- S(u,v) S(u,v)1l d
=l S(u, v) -xD and where S(u,v)is the given 3D surface patch; d is the
di st ance Wot2MHA8745he | i ght source and the surface S; kaBKLTiSG2010000008 ensity

of the auxiliary light; kc, k1, kg are the coefficients of the quadratic
function of distance d; n(u,v) S xS 15is the unit normal vector, i
and 1 is the unit

[0040] In one embodiment, a spot light I,,x may be applied

X—C

at position x with light direction d In one

%~
embodiment, the contrast of illumination on S’/ by spot
light I.ux is maximized if details are preferably to be added
by the user. In another embodiment, the contrast of '
illumination on S’ by spot light I.ux is minimized if lines
are preferably to be removed by the user. For example, the

following formulas may be used,

2
max ””Vf“ dA to add details, (5)
’
2
or min ””Vf" dA to remove details, (6)
7

where f I‘"“,

k 1
I, (uv)= S n(u, v) -1
k,+kd+k,d

x-Su,v)
Hx -S(u, v)”

d =|S(u,v)—|

and where S(u,v)is the given 3D surface patch; d is the

distance between the light source and the surface S; Kaux 1S

the intensity of the auxiliary light; k¢, ki, kg are the

coefficients of the quadratic function of distance d; n{u,v)
S, xS,

is the unit normal vector, i.e., n——S—'—S—; and 1 is the unit
X
u v

vector of the Light direction.
[0041] Note that the cut-off angle of the spotlight may give
rise to the discontinuity of the illumination which in turns

may result in unnecessary feature lines. In this context,

. €.

n= ;



11Su x SA vector of the Light direction. [0041] Note that the cut-off angle
of the spotlight may give rise to the discontinuity of the illumnation

whi ch i n woros/osasiresult in unnecessary feature |ines. pcm/sGhim/oo@os ext

16 cut-off angel may refer to the angle of the cone shape of the spot
light, and is associated wth the bouredary of the spot |ight applied on the
surface S of the 3D object. [0042] To avoid additional feature |lines caused

by discontinuity of the illumnnation, in one enbodinent, the cut-off angle
of the spetokirghhgiBynbe Farge €nough 4@ 1OV tBe bRl 8AGRePBENEHENSI de
the spot light region (which is larger than S'), two illum nation functions

f =I mam &RAYj Fiphtix aPrd APp? T TRICLateE it &hdeboradiaves odf thiel gpiphat i on,

f=-lauxiisnUsed i PLgany PRLNL,PES ' f=ln L= used for any point
pPES\ S, \%/%lhghgr%gané that p isua pOeI nét/\,ryiflneC ear:]sgi n(g) eic%'S'. Therefore, though
t he ovelfPQB20bf Tchevodo! fagiddttiionslr ésattsei hinkescomisediiby es, | ocal

continuiity may.be. guarant eed. everywhere by swtchi bet ween t he two

functi oﬁégg%m ﬁ%}lﬁgyan%gfég? "l,fJ"l‘lm#lln\.lg}lﬁnhcénP@Es? 5&%8%1‘“16%61 £h 1 ocal

ext r enuruandfEhenglé uet nehé aspdts iagal maycort 1aWQES eholigal kot Bevesi Nts, the
auxiliary |i rove the PEL illustration of S wthout introducing

ht may i : :
unneces§éryF8Fn%§C%np? RE pbitief yhe spot light region (which is

larger than S’), two illumination functions f =1 and

main
f=1,, are applied. To compute derivatives of illumination,
f=1, 1is used for any point peS', while f=I . is used for
any point peS\S', which means that p is a point in S and
not in S’. Therefore, though the overlap of the two
functions results in discontinuities, local continuity may be
guaranteed everywhere by switching between the two functions

of f=1 and f=1,,,+1, . Since PELs are defined with local

main main
extremum and the illumination is locally continuous for all
the points, the auxiliary light may improve the PEL
illustration of S’ without introducing unnecessary lines on
the boundary.

[0043] In one embodiment, the illumination function is set to
be f=1,, for the optimization of the auxiliary light and the

extraction of PEL in S'. In one embodiment, the optimal
auxiliary lights are located in object space. Thus, the
optimal setting of the auxiliary lights is not affected by the
change of the main light and various viewing conditions. The
optimization process is not real time in one embodiment. In
other words, the optimization is carried out in the 3D space
before extraction of curves of a 3D object for illustration in
a 2D image. In one embodiment, once auxiliary lights are

determined, the auxiliary lights are fixed in the object



[0043] In one enbodinent, the illumnation function is set to be f=1a for
the optim zation of the auxiliary light and the extraction of PEL in S'. In
one enbodwent1/08f45¢ optimal auxiliary lights are | ocat e®Cir{sGetjo®ee0ospace.
Thus, the optimal setting of the auxiliary lights is not affected by the
change of the main light and various Wi ew ng conditions. The optim zation
process is not real tine in one enbodinent. In other words, the

optim zation is carried out in the 3D space before extraction of curves of
a 3D objspat:ef oneahingtrrett drne rse&tZE)gi wEgehel aumnelenjaoljiqmm amnce
auxiliar s are determned, th aule ights are fixed inp the

obj ect g%‘i%pe‘ﬁé%fh‘i n?}tﬁfat s gFt PHE* gtgfﬁegja‘i&tl}rsarci}mmudtﬁog are

Vi ew i ndeeeadentlafrﬁ@lgmexeyt e awed iar yehbghing speoampidethinyt Raeauxiliary
i ght may be used in rendering PELs for ang\yw ew point. Therefore,

addi ti oR&FNEonpPit BR f TR BlFetheadd reyrBE? epaédovweeaqw@mmly, t he
auxi | i apyol hoht sudmy Py Ruecile EEL autyﬁéﬂtl%h\w tt%g] iGRYSLAY any

i ncoherence in ani mati on when vi ew poi nt changes. FIrgs. 4 (a)-(f)
i |lustrébe BALeXals teradhiom wgtheptovenemlgo&ny hJencEELenelrtqsfstlmatl on on the

Bunny egg%%lg?%%pt%z rngloeqt on o glghgggul n one enbodi nent. [0045] FIG 4

(a) illus eere nny nodel when only main light is
appl i ed[ocag 4“1(gct) |4I l(astral eslenstastedaPibsam@isedshowitige bunny nodel

shown in FIG be that usm the main light al one, the
eye regf%ﬂr?gerﬁ%é ?tuts}te?:é}e[d ]\/@I &8 CRe P 8\Aﬁ88ﬂ¥r%¥? BEPUMY the eye.
[0046] Egﬁlgéto!étbjmailyﬁg}{@tr@s ltme)r@y@mb@@llﬁanef t he bunny nodel wherein a

spot ?ht whi ch covers the_eye region and maxi m zes.the contrast is
appl i ed PR43H it Con 4t d2¢ hélFﬁ%FEr‘PF%ﬁtthﬁl eye #qEen 19fudtheatednyhe eye

regi on Qfqthehannyn 1Pdel i AS ihwn d %ﬁ%h@ed4 €8 . u§'n5bpg}fus€§a@

seen, the features are enhanced and t correspondi ng PELs Iustrate the
eye ver?XV\IéMte?O*EWYS] RGd o ¢he Pugstr ads 1t kboepeinefi®n f (ahe bunny

nodel \A@er(eérq @esggdalﬂkg;g ds %pQJhI eg1 \Q/F{ E?Wt Fgﬁggs ?g +3?ustraontra5t on

the eye regionin a ition to the main tes the
eye regregiof iHendtuninylurooslteas v@tldvmdulentlél Ghedlfw) custn@sPEdsourAs
expect eghetgﬁeeteature | ines are reduced accordingly.
[0046] FIG. 4 (b) illustrates the eye region of the bunny
model wherein a spot light which covers the eye region and
maximizes the contrast is applied in addition to the main
light. FIG. 4 (e) illustrates the eye region of the bunny
model as shown in FIG. 4 (b) using PELs. As can be seen, the
features are enhanced and the corresponding PELs illustrate
the eye very well.
[0047] FIG. 4 (c) illustrates the eye region of the bunny
model wherein a spot light is applied which minimizes the
local contrast on the eye region in addition to the main
light. FIG. 4 (f) illustrates the eye region of the bunny
model as shown in FIG. 4 (c) using PELs. As expected, the
feature lines are reduced accordingly.
[0048] Note that the discontinuity of the illumination may
occur in the shaded images (FIGs. 4 (b) and (c)). With the

guarantee of local continuity for PEL extraction as described



[0048] Note that the discontinuity of the illum nation may occur in the
shaded images (FIGs. 4 (b) and (c)). Wth the guarantee of |local continuity
for EEL eworatiispsslias descri bed 18 above, user-desi r aBCa#/SGapio@0@d3 PEL
illustration of the bunny eye is achieved w thout introducing neaningl ess .
feature |ines on the boundaries (FIGS¥84-(e) and (f)). It also denonstrates
that PELs are not extracted frominmage space. Using edge detection

algorithps in i mage space, the aforenentioned discontinuitg of illum nation
may res@PPVen H¥fcéagesSivabte HRroRd BEldedilnghrativhi efatke ewphwi ns one

i”porta@&edﬁ%f%Eﬁ@%%ege%Y@EBuEEin@¥Ehdé¥%dﬂkg%ﬁ¥ﬁd¥ggso%é%%grgag§nes

processing. In this context, object space nay refer to a space. | mage
space nRy té&kepoupdar2pssphies- 4 00x0]and the -f ditl eiseg deabogstirkhas of
extracti (o] L r e j ' r tail. [0050] EEL is defined on
generalkggﬁf%ggg %FQSQPgb?%%%%sgﬁ%ﬂ%%gbgﬁgﬁg FP?%%QIQS %h?&%ﬁbdivision
sur f acedetesplioneabgsedtbusf anteivbge #Asabackgheuadorshenmmbhea, a triangle
nmesh is at .0f .pol ygon sh_in,conputer graphics. It conprises a set of
triangl 8%%%3‘%%&%’ io% tlﬁgglg‘lérraﬁéﬁ&rg‘ﬁéf) rﬁg%ﬁeaﬁ@ E8nkEGCad "By Chhei r
comon gdgesodr beOHBEL SabManNYTIH A &5 S@fitanarse PrCkages tand hardware

devi ces can operate nore efficiently on triangles that are grouped into

meshes FﬁgﬁeéﬁnéesPﬁFW§?nn%%%e%nQﬁtﬁQi%ﬂﬁﬁ(§$QQ%£iQQrénpﬂ@§éﬁted _
i ndi vi dgabk¥ssThyS €8 gypgcg&ﬁgé;@pqﬂ§ﬁﬂgpgggggrmgr RRircS dQ gpgpations on

the vertices at ?he corners of triangles. In this Context, to denonstrate
t he ef f EBBEF?enéBagef SPELS May shigrestd ld @t sakicen of 3D objects, an

i mpl Lon i 0 j h is.given, hecause
1 angl Soone 8 (st ohaty ST 8B LT, SRS S AR ot on
i n novi éesgamkedndlushoye Aemchiskci entific visualization. For 3D object

repr ese in her forms, a |lot of open-source tools and commercial tools
are ava?ngpl f%hU§€ F%fggﬁSePP 9ﬁ8ﬁf?ﬁtﬁu¥$?%%@l%P PPIERIS, it shoul d be
not ed thatckEtahsbaotrlangiedndsh 3R uBkjiealsibapkaseatedon tR1ygetices. 19
[0051] Gven a triangle nesh S and the illumnation f on each vertex, the

ext r act PBASEf SBEERCHNS S cobpri KT it dinfordas 188 dasEripeal e nme vl
fol I owi ng iant?ﬁg 8 DG pEsH -me H0052]c RS teir! %&aé&&@si.swr@eﬁ{%?%éé“9 whi'ch
is optional. In this step, normal n of surface I S snoot hed.

a set of triangles (typically in three dimensions) that are

connected by their common edges or corners. Many graphics

software packages and hardware devices can operate more

efficiently on triangles that are grouped into meshes than on

a similar number of triangles that are presented

individually. This is typically because computer graphics do

‘operations on the vertices at the corners of triangles. In

this context, to demonstrate the effectiveness of PELs for

shapes illustration of 3D objects, an implementation of PELs

extraction on triangle mesh is given, because triangle mesh

is the most generally used form of 3D object representation

in movie, game industry, and scientific visualization. For 3D

object represented in other forms, a lot of open-source tools

and commercial tools are available to use to convert them

into triangle mesh. Thus, it should be noted that PEL is not

limited to 3D object represented with vertices.



[0053] In the second step, the gradient of illumnation V for each vertex
is conputed. [0054] In the third step, the directional derivative of DAVI'
al ong t hewgnradimmnsidi rection w for each vertex is conputredisck@@H5doos n t he
fourth step, the zero-crossing is detected and the ones which are the | ocal
mnim are filtered out, i.e. LowDAVf(30. [0056] In the fifth step, the
zero-crossings are traced to get the PEL. [0057] The preprocessing is
described in nore detail as follows. [0058] The purpose of preprocessing is
to redud®05hd roiven ¢f tiniapgileariesh. Bn eand ehbodl heminatfirntfieod i ght node

for PELs, _ho i i ] the a@auxi liary spaot |lights are
functio%gcgf%%ﬁ%gghggbgt%%{%%$§%§éﬁg%I%ﬁﬁ% ﬁgifgﬁom'flﬁésngﬁﬁﬁﬁagaused by
t he noi séepk geodesryibedein the soliacennormedne lemodinggrirodi nent, t he

bil ater it is..applied tqQ process the.vector field n on S. For each
vert ex jb°$%% ﬁ%?b Fﬁb&%eﬁaﬁsbBrBBHSFEﬁs599A¥PIQ%el%i?Qﬁ%ﬁ%ﬁlfi$1er nay
be defi redsastePAl hovkd sfPEF, sfdDe 5 (1) smdFeENGY)

[0053] In the second step, the gradient of illumination Vf

for each vertex is computed.

[0054] In the third step, the directional derivative of
[LMVf” along the gradient direction w for each vertex is

computed.

[0055] In the fourth step, the zero-crossing is detected and
the ones which are the local minima are filtered out, i.e.
DD |vf]|>0.

[0056] In the fifth step, the zero-crossings are traced to
get the PEL.

[0057] The preprocessing is described in more detail as
follows.

[0058] The purpose of preprocessing is to reduce the noise of
illumination. In one embodiment, for the light model for
PELs, both the main diffuse light and the auxiliary spot
lights are functions of n-/. Thus, the noise of illumination
may be mainly caused by the noise of geometry, i.e., the
surface normal. In one embodiment, the bilateral filter is
applied to process the vector field n on S. For each vertex
v, its neighborhood may be denoted by N(v). The bilateral

filler may be defined as:

i) = 2T P =D (o0 DIn(p)
ZpeN(v) W.(|p- v”)W; (p(v, p))

with




| pPEN(V)We (TP - vII)W(P(v3P)) 20 P(v) P) = ILP - v1ll where W is the

cl oseness smoothing filler with paraneter gc: -.X2 W, (x) = e 2e p(v,p)
m m cs t wWonreliAsr4se curvature of v and P. and Wis the PERUSGRE0MPEO2r vi ng
filler wwth parameter 65: -x2 Ws (x)20= e 26's

arccos( [n(v) - n(p)|))
lp =]

plv,p) =

where W. is the closeness smoothing filler with parameter §,:

W, (x) = e

p(v,p) mimics the relative curvature of v and p, and W, is

the feature preserving filler with parameter 55:

2
—X

W,(x) = e

which penalizes large variation of the feature field. In
practice, it is found that this step is usually helpful to
improve the robustness of the algorithm for the scanned
models described herein. In one embodiment, an intuitive

method is used to set the parameters 6, and J,. In one

embodiment, the user selects a point on the mesh where the
surface is expected to be smooth, and then a radius r of the

neighborhood of the point is defined. In one embodiment,

parameters may be set as: Jd,=r/2 and 5s is the standard

deviation of p(v,p) in the selected neighborhood.

[0059] The advantage of smoothing surface normal is that it
may be computed only once, which avoids computational
overheads and guarantees achieving PELs illustration in real
time for meshes of moderate size. In another embodiment,
preprocessing may be performed by smoothing the illumination
f/ on the surface, which may cause expensive smoothing
operation in each frame once the lighting or viewing condition

is changed.



whi ch penalizes |large variation of the feature field. In practice, it is
found that this step is usually helpful to inprove the robustness of the

al gori t hnwpapiyasgssdcanned nodel s descri bed herein. | n oRETSGROWIONENS, an
intuitive nmethod is used to set the Q%Laneters 5, and gs. In one

enbodi nment, the user selects a point the nmesh where the surface is
expected to be smooth, and then a radius r of the neighborhood of the point
is defi& d. In one enbodi ment paranmeters may be set as: (5,==rl12 and 6, is
the sta §8P81d&h%ﬁ%w%atplﬁi‘ Bt |dﬁrtlﬁétééﬁéc%édd%¢@h%¢ hbdmor¢ 0059] The
advant age+Qf 1sgRoEBh ngysurface normal is that it may be conputed only once,
whi ch avoi ds conput ati onal over heads and guarantees achi eving PELs

i 11 ustrdPP6hli Mheede ftiimi ifogr ofeShés iovohveer the shized d¢ndamot her

erDon, TBAL (RLEPLOCBPLNG MRye D DAL GMIRA (B STROLMCAS K0 i B o1t

on the surface nmay cause expen5|ve snDdthlng each frane
once theompghEingeodeVLEmtngeSO$iE1cIHnury @mmng@®ust2y 8068k The
conput at r|v tives is nore detail as follows. [0061]

: .
i £ e Lo U g Recis. S WS Y R B

il lum nabeeaglh@uadﬁ BeeKeypé -t Hc€ gt tike sderi vatives efficiently and
robustli. [ n.one enbadinent, the per-vertex derivatives are conputed by
aver agi n§°88] adentEherkisdd addiOnyadilyes, an arbitrary scalar

function g defined on the mesh, i.e., g: M —> R, a triangle
TeM with vertices V;eRé and the associated scalar value

=g(V;)eR, i =1,2,3 are considered. The per-face coordinate

system is defined in the plane perpendicular to the face

normal. Three vertices of T in the per-face coordinate
system are denoted by (&L%)ERZ, i =1,2,3. The per-face

gradient Vg may be computed as:

og g
x| 1 (2=» vy »i-»)\"
Vg— a _—— g2
% di\x3—-x, x,—-x; x,-x
dy 83
where

dr =(X,y, —,1%,) + (X305 = Y, %) + (X35, = y3 %)

which is twice the signed area of T.

[0063] The gradient of each vertex is considered as the
weighted average of the gradient of its adjacent faces. The
vertex coordinate system (U, V) is defined in the plane
perpendicular to the vertex normal.

[0064] Note that the vertex and face coordinate systems are
usually different. In one embodiment, coordinate system
transformation is applied before computing the contribution

of the per-face derivatives to the per-vertex derivatives.



[0062] As an illustration, given an arbitrary scalar function g defined on
the mesh, i.e., g Ar-> R a triangle TEAd wth vertices Vi ER3 and the
associ at aox0ual@r4sval ue gi =g(Vi )ER, i = 1,2,3 are consi ®€TSG201D960002r - f ace
coordinate systemis defined in the %Iane per pendi cul ar to the face nornal
Three vertices of T in the per-face Gor di nat e system are denoted by
(xoyl)ER2, i = 1,2,3. The per-face where dT =(X1Y 2- y iX2)-1- (X2 y3 -
y2 X3 ) SXS - y3 Xi ) which is twice the signed area of T. [0063] The
gradi enf08P5aditGrert dr)i 41¢BASTAEPRATRS YRELWRFYhtBd avbr alpe ofv2i he

gr adi engngf (k;,spﬁfgm.a%@@t. bages. 1 TG Vellex GROTAIAAIR LAY V) 1

defined in the ane perpendicular to the vertex normal

system.
[0066] In one embodiment, the local vertex coordinate system
is firstly rotated to be coplanar with the local face
coordinate system. Then, given a point (u;, v;)=u;U;+v;V; in
the vertex coordinate system, the per-vertex gradient is
computed in the local face coordinate system with

U, -Vg(x, y)j
V,-Vg(x, y)

In one embodiment, after the per-vertex gradients for all the

Vg(ui’vi)z[

adjacent faces of the vertex are computed, they are
accumulated with weighted averaging. In one embodiment, the
Voronoi area weight w; is used, which is set to be the portion
of the area which lies closest to the vertex. Finally, the

per-vertex derivative may be computed as:
Vg(u,v) = zwivg(ui:vi)

[0067] The tracing of PELs is described in more detail as
follows.

[0068] In one embodiment, once the directional derivatives of
variation of illumination at each mesh vertex v is computed,

whether the mesh edge ([v;,Vv;] contains the zero-crossing
may be checked. Let h00=llef@m. If h(v,)-h(v,)<0, linear

interpolation may be used to approximate a zero-crossing on
edge ([vi, Vv2] and p may be considered as a PEL vertex. If
two PEL vertices are detected on edges of a triangle, a
straight line segment may be used to connect the two vertices.
Line segments may be connected to form a piecewise-linear PEL

curve.



[0064] Note that the vertex and face coordi nate systens are usually
different. In one enbodi nent, coordinate systemtransformation is applied
bef ore conpubimmgzisme contribution of the per-face deri vetirseloimodons
per-vertex derivatives. 22 [0065] FIG 5 (a) illustrates the vertices (x1,
Yi), (x2, Y2) and (x3, y3) . FIG 5 (25’) illustrates the face coordinate
system [0066] In one enbodi nent, the |l ocal vertex coordinate systemis
firstly rotated to be copl anar with the local face coordinate system Then,
given alBBFRAl (m oo )eméjogulm@pvv thet hereegtlexckcorRilnatay dystem the

t t | ocal fac ordi nate systemw th Uz
{)/Szxver exﬁ/g%g ;/5%? ?}ﬁgo%gng %d [?f‘grpvj}ﬁga?]toenr 9 (e §éPe\/ertex gradients for

all the adjacent e ﬂny’I ertex are conputed, they are accumul ated
W th vvev\”ﬂ;@;l% Ir 3 r(fp@r?% qurent the Voronoi area weight wi is
used, A t to bethepftl ii''of the area which lies closest to the

vertex. _Finally, the per-vertex derivative nmay be conputed as:

Vg(u, v) £#19n \@W‘?Wﬂ%nt{o@etﬂreﬁwlﬁ dcMiy BF PELSnpd Heséiilbed Putnore
detai | §§1§9|fQM§ w1{ﬁxg¥geﬂdkﬂnyé§§ﬂ¥ﬂﬁn”qntinOBﬁ@ E og&ﬁgﬁklogﬁks

derivatives of variation of | um nation at each vertex v 1's” conput ed,
whet her thheshekd realydg \/&EIEQﬁZJ]chﬁﬁ]tkall et msezer o- CI’OSSI ng

[0070] Volumetric data are widely used in scientific and
medical applications. Volume illustration can be viewed as
non-photorealistic rendering applied to volume wvisualization.
In one embodiment, PELs may be applied for volume illustration
using isosurfaces. An isosurface is a three-dimensional analog
of an isocontour. It is a surface that represents points of
a constant value (e.g. pressure, temperature, velocity,
density) within a volume of space. In other words, it is a
level set of a continuous function whose domain is 3D-space.
In medical imaging, isosurfaces may be used to represent
regions of a particular density in a three-dimensional CT
scan, allowing the visualization of internal organs, bones,
or other structures. The visualization of volume datasets
with PELs consists of two phases, namely the isosurface
extraction phase and the rendering phase. The user
interested isosurfaces may be first extracted with the
standard marching cubes method in a preprocess phase. In the
rendering phase, PELs may be computed for each isosurface,
and then combined. To further improve the volume
illustration, stylized shading may be also applied to
highlight important details and emphasize the inner structure
of the volume datasets.

[0071] FIGs. 6 (a)-(f) illustrate the application of PEL for

illustration of volumetric datasets. FIGs. 6 (a)-(c) show



may be checked. Let h(v)=Dwf(v)V. If h(vl)h(v2)<O I|inear interpolation
may be used to approximte a zero-crossing on edge [vl, v2] and p nay be
consi der egtoas1iwsPElL vertex. |If two PEL vertices are det ecrsd2omoesges of a
triangle, a straight |line segnent may be used to connect the two vertices.
Li ne segnents may be connected to fordfl a pi ecewi se-linear PEL curve. 23

[ 0069] In one enbodinent, the strength of a EEL nay be neasured by the
integral of I1Malong the line illVf lids E (Pi )0 +11Vvf (P1+1 2I1P,

--P, +11thek eneiepbvdfaeat isacxhrastrid R rabiys e vhet ifreeh 6 ffielkeak out
noi sy PEL Lth re | ess_than T.. enhodi ment ,. this _threshold may
be s%eci %g\émp%;ntﬁ e gggrg ?Ogait)] tﬁ‘Q)ollulrrlle rtlortc}etcfataaar e’{%ﬁ &esloﬁuﬁéfgaei n

sci ent i fiisc candegedi bal PEppl i sat idnkindkl ureldd | st (dt-H@n danuberwiewed as

- phot or eal i st | der | lied to vol i sual i zation. |
erbodi AP TBEL S° iy bESAPBF F et 191 - A (At A1 (SHHEVEH GSPRg | sosur faces.

An i sosuriffgeechs @&ithrpeidt MeNsi aiitasaind aheofindRr $0¢QRLQUE, thei S a
surface that represents points of a constant value (e.g. pressure,

t enper aPYrEr YEPSEF S dbhist s tiatsich Wi thorgiréeof 13pageonin Bt her words,
it is agewel gseh)ofra. continuous function whose donmain is 3D-space. In
medi cal i magi ng, 1sosurfaces may be used to represent regions of a

parti cuI[9|°7génqutH3PairriW tWite edil AbhB Y ohad L OTe skire s ,al thewided inhie ion

vi sual i zat i LN aans; e I r uctures. Th

vi sual i ?gt ;ng g%t1\1/oliﬁrﬁr\=,={]{fl‘J:1 a%aset S avﬁq;%% %Efgagg%glgs%%%?rt%r%?%%ueagl, nanel y
t he i sosonbaseerglr adti tine phase t@imee t e maenderd rid lphdsetidhedesends
interested_{sosurfaces. be first extracted wi,th the standard narching
cUbes mECnSHE: RG" prept bEdhe i miAE iie TRRidring (EHALES, PERS mmy be
conput edebaeteachprspsutiase, prmy dhenichiored gehe hur then tRprove the
volume illustration, stylized shading may be _al so applied to highlight

i mpor t afit*85¢ 89| §eaRYT enbiRRT 7 &1anfe iMRREF28E et BEE BFOYHeEYdife dat aset s.

[0071] BkEs. mbréatréédoh !ddisddate it hecaprLicati 901 QE ¢ PELi §ro | | ustration
of volunetric datasets. FIGs. 6 (a)-(c) show
manipulating the above parameters. Although originated from

image processing, PEL is different from image space edge
detection in that PEL is computed in object space. The pixel-
based representation of feature lines in image space may
suffer from low precision due to the loss of 3D scene
information during rendering, and is not suitable for further
processing, such as stylization. In contrast, PEL does not
have these constraints since PEL is defined in object space,
thus, the user may totally control the illumination by
manipulating the light which in turn helps the user to achieve
the desired illustration.

[0073] The process of generating line drawings with PELs
according to one embodiment may be summarized as below.

[0074] In the first step, the 3D scene with initial lighting
conditions is set up. In other word, a main light is applied.
In the second step, line drawing with PELs is computed by the
system. In other words, PELs are extracted. In the third

step, user manipulates lighting globally or locally. For



24 that an isosurface is extracted and di splayed fromdifferent view
points. FIGs. 6 (a)-(c) illustrate that the isosurface is conveyed by PELs
(solid |iwep1/mra4. 6 (d)-(f) illustrate another set oPCIS630M0f08¢E3
extracted and di splayed fromdiffere t5 view point. To enphasize the inner
structure, the outer isosurface is ilfustrated with dotted lines only in
FIGs. 6 (a)-(f).. [0072] Conparing with existing feature |lines, the
definition of EEL with |um nance variati on guarantees better perceptual
consi st 8XePPLAr the Y8Rk IR 9t Hh&dne @ikiatrdd dépBhRdEs on the view

posi tiomechi gt oAOERL S3D ”&Bfé&@.' 1 HMu AR s§RRTRL FEE REAPEL hies, PELs
are also nore general than the existing feature Iines. More inportantly,
EEL pro9rdesnghBayske @oreufe@adorh tiheadiwitacthd idgdgi rsed ilnqustThat i on by
mani pul at | h o] ters arigi nat.ed fr.omji e

pr ocess?%%?g Lgkllgpdg??g?%%&f?%rﬁ?éﬁla%%%%}cteepeg@g% etdeecs'tlirc()e iqﬁ%Iehat EEL is
conput edraniond| est aslpacesd The pi xel -based representation of feature |ines

inim e may suffer fromlow precision due to the | oss of 3D scene

i nfor mgar?@zggur%nnéqeeﬁﬁ'gppﬁﬁ?%ndaflgeﬁg‘?cghﬁ % g ¥ dmher W ocessi ng,
such asmsiylizght osnd | Mueontdmstli Jekls deeproet dbavesyhgsengopgtrai nts since
EEL is defined in object space, thus, the user may totally control the

i |1 uni nBEFn! b edd pdtatidig tHeht ghP tWAEEKei hietranthel it he user to

achi eveqthengest r ethd | dMstindf Wakn pE@Q73ky THE PERASESS: Oéutgcﬁnaegiaédgl line

drawi ngs wi th PELs according to one enbodi ment nmay be sunmarized as bel ow.
[0074] Yhicheat¢ralreadyp, deadiaBDesdenamanivt kaisasti ¥Mbreigherng conditions is

set up. , B . 1d i i e second .step, line
i aui g by TR e L TAS BB 1o R, BB e R ST Y b P e
extractedhié¢ved hel thirntsremtals éighahhpuhat esul 4 ghdn ngi gl whad 1andiry

| ocal ly, . For. 25 exanp]e,.the user add e or nore. auxiljiary lights

| ocal | yL A THRI 35y q@%ﬁ?qu1%ﬁu?rfgg%¥ﬁ §PegBlFHbP89%Bl??neTﬁ?amﬁng may be
conput espwihdl t hegiedi nsted dighmasettisagbe That phoeess1 L hesompesedack to the
third steg until desired line drawing is achieved. [0075] In one

embodi nEht? Ant 2T ebt1SAF | IR IZEH Ry 2MICRIRAMN 1§ ght and auxiliary lights

IS provigews] By nushedehbedhgad: | i ghiyasrdheod@idy 130k ddMtuifldi g Vi ew and
| ight dependent |ine drawing with PELs may be conputed automatically which
are al readiyuiRst ¥zt sSUH P Edas@ay ber ugsber applied into a

dynamic setting for stylized animations with frame coherence
based on correspondence from clustering curves. In this
context, the term frame refers to a digital picture, and
animation is a video sequence of a plurality of frames or
digital pictures. Frame coherence, or digital picture
coherence may refer to consistence of stylization among
different digital pictures within the video sequence.
Stylization is characteristic of non-photorealistic
applications. Based on extracted lines, i.e. PELs, shapes of
3D objects may be represented with stylized curves that
wiggle, vary in width and texture, or resemble in other ways
than curves drawn by hand with natural media. In these
applications, besides achieving perceptual consistent
illustrations of shapes, the other goal of illustration is to

achieve visually pleasing line drawings. This is widely used



specified line drawings for nore conplicated scenes may be achieved with
increnmental |ighting manipulation. User friendly |ighting manipulation is
provi ded W 20hi/e874shvent i on. The optimal |ighting setti n@CRSEG2610860002
automatically conputed with a fast ”02{: ar optimzation algorithm [0076] In
one enbodi nent, illustrations of 3D ?eects using feature |lines such as
PELs may be further applied into a dynamc setting for stylized ani mations
with frame coherence based on correspondence from clustering curves. In
this contfe@rtoRe eeippfiane fefef$ avF SN Tal? gisst whellgngeadionation is
a vi deo spaMeRee Al sRyRkYLal bfym@f i & anes. Oy i@ 4l s R L YLes, Jhkame
coherence, or digital picture coherence nmay refer to consi stence of

styl i zatdohveremerg df fbabncudves t adapi cineeh W tdviar ttheevicdeohsegeence.
Stylization,is_ch erlstic on-.phaotoreal i stic | ications. Based on
extract éd ﬁhﬁegglﬁggg&Pﬁélﬁé'shlg%négs?oro oo oﬁeggtes pr?ﬁ;k?ilg t2pfeldhted with
styl i zedhauneaget bt suyygked vamgeringu dith iandedpdiwia,y ehaneseaghhg in

ot her V\%ys t han urveg dra by hand with natural_nedia, .In these
appl | catioond L HeSFREEARR; E97 T Der ditudt Bors: CELRY FhiGRt Al ons of
shapes, ridigeqt Benigpabppéat | bbisd I Svied aGhiewBeMi SHAl L YeRbeasi Ng |ine

drawings. This 1s widely used 26 in cartoon animations for TV and novi es.
A key clk&@8fge for curve based stylized animation is to provide

frane-t qofprafe £ohGIENG oS hehhat aﬁugw%oaéﬁpﬁfsgpawéyd QL gl I LD change

in the ani mted scene. Tenporal coherence problemis a nmgjor” challenge of
styli zedtydiderdi pgimatips espect wing oiteddeand .ngf omeviemwodeépendant feature
li nes, h PE ' i | split, appear or. di sappear over tine
when thz%\%i ef%v\/%{)nfent%gg g%}é(gg Y\%O%ai%& I%ﬁn ocnogllree ood-'lod%élr?te, Oéfncgﬁb’ggach IS
provi decdbitaigedepat basé ybf zedrani ethi s torr id nefthaots .cahepar¢ecullArpne
enbodi nent, the ftr.ame cohgre e is based on corr,esp%dince of curves

o e i

obt ai ned'§n 2BATE& AP PV PRl It’_e]?"i‘%ed?'nﬁc?’ff?d’se.r’l mpa G B, "Ph&%ani mat i on

may be Ehlatbasedmetbvgvessciipshaud ke notrd tihati tihe teebBodpgdeseqi bed
herein is not limted to be apﬁjlried to PELs, but nmay be applied to any
vi deo séQuékesr oPuli §rY aPe piit bied Wt e iriAee eagugecedofodigbtabj ect s

from 3Dp3paceesl Q9¥B] ik s Tedd t UStd Rt RS &I AGARMOf  Shykbzed,ani mati on
process with curve coherence. In this exanple, the process is Based on EEL

curves do8IBIngFIq+ sHddlugtizatrst eddiharamhefssyyikeed aan imsttiiom process is
not |im =l cur , be _appl.i.e u digital

pi cture tr%%gtsg E?’rz}\}egu%‘?g ce%ér%c ed ?Ionr R%BSO%]%C g%r%%gsﬁgggggé lf0079] In
processbaBtd PELBEAreuex¢s agtedp froy. art 3D abijette hotetthehikl userati on of

t he 3D abj ect ich wll be presented in . a video se nce of digital

pi ct ure§2y([i66§g]na{lﬁm%1;b%rés%r S & ST ey i L}é’n%ﬁ‘t ﬁ@rgﬁFrmgFBn by
setti ngma@nBer Hppsiof €Hr¥ee QuRidy ot dididd8lpilrupeecasss£03, EEL curve
gr oupi n% is perforned based on the extracted PELS in process 701 and the
input f FOM"ERe2tSeP*Fha pt ¥Lesyr 782.001088 @9 oRalsPRCein process 704, a
know edge@obagedrd igie WaW70g | $EaksSQrbN¥QL¥88ied for an 3D object

for the illustration of the 3D object which will be presented
in a video sequence of digital pictures.

[0080] In process 702, a user may influence the animation by
setting some rules of curves grouping etc.

[0081] In process 703, PEL curve grouping is performed based
on the extracted PELs in process 701 and the input from the
user in process 702.

[0082] Optionally, in process 704, a knowledge based line

drawing is also involved.



27 [0083] In process 705, PEL curve correspondence is established based on
the curves grouping in process 703 and the know edge based |line drawing in
process 7A94.20{12884) | n process 706, stylized ani mati on, poarsehyiotoh@oyi deo
sequence of the digital pictures, is presented. [0085] FIG 8 illustrates
a nethod for generating a digital pi ure whi ch conprises steps 801, 802,
803, and 804 according to one enbodinent. [0086] In one enbodi nent, the
met hod conprises a step 801 of receiving a three-di nensional representation
for eacﬁOgg3& plrudqass sof/ Odur PES, clihBeerareashordeves represents at | east
parti al : o] hr ee-di I j-ect .. nill rati,on, for an
3D obje%%taﬁﬁgﬁﬂgg %%ggg %&egﬂ%te |é¥] ﬂﬁ%ﬁ%ﬁ% ﬁfA%F% Fﬁﬁtgﬁgpﬁggures of a
vi deo stheehkueyladpéurabéedyl die ciraveisyg e.ng pridfEles,s may .be extracted i n order
toillu the shape of,the 3D object.. Each curve nmay have the

r espect ibéagg inf (?rrr?'ac%sgn 7SOL?ChS§¥lE)6%$t PO htPhe W%Jp%c@%n‘ﬂlqeﬁ’ whi ch

di gi t al sppottee 60 beepiesetd Bdhidrdhs,viideprsequeree. Each curve
illustrates at |east a' part of the shape of the 3D object. For exanple, if

the 3D oBPBR iFdCa AurtddUiddateéachmetiroe fay 7eresttene & réictage of part
of the BupBArbeadick. GompLile £V&epd GRRT] glod, 0R@3eMadi gBAL, the method
further conprises a step 802 for grouping the plurality of curves into at

| east oAECREAVRI gkOUPNDagrRcGINaHe t hr ee- di mensi onal representations of the
curves Wshpeyt hree,d [ in i gLven by the three;di si ona
repr esegt at ?]ongn %él aﬁ@%%ﬁdgglt@lpgfi fg)ﬁ,émﬁ%éﬁg%c%mg‘i%ll%%ﬁ apiscttel.})r g,ﬁc&”%ces may
be groupedeivigey herthfeé¢hdimensiemadll Inepireakatatiane fonearby 6F simlar part
of the Sghggleét. #ncthés coqgext, simlar gart may refer to the part that
is withPn'apre! deti Adt’ T ange O the 5D OB &Et FeBF °/PPhfn2h pFeSHef i ned
range opachpayeyod geopetst €5, tiedp-did@neubnatlueesecen hbeadD object. For

exanple, if the 3D object is_a human head, curves that are used to
iIIustré%éu?EEaTkﬁT'eé%rn%W:ﬁécﬁﬁﬁﬁﬁe&hﬂﬁbeﬂﬁeFP Re BreERBESH| fis@rati on,
for di f{:@ﬁ?@ligy%f adii P14 Ur®Sot BV eF bhatigakeseggdnte, ikl ustrate a sane
or simlar part of the 3D object may be grouped together. For exanple, if

t he 3D Bbpeetity Munehr Fead,e therPEdwrvaayt bat ektrastedt ént hedéeftoeye area
to be presedlagid Nl [iplaltodigid ap BuGLUtes By BE gLoKRGd,Logether. In a
particul ar exanple, for t’he curve groupirng anong di feren dirgital

pi ct ur eshet hesrer viever o pl i omne tcampsuse eseposindpe turvkes 8pom each
digital _picture, It y .al so .happen that for_at |east one.digital picture
of the %ﬁ%@% %%%uﬂ%d@?yéﬁ)é;ﬁ{kﬁg ﬁg%ﬁfguﬁgdenPSeaFBEﬁ A&Pfg?%e at | east
one di gridéo psequsreceloasadotcinond dilnuetruessr akatevett 8 phectpartcipd the 3D
object that is assodaﬂ$§hthhfgroup A. [0088] In one enbodi nent, the

t hr ee- dF RS DhatPs mRdrRd s T iFPT FFGFR&Er oh TabbGt 3PhePiRFEel di #ensi onal
path ofhiien CENE, idndiraerel iRRsiiaNalktsRR6E thEOEheKaMBE epatPeor

t hree-di nensi onal information nmay define position or coordinate of each

poi nt ofhe heuedf Vieddy thed 3B &Pac@e-[0089] In one enbodi nent, the nethod
further §08%] 1 58S S r i.at 1 £AGL rQup Wi a
picture[glenen?%bgggdggﬁogﬁgeég?vgﬁég%h?h%pgarve éfg%%&n%§%§naiFﬁggtration
for a cB@Pefgr cuprdinorchalimliurall igiycodr enrvhe cutveagr beps aynde

associ at ed '#f %e e.g...left eye reqion o% t he 3D o?'ect e.g. human
head. AS a.%t %S?H%{ J%f?gﬁﬁghf r§¥ glggp§ébﬁ? up¥or gt %5+%%? %gctures,
t he curvlee groye srays ey assosi-atiednsiibhaa parbrmhteonl @ivegylsy rege on, of the
3D obj ect i.g, human head, to be presented in different digital pictures.
three~-dimensional répresentations. As an illustration, for
each digital picture, curves may be grouped together if the
curves illustrate a same, nearby or similar part of the 3D
object. In this context, similar part may refer to the part

that is within a pre-defined range on the 3D object, or

within a pre-defined range of change of geometries, e.q.



[ 0090] In one enbodi nent, the method further conprises a step 804 for
formng the digital picture using the picture 29 elenent. For exanple, if
t he 3D obyeabilid7&i1human head, then curve groups nay bepgesenaisdooog! ating
to different picture elenent such as |eft eye region, right eye region,
mouth region etc. The digital picturef$mmy be generated based on the curve
groups associating with different picture elenents. For exanple, if the
curve groups being associated with left eye region are set by the user to
be di splcayedtiuges, bohdtheyBR, obhedt t htox wrxammloup fagdecidat etbjwicth | eft eye
may be prese A cu I d de._ . [,0091], I n_one odinent, in

ot her V\gl’sd%, %(R:lﬁl(rg\r}\(,a\%gg(rj’fégfg?%%l?%%sag%eu Pidr stt ylaéﬂsgggttgd%g‘%r qSr{gD obj ect
to be repgresent ed pnodpéfietemttitkyi tad gmathaes ldfusa réitden, s€guence. Each

curve line reflects at |least _a part of the shape of the 3D object. Each
curve héf@ej%ift%eB&/ndilﬂi‘L ?Lﬁ??%ﬁu}?‘%{ KBS St e is&8 tRe position or

coor di natieuishrhie 3Dsspacer &aeh £uryeralso dias 3o sujeler pati ga of the
digital picture of the video sequence that the curve is related to. The

curves &FEUBFBubeEchiedr df g PRk aif rilies habd@cen ishbumanor mat i on of
posi ti omgaln then3Puspascer it eaCh, Slive HACh LY Lo 0roup may,he associated

wWth a same or simlar part on the 3D object in oné digital picture or
anong dpfreseaheddigi daf forenturdsyi Eak hpictnves sgmeyp beagrbepassoci ated with a

pi cture. el , g . egi of the . 3D object. For.each digital
pi ct ur e,t%gtgqﬁggs't ?gnae ﬂé%ﬁ/leg%fao%peq}%as lf?loer’rneftc?rt KAt icéllré{?sgg?g?éang th one
pi ct ur eaebenedt ffdhendi gi¢gatapipiarerds, genrecratred baseg anmbhe picture

elements related to the digital %)I c%rureﬁéa[cgg\%z] ,Flg 9 illustrates a device
900 for “GBREFEE ABSa”Hi BP TR S P T UreE "™ 198 800 P GhBFFsedtam@¥cei vi ng
unit 90%1s3 gappPhNghani t0P02 BehASSHd digigunii 803 ardtAcgenerating

unit 904. [0093] In one enbodinent, the receiving unit 901 is configured to
recei veVa9€Rr EBIHFAERsI DAFUFEDT SSehtHIBIeS gnto3gresehlof fathruptl ity of

curves, 1WHgEeHAeCACH] E4T Vi EEPFEIRE S e | 8ashk jRaLhikdbLY a
t hr ee- di nensi ongl o] jlect .&[ 0094] In one tenboditar%@ntc‘,hlrt%%g ér@éﬁg?ﬂg ttc])ir)lit 902

i s confitgeredrtoofroup theckplastaltitat dfs awswed aitedowathl gastipoAe curve
[0088] In one embodiment, the three-dimensional information
is information about the three-dimensional path of the curve
in three-dimensional space. For example, the three-
dimensional information may define position or coordinate of
each point of the curve in the 3D space.

[0089] In one embodiment, the method further comprises a step
803 for associating each curve group with a picture element
based on the curves of the curve group. As an illustration,
for a curve group for one digital picture, the curve group
may be associated with a part, e.g. left eye region, of the
3D object, e.g. human head. As a further illustration, for a
curve group for different pictures, the curve group may be
associated with a part, i.e. left eye region, of the 3D
object, i.e. human head, to be presented in different digital
pictures.

[0090] In one embodiment, the method further comprises a step

804 for forming the digital picture using the picture



group based on the three-di nensional representations of the curves using
t hree-di nensional information given by the three-di nensional

r epr esentwdi20ngs74s10095] I n one enbodi nment, the associ arcmgcamiotoo@d3 i S
configured to associ ate each curve group with a picture el enent based on
the curves of the curve group. [0096)° In one enbodi ment, the generating
unit 904 is configured to formthe digital picture using the picture
elenent. [0097] In 'One enbodi ment, a conputer readable medi um having a
pr ogr amerersndedFphersanrls, pibvilteBD wieresitn itshe progmarmeiasl, adaphed to

k f t hod f ti. di gi tal
oot ur e PR onE BB RoRE. D Ehel St P T1ahan) GuRid R cBirPe8s code of

t he progilamenaksnght he pedtesgorrgerdrgr mitghe regeeptdgdnQf mduth
t hr ee- di nensi ongl r?gre ent ation, for each %f a plurali t)}(haof curves, wherein
each cufVE1PBpPESent 8%attPthdt PETHYH NP Ya Pen g5 S5 8% hreg9dPReRBf onal

obj ect . c1R088} rbpengs epbost Mentwi the icameher Jieadakl @ 1rpdihum, f ypther
conprises code of the program nmaking the processor performthe grouping of
t he pl uP&PTPyeof 1EUFNRSCRRAYD %\lfoqfé?ag%el@ﬁe asgOFd agiesup itisdgtoneyhe

three- di-ggnshonak Leprsyeptati ans «f JgheiGyuhues usihng Eo'aﬁée-sgggg“s' onal
informati on gi ven by the three-dinensional representations. 9] In one
enbodi nehen the conpat @rovieadadhd el atedi whthulelfér eyenpriyses code of the

progra I he. py o erformthe association of each curve group
with a ?gtggﬁgeél gﬁg}ﬁn’gﬁg‘zéé% %}1 %ecmént?rdveés of the curve group. 31 [00100]

| n one éohelli meEnt ornehentodpuket , r éadabher meshddm feuthes conMEdsas code of
t he program naki ng.the \?rocessor JFe form_the formation of the di gi t al

pi ct ur e U8FRg  FRel pf 3HLY e BT EHERS F90G16E] OPH °6he tenb6dFABRESSRRed di gi t al
pi ctureihsdardegehal dpyctal eodtdad dg0 aSequenceeqlicdical.t 8hcRi shkGes. 1N
other words, the digital picture is a digital picture of an animation
conpri sthBearpfteafft3t ofcailyia N2 @tfurtg@. shapPet Rér ther 48, celigves may be

groupedpa6h0o8srié anRs Ofs Bowi der HRAYEReeiner8e SBPSEYUENt sfLANRS of a
vi deo sequence. [00102] In one enbodi nent, at |east two curves of the

pl ural i theopoeiiver ar ecessdiiatednittle dDf ferent 8rght abhrpecélses of the

vi deo sgguence of gLl fbn PLFIMS%: fiQ0108) 4 0,8N8 CURRILIRRL. the

t hr ee- di nensi ona
sequence that the curve is related to. The curves are grouped
according to certain rules based on the information of
positions in the 3D space of each curve. Each curve group may
be associated with a same or similar part on the 3D object in
one digital picture or among different digital pictures. Each
curve group may be associated with a picture element, e.g.
left eye region, of the 3D object. For each digital picture,
at least one curve group is formed that is associated with
one picture element. The digital picture is generated based
on the picture elements related to the digital picture.
[0092] FIG. 9 illustrates a device 900 for generating a
digital picture. The device 900 comprises a receiving unit
901, a grouping unit 902, an associating unit 903, and a
generating unit 904.
[0093] In one embodiment, the receiving unit 901 is

configured to receive a three-dimensional representation for



representation of a curve is a set of vertices in three-di nensional space.
For exanple, the three-dinensional representation of the curve nmay be PEL.
As descriweaodasri4ser, a PEL nay be a set of vertices onPCHSG3Q0®bJeEt where

the variation of illumnation in the direction of its gradient reaches the
| ocal maxi num [00104] In one enbodi méht, the vertices speci fy points in
t hr ee-di nensi onal space where the illum nation of the three-di nensional

obj ect changes if the three-dinensional object is viewed froma

pre- det 8AAIN€E ¥iRWPHR hitwref i BV univieired nbypagh Fease oaprpsedeser ni ned

| i ght squr A&, 4t _p: 2rpned, lLight source may
be a n’B.IQE ?3 ?%%?F( anofhaerg}gagénpqé?as:tﬁg%gt %Ilglggtg?gﬁ%%g%a%?gfm ned |ight
source @994 hcllndens rmbpdlimght, ahdeagrbeastg omel taddd iiar yedrfghiurddd0105]
The PELtstr%g cJIdtljeste{i nqgl IS defscri bed i.n rmrg ﬁgt ail in the follow ng.

[ 00106] “PnYbReP ertbod? HEMT - L the st Fad &Iy é §5be°BBnEraY8d based on

t he curgeogpobpsag settrod pimd-deidhdigrienal 32pwhsehtbhsianbaskcthow | evel
operation of perceptual grouping of curves, e.g. PELs. As a commbn process,
bot h i n"CHERER SPRE onpiR Erd Vil o alhe "GPEHBtAG o 1V B PRVEREf eat ur es gi ve

abstracthand-effeed iyl Myrmddandinender standing a conplicated scene.
For exanple, the grouping of PEL curves may give high level information in

fi ndi ng[PABStorlnespenamhedinentur Ves desorent digitelt (S0 ures. Most
Previ ous WBL &grLd 1 JTBOEs J | Jdh %QQX%SQBQFELFYFEIan{§%g§eon t he

segnent ati on” and groupi ng of points an I nes. nparing with
t hese wet&ment heasetynenttdtd crurared grfoupienguefrecyrved.lines is far nore

conplic ince arbitrary curves, have nore degrees of freedomthan points
and st rgagg?fl iqﬁleso.ne[ 88&89#?# éh%n%%rb??fgrﬁrfg Ve XQodi ng fol | ows the

princi ptestagutescré bt rtHehelifgaldaawipngrucenpai hagemé thi pehpé based i mage
segnentati on, curves groupi ng shows difficulties in sonme basic aspects,
such asStuR¥es  with noise or gaps, and different structures in different

scal es. [6697F dinf bheukhnbaidehel M nasmoddier nalghbarheed 10f ¢urvGs Wthin a
curve set and precisely conpute the intersection and distance of "two

ar bi t r aPyOLERY R CNAS tTHe IHgEciial PeoN3Haer arhensinntiye cupPaprurves for
stylizegylphneg WAWNGE 4 rbrq{&%s%rgioglfman'{:om?uggghggrfgrr{?ré)vﬂ\g&g?éO find

clusters of curves wth focus on perceptual grouping rules 1ncluding:
Cont i nuB®¥ opendiit iovalauatiicorradf phleeuger viihi near enlyodimenir vesh¢ akes i nto

scoountcbhE,AEP SALANGE L verds (e Leathe oLy e it tesy et e
t he potemn i @toqersadd eddrsraraonsiedeeschadcbar s£of theesepaticai s Dondet ween
curves E%%Eé§§%€§¥¥gg' J}(QQ%H %%pgn%lgla g%ycg%vggfve§? wherein
each curve represents at least partially a shape of a three-
dimensional object. \
[0098] In one embodiment, the computer readable medium
further comprises code of the program making the processor
perform the grouping of the plurality of curves into at least
one curve group based on the three-dimensional
representations of the curves using three-dimensional
information given by the three-dimensional representations.
[0099] In one embodiment, the computer readable medium
further comprises code of the program making the processor

perform the association of each curve group with a picture

element based on the curves of the curve group.



Proximty. The m ni mum di stance between all points of two curves. Cosure.
The potential of curves that tend o lead to closed curves. [00108] In one
enbodi merWw0 20uwosgsimay be first divided into short segnATSGA010[00088 1 ons
that have large curvatures prior to clustering. For exanple, curves may be
di vided into short segnents at | ocatiddns that have curvatures | arger than a
predeterm ned val ue. Then, curve segnents are grouped according to a |linear

conmbi nation of the evaluation of continuation, parallelism proximty and
cl osur e [88}APAtIaY yoe [obPIITens . ohBe efpBEl Feht Leadad heamdiament of severa

par anet eLELBY ngf;'??geéoc?@é ;ecg:f;ﬂ;egge gl%y}% Engﬁqf@g,; i3 g@eggg be grouped

together wthin one digital p nmong igl pi ctures. In
one enbpdrfrent, tkechopazahet ers ey digdltede pittucentisnuigt yhbet ween t wo
curves 2. parall Iisn%of the two curves 3. proximty of the two curves, and
4. poteﬁ%FgPr%fef%%e Wo curves to lead to a closed curve. [00110] The
measur efreoL0df Imhenzbewdosenthenedhpad aget £ spadeutestd idbed Jinadetai | as
foll ows. . 00111% It should be noted that the neasurenents of the

par amet BFSEBFe cBht # nlH4S0 FRAMNS iEmILGisRilnPLy L UdRE - pdfeRERAT of the two

curves {,8r48adcho® @il OSEG LM arse anQtli liicEht d ck@rkherPghti cul ar exanpl es
gi ven bel ow, but can be any other neasurenents that could reflect the

par anet eRsmatiepnepmr t5inpa AlwiElsmy efodilgiityl asdtpoeentiml of the two

curves thé?agofgs? 8&5%%%’%%&‘6% grouped across frames of a video
sequence, e.g. subsequent frames of a video sequence.
[00102] In one embodiment, at least two curves of the
plurality of curves are associated with different digital
pictures of the video sequence of digital pictures.
[00103] In one embodiment, the three-dimensional
representation of a curve is a set of vertices in three-
dimensional space. For example, the three-dimensional
representation of the curve may be PEL. As described earlier,
a PEL may be a set of vertices on the 3D object where the
variation of illumination in the direction of its gradient
reaches the local maximum.
[00104] In one embodiment, the vertices specify points in
three-dimensional space where the illumination of the three-
dimensional object changes if the three-dimensional object is
viewed from a pre-determined viewpoint and is illuminated by
at least one predetermined light source. For example, the at
least one predetermined light source may be a main light. For
another example, the at least one predetermined light source
may include a main light and at least one auxiliary light.
[00105] The PEL stroke clustering is described in more detail
in the following.
[00106] In one embodiment, the stylized curves may be

generated based on the curve grouping method provided herein



34 [00112] In one enbodi nent, continuation may be conputed based on the

| ength of the joining curve (/i) relative to the lengths of the two input
curves (/wo20nm)es74md t he bendi ng degree of the joining @CTEE201090¢2

enbodi ment, the joining curve is generated by sanpling points at the ends
of the two input curves, and then comfpute a B-spline curve which

i nterpol ates these points and links the two input curves. For exanple,
assum ng that curve // has two ends A and B, and curve 12 has two ends C
and D, Whefki hseadodsis bdwskevel orenadlign wé perrcketosiegrengiBgof 11, and

end CigsccC to 11 r ive t ther end D,of .12. Then _a j oj ni ng
curve I?fn%lg?gésge%é at ggﬁ%y ngérrggl%%ﬁno&oipnﬁosceﬁest’vxéoé’r?heﬁdl uérfanlflnéfnd end C
of 12. Thepbeadi ngsodént heh¢ oj rmuyg reurofe lwivt-hetvbé maxtOovEsCcyivat ure of the

j oi ning_curve (Knmax) be determ ned, which refers to the curvature of a
poi nt | PASEREST bi ARG ELTTe Yhat” HUSa HRa LU NPEGF o 5P 0FARITRUS,  t he

cont i nuabhpni €atedesdefé Netb Assxdip 1=, 1 tht+§2bhipknga%E7Pel.00413Ls! n one
example, if the value of the 171c is |less than a user defined threshold,
t he t woMBY¥r 9£%€ alt €I ohRY2ter Bt A A Fonti Adsdéng [Fbei1eayrepppndence

|11 ust rgkes, A £X50Ph & 0fa i e detprdnnali opoat §9@bgeggt !'5891(9“1 Wo curves
11 and 12, wherein // has two ending points 1001 an 02, and 12 has two
endi ng pofae sPUOOSs ahed 1001, camputters véwdwpl éoctheornthag point 1001 of 1/

i S near . in 2 tive t. endi,n oi.nt, 1002, and the ending
poi nt 1%%%$%?E€§1+% %%%r%%éqé}ﬂ ﬁg;%fugg a?ggegFgafﬂéte aPﬁa'point 1004.

[ 00115] Comparitey wotldetlessd neonitst hare tshemeurweibh and dPZoapengosii nuous, a
j oi ni ng curve fi may, be ¥enerated. he 'oinin% 35 curve 1" may be
gener at 8UTBY7 £ 113%° skt e Wrﬂf%ﬁnﬁﬂqé%jﬁﬁﬁeﬁt§l'ﬁecﬁfpétFPrHeSPrVﬁé endi ng
1001 andavé fefyedd@rearot her &nthimanl0Po iint st Ringt @t@@ﬁgﬁt 3isalpling
points are selected in curve // (points 1001 and 1005-1008) near the ending
poi nt 168Q10%hdn RreupTROEIMEPDi nE$ 1D Aikd "B069110Y2) théar the ending

poi nt 1199§mc{;9§@§cg4V&éycrﬁ?e?oeqnprthteh%&%@%?d 88HPLL PG PRI ALS, @ B-spline
curve /, may be generated which interpolates these sanping points (points
1001, 10031t derisqdOBnaE Hearmhtatiks t farvee cuevesng/shads 12.

difficulties in some basic aspects, such as curves with noise
or gaps, and different structures in different scales. It is
difficult to determinate the neighborhocod of curves within a
curve set and precisely compute the intersection and distance
of two arbitrary curves. With the special considerations on
grouping curves for stylized line drawing, in one embodiment,
a method is provided to find clusters of curves with focus on
perceptual grouping rules including:
e Continuation. The evaluation of the curvilinearity of
curves takes into account the gap distance relative to
the length of the curves, and the amount of bending of

the joining curves.
e Parallelism. The evaluation of the potential parallelism

considers factors of the separation between curves and

the amount of overlapping of the curves.



[00116] In one enbodi nent, a value nt may be cal cul ated based on //, 12,
and 1, using equation (7). The calculated m may be conpared with a

pr e- det erwoned/dsiseshol d. If m is smaller than the prepdetsermonedos
threshold, the curves // and 12 nay be considered to be conti nuous.

Ot herwi se, the curves // and 12 may b8 considered to be open. [00117] In
one enbodi nent, the neasurenent of the parallelismtakes into consideration
the factors of the separation between the two i nput curves and t he anount
of over| appi kgoatimthe. t Woe cuivisum [iGtabkd IHdtsideat @9 1t beidesepri nation of
parallelisn1%f two curves. For exanple, two curves with respective |ength
of 11 and 12“HBy“B&'Fapresented with B-splines, and a set of points may be

sampl ed fq @%QuwrV@hwg&mpa&@mﬁ}pﬁey%‘hﬁs t(e%kﬁcgoaﬁega 1, 0.2,

0.30.5 1.0). Then these two set's of sa ing points nmay be Interpol ated
linearly to ggngggtgugvépird set of points. The third set of points is used
to generate a B-Spline niddle curve between curve // and curve 12 with

| ength [ own in FIG. 11, The mddle curve. nay be divided into two
bar s ot OPREB LG b BEERRERE . BEETSRBSY chigy FibrY (e TGSt 1, 1y
be reprereptedeyintht gl at anskddiodengidt ofaviehe asgeordrpaktirdd2p Ry be
represented with n2. Denoting e/, e2 as the distances between the end point

of the FRoCLUPYBELRMd TP ©XEMitudI ¥ IVEsy&ayr bspedvigePyinfa shert

enbodi ngBLmekh g par j [ : = * = her e
RO=(m +n2 ??n1+nQ+e?§%§%ié?%S%%ﬁ?qfﬁﬂiégﬁgﬁggéfggéﬁ?%g% Fﬁénvg?%éggf nzp is

| ar ger €RGATEINSEr Valkle netharhr extioled s eginenttwo acgr gesupay beccodsnger ed to

be parakgeg'linear combination of the evaluation of continuation,
parallelism, proximity and closure separately.
[00109] ITn one embodiment, the measurement of several
parameters may be used to determine whether two curves should
be grouped together within one digital picture or among
different digital pictures. In one embodiment, such
parameters may include:

1. continuity between two curves

2. parallelism of the two curves

3. proximity of the two curves, and

4. potential of the two curves to lead to a closed curve.

[00110] The measurement of the above mentioned parameters are
described in detail as follows.

[00111] It should be noted that the measurements of the
parameters of continuity, parallelism, proximity, and
potential of the two curves to lead to a closed curve are not
limited to the particular examples given below, but can be
any other measurements that could reflect the parameters of
continuity, parallelism, proximity, and potential of the two

curves to lead to a closed curve.



[00119] Proximty for two curves may be defined as the m ni num di stance
between all points of the two curves. For exanple, denoting pi, p3 as any
poi nt's onwbheitosmseur ves, respectively, the proxinty ofctrse20mmoeos ves can
be defined as the m nimum di stance between all the points of the two
curves, as: inD-=mn Il Pi - Il [00120] In one enbodinent, if the val ue
of trip is less than a user defined threshold, the two curves are
considered to be in proximty. [00121] Cosure mo nmay be defined as the
pot ent i dP0d1L2¢ Uirv et leatbadamebnite keaditvatlioseday ure esomproredXamdd, points

are sanpled, at.the en f the.two input curves,.apnd then a B-spline curve

i's corrpngf]egh\%mll% Sltﬁt(g?pg Gt &3t he ec‘gré’ient(tsil naé}?ﬁkgetﬁ% ?’\?\% i nput curves.

For exafpherhassfinthg that iepiiyecddvdmas L, wolendsarAl aitk Berafichcurve 12 has

two ends C and ?,twherein,end Ais closer to end Cof 12 relative to the
1,

ot her eRBIBCB CL1ENANICLRHNE T ¥E nsldt A SAYPOS1BENE2 BPalP¥BiR6 t he ot her

end A otuitde TBepedeit8ENGy CHEMS il JHBY e sgenakatadsbetrwegn epd A of 11
and end C of 12,@and anot he§r1 joriyﬁlilrjlréglcurve 1f2 may be Senerat ed between end

B of 111BRHTeRWrTFof apd flhem, cemritsum & seddvat ghaval whgchbhe joi ning curve
My be ¢AUBHLSFaril ONESETBOM LPMng HGHINES (Wo! B bAFORLSYTY 3Fo 0T

curvature no of joining curve nay be considere Open. exanple, if
t he suneksmpiegeassimang usetr defiseld thseshol ends hie and Burares may be
if the sum of curvature Ano is

consuer et 18, Depatetel BBRece TRt ler s LR 0T SR 5,000 13
cl osed. relative to the other end B of 1;, and end C is closer to 1;
relative to the other end D of 1,. Then a joining curve 1; may
be generated by sampling points between end A of 1; and end C
of 1,. The bending of the joining curve with the maximum
curvature of the joining curve (Kuax) may be determined, which
refers to the curvature of a point in the joining curve that

has a maximum curvature. Thus, the continuation can be

defined as:

mc=li/(ll+12)*Kmax (7)
[00113] In one example, if the value of the m. is less than a

user defined threshold, the two curves are considered to be
continuous.

[00114] FIG. 10 illustrates an example of the determination of
continuation of two curves 1; and 1l,, wherein 1; has two
ending points 1001 and 1002, and 1, has two ending points 1003
and 1004. In this example, the ending point 1001 of 1; is
nearer to the line 1; relative to the ending point 1002, and
the ending point 1003 of 1, is nearer to line 1; relative to
the ending point 1004.

[00115] In order to determine whether the curve 1; and 1, are

continuous, a joining curve 1; may be generated. The joining



[00122] FIG 12 illustrates the determ nati on of whether two curves // and
12 tend to forma closed curves, i.e. potential of the two curves to | ead
to a cl oS0 20uvosd4Siwherein curve 1/ has two endi ng poi nP€THBRA104M031202,
and curve 12 has two ending points 1203 and 1204. [00123] In this exanple,
the ending point 1201 is closer to entflng point 1203 of curve 12 relative
to the other ending point 1202 of curve /1, and ending point 1202 is cl oser
to the ending point 1204 of curve 12 relative to the other ending point
1201 of c¥gveelimayTheénIanpsprhPAgPEuf vest 19e hegt by gemarldined Hedtnwesen t he
endi ng pqi nt,3203 of. gu t ending._pQj 1203 of rve 12, and
anot her jploignlrné clirve 1it %n;eé]dggggé?grlatggg ggt \%/{ég%et%%%taeﬁdﬁ gtg%epoi nt 1202 of
curve /FEndndgt heO8ndimgtipos nexam0ide ,0fS clampd ihd. peantexampl sgltheefoi ni ng
curve 1,1 may be.gener.at.ed first lLect.i sanpl j n oints in curve //
near th%neﬁ%#XS 120 PGS r}t&é&r \?leé%ﬁééﬁbpﬁg Eﬁanbh%o MNP this
exanpl e10615agpbi hg PO sIar@osakectedsi anauryestio{ppimsa 1201 and
1205-1208) near the ending point 1201, and in curve 12 (points 1203 and
1209- 12827 A8aPOt Ak BN ngr PISREI20Y,- FesseconvéPy. SBAseleBn the sel ected
sanpl i ngaRPLALS, p8iSe $P!d Ne- M /ddrviy; PRa eB@fgé&&M&mﬂi 11 pol ates
t hese sanpi ng EOI nts (points 1201, 1203, and 1205-1212) and links the two
curves Aptgpgoiates pi¢se |SAMAiNG jryiimitsg (ewhivgs11204aylpe3geardat ed by
first sehgglipg,sagpling,poi ' 11 n he ending 1202 and 38 in
curve 1% near tﬁz endi ng poitﬁl}%eslei%%%ﬂ{rx’%t ijié %ﬁ%rr%"f'e, 5 sanpling points are
sel ect edOPA16lirive oh®e EpbodsméRA02 andal@d3m: bizd6penean chiheteddbagepoi nt
1202, and i;n cyrve 12 (points 1204 .and( 17, #%20% negr tghe endi ng poi nt
1204, r88pdetitiel §M9BAsSE GIY tFSECEtdd s ARSI FRGCBORRES, M "@%gﬁ ne curve
1li 2 maycbrpgeaerai el aipehdadeamiclaat ah ridhese dsanpi g POidHs (poi nts 1202,
1204, and 1213-1220) and |ljinks the twg curves 1/ and_12. |In one enbodi nent,
the sunfBRRCERYaREF et iy 3tk §IGiafintd Gurthés C¥r1eand: 21 ik Bewphited. In
one enmbedhBBALred NEo UM dBIL BRI RATPEE N\Wilh , arHserndebined 4y eshol d. In
one enbodinent, if the sumof curvature Ano is |ess than a user def i ned
t hresholrdy PheCPwideirsdstarde swedonsi dered as closed. |f the sumis |larger
thatn theoysej delnaedybBuesbld. (fhe,lyo, £ d
consi delreed asi oper?. [%81§4F [n one e%o%?%ﬁ%ﬁh%g@%u&%%gqg%l?\%g curves
into a takesgroup deperitsan areddyr dreroref odl theheeparameters nc, M" M,
1710 deg&‘iﬂggg %l_?é)ve.o linn Qne C%nrt‘)]o%i nent . ,a i ngﬁé cgnbi naii on. may be used
to conputée an overarl® gitipi g Valué At Gs 8FS Uy CAdP ST L # R &I Ghs of the
| i near cthabtwattwrnvéo. eaqEhasils iSpecitidad epataeetiet 8 rml Ra ®hen esbodi nent, when
the parallelism of two curves. For example, two curves with

respective length of 1; and 1, may be represented with B-

splines, and a set of points may be sampled for each curve

with same parameter values (such as t= 0.1, 0.2, 0.3 .. 0.5 ..

1.0). Then these two sets of sampling points may be

interpolated linearly to generate a third set of points. The

third set of points is used to generate a B-spline middle

curve between curve 1; and curve 1, with length 1;, as shown

in FIG. 11. The middle curve may be divided into two parts at

the point 1100 with t = 0.5. The length of the first part Ij;

may be represented with m;, and the length of the second part

1l;> may be represented with m;. Denoting e;, e, as the

distances between the end point of the two curves and the



overal |l grouping value is larger than a user defined threshold, the input
curves may be grouped into a sane group. [00125] For exanple, MA may be
expr essedveoMAsHsa *nt b*np+c*I nDd*nmo(8) where a, b, cpca/sareiowesght s of
nc, Mp, MED, no, respectively. A threshold TH may be set to be a default
val ue or may be set by a user. In onéfexanple, if MAis larger than TH,
then the two curves are determned to be in one curve group. 39 [00126]
In one exanple, weights a, b, ¢, and d nay be set to be a default value or
may be Weddieai petvee. geswscliusler. Inn opge eeRadphentweithets a, b, ¢, d may
be determ rdin o,different. enphasis on different paraneters nt,
np, nD,ﬁg%%fg%?£%g§%%%g?%e %&l 6{6%?anple, if only continuation and

paralIeh&sguqqﬁ.ppysgpemp as inportant paraneters, then the respective
wei ghts & and B ndy be s&t to be certain non-zero values, and weights ¢ and

d may behseé to be zero. For another exanple, if only one paraneter of
proximty is considered to be inportant to eval uate whether two curves
shoul d g{upgod2) fgether,+ ehkea) he respective weight ¢ may be set to be a
certain non-zero value, and weights a, b, and d may be set to be zero. In a
furt her [@QBHYI én ioheakmbphémpat ankf etlse ofals M pp, M3 Morgee wonsiadered to
be user defined threshold, the two curves may be considered to

be parallel.

[00119] Proximity for two curves may be defined as the minimum

distance between all points of the two curves. For example,

denoting pi, p; as any points on the two curves, respectively,

the proximity of the two curves can be defined as the minimum

distance between all the points of the two curves, as:
my, = min || pi— pj||
[00120] In one embodiment, if the value of m, is less than a

user defined threshold, the two curves are considered to be

in proximity.

[00121] Closure M, may be defined as the potential of curves

that tend to lead to closed curves. For example, points are
sampled at the ends of the two input curves, and then a B-
spline curve is computed which interpolates these points and
links the two input curves. For example, assuming that curve
1; has two ends A and B, and curve 1l; has two ends C and D,
wherein end A is closer to end C of 1, relative to the other
end B of 1, and end B is closer to end D of 1, relative to
the other end A of 1;. Then a joining curve 1lj; may be
generated between end A of 1; and end C of 1, and another
joining curve l;; may be generated between end B of 1; and end
D of 1,. Then, the sum of curvature along the joining curve

may be computed. In one embodiment, two curves with large sum



inportant, then weights a, b, ¢ and d nay be set to be certain non-zero
val ues respectively according to the respective inportance of each

par anmet erWO[20011874511 n one enbodi ment, it is deci ded whePRESGR0W0/06eM0Fes ar e
grouped to a sanme curve group based %n at | east one of a measure of the
continuity between the two curves; a feasure of the parallelismof the two
curves; a neasure of the proximty of the two curves; and a neasure of the
potential of the two curves to lead to a closed curve. As an illustration,

referriag bgrbbeuegumdd' 08t (£010fndVRaS JinkeN RLRVEs 18k rkaast gee of the
wei ghts a, b, ¢, and is a nonzero value, 'and thus MA is determ ned based

on at | emsh.oRerpaxameter of thE' sym imDJaagérnmhahoelﬂBkrlaeﬁﬂ@e@nbodLnené,
it is decide ether two curves are grouped to the same curve group base
Bn a coﬁ%ﬁ??g8ﬁgbf 20 THASRS Sk 5% §°5§§§6F8 &P EﬁeOESHtiEﬁi?%ebetmeen
the two curves, a neasure of th aral leli of, the two curves) a neasure
of the 5?%9¥ﬁ??9tbfl he'§ Wit it Fvgﬁ&rg zgésﬁﬁelﬁfstﬁeaboﬁeﬂf?él of the
two curugs byl PRfl £ fy C1ORPL NG st F.a%Ang‘cgﬁEEBSQ 4ht gshol d.  For

exanple, referring to the equation (8) I'ven above, at |east one
wei ght oloaedb, ¢, d are set to be a non-zero value. Thus, MA is determ ned

e foBiopf L 0ng BIIATELEELOT L ! Serdinid ot The ] Moo TUrther
curves 1I; and I, tend to form a closed curves, i.e. potential
of the two curves to lead to a closed curve, wherein curve I,
has two ending points 1201 and 1202, and curve 1, has two
ending points 1203 and 1204.

[00123] In this example, the ending point 1201 is closer to
ending point 1203 of curve 1, relative to the other ending
point 1202 of curve 1;, and ending point 1202 is closer to the
ending point 1204 of curve 1, relative to the other ending
point 1201 of curve I;. Then a joining curve 1;; may be
generated between the ending point 1201 of curve 1; and the
ending point 1203 of curve I,, and another joining curve 1;,
may be generated between the ending point 1202 of curve 1; and
the ending point 1204 of curve 1,. For example, the joining
curve I;; may be generated by first selecting sampling points
in curve 1; near the ending 1201 and in curve 1, near the
ending point 1203. In this example, 5 sampling points are
selected in curve 1; (poins 1201 and 1205-1208) near the
ending point 1201, and in curve 1, (points 1203 and 1209-1212)
near the ending point 1203, respectively. Based on the
selected sampling points, a B-spline curve 1;; may be
generated which interpolates these samping points (points
1201, 1203, and 1205-1212) and links the two curves 1; and 1.
Similarly, the joining curve 1;, may be generated by first

selecting sampling points in curve 1; near the ending 1202 and



threshold TH to determ ne whether the two curves should be grouped to a
sane curve group. [00129] In one enbodinent, it is decided whether two
curves arwogooupesito the sanme curve group based on a ceapaG2eLPI@DH3 a
conbi nation of at least two of a nmeasure of the continuity between the two
curves, a neasure of the parallelism3 the two curves, a neasure of the
proximty of the two curves, and a neasure of the potential of the two
curves to lead to a closed curve with a pre-defined threshold. As an

i |1 ustran earveefernsay the taelioguacion (8P4ef IMAthSS gévamphbove, at | east

two wei a , a o, be zer o val ues us | S
deterni%ggﬁégégdpggngg g%s%§%§é??éu%§%ﬁéﬁ%§ gﬁ ﬁ%?lﬁ%,lﬁ%? %ﬂahﬁ%%fand VA
is furthedeconparethai éhdihe poirdefddied drar éshaeludvEHIL 0 (tlet et $n 10 Ahet her

the two_cur S be grouped to a sane curve group. [[00130] In one
enbodin@ﬁg,Ygﬁg_Eggthﬁ??gnt? %P%&ﬂ%ﬂﬁQ&fts& Oy ggégﬁcF&BeéV'a neasur e of
t he conBuBylt ¥nbehveesl &bted Woalil MBS pA NRISW 8-eb1the parakl eljsmof the

two curves, a measure of the proximty of the two curves, a neasure of the
pot ent i BRYoPCSt ABNENBL @A YokCh ol MNP IR tE X IthSEG SaFPanIABCARTS4]L

I 11 ustrapbb9ResPapapet €564 Of aAdCy 21 102 )P arn@Nd 1 7EQ %h@ WeL9 ngggegéhb, ¢

and d, respectively (equation (8)). A user nay set the weight o
par amet épdaédecordi mpa endedimepént &heesoh efatuaraonrofalvres here t he two

curves .d b ped a,sa [ roup, ln case the groupi ng of
curves ?ggﬁgggigggf?ytﬁﬁ %ggrlﬁhggfﬁgyﬁgFggdjE%to?%egﬁgﬁéﬁ?% ‘or Ui ff erent
par anet ens mayobhe eohpateadntith [O0lEh-datfiore enbedhsedt, thheneurve
grouping is performed both in a single digital picture and between

di f f er eatnbddgynéat, pi £t uiesswi & wWudeatseguanige ief 1disgi tabhnpactisbees. The
curve grouping in a single digital picture may assist in finding high |evel
structuﬂéféﬂe%uFQé%S@mlge the Yrouwpinygsherwebs drgetderpicaares help in

finding.egrrgspopdencesf Al 9idAfe PlitlinesnW LALD Lbe;¥Lgeo sequence.
threshold, the two curves I; and I, may be considered as open.

[00124] In one embodiment, the grouping of two curves into a

same group depends on measurement of all the parameters m,,

mp, mp, m, described above. In one embodiment, a linear
combination may be used to compute an overall grouping value
M ,. Users may adjust the weighs of the linear combination to

emphasis specific parameters. In one embodiment, when the
overall grouping value is larger than a user defined

threshold, the input curves may be grouped into a same group.

[00125] For example, M, may be expressed as

—g*
M,=a*m.+b*my +c*mpy+d *m, (8)

where a, b, ¢, d are weights of m., mMp, m,, m,,
respectively. A threshold TH may be set to be a default value

or may be set by a user. In one example, if M, is larger than

TH, then the two curves are determined to be in one curve

group.



[ 00132] When working in 3D space, the additional depth di nension nmay give
further information for curve grouping. [00133] In one enbodi nent, curve
gr oupi ng wetwe@s7giigi tal pictures is designed for the pecpsseowfodiondi ng
curve correspondence. In an animation, a corresponded curve in each digital
picture may be grouped into a single3froup. For exanple, these curves may
| ocate in simlar positions and have simlar geonetrical properties. In
this context, simlar positions may refer to that the positions of the
curves 40816l him creprexadpfienedeighge @i th, eachand hérmasile | sat geonet ri cal
properties [ r h | e S between curvatures of the curves
may be &Ft ?ﬁgéaggg-éef?%ég g%%%g&aggﬁﬁniléfh’cﬁfgé %VoﬁpgsFﬁfoEﬂation,
curve sbykesxangdlenpbetivperns fa,arme it et palyatdeonereymiacappkeddtingdi f f er ent
curve groups. [00134] FIG 13 (a)-(c) illustrate an exanple of curve
groupi ngof di fdetéet eatpla gi 4 adn plictfigmsit pd2ame®@@135/mAs wman e, seen, FIG
13 (a)-(c) show a rotating human head in three different digital pictures
of a vidaa Imgyenespdr e BNl MBS @karlpl Fl Gf b31garoneyhvgsidnaggaB in the
first digital picture illustrate the left eye of the face. In the second
di gi t al pprefuepéiFn@rd3c¢iyidomd acurimpoAitang peedmboershethbhusheati on of
the left _eye. ln the.third digjtal picture FILG 13 (c)..curves A2 and B2
are use%eféeFFfﬁgtV%&%P e§|%§ql%§%£’%ﬁ Sh& gﬁb@&iﬁ%ﬁ%?lﬁsngnFéiﬁ?t of the
curve gralipeng, ahdrweéhghtefd aaye,d ey our setgroups mayoberdet er m ned:
nanely one grou mﬁtP curves A, Al, A2 and the other group with curves B
and B2. 2BR5B8T oR* ¢RI 2urie YHouR g PARTGE Tetbolr R8ARitYi £Ferent styl es
may be appkigdrt@ tHep& IS tMAthitd ReS@ AW wBLeURS. tTBi suepbedi nent may
facilitate understandi ng of the shape of a 3D object and help to achieve
vi sual | yhprédsPagdanired i e tiiath Shan 8¢ Sesores 1VEOBEdent SFneay

conpl et gLy sapt pgBLE Co CALME, O QR NG MBY, a0k JURHARLEEHsat LSfied ggoupi ng in
sonme cases, in one enbodi nent, user interaction may De I ncorporated to

adj ust dnudappdef yeturveograryt .ng rdur ifvg thiser gxenpilrg pfoeéssth&or exanpl e,
the user may adjust weighs of a, b, ¢, and d as shown in equation (8). For
anot her pexamprersthe wser "my &j.ustlot heet koashdede®Htof b&A. [00137] I n one
enbodi nent, the curve grouping may provide high |evel information for the
struct urBPBFtansp bgecie! '%:ﬁ*néke§ @PdpgsggﬁlEetSanEBrB%rate semantics
infornmatkeRatf g6RSEat® VEINR L1 egp-tikRe ydaaworasngSesapLEcs i nformation
may give neaning to the curve, for exanple, it is an eye or a nouth of a
per son' §¢FREELLITRelBRAVE IO ff Papaiemgppi-ed in a wi de range of

appl i cagpgngyyith the fe%b%ggt, the eLfell] ¥&DEHTe Gied NG/ JTRINQL OF Curve

grouping i s denonstrated
are grouped to a same curve group based on at least one of a

measure of the continuity between the two curves; a measure
of the parallelism of the two curves; a measure of the
proximity of the two curves; and a measure of the potential

of the two curves to lead to a closed curve. As an
illustration, referring to the equation (8) of M, as given
above, at least one of the weights a, b, ¢, and d is a non-

zero value, and thus M, is determined based on at least one

parameter of m., mp, Mp, and m,.

[00128] In one embodiment, it is decided whether two curves

are grouped to the same curve group based on a comparison of



with its application in know edge-based |ine drawi ng, and stylized stroke
ani mati ons. [00138] The know edge based line drawing is described in nore
detail irwoRelfesr4sewi ng. [00139] GCbservati on shows thatPCIriSGe&10®H0083 | i ne
drawing by an artist may not always fallow the geonetry or lighting on the
obj ect surface. For exanple, exaggeraﬁl on of lines for special expressional
purposes is often seen in hand-nade |ine drawings. This is apparent in sone
traditional artistic styles, such as cartoon. It is well understood by
peopl e BéchB3et 0P oPe TIMDH KhGW ddife contineislj betyepaptbsehred in the
line drawipgs, [Q04401, 1o oneehodiment,; & et had i§oprgyided for ani mated
facial illustration wth curves by I ncorporating tenplates and senmantics

i nf or magi a2 snre hef dilzev mgpprroces nf Itheon@oerbodesentndt hemaeshod i s based
on the oupin f the curves extracted for 3 bj ect, and a pre-defined
domai n \%lEtEQ%t ?c?n%%aﬁlstéj%i b etIwnO t%uirgecso(r%f)egtef"gt ﬁg aoﬁﬁf’ﬁea/i ?Hg‘é?ri ct
constr awhshnayprefesf froed heh reegiio Icenenlr ehampaecUr¥EcgEtp e€bearty
corresponds to a pre-defined conponent. For exanple, a curve group nmay

i ncl udeSgwRrVERN | hg)t hef afoa 35 Qisten epeveegrbnleant ohe eeivlkt gpbHud may be
mat ched with tenpl ates of the pre-defined_conponent, nanely left eye

r egi on. Pt ncond otff et P& 1fe ‘A AT CarélpersThpBo1M) 1% one enbodi ment,
a know edge- based algorithmis provided to incorporate tenplates and
semant i eSERRRBRSRAULRBILT PR I dreRAth@NSr BéEsBeteR Bhe”enbdti mefitys after the
curves are grouped, each curve group may be matched into a predefined
conponeftd g‘@r' é e, 18 EUFVRSHr oupPHERA bE thattdifedPifitde fdnece- def i ned
conponept : eye. 1t f .tenplates of the pre:defined conponent
may al rg}téa?/iﬂﬁéequt%‘?etdﬁi%ﬁ%&lsny%tw%nﬁt i 3%8 g%o&?ﬁ‘éﬁ?ﬁ%@&%ﬂ&%m of the
pre- A44rdepedecb conponentuney drewgel ect ed whi ch matches the curve group

nost. | odi nment ach curye group | be replaced wth the selected
t enpl at EO(ST%Qﬁﬁg 8H~808WH€§%{“6PF|e é‘élvgitcg‘g‘”tr%l“g’teé?r}?&y e fAWRSr stylized,
i.e. inageb@tsigbd@wW g HBdand e ¢Fbadi BEBEd bheasebgeshedsbenpt ate may

be transfornmed and conposited to fit into the digital picture. In this way,
styl i st®cCPTiEn 3 eRf rfgtpr?ery s sfcHivevod. acipaadrenofhee FemeiraW ngs ni ght

not folbow,ddie fratiies.pfvdde 4 mesurBubragnad PAPLEiet oy ! bpey gt awi ng may
be still "correct” and beautiful. This process may be optional, and it

hel ps i AWapplsNery st ylqarercwivdds pranimatyons shacewpredefénedrmt awi ngs
can have yellsfeldnad,cuascarhespondence, [3p4del (Ln olig eabodiment,
erforme |y g es” of

curve grouping is p automati ca according to ru
conti nuatoesy qared lveltsm gime-das idesicthibedheadl yas §00143] In one

enbodi nent, the know edge-based al gorithmworks with all the digital
pi ct ur es1 W Hi 3t ke v‘iecfgﬁfrslé‘tﬂjér?cé. e[ 698241LoRn (BhecEnPbdi dErFiveD predefi ned

tenpl at g, dat abase Y. B, DYidilghd & Yarhety, of 2Egage: SUgh,as, Jyman faces,

zero values. Thus, M, is determined based on at least two

parameters of m., mp, My, and m,, and M, is further

compared with the pre-defined threshold TH to determine
whether the two curves should be grouped to a same curve
group.

[00130] In one embodiment, the combination is a weighted sum
at least two of a measure of the continuity between the two
curves, a measure of the parallelism of the two curves, a
measure of the proximity of the two curves, a measure of the

potential of the two curves to lead to a closed curve. As an



ani mal s, buildings etc. [00145] In one enbodi nent, PEL curves are first
grouped to represent neani ngful conponents including eye, nose and nout h.
Then a sedOceh11/0§745he | i brary may be carried out to findPaT{HGRW®DINGRd | i ne
drawing to match the stroke clusters. Different matching paranmeters which
represent different styles of facial4§ketching may be used in this process.
Finally, PEL stroke clusters may be replaced with pre-defined user

drawi ngs. [00146] FIGs. 14 (a)-(c) illustrate an exanple with |ine draw ngs
intw difteteatishylesrgensnat ed fmom a,prengefinedm,i brar Yeighbdd [00147]
FIG 14 (a) illustrates a 3D object. Based on the 3D object shown in FIG
14 (a),Pruaveld, sticharg PEIRe Mtk viedpr dsgnetihe $Bape Bfusde BEy obj ect may

be extr e Fl a( illustr n_exanpl.e of extracted curves in one
style f%(g)%n gh%tvrd%k%ﬂ? e(gr)r%léaatéeh. %ﬁlrégn%%f?c)a%f:f)?gép :ga%gs%léﬁofrﬂ%?r YHpl e of

extracted euvalestion ant héretdteyd ehfer amoarathes shooke benptateed {H0148] The
curve correspondence is described in nore detail .in the followng. [00149]

Fi ndi ng®t Azg"C or rebpotidetite Bn§a&FolPEng rorPenrves, CBrEes pEb s Ckxt ract ed for

a 3D obj @64l petneenssh gidyalrpittledr @8 iustt RRekayight 5t ybi 2edr fidmt i on based
on the curves. It may be applied in interpol ating curves snoothly,
render i AYE EBPEP BNt LArANS IR MEES -in different styles, and manipul ating

ani mati 134 § RnORB8EALIBBS: hén €Ur M SRAGA: ti lier, this
is a chg??enQ%nE probl em éspeC|aIIy for Eg%ggﬁﬁégggg[é%%ggfﬁ%ﬁ one
enbodi Me@th Tora esponderttias tefl pdctesearadebeavbeshedf basedt on curve

gr oupi ng; i | Q e e et _of _cyrve or.all the digita
o1 ot ar e g SR ARIRY U IR 5B aRta b S EEER i S o Lur ves
from di ¢hevendgrdimginalimpiactsingde Hhgbhel epbodireniay paigitstcamnr espondence of

curves Lnhn a. graqup y be found by projecting curves into screen space and
finding%+ﬁéhé§£kkﬁﬁﬁk%¥'ﬁn536P85H¥§p3§e?u¥YF hTRL ot t9r MR "ger een space
may refigstiaet e @Ra8paceruThe wXif act et ime s BfrekB8ndbhobj et in the 3D
space are projected into a 2D space to formthe 2D illustration of the 3D

obj ect . IR AP IFWES YroUPRng ¢ v iIS SRALENES -enti oned earlier, user
lnteracFomﬁawheﬁ WBERERGT Bl efh UL SOMR d WS 1Qfonbll Sesgr | nteraction

may be | earned and applied onto further curve groupi ng process.
dimension may give further information for curve grouping.
[00133] In one embodiment, curve grouping between digital
pictures is designed for the purpose of finding curve
correspondence. In an animation, a corresponded curve in each
digital picture may be grouped into a single group. For
example, these curves may locate in similar positions and
have similar geometrical properties. In this context, similar
positions may refer to that the positions of the curves are
within a pre-defined range with each other. Similar
geometrical properties may refer to the differences between
curvatures of the curves may be within a pre-defined range.
With these curve groups information, curve styles and
inbetween frame interpolation may be applied to different
curve groups.
[00134] FIG. 13 (a)-(c) illustrate an example of curve

grouping for different digital pictures.



46 [00151] In one enbodi ment, a correspondence is established for each
group of a digital picture. In other words, for a digital picture, a group
of curveswoRyliN74et ermi ned for a picture el enent, e.g. PCESG2eEWO00THen
correspondence is established for all the groups that is associated with
the left eye in different digital pictdires of the video sequence. [00152]

I n one enbodi nent, wth curve grouping, correspondences of curve groups are
established first, and then the correspondence of a single curve is

det er ni AO@1F AR’ yruEesindilfy ddr ve) céel eshondencetaninfi suman

hi I 4 of th I thm As

1 ust r A on 77 EREeBPAL FRERYER 4G €4 BECANER0 o IR B M odi 11 ar en

di gital ipi ehueesmetibhe BD BbfFect3 hiampn deac 0fAa and @eojseﬁueﬁﬁ&stA curve
F b i ated t | ef t f the h head

ocour Folg R aeb e WALl lg Ll e S (e iy bead g be

A2, and sBZ:o&Hedabﬁt§$eﬂll:@uté|EE@l’aIE the, &hﬁ%ec@frvfehml afst ave b one
enbodlnent curve group F ngg be further divided into 3 sub-groups. For

exanpl e '8 d4LvEtEABIGRORH FMebbRhly W odimté@® Windhc W didRl eye in t he
first foage,wayrbe, determpegut\@egom iy G e Asrd B lftl%%rtér%tgroup F2

bei ng associated with the [eft eye in the second frame na etermned to
cont ai nteervefal eva. c@ﬂv@ngr@uboqtm@eﬁlngi%@saasaﬂe:dw ttﬂnet e rivef t eye in

t he th|rqotggggénggrbeh%etgtgt %ﬂ 8ﬁ§QHh7§ ﬁ% urves %nd B2. In one
u

enbodi ng urve s groups “are EFV aSsociated with the
conponedEtekmﬁneeyenametproesp@ndqnoajmaymhoeesmabmﬂshad ameingheur ve

sub- group 3 one enbodi nent, after correspondence
i's estaﬁlﬁgﬁegr?BP %b ecgﬁ %%d%gggﬁ S%ﬂwrré% ec6MFdSpondence of a
singl e gubvupingy be dﬁéeéﬁbéﬂiheﬁfﬁ EXEEH Bt %Q@l@%r%@gs%ggﬁgﬁﬂieﬁl F2,

and F3, it may be deternined that curves A, , are
correspbRAIFRG EUFVES WSTRIRVvERSTE WO FHR¥PAD dhd si RUSPREMENtPBIYLi ons on

the humapcheadaandushar e Shaid&ro HSBIHGR! R AP8h bSectl Th 'daBEX curves
B and B2 are correspondi ng curves. |In one enbodi ment, a same styl e may be

appl i edtPoaghiaie Sesuadilyortesporiagmakives Mhﬁbughydntédrent di gi t al
pictureg.q é %Fe vi deo sequence. [00154] In other words, in one enbodi nent,
curves oF erent digital pictures nay be grouped together whi ch are
associ af@a13k1 IS iacsamempiletterly euépeaticicerve eftowgying e dde curve group
may be d|V|dege|nto su W th each sub-group.corresponding to a

di gi tal “pretures ?%rtﬁplgds?ﬁéﬁplQﬁuaﬁa%9ﬁer§§ Sfiderie®REy be established

based oembbelmunvesws@rtnetéttbctgf@up@y loe ankuibberteabedi gaRtista poi nt
correspongenc may be determ ned further based on single curve
cor r espghefi lfWh%“E%?a%ﬁ?%ﬂﬂﬁﬁu WilnhdhCoArespraeREBCEABNgFEFf f er ent

curve SuRa@poHPSEhSiUMH e nfly RS uisht LBegRYr¥e SUhgr QUPSnARd fOisALSHI N the
single curves may be referred as a process of 'hi er ar'chi cal mat chi ng.

[ 00155] 1F| €3uasien | (&) + ficks apetéranpkampie hi drartsts c ala ymacivistg the
threshold TH of M,.

[00137] In one embodiment, the curve grouping may provide high
level information for the structure of a 3D object, which
makes it possible to incorporate semantics information to
generate more elegant line drawings. Semantics information
may give meaning to the curve, for example, it is an eye or a
mouth of a person’s face. The curve grouping may be applied
in a wide range of applications, in the following, the

effectiveness of the method of curve grouping is demonstrated



[00156] In an animation, in the first digital picture as shown in FIG 15
(a), there is a curve Swith pixels A and B. In the second digital picture
as shown wo 2611@s745% (b), there are curves S', Si, and S2cT/EGRO0EN0003

hi erarchi cal matching, a curve group F may be determ ned to conprise curves
S, S, Si, and S2 which are all used%% illustrate the shape of the left
eye. Further, for the curve group F, a curve sub-group FI may be determ ned
for frame 1 which contains curve S, and anot her curve sub-group F2 nay be
det er mi wédhf dksf pppbiQawhdre hiconmailedgerese® 1i8le, dandisd, anda further

step, si > r r ence may be determ ned. For exanple, curve S
in curvggggg?ggo%grﬁ?én’%@P@%&doentse'rn1 ned to correspond to 48 curve S in

t he cur\[0038B] giheukne®,l etlaer Bahedul ves Sranind iardedocaiat on idre sanme

positio f.the left and share simlar geonetrical properties. [00157]
Curve cgﬁgéééoﬁﬂem% ﬁ%ﬁl%"él%'ed in a wde range of applications, including

smoot h ¢uoY89] MRRadlilodn shelisi BRet Weed §ior VAri OUS SLIMI 8%y Yyl I8t i ¢ stroke
rendering for stylized animation, and nmani pul ation of animation in curve
space efELLIFEFnARVReUr¥BYROT ricddeidémee aRiome tevr & diebping ghvehéntuitive

cues i nogdexet opipgahoVet, Aduanead alg %@i;fggg%ifoﬂr og: hEgLENE ppPl i cati ons.

[00158] FIG 16 illustrates a conputer according to one enbodi nent.
[ 00159] sPaAchaé exbods aernal throeesutier of6@0d wepni nol hdedampdeocksser 1601.

In one I pent e, conmput er .1600 may further conprise a. nmenory 1602. In
one enbgg:ggrgfﬁg,g'twé{%olﬁ%u%ar lrrrlafofnérttﬁgpl ORPFi s%rfﬁﬁﬁfCIGOS f or

recei vi agyaes hr eecldi a®nsd otnadn 1 a@pr ésentatli andkesteaahpof paoplairal ity of
curves, wherein each curve represents at |east partially a shape of a

t hr ee- dPREASFONAT DR cEO™GH "eirhg6i fBntDet RBRIEGRPUFBPTABDDCSRY furt her
conpri senatuserindpitaldd. In one enbodi nent, the conputer 1600 may
further conprise a display 1605. In one enbodi nent, the conputer 1600 nmay
further [RBHBP] 8 gngogaLPEABRRE, uhitetBod FororaHdiasy feadanimetednot her

conput ega ¢ eadap] g, fedi WiBn KA examke: p3l inkhepee n conput er
1600 ar eaconnect ed with enach ot her thr oggﬁna cgrrpg?g}r?gbﬁggé%%g%[oowm In
one enbaddngemanthes menrynaté®@2 rray thavdrawpnggpantessor Gedonder eon,

pher o nehECAOR A TP L RaTHRCR BHEERRGD A0 PEILOLI B
maki ng ¢kerproeestSor 4600 greiefoar, mahkbe ar peeptie6inefl aombi eew fivrensi onal
represeptatlon.fol. 2ach of 2 pliural ity of eurves i Whereln &2t
constrains may refer to the regquirement that a curve group
clearly corresponds to a pre-defined component. For example,
a curve group may include curves in the area of left eye
region, and the curve group may be matched with templates of
the pre-defined component, namely left eye region. In one
embodiment, the curves are PELs.
[00141] In one embodiment, a knowledge-based algorithm is
provided to incorporate templates and semantics information
in the drawing process. In one embodiment, after the curves
are grouped, each curve group may be matched into a pre-
defined component. For example, a curve group may be matched
with a pre-defined component: left eye. A plurality of

templates of the pre-defined component may already be stored

in the system. In one embodiment, a template of the pre-



each curve represents at |east partially a shape of a three-di nensional

obj ect; code of the program nmaking the processor 1601 performthe grouping
of the plwoabitog74fi curves into at |east one curve groupchasedomnodbe

t hree- di nensi onal representations of the curves using three-di nensional

i nformation given by the three-dinendi‘onal representations; code of the
program maki ng the processor 1601 performthe association of each curve
group with a picture el ement based on the curves of the curve group; and
code of dehENPA oGPBERPRTKE TEp Y e predesdssr whéoh pertbem the forwati on of the

di gital ,pj Si ' r | e : 1 n_ope, enbodi nent, the
pr ocess%?bg%&g?gédggtiﬁgp%%%%nﬁgﬁt't %%Eﬁe%fkgglg&u%om% r?%r m t he program
of generepiagedheith giialsqiatuade.tgr@plib2]. In one embodiment, the processer

1601 obtajns, the 3D representation of th urves through the rve
repr esent ??%%di%%nﬂff{alg%ér}aﬁf&ﬁéﬁrﬁ%ﬁroﬁgygﬁﬁﬁfnén?; ﬂeap]PBiilissor 1601
obt ai nsdtapig fiede t hen user dbcliglentserhienpet c2604. tEAR164E hayOpe

enbodi nent, the program code may be recorded on another conputer readable
medi um ERES EPoMRT . 21 IHIROLASE tnd Lpr dRESsbPe18091 kY PeGHUERe codes

from t hen otfes wmgt%mrs%a@a@&ﬁen@gwﬂé Pﬁzgy% GRAE ferdi Ry YISt 11,606, and
a

performthe net hod of generati ng igital picture as described herein.

[ 00165] thesonkl eerbsder et s mieh tgewdr doddodi gheaFeptereseofstshown on the
di spl ayir%?%é:’; $ 01661, Wil & thed f"ﬁ%%t I%%Q(‘Efgﬁé @S?nb?aéfﬁllfrl arly shown and
t ic enbodinénts; Tt Sho

descri be h reference to speci ur'd be under st ood
by thostcski¢tel amd themwdritf wlhatThiar ipeoseshamgesbéenopoionahd aedait nmay be

made thﬁr isn W’}taho ide artilr_]L fromthe scope.of the invention as defined
by the %gp apperpo%u%y cr}dglsrﬁsy. %?éjr SESEESof Ut ABTFATLRET oR PSS tRES™ i ndi cat ed
by the appensdedcdwings anth aldvechangesewhhelh e0seeWebhiashbeda®an] ng and
range of o SHElY3ne0SY Apbafnendl ML AIE HSIting G s Bt toneq D€ embraced.

automatically according to rules of continuation, parallelism

etc. as described early.

[00143] In one embodiment, the knowledge-based algorithm works

with all the digital pictures within the video sequence.

[00144] In one embodiment, a predefined template database may

be built for a variety of areas, such as human faces,

animals, buildings etc.

[00145] In one embodiment, PEL curves are first grouped to

represent meaningful components including eye, nose and

mouth. Then a search in the library may be carried out to

find a pre-defined line drawing to match the stroke clusters.

Different matching parameters which represent different

styles of facial sketching may be used in this process.

Finally, PEL stroke clusters may be replaced with pre-defined

user drawings.

[00146] FIGs. 14 (a)-(c) illustrate an example with line

drawings in two different styles generated from a pre-defined

library.



[00167] In this docunent, the follow ng docunents are cited: 1. Appel, "The
noti on of quantitative invisibility and the machi ne rendering of solids" in
Proceedi y© 20f1/8"M511967 22nd nati onal conference 2. Goo®RT&SG26M0/000003
"Interactive technical illustration” in Proceedings of the 1999 synposi um

on Interactive 3D graphics 3. Hertzmd®n and Zorin,

"Il lustrating snooth

surfaces" in Proceedi ngs of Siggraph 2000 4. Kalnlns et al. "WSIWG NPR:
Drawi ng strokes directly on 3d nodel s" in Proceedi ngs of Siggraph 2002 5.

I nter rarﬁpeléfil d1G." EdhdAei mélpﬁ‘angpaﬁ e@lt3%k¢bﬂ%®?-f aﬁ:aeeﬁcwctrh thed@® and

val | oy Lppest LaohEEE, \aualigation 1995 6. W1 Sanognd Wa o Repr esent i ng
conpl exit |n conputer-generate den and-i nk |I |ons I n Proceedi ngs
of NPARréﬁﬁésénthkhetskape"dﬁnﬂhewanﬂabjbnmemdwahengstfaoneat)neshes" in

Pr oceedi he 2006 synposi u ractive 3D graphics Carlo et
al . "Sugégé |§% Rt BUTS Fb %ﬁﬂﬁ? ﬁl A& SN CﬁFBgéeg?nﬁEeoTt% Ygr aph
2003 from a stroke template. FIG. 14(c) illustrates another

example of extracted curves in aother style from another
stroke template.

[00148] The curve éorrespondence is described in more detail
in the following.

[00149] Finding the correspondence and evolving of curves,
e.g. PELs, extracted for a 3D object between digital pictures
is the key of stylized animation based on the curves. It may
be applied in interpolating curves smoothly, rendering
coherent artistic curves in different styles, and
manipulating animations with operations in curve space etc. As
mentioned earlier, this is a challenging problem, especially
for PEL curves.

[00150] In one embodiment, correspondences of curves are
established based on curve grouping. In an animation
sequence, a set of curves for all the digital pictures are
extracted, and then separated into small groups with curves
from different digital pictures. In one embodiment, point
correspondence of curves in a group may be found by
projecting curves into screen space and finding nearest
points in screen space. In this context, the screen space may
refer to the 2D space. The extracted curves of the 3D object
in the 3D space are projected into a 2D space to form the 2D
illustration of the 3D object. In case of bad grouping in
this way, as mentioned earlier, user interaction may be
incorporated, and some rules of this user interaction may be

learned and applied onto further curve grouping process.



51 Cainms What is claimed is: 1. A nethod for generating a digital picture
conpri si ng receiving a three-dinensional representation for each of a
pl ural it ywofR20tunv44, wherein each curve represents at | ®a3SGRan00N8y a
shape of a three-dinensional object; grouping the plurality of curves
into at | east one curve group based 8/ the three-di mensional
representations of the curves using three-dinensional information given by
the three-dinensional representations; assocj ating each curve group
with a pPelett & emenerbadenedh t hecRUFSEOMIendfRe icuraatalomhed domi ng t he

di gi tal JpLgt Sy o4t oGt uys l.aneRt,. T th according to
clain11eggge§£§%che %igl {ﬁéap#%?ﬁﬁggis@a 8F§Ffapgﬁﬁgfu?§ro% a video
sequenceigftal ghtatups ctargxup 3df Thevest hed becdedengitedcfarna2, wherein

o ok LI ULYERL B S Pl Ly b veR aLERgERsL s N
The netastalbTrohied nfot ca BNycHNgroupel 8hes 1st 8sdochheegi With t/e deci ded
whet her _two curves are grouped to a same curve group based on at |east one
of left eye in different digital pictures of the video sequence.

[00152] In one embodiment, with curve grouping,

correspondences of curve groups are established first, and

then the correspondence of a single curve is determined

within a group. Finding curve correspondence in this

hierarchical matching improves the effectiveness of the

algorithm. As an illustration, referring to FIG. 13, FIGs. 13

(a)-(c) illustrate 3 different digital pictures of the 3D

object human head of a video sequence. A curve group F being

associated with the left eye of the human head may be

determined to contain curves A, B, Al, A2, and B2, wherein

curves A, B, Al, A2, and B2 are all used to illustrate the

shape of the left eye. In one embodiment, curve group F may

be further divided into 3 sub-groups. For example, a curve

sub-group Fl being associated with the left eye in the first

frame may be determined to contain curves A and B. A curve

group F2 being associated with the left eye in the second

frame may be determined to contain curve Al. A curve group F3

being associated with the left eye in the third frame may be

determined to contain curves A2 and B2. In one embodiment, as

curve sub-groups Fl, F2, and F3 are all associated with the

component: left eye, a correspondence may be established

among curve sub-groups Fl, F2, and F3.

[00153] In one embodiment, after correspondence is established

for curve sub-groups F1l, F2, and F3, correspondence of a

single curve may be determined. For example, for curve sub-

groups F1l, F2, and F3, it may be determined that curves 2,



a neasure of the continuity between the two curves a neasure of the
parallelismof the two curves a neasure of the proximty of the two curves
52 S OopHANSF4510f the potential of the two curves t ®#CIr8&d01000€00g| osed
curve. 5. The nethod according to claim4, wherein it is decided whether
two curves are grouped to the same cfve group based on a conparison of at
| east one of a neasure of the continuity between the two curves a neasure
of the parallelismof the two curves a neasure of the proximty of the two
curves anAd andedsupee ofortrsputdintd alumfes ke ttwovesr ResAlo heddA2o a cl osed

CUrve  .re in similar positions on the human head and share similar

geometrical properties. Similarly, curves B and B2 are
corresponding curves. In one embodiment, a same style may be
applied to a same set of corresponding curves through
different digital pictures of the video sequence. |

[00154] In other words, in one embodiment, curves of different
digital pictures may be grouped together which are associated
with a same picture element, i.e. left eye. Then the curve
group may be divided into sub-groups with each sub-group
corresponding to a digital picture. Further, single curve
correspondence may be established based on the curves in the
sub—groubs. In a further embodiment, a point correspondence
may be determined further based on single curve
correspondence. The establishment of the correspondence among
different curve sub-groups, single curves in the curve sub-
groups, and points in the single curves may be referred as a
process of hierarchical matching.

[00155] FIG. 15 illustrates an example of hierarchical
matching.

[00156] In an animation, in the first digital picture as shown
in FIG. 15 (a), there is a curve S with pixels A and B. In
the second digital picture as shown in FIG. 15 (b), there are
curves S’, S1, and S2. Through hierarchical matching, a curve
group F may be determined to comprise curves S, S’, S1, and
S2 which are all used to illustrate the shape of the left
eye. Further, for the curve group F, a curve sub-group Fl may
be determined for frame 1 which contains curve S, and another
curve sub-group F2 may be determined for frame 2 which
contain curves S’, S1, and S2. In a further step, single
curve correspondence may be determined. For example, curve S

in curve sub-group Fl may be determined to correspond to



with a pre-defined threshold. 6. The nethod according to claim4, wherein
It is decided whether two curves are grouped to the sane curve group based
on a conpPaPi28osafSia conbi nati on of at |east two of a nBPETHGR01O009002
continuity between the two curves a neasure of the parallelismof the two
curves a nmeasure of the proximty of %he two curves and a nmeasure of
the potential of the two curves to lead to a closed curve with a
pre-defined threshold. 7. The nethod according to claim6, wherein the
combi nafr&iei 8§ alelBhit ST SNt W~ It Hwo Wherg imegyvesof 8he 8bntinuity

bet ween,the) bugr CHN ¥ St Re MBARUNS At il HAkRl! gllriMet LG LHQ EUrves
similar geometrical properties.
[00157] Curve correspondence may be used in a wide range of
applications, including smooth curve interpolation for
inbetweening, various styles artistic stroke rendering for
stylized animation, and manipulation of animation in curve
space etc. Finding curve correspondence with curve grouping
give intuitive cues in developing novel advanced algorithms
for differeht applications.
[00158] FIG. 16 illustrates a computer 1600 according to one
embodiment.
[00159] In one embodiment, the computer 1600 may include a
processor 1601. In one embodiment, the computer 1600 may
further comprise a memory 1602. In one embodiment, the
computer 1600 may further comprise input 1603 for receiving a
three-dimensional representation for each of a plurality of
curves, wherein each curve represents at least partially a
shape of a three-dimensional object. In one embodiment, the
computer 1600 may further comprise a user input 1604. In one
embodiment, the computer 1600 may further comprise a display
1605. In one embodiment, the computer 1600 may further
comprise a code reading unit 1606 for reading code from
another computer readable medium. For example, all the
component of the computer 1600 are connectéd with each other
through a computer bus 1607.
[00160] In one embodiment, the memory 1602 may have a program
recorded thereon, wherein the program is adapted to make a
processor 1601 perform a method for generating a digital
picture, the memory comprising code of the program making the
processor 1601 perform the reception of a three-dimensional

representation for each of a plurality of curves, wherein



a nmeasure of the proximty of the two curves a nmeasure of the
potential of the two curves to lead to a closed curve. 53 8. The nethod
accor di ngvoaoamg76ime of claims 1 to 7, wherein the thre@CHiSGINHI00NNAS
representation of a curve is a set of vertices in three-dimensional space.
9. The nethod according to claim 8, wherein the vertices specify points in
t hr ee-di nensi onal space where the illum nation of the three-di nensional

obj ect changes if the three-dinmensional object is viewed froma _
pre- det EAMPNEYTVFeRBBF RECRRY #5 17 8hivRitter oy a shepst odne pheeeter ni ned

light seuke@siohQ1 IhSe _Fh@gdéc&prahélgpm;l@aw n%%#g .t%'ea'g%c%_sts%r&

wherein the three-di nensi onal i nformation 1s I n i on about the
t hr ee- dil®@dsPetidPrpathe ofrotipicaree the thremldityendi onalvespaneo atl. The

met hod di aj in each curve group.which i s associ ated

with a g%%%r Igﬂgl %ﬁé?\% !Fg&%%rk%\g%%gd‘?r\l/i ed tﬁlrﬁec? g pe&FéPP?§7 of curve

sub- gr ouppreeachatione sfibgneupube: ngidigspaibateed dwmehstbaagame picture

el ement .f ferent di g}it)tal gi ctures,, 12. The nmethod according to claim
€

ot
11, furtlﬂglzjr@é PP sPhYCReRY | MR at 15t SR T8I0 Siaredr AePSRSERERpPEFEr e el enent

to be skhowe bE the grojtah mikisgehe Froct@ rellhed Becerdihngnto claim 12,
wherein for a same picture elenent, a sanme stylistic pattern is applied for

di ff er eAESEHIFELSUDOGrUPE THFGUGH WK fErténe @iigictar pilerangsbased. The
met hod aacehdi BAr{Os chal thd loy £l tHRILEOINE $IRY of the program

making the processor 1601 perform the formation of the
digital picture using the picture element.

[00161] In one embodiment, the processer 1601 reads the
program on the memory 1602 to perform the pfogram of
generating the digital picture.

[00162] In one embodiment, the processer 1601 obtains the 3D
representation of the curves through the curve representation
input 1603.

[00163] In one embodiment, the processor 1601 obtains input
from the user through user input 1604.

[00164] In one embodiment, the program code may be recorded on
another computer readable medium (not shown). In this case,
the processor 1601 may read the codes from the other computer
readable medium through code reading unit 1606, and perform
the method of generating a digital picture as described
herein.

[00165] In one embodiment, the generated digital picture is
shown on the display 1605.

[00166] While the invention has been particularly shown and
described with reference to specific embodiments, it should
be understood by those skilled in the art that various
changes in form and detail may be made therein without

departing from the scope of the invention as defined by the



54 setting a stylistic pattern for at |east one curve within a curve
sub-group. 15. The nethod according to claim 14, wherein a sane stylistic
pattern iwWozapplisa#if or the at | east one curve w thin t h@CESG2E08900903r oup

and at | east one corresponding curve within all the other curve sub-groups
within the same curve group, wherein>he at |east one correspondi ng curve
refers to the curve that shares a simlar position or simlar geonetrical

properties relative to the three-di nensi onal object with the at | east one

curve. appengedevieind orThperand mf &h¢i dinvantpioot dse fhoenpnilstaged a
rECEIVIB? Eﬂétaﬁséﬁgegogf.ﬂﬂggﬁuigvﬁ6%%5 %e% kﬁ&%ﬁ_ LIXENSY ﬂ%l the
representation for each of a plurality of “curves, erern eacn curve

repr esemegnang| eadtrpage i &l legu siape yofofa thier e@admsenseonrbrobpeet ;

a grouping uni ei.ng confiqured to group the plurality of curves into at

| east oﬁgg‘éﬁ?%é g?okﬂ% et{gbsread%% the three-di nensional representations of the
curves (800g7] hmeendisnebsuneat, i oher nal i &wi g Wsclyertthe 44y egrdigrensi onal
representations; w.. an associating unit being configured to associate
each curvé -gP®Rsiwi t AN§ PPELBReCE! erent i kst ol vl Rivriies agfd tthe cur ve

group; a generating unit bei ng. configured to formthe digital picture

usi ng the pi ing| ggpAering7of aAse T ekn r Beeiedd @l masdli afm theeyviIfk$ 7a pr ogr am

recorded thereon, wherein the programis adapted to make a processor of a
conput er per 26 rma tistriedd domrfegemeeat i ng a digital picture, the conputer
readabl e nmedi um conpri si ng

2. Gooch et al. "Interactive technical illustration" in

Proceedings of the 1999 symposium on Interactive 3D
graphics

3. Hertzmann and Zorin, "Illustrating smooth surfaces" in
Proceedings of Siggraph 2000

4. Kalnins et al. “WYSIWYG NPR: Drawing strokes directly on
3d models” in Proceedings of Siggraph 2002

5. Interrante et al. “Enhancing transparent skin surfaces
with ridge and valley lines” in IEEE Visualization 1995

6. Wilson and Ma, "Representing complexity in computer-
generated pen-and-ink illustrations" in Proceedings of
NPAR 2004

7. Ni et al. "Multi-scale line drawings from 3D meshes" in
Proceedings of the 2006 symposium on Interactive 3D
graphics.

8. DeCarlo et al. "Suggestive contours for conveying shape"

in Proceedings of Siggraph 2003



55 code of the program nmeki ng the processor performthe reception of
a three-di nensional representation for each of a plurality of curves,
wher ei n SSOROTINST4S1r epresents at | east partially a shap®C#f8Ga010/000003

t hr ee- di nensi onal obj ect; code of the program meki ng the processor
performthe grouping of the plurality of curves into at |east one curve
group based on the three-dinensional,representations of the curves using

t hree- di nensi onal information given ]by t he three-di nensi onal

r epr esehtatnans; code of the program naking the processor performthe
associ ation of each curve group with a picture elenent based on the curves
of the guryve; group; .4 is: code of the program making the processor perform
the formation of the digital picture using the picture el enent.

1. A method for generating a digital picture comprising

receiving a three-dimensional representation for each of
a plurality of curves, wherein each curve represents at least
partially a shape of a three-dimensional object;

grouping the plurality of curves into at least one curve
group based on the three-dimensional representations of the
curves using three-dimensional information given by the
three-dimensional representations;

associating each curve group with a picture element
based on the curves of the curve group;

forming the digital picture using the picture element.

2. The method according to claim 1, wherein the digital
picture is a digital picture of a video sequence of digital

pictures.

3. The method according to claim 2, wherein at least two
curves of the plurality of curves are associated with
different digital pictures of the video sequence of digital

pictures.

4. The method according to any one of claims 1 to 3,
wherein it is decided whether two curves are grouped to a
same curve group based on at least one of

a measure of the continuity between the two curves

a measure of the parallelism of the two curves

a measure of the proximity of the two curves
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a measure of the potential of the two curves to lead to

The method according to claim 4, wherein it is decided

whether two curves are grouped to the same curve group based

on a comparison of at least one of

a

a

a

a

measure
measure
measure of the

measure of the

closed curve

of the continuity between the two curves
of the parallelism of the two curves
proximity of the two curves and

potential of the two curves to lead to a

with a pre-defined threshold.

6.

The method according to claim 4, wherein it is decided

whether two curves are grouped to the same curve group based

on a comparison of a combination of at least two of

a

a

a

a

measure

measure

measure

measure

a closed curve

of the
of the
of the
of the

continuity between the two curves
parallelism of the two curves
proximity of the two curves and

potential of the two curves to lead to

with a pre-defined threshold.

is

a closed curve.

The method according to claim 6, wherein the combination

a weighted sum at least two of

a

a

a

a

measure

measure

measure

measure

of the
of the
of the
of the

continuity between the two curves
parallelism of the two curves
proximity of the two curves

potential of the two curves to lead to
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8. ‘The method according to any one of claims 1 to 7,
wherein the three-dimensional representation of a curve is a

set of vertices in three-dimensional space.

9. The method according to claim 8, wherein the vertices
specify points in three-dimensional space where the
illumination of the three-dimensional object changes if the
three-dimensional object is viewed from a pre-determined
viewpoint and is illuminated by at least one predetermined

light source.

10. The method according to any one of claims 1 to 9,
wherein the three-dimensional information is information
about the three-dimensional path of the curve in three-

dimensional space.

11. The method according to claim 3, wherein each curve
group which is associated with a picture element is further
divided into a plurality of curve sub-groups, each curve sub-
group being associated with the same picture element for

different digital pictures.

12. The method according to claim 11, further comprising
setting a stylistic pattern for each picture element to be

shown in the digital picture.
13. The method according to claim 12, wherein for a same
picture element, a same stylistic pattern is applied for

different curve sub-groups through different digital pictures.

14. The method according to claim 11, further comprising
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setting a stylistic pattern for at least one curve

within a curve sub-group.

15. The method according to claim 14, wherein a same
stylistic pattern is applied for the at least one curve
within the curve sub-group and at least one corresponding
curve within all the other curve sub-groups within the same
curve group, wherein the at least one corresponding curve
refers to the curve that shares a similar position or similar
geometrical properties relative to the three-dimensional

object with the at least one curve.

16. A device for generating a digital picture, comprising

a receilving unit being configured to receive a three-
dimensional representation for each of a plurality of curves,
wherein each curve represents at least partially a shape of a
three-dimensional object;

a grouping unit being configured to group the plurality
of curves into at least one curve group based on the three-
dimensional representations of the curves using three-
dimensional information given by the three-dimensional
representations;

an associating unit being configured to associate each
curve group with a picture element based on the curves of the
curve group;

a generating unit being configured to form the digital

picture using the picture element.

17. A computer readable medium having a program recorded
thereon, wherein the program is adapted to make a processor
of a computer perform a method for generating a digital

picture, the computer readable medium comprising
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code of the program making the processor perform the
reception of a three-dimensional representation for each of a
plurality of curves, wherein each curve represents at least
partially a shape of a three-dimensional object;

code of the program making the processor perform the
grouping of the plurality of curves into at least one curve
group based on the three-dimensional representations of the
curves using three-dimensional information given by the
three-dimensional representations;

code of the program making the processor perform the
association of each curve group with a picture element based
on the curves of the curve group;

code of the program making the processor perform the

formation of the digital picture using the picture element.



