1 A Method for Reconstructing a 3D Surface froma 2D Sketch Field of the
i nvention The present invention relates to a nethod for reconstructing a
t hr ee- di NEOIMNIAB4303D) surface froma two-di mensi onal (2DJI/SSRet1®N08Thi s
met hod may be used in a sketch-based surface nodeling systemfor various
applications. Background of the Inventl on 10 Al though geonetric nodel s. may

be constructed and/or nmani pul at ed u5| currently avail abl e nodel i ng _
systems such as Moygok oo/ A BGOR diRko B95LANA kS L3 pAPATI A [4], these
currently avail abI (W ndow, | con,
Menu, Pointer). interface paradigmwhereby to form and/or manipul ate a 3D
m)del , 1 ié 8 S are equired to sel ect operations fromnenus and fl oating
pal ett es; v ers into dialog boxes, and nove control points [5].
Such a nodel i ng process is not intuitive and hence, requires a lot of tinme
and effor t he, desi r.ed node S CcO e On.th her
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in corrputbe ket chi ng |s of ten ust to forma design in the early

del
pr ot ot ypi*t éegg Ir}‘g(?ﬂ???%éy%%'ﬁ VrREOUR8PRISY S hen converted into a 3D

nodel. Nbtivated by the ease of sketching, a recent research direction
known as ikgtch- Eafsgd mt&rfaoes for nodeling (SBIM ainms to autonate and
assi st a X ation 25 process. SBIM systens have been

expl qooed by resear chers because of thelr perceived efficiency and
intuitive
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systems can still only model a limited range of objects with low complexity. These

objects can take only a few shapes and can contain only either rough, smooth, or



Based on the observation that humans are good at assigning |ocal surface
normal s for specifying |ocal shapes [29], stroke-based surface
reconst r weDi20me/i18430Npl enented in [6], 20 [7] in two stepsT/Scrotiveossr st
step, dense surface nornmals are obtained via |inear vector interpolation
met hods from sparse user-input vect or'?ﬁal ong given strokes. In the second
step the dense surface normals are irftegrated for reconstructing a hei ght
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type partial differential equation (PDE) with a fourth order term related to the surface
curvature. in both the LUMO and ShapePalettes methods, the governing equations are -
linear PDEs so numerical solvers such as the multigrid method or the Fast Fourier
Transform (FFT) may be applied for the vector interpolation. However, both the LUMO

30 and ShapePalettes methods are based on the Laplace operator which enforces

smoothness in the interpolated vector field. This causes the assigned vectors to be
diffused into the whole domain and then eventually averaged out in the final steady

state, yielding only smooth reconstructed surfaces without surface details.



30 sketch-based surface nodeling systen) for perform ng such a nethod. This
conputer systemnay be integrated with a device for recordi ng sketches

wher eby tWe 2devile89nmay further conprise a user interfac®CTeG2dmer0dLi ng or
extracting sketches. The invention may al so be expressed as a conputer
program product, such as one 4.recorded on a tangi ble conputer nedium
contai ning programinstructions operable by a conputer systemto perform

t he st epsu@indner thetihedtiori ef - Description of the Figures An enbodi ment of
the invention wTT now be illustrated for the sake of exanple only with
reference to the follow ng draw ngs, in which: Fig 1

i1l ustraygs meddr®WMvenas éfﬂ‘h&fo FroURE P Hely Undr GEANFHEHE] FdTeBordituetiid 8Ce

10f rom a_2D sketch according to an enbodi nent of the present invention;

Fi g. 2(afPisuriaer Femes2B skaleh s sketch and Figs. 2(b) - (d) illustrate t he
resulgs of applyi ng steps in the nmethod of F|g 1 on the user's sketch in
Fig. 2(a{ Fig. 3(a) illustrates a user's sketch and Figs. 3(b) - (d)
il ust ra regerrﬁéalrtégm tthe gresgmb InveAters PEIRSSeH at a-lineah vecter intgrgolatiorofert he
user's s Fé’cbﬁé\rddﬂn%: krék 3@@@9@0% ﬂﬁher"{(r@boses(rﬁx}nénkél%‘\fe?é for %@H@A ﬁr?e%?

di fferent stroke tTypes used in the nmethod of a

i 1| ust r avesordniagylatiginer map and Figs. 5(b) - (d) i I | ustrate vect ors
aSS|gned al ong exanpl e strokes in the nethod of Flg 1; Fi gs.
6(a). - (c) illustrate vectors assigned to a user's sketch and Fi 6(d) -
(f) 12Q)r edplet iaprgt of Ithet prasentsipvenitoss iy @cmﬁiﬁcrdjé@redeqmuﬁuqtln@ fe fﬁﬁ:l of
Fig. 1 ugiihsidpgl a&ﬂa@ae% VG C i nwﬁe ea)thre ensional suffh@s-is /(3)
(b) respectlvely lustrate conceptual draw ngs o ge stroke and a

val l'ey sfgcgratructed from a two- d'mﬁﬂggnala‘@}Ch cqrayr's'mg abtaeat enpsdieketwithkes,
strokes Qfctbi¥i@y %§§.gﬁébdtoathé%@%@%ﬁéwéme%ﬁﬁ%éméoo% r‘?prls%gg Sbfe pE% a bunp
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The first aspect of the present invention is advantageous as it is a fast and efficient way .'
of reconstructing a three-dimensional surféce. Furthermore, it achieves a reconstructed
surface which closely refiects the assigned vector field. It also helps to preserve
surface details without surface distortion in the reconstructed surface. Hence, more
25 desirable structures may be achieved. Furthermore, the non-linear functional is solved
‘ using an augmented Lagrangian method which is capabie of solving the functional

more quickly.

- The mventlon may alternahvely be expressed as a computer system (for example, a
;30 sketch- based surface modeling system) for performing such a method. This computer
o system may be integrated with a device for recording sketches whereby the device
~may .further comprise a user interface for generating or extracting skefches. The

invention may also be expressed as a computer program product, such as one



5 Fig. 13(a) illustrates a rule for indexing variables in an
augnent ed Lagrangi an functional used in the nethod of Fig. 1 and Fig. 13(b)
i Il ustratwe 2are/axsapl e of inplenenting the rule in Fig. pt3Sapoivvo@sei screte
conput ati onal donai n; Figs. 14(a) and 14(b) respectively illustrate
a user's sketch and a surface reconstruct ed fromthe user's sketch vvith t he
met hod of Fig. 1, and Figs. 14(¢) and 14(d) respectively show the user's

sket ch WdcBrddsda %érrgrttreeéoramtet hedruﬁc Q:'&ﬁfardir? srégraw rrts%eudrrstctbemté by cations

corresponding to the added strokes; Fi a) and respectively -
|IIustra@éOE‘PH?éﬁY?ée@R@P@'ﬁorﬁh@ersr‘ﬁitsr%flthft/@@mﬂds - assr ‘gned to the user's
sketch, and Figs. 15(b) and (f), (c) and (g), and (d) and (h)
10respectively illustrate a dense vector field and a surface reconstructed
f r om t heBlieldpescription ¢fihe Eignrest he LUMO net hod, the ShapePal ettes method and
t he ngethod of Fig. 1, Fig. 16(a) |IIustrates a user's sketch and Fi gs.
16(b) - (d) respectlvely illustrate a surface reconstructed fromthe user's

sket ch udnenhadementiothesnveston wilenasy bp dipsireted &y thesﬁapf@xarrtpleeonhewhhd of
Fi g. ;leﬁg,regﬁ {Jo7t(1@)fo|row(rﬁ;)dr5ﬁ§1§§3h'm)fﬁér¥ illustrate a user's sketch, vectors
e

assi gned to t user's surface reconstructed fromthe user's
sketch usi ng the nmet hod of Fig. 1; Figs. 18(a) - - (d) illustrate.

user' s sket che qnmugttﬁeggsf B;agpaﬁ%;faa&g&oqu?gﬁifgﬁ%%ﬁq?r 95‘&]?1% yser'

sket ches usi n od of Fig OFrg ' . ustrate anot her
exanpl e’ PR tshetch@p@qrtimo fo geoogiment etthepreseat imeentis; of Fig. 1 affects

t he recons”uﬁ%eféé@‘tnuét:%%saél% B O8ketdtP6R Figsl Blpyi ¢ 35‘%& € A0 r égtﬁtgﬂf&fe of

how di fferent ect the reconstru surface In met hod
of Fig. @pplying steps inthe mﬁhg@ of Big( 4 pn-thg d;errsmkat@hrmFe 2leanes of an exanpl e

mat te F
s bt o SRR IR 20O B o TPy bpohg bl or
i |1 ustr aeeplyiod Saen%lﬂ thedmeibod whigh 1 ios tmumdﬂﬁmm Figf 3afke present invention
d h { fes | t
and y&i ch rec QEES i 0% ﬁl@st?é’rﬁ ?Qﬁpare e?Qrt%lﬁ%%&@ SOTREL $i ﬂw%srégﬁc:)% eas

one stroke. | n stro rawn t.o f5 User’ s and
these stobkig(3) are then classified based on their stroke types. In step

RERESALE ot R
assigned along example strokes in the method of Flg 1;
Figs. 6(a) — (c) illustrate vectors assigned to a user's sketch and Figs. 6(d) — (f)
20  respectively illustrate surfaces reconstructed with the method of Fig. 1 using the
assigned vectors in Figs. 6(a) — (c);
Figs. 7(a) — (b) respectively illustrate conceptual drawings of a ridge stroke and
a valley stroke; '
Figs. 8(a) — (c) illustrate base strokes, strokes of interest and.a reconstructed
25 surface for a jump stroke, a bump stroke and a dip stroke respectively;
Figs. 9(a) — (d) illustrate an example of how a weighting function used in the
method of Fig. 1 affects the reconstructed surface;
' Figs. 10(a) - (f) illustrate another example of how the weighting function used in
the method of Fig. 1 affects the reconstructed surface;
30 - Figs. 11(a) — (f) rllustrate an example of how imposing a curl-free condition on
the interpoiated vectors in the method of Fig. 1 affects the reconstructed surface;
Figs. 12(a) ~ (c) respectively iliustrate relative residues, relative errors of
Lagrange multipliers and numerical energy values plotted against the number of

iterations in an iterative method used in the method of Fig. 1;



6 to forma dense vector field and in step 108, a 3D surface is
reconstructed using the dense vector field. The user's sketch may
conpri se Wadr/Oga38hapes formed from strokes sketched i RCTSERO1WO0082 N one
exanple, sinple Iine drawi ngs which reflect the characteristics of the
desired 3D surface are used to formthe sketch. In another exanple, any
shadi ng, - hi ghlighting, hatching strokes and stippling in the user's sketch
are ignored. Fige13tl dkiesate$ at fuees o didexingketriablesty aheaugeeotetielchgasngiamput i nt o

ar awi g oS 9eea GabPupeBeladr 76 A an S0d b ekt AP Hach

st r oke i pnpi@aentihgdhe tueinUSigr 13tayindr diveréterdoheiutationalkdzsnaiti;r ace t he recorded

stroke or - adjyust- r ol jnts on the recorded stroke.to di f is or her
sketch. an-exiipl AN eincs PIE BRPT AR I FIRIR Gr uSens ARGl APy s
anci ent fdronsretghpetithe Uset’s skbiomwithnthei methdd a)f AMet,ednd Fige. s4(tpkes are

veet or i 2aHeEesearetipiy g Bpocs k3P BB REa NiGutY ot dur PrBrPludrd S o tor

appl yi .n?s@fﬁi@SNF_ i&ﬂﬂodiﬂ&_@ilo?@dorl&ﬁ)oﬁﬂingh@thml ded s&bfﬁésﬁ;h in Fig. f2( a)h. |E )
articular, Fig. [ trates a nee map of rtion of t sketc
P H o 50n) b db and Hoaresagy it Fbvle Sebihrad hifa et Ty
assi gnedatfighdieto2hesigerk akeich, bhe mgy.tisn) aid (Me(csatql), dridyd)2ne)(h)

illustrates a dense vector field optained affer Interpolating, the gssigned

vect Bl o esreryrSaliang dengt Yofia) foid Ap8 e Siree soSuilided FoRbme Rets o

”ﬁi ng. ..tlhetglerma’g?g&@tmmbirﬁétfloa,rtr;&sgap?agéttes&g@mbcgncmbmo@elFigs1ﬁ ket CE is

shown in Fig. _ imlarly, Figs. - : respectiv ow t he

ooult s af t or FibdPi Myokrhe ssti e ariFane b 1 R researvehditie on Fi g

3(a) whegghycdigeord{rudied hfrom ViB6t Qssrsasskegnedising tthe BUKMOKagethod! e sket ch,

Fig. -3(c).. shows a dense vector fjeld _gbtained fromthe assigned vectors in

Fi g. 3(bPhaperaeies B tg?dé‘ﬂ G&e@eg‘ﬁppég@'ljeconstruct ed using the dense

\d/ect fP|5 fi $lcsi iF'Tg.Tg )-%Sd})res@&tigélﬁﬁlgbsﬂr&%fa ud&r y‘iétéh,%wﬁkseagb@%ditbﬁtdei _nf nor e

etail. 7 Ste : aw stroke(s) .t orma user's sketch and classify

t hese st Péﬁresss‘gﬂtw A"%LP Sf\éy??e E%CPB%&Q%’? EoRg BGHSEs PG %S"l‘%g}e @em?et%h.

Di fferentid. wpes of strokes may be provided to the user for formng the

user's sketch._ The types of .strokes drawn by the user in step 102 determ ne

the. surface gErec FYL o (@bIMSTAIG ets eiipBoTd g eleratiiaa: STaFom t he

strokes. rédbrstrefted #8m thd@s&ty Keeheb Dsihhehdimetod ot kel ah are then cl assified
one ex e ysers ,are able to

according to their roke types. |- ample, th
o urDi ver y i gt A8 oy ELEE;aseher FraSh B icie e B R PREIoB RS ca 10
geonet ri gs tHhmbthelIdf FRE 1rFriceathe deddrefruétbe saifddckend Figes19(é) ¥ @ elobtratbudy in
which lines are drawn (5* artiﬁs to c vet¥] 3D shaaes L%ZJ sh%/s t{;l?)t humans
can easi 13 QEMP& ofjoMpdftereni) ,et)o%gq%{f]gt, BURPESEHded AN 315 BEPdces.
Hence, i nfereiexanple, the stroke types-provided to the users conprise junp
strokes, ridge_ strokes, valley, strokes, bu strokes and dip strokes for
reconstruct i ng '$hed&)dr é‘i/)i I%lésct’iya\tf'e%r%‘éﬁlo‘(?ﬂ”r Q@ @nimglign FEALENEKESEYhRes may
further GRMANhShetR@fFg St rokes which serve to determine an overall shape
of the reconstructed surface. In other words, each stroke in the user's
sketch may be classified as one of the followi ng: a regular stroke, a junp
stroke, adihid@eD&dcripkam ofany/ Bhbedinsgdntoke, a bunp stroke or a dip stroke. In
one exanple, the strokes are drawn in the style of silhouette draw ngs (for
et oM ion | he Spe s TuaEa o sgrettad 1 wilgh oA ehbeibentg
def aul t .  thé ptdbieht iB¥eHIBh @ndiwiechifELbnstR)tt 8 Bt surfage Fioat & RDske®B| REipriB@AgONE Or
m)re-ﬁf, t he reqgul ar strokes and changi ng the stroke types of these sel ected
stroR8s. @fifastARE p&k€o form and edit the sketch in a fast and
straightforward manner. 25Figs. 4(a) - (c) illustrates exanples of
di fferent stroke types (regular strokes 402 (black solid lines), ridge
St rokes 4085051 & YRGS O TRaSP 10FAR 5" < SO &Y JeeeLRRER S At et
lines), joumifetrsdses dHthelrbdtskls 1)pdd. adl Stépnaed,, vdvtore & raekighed Bbrigothay
dashed lines), dip straokes 412'}& | ack dg@eged | i nes %rovi ded in step 102
As

for formYigkelse Mberusers RERtEMN Ipriden 8 dog PYRIONGT Yaras GEbiniRTPRialed
reconstructed fromthese stroke types. 30 showmn in Figs. 4(a) - (c¢), the
surface geonetries formed frombunp and di p strokes conprise
discontinuities in the surface normals whereas the regul ar strokes
translate to snmooth changes in the height map. Note that although regul ar
strokes appear to result in different structures in Figs. 4(a) - (c), this
is due to the anmbiguity in the view angles and the surface geonetries
recreated by regular strokes are in fact the sane.



8 Step 104: Assign vectors along stroke(s) in the user's sketch In step
104, a plurality of vectors is assigned al ong each stroke in the user's
sket ch. TWO8p4i1g438d vectors (except those al ong junp sPEHIBESY1106¢982sent
the projection of 3D surface normals onto the 2D plane on which the sketch
li'es.  In one exanple, a plurality of initial vectors is first assigned
automatical ly al ong each stroke in the user's sketch. The term "automatic"

i s used {grothisSdsReUwRr fleRl aRAM dteat08, a 3D s@fddeaaygbcdnefitdled NkRGaRE i on My
initiate the process, human interaction is not required 10while the process
is being denservyestpr 8. Thi s assignnent of initial vectors nmay be perforned
using a predefined schene. In this exanple, the initial vectors

areorthogonal to the tangents of the stroke (i.e. stroke tan ents) and may
have -equahe deeismsletaty Wg?ﬁ'?leféf@sb%sfco?%%?éorm?ﬁ frREn slides gtkeleheddhy oke as

will e gieﬁbl@rzafrﬁgwé"’éid?ncfﬂ@f§ﬁ1§IéQF?1etd?a\ﬁln@s wHidh defledttBe ichhldclrisN&CHhe My
t hen be nodifi ed yé?gét eir 15 magni tudes and/or directions) to
i3]

nor e’ accd?%teé@[)ﬁh' eAREe $ormethes ifstele dntRarr @EPler RYRBRAY % at | on
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20 602 in the sketch. As conpared to the corresponding vectors in Fig.
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conceptual drawings. In parti cuI ar the first row shows the given surfaces
W th = nges in
surfgge n rnatés3 al o'rllla&f]ah‘glg gx ﬁérep { QFO k§§%}€%ctrérg%l¥rzs@t8 ?%/Seag bﬁ%t@ur es

and the tshiid masd»wmmmméozt (@’ ay fdaefegowrtela) tvaley strgkes léomjblaqld dd$fpdot
struct ur ‘ﬁﬁe pf étH;rk%Q 468’&6 %ﬁk Ty Iméé)?l)uﬁqg(s?r}l:h gt’t?@%ﬁd%%\%ﬂqfx%)uﬁhed 3D

surfaces WI structures.
dotted arStrglm 14h2 Fblg@ d&f@)i ImeSX)da)roweecbecsﬁepetw fion dhroénige thehesensrskatch
directi onSq 1 u é%}h‘?ett rface
reconstruct e@gf e@?n '{tﬁ/g érlg-ralcj aé st re e an&]g?ﬁ&e%g?ﬁtstﬁ%o é{sagk%g t%’;%@ %lé
bunp3@nd sbppn sn Fidee ${a) -1ﬂ_c) the surface geometries formed from bump and dip strokes
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As shown in Fig. 8(a), a junp stroke conprises two SO s which are parallel
and adjacent to its base stroke. To forma desired junp, the surface hei ght
at the stwonori11843e vector assigned to the base stroke iPsTéecoaaAs@d2t o form
a right angled slope. Note that in this case, the magnitude of the vector
assigned to the base stroke does not ioégdi cate the gradient of a slope..
Rather, it indicates the size of the sired junp (i.e. the anpunt of
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intuiti vé’ez#ﬁgnﬁ@eaﬁjpc?ﬁ%gﬁ% 5357 o TSl °§p3$éﬁﬁ s?ﬁ”?ﬁ ?élﬂr%%ﬁ%gaﬁnﬁgﬁ'gs of the
initial JWate thea teesmbdifieatioal ob ittge inhie! wdhers issdptiokal. t ypes. Step 106:

I nterpol ate the assigned vectors to forma dense vector field In step 106,

the vectors assigned in step 104 are interpolated to obtain a dense vector
f i el d. 1FiJhasgamsen biatioked-wihite tohiet mﬂe:f aH Sk gHehSamyatibe-\akye) esethaps 1-cC

\r,\g?(r)ﬁs\'?%hg/teRc?] Ll'%lstrrr]\gpcn(%a Ht aL}sle 8 |Hus?rg¥iel \Elecltonrsvavgggne a?on%[)stﬁlfl(re];alr?ea I's to
user’'s sketch as shown in Figs. 5(b) — (d). Fig. 5(b) shows the initial assigned vectors
perpendicular to the stroke tangents and having equal magnitudes whereas Fig. 5(c)
shoWS'the initial vectors with their magnitudes and directions adjusted based on a

- particular user-defined setting. Fig. 5(d) shows how strokes joined at a T-junction may

30  be handied. For a T-junction, the initial vectors may be assigned such that the

' magnitudes for the‘ vectors near the T-junction along the visible part of the occluded
stroke 502 are reduced to avoid affecting the vectors near the T-junction along the
other stroke 504. Such a T junction may be automatically detected for the assignment

of these initial vectors with varying magnitudes.



The vectors assigned along the strokes F nay be expressed in the formof a
vector field n* = (ni* , 11; )T . In step 106, this vector field n* is

i nt er pol aveaot21e3vai n a dense 15 vector field n = (no RRT)SG2a11/006082
conputational domain S-2 . The 3D surface to be reconstructed is associ at ed
wi'th'a height map z = /(x1, x2) whereél z is the desired hei ght at the .
point (xj , X2) in the 2D pl ane on whith the sketch lies. The assigned
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surf ace. articu e perrorne zation

functi onahatva stheperslode; frrmeercwnrsisralhrgheasate bbdecreaseSguae soradeX)eightgigat i on

(2) showsdeg] &Jj m zing a non-linear 10functional of the vector field n*

i nvol vi ng tertis defined over the domain Q and a term defined over the

strokes F. In other words, Equation (2) inplenents non- Ilnear vect or
curl-free

i nt er,Rol e h uat,i 2 e a

constllrgal raﬁegg”ar Shlgﬁe & %r\%c @eter 'mf‘ }rﬁ o"e:[%I brfﬁpﬁlf’f}/'?ﬁ reCBﬁStr\Vﬁtﬁd\?Hrff’%: +n -
n* 11, wilblong sxample, Oln(t@) va'cttersealer gssigniedi o1 cgiuian rstfollas basetloni an defyudtt | on
(2) is a d of, t TV .regul ari zati on hod and e |I-11
regul ari zh\ééﬁ lH‘aﬁpet gn&a?%éﬁ’gﬁ %%erga‘( Wyt 'Q?%Ie%escéoréﬁsls'gne along s, e q}’iacft or
field n isrobed whareds Fig6(d)showe theBD Sughak recasstiugteaidusiigotng vebtterssinifigkes F
20bymn| 11|stheEu||dannorm|nR2
and’ 1 1 GOF FRE oEf BB By it ioddR axbahtd aleg i rish®e B e TRATe: na

t he 20t edi(&tin dhre skeltrm As eompetagdde shdcdriespbodieg vactdrsap €iy. $ta)otke vectors iat her

}Aﬁ:rgs burrhf)g :an@? ' C%:rr]e %W%Qg#tudggl f'-'llgeé(e‘ﬁillslhowg%heSgDssf]Jl a%e r%ggné ruct%léeS in
using the vectors in Flg 6(b) whereby it can be seen that the increased magnitudes of

the vectors have resulted in a higher nose. Fig. 6(c) shows only the vectors assigned to
strokes representing the left ear 604. These vectors are rotated 15 degrees anti-
25  clockwise as compared to the corresponding vectors in Fig. 6(a). Fig. 6(f) shows the 3D
_surface reconstructed using the vectors in Fig. 6(c) whereby it can be seen that the
rotation in the vectors have resulted in a twisted shape of the surface, vleading to a

- twisted face.

;30 A ridge (or valley) stroke indicates that a sharp ridge (or valley) on the reconstructed
. surface is desired. in one example, a ridge (or valley) stroke is in the form of two
adjacent parallel regular strokes as shown in Figs. 7(a) — (b). Note that Figs. 7(a) — (b)
are conceptual drawings and the space between the two parallel regular strokes is

usually not visible. In fact, the ridge (or vailey) stroke is usually not in this form in the
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user's sketch. The stroke to be drawn for forming a ridge (dr valley) stroke in the user’s
sketch is preferably in the form of a single line as this is more user-friendly (for
example, as shown in Fig. 4, the ridge (or valley) stroke is in the forrﬁ of a gray dash-
dot line (or a black dash-dot line). As shown in Figs. 7(a) — (b), the initial vectors

assigned to the two parallel regular strokes of the ridge (or valley) stroke are

- orthogonal to the stroke tangents and are set either in repulsive directions to form a
-ridge or in attractive directions to form a valley. In other words, the direction of the initial
'_'_vec::tofs :éssighed along a ridge fstroke differs from the direction of the initial vectors
; 'v-.as'sighéd along a \}alley stroke by 180 degrees. In one example, the user can change
jﬁO " only the magnitudes of the initial vectors assigned to the ridge (or valley) strokes and
3 _ not the directions of these vectors. If the magnitudes of the vectors are increased by

~the user, steeper ridgés (or deeper valleys) would be created in the reconstructed

surface.

“Jump, bump and dip strokes are useful in generating exquisite structures in the

reconstructed surface. The structures may be formed on top of a given surface as

shown in Figs. 8(a) — 8(c). This given surface may be an initial surface reconstructed

. -from regular strokes, ridge strokes and/or valley strokes in the user’s sketch.

'Figs_. 8(a) - (c) illustrate a base stroke, Strokes Of Interest(s) (SOls) and a

reconstructed surface for a jump stroke, a bump stroke and a dip stroke respectively.
Each of a jump stroke, a bump stroke and a dip stroke comprises a base stroke, and
either one adjacent SOI (in the case of a bump stroke or a dip stroke) or two adjacent
SOls (in the case of a jump stroke). The first, second, and third rows in Figs. 8(a) — (c)

are conceptual drawings. In particular, the first row shows the given surfaces without

2 jump, bump, and dip structures, the second row shows the changes in surface normals
~along the base strokes to form the respective structures and the third row shows the.

: -surfaces with the jump, bump and dip structures. The fourth row of Figs. 8(a) — (c)

shows the reconstructed 3D surfaces with jump, bump and'dip structures. The dashed,
solid and dotted arrows in Figs. 8(a) — 8(c) respectively indicate the normal directions

for the regular stroke in the user’s sketch, the given surface reconstructed from the

~ regular stroke and the base strokes of the jump, bump and dip strokes.
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TV regul ari zation ne n oneé exanpl e ue of g for
t he is present, the vectors along the SOls are initialized to zero.

20  An example procedure of using different strokes for reconstructing a 3D surface is as
follows. Firstly, the user draws a rough shape of the desired surface using regular
strokes, ridge strokes and/or valley strokes. Initial vectors are then assigned to these
strokes and a surface is reconstructed from these assigned vectors. Based on this

- reconstructed surface, the user then modifies the magnitudes and/or directions of the

25 initial vectors to obtain a more desired reconstructed surface. Jump, bump and dip
 strokes are then drawn to form detailed geometrical structures on the reconstructed
. sUrface‘. Vectors are then assigned to the base strokes and the SOls of these jump,
bump and dip strokes as shown in Figs. 8(a) — 8(c) whereby the vectors assigned to

the SOis represent the projected surface normals from the initial reconstructed sufface

30 (i;e. the given surface).

in one example, only the initial vectors assigned along regular strokes can be rotated
by the user. This is because even though it is possible to adjust the geometry of the

reconstructed surface by rotating the initial vectors assigned along other stroke types, it



sketch is set based on a desired texture of the surface to be reconstructed
and the 15 assigned vectors are interpolated by weighting the conbination
of the T\Wweardi2A1843@gul ari zati on nmet hods using this val u8CoSGgo11/0m982 val ue
of. g for the sketch (including each stroke and the spaces between the-
strokes in the sketch) may be set by {?e user using for exanple, a painting
tool. I'n one exanple, the painting to is used to paint the sketch in a
col or asgagd: iGtvaMd kndv Wélﬁ%rﬁe@f labéh YthtitsaPetialy 16rludersolh@ db ot t he
sketch may be set by vary o the al pha value._To performthis, the value of
g ([0, 1wderr@t9n<t>éren=aptpeoatw rmqerr@gacrfﬁheve%%ewlét tt%rakﬁcmettt? 480 §1o585] or
[0, 1] - tpulieoaid )userlﬂendw nrtqg%r&é?ﬁm% dREIGL reRfibhd Bf the iMBdIURCRIrs 9 for
t he sket.ch, the value of g fied for each stroke in the sketch based
on the c'raeesner‘duatengtbﬂottferﬁtrek%type%e. Consi dering the differences between
t he ]y regul ari zati on method and the Hl regul ari zati on nmethod as nenti oned
above, ‘g nay be nodlfled to 0 for junp ri dge, valley, bump, and dip

‘ sl pterpalaterthe agbis prsite forny ardense Vg rfstructures) and
may be . nodrfred to 1 for regular strokes (to generate a snooth surface).
Alternatrvely, the user's sketch may be divided into plurality of
por ti-ons lrastdp 406 the eeeinrs arsigned imglepbtd4sare lﬂtérpolaaé%top@htﬁ'ﬂ(ﬂqdweﬁc&ﬁ a
desired }%éture of the surface to be 20reconstructed for. the portion. In
one exanple, gis set to 0O in a first portion to preserve discontinuities
of sl®face gradients in the first portron and is set to 1l in a second

h f
oy bo PN SRR TR Oh o ealsies SRel e, 56 ARl e EwigE Lo
vari ed t ysetp 1,ng, “ﬁéﬂ@&tﬁ{r&{a tdgﬁeﬂtoirn \M‘ﬁ&l e §b|s%tf5¥e id {oebé’?edoﬂstﬂjct&i may be

mapped wWth e aIp
The vectors assrgned along the strokes F may be expressed in the form of a vector

field n' = (nl , 112) . In step 106, this vector field n"is interpolated to obtain a dense
15  vector field n-'—“(n],nz)T on the computational dornainQ. The 3D surface to be
reconstructed is associated with a height map z =1 (x],xz)whereby Z is the desired
height at the point (xl,xz) in the 2D plane on which the sketch lies. The assigned

vectors n” along the strokes (except jump strokes) may be regarded as the projection
of surface normal vectors of the 3D surface (with the desired height map z ) onto the

20 2D plane. Since the direction of the surface normal vectors of the 3D surface can be
expressed as (—0,/,—0,1,1), the assigned vectors m" along the strokes (except

~ jump strokes) can be expressed as — V/ .

In vector calculus, if a computational domain QcRis simply connected, then
25 Equation (1) holds if and only if 3/:Q — R such that VI =n . Equation (1)
' represents the curl-free condition typically known as the integrability condition in visible

surface reconstruction.

Vxn=0,n —-0,n,=0 (1)
30



250, 255] or [0, 1] to [255,0]) and the value of g for each stroke in each
portion may be nodified according to the classification of the stroke.
Figs. 9(ayo-202d¥43and 10(a) - 10(f) show how the val ue BCTISGROMBPYRL i ng
function g affects the reconstructed 3D surface. 30 16 portions: a |left
hal f and a right shaded half. Setting,g=1 on the left half of the sketch
and g =0 on the right shaded half of % e sketch results in the .

SRS SRR O S e

% 885datzd R ing ’he Tespective portions

of the reeoRShiHeeRrsSHid ﬁﬂ?@récﬂnﬁhﬂﬁed %@&urﬁﬁé’e %rk&tron':drg’@re idtBfpdlatedd 10(b)

respectively show a user's sketch n;prr sing regular strokes and initial
vect ors @5seasrdestor tigie %@M@@blmlé iqhat the vectors assigned to the
cross in the rectangle are parallel to the stroke tangents in the cross. In
the initial vector field, four discontinuities are present at the_four
corners Sfept ABS datrarormet avein® BMEigHe® ccotPiRRtoRoAt iBndPlel seriatien df¥dent on
the cros 588 1Y Rchbidlierlesb ByrfddaearRy 40Ws in
Frg 10( gugﬁgéﬁxﬁﬁ%@?dq%oﬁggék@ggﬁggﬁ%tructed gurface by setting to O

. byHusegmr,errza@nweih@gwranremln@ﬁmwtm@as af aayoansirueted SRsurfree dRet ch.
AS shown ér@ic érgt %) EQﬁorﬂ\e%C&ﬂ’id QH'ethgﬁl ﬁ"rfﬂnrﬁraﬁrdnnf'uhbtﬂ)'nal‘/\%ﬁﬁ Qredriiel d are
wel | -int rpoae f or m of g Fig. 10(e) shows the
reconst r free @dn@m«ﬁtmeswnmsféqqatlﬁg (§). tEquatien ( S"W\’Sdﬁ'ﬂﬁ@z'ﬂ%@ pen-linear
regulari zation hod a for the entire. sketc in Fig.  10(e),
smootth sUJr”FB%’@s”gTS‘Q V@ﬁfoé?'ﬁ 0 Vel s, g AS (Sir(?V@sB}?ﬁ%‘fr%ln apfig te offn

i nt erpol gimtbaVset HeSstrdried T 1A StherSHENE, Eds@atréh\(rzﬁrnqrnerﬁént& hBnMa&ar viecedset ch

|nto two portions: a textured portion and non-textured portion. Settlng g

= 0 for imerpelaiierurale porttEeiatignd2lyiste qeorolr%WHB@- swkires 6%[‘56’6% i°8rthPesul t s
in the rggﬁ)gés\t,gdtg}tﬂg@ aurface of 20Fig. 10(f). As shown in Fig. 10(f), the
reconstructed surface is a natural conbination of the respective portions
of the reconstructed surfaces in Figs. 10(d) and 10(e). The nodel in

Equatjion (2)fis .inpl fre const ai osed n t he
densé&d veéﬁ,&{gff@lg?d W?ﬂel'ﬁ[&&‘cﬁp&ﬁrfgﬁ ﬁct t ﬂﬂ nB rr@ vmth VI =
n. It also 25 hel ps to i nterpol ate sparse vectors over a Iarge domai n.
Figs. 11(a) - 11(f) illustrate the advantages of having the curl-free"

constr ai MheldMBRFAAnRIZALIY fURGRINBOH Eoedtive ) e & weded a&ﬁmhandnldrsmé awes a

user's sketch conprrsrng regul ar strokes whereas FE |IIustr tes the
initial VeRYyalieaielinge g‘ﬁﬁ sepBiREGteD 'P‘ﬁ‘b g I@r&lograg%g a depcur (o)

and Fig. egodre) olr fref‘tgl?tﬁrrg %tarrr?ecooﬂgr]hrtHgtv%gto?lﬁ aﬁeﬁsﬁgﬁé% 5\899 YHet Qt%ktestlhe

curlefre
20 by minimizing an energy function £, (n). |.| is the Euclidean norm in R* and |.|, is

the Frobenius norm as shown in Equation (3) below. Note that the integration domain
- T includes both closed and open strokes. In other words, the integration domain

T includes all the SOls and base strokes in jump, bump and dip strokes.

o),

In Equation (2), the first term jQ(l—g)IVn | represents the TV regularization

25 |Vn |, =

J=1 i=1

ZZ(G,n,) @)

method whereas the second term 'J.Q g|Vn|. represents the H' reguiarization



30 (with Fig. 11(c) illustrating a reconstructed surface obtained using the
H1 regul ari zation nethod and Fig. 11(d) illustrating a reconstructed
surface oNO2REds8438i ng the TV regul ari zati on net hod). FPGISGIUI®Y0hd Fi g.
11(f) illustrate reconstructed surfaces obtained with the curl-free
constraint (with Fig. 11(e) illustrati %g a reconstructed surface WO

2012/ 118439PCT/ SG2011/ 000082 17 obt ailfied usi ng the I-11 regul arization

met hod and Fig._ 11(f) illu Ejratlng a reconstructed surface obtained using
the TV r & |i‘§tth6¢1tfﬁ6‘tﬁ£ N - Ronpiere g isiagRositive(consiant) iq a(renaligaiicRst
Figs.. 11(e) and 11(f) respectively, it can be seen that with the curl-free
constral paranedier ingirggerven fonnlc ini toa iearpolatet estt@rfiedf hect on the
reconstructed surface. Furthernore, with the curl-free constraint, the
reconstructed surfaces reflect the initial vector settings nore accurately
and shar mnesajyf meel—ﬂdlegaiahmtioannéibo@béczdnls'edcts Hosmeotthier dukfate whilé ihecTV/t toO
applythec traint suc nstralnt i { ied within

t.h
R Y e lfralir Bt st R e et sul it TAR S Aol festlndlien
10di sconthenddiore®ld assigrediadrgrthelsablest areatsaally wal dterﬂ'dl@teﬁ otb avéd agnaiascri bes

an exanpl e meth rco this difficult nment ed: La i.an. net hod
s Rt R T R A e et i T g
augment edinb&griengHaNegEbhefioh SmegRd. tThus, nihgl #et tfaenm efé@)f‘&\énfl cthomel (i .
non- I i near func§| onal . of thg ?ct od' field) in Equation i.s over corres
the diffireQHRRFAfIAN a{B‘ﬁW? Ag EMRRD () ryeaees: b dengiatk r@ﬁw‘eéirl%ﬁ%s'?m@”

curl 161 e@resengd radcahtintidie feabkahpled cﬁécﬁﬁﬁrﬁunﬁiééerryvdﬂﬁsésl &r Gigpglapaing S-2 .
This method i er at or I|tt|n nmet hod with

b
T vart Apmoaisd SRann el vAsechs 57 eRPnd Hatar BURtBo; e ¢ egHBIEREn nt o o

const r ai mhetRdbdinEqultibe (2)eplek @y aseratzaiMaar @uffE@lu:atah@Bméér)out di¥codtinuitle812 and
> = ~ inthe mterpolated vector field.

15 Using the TV regularization method to preserve discontinuities is advantageous. This is
:because while other algorithms (for example, the algorithm in [20]) require information
indicating the locations of the discontinuities in the domain Q, the TV reguklarization
method does not. Since it is usually very difficult to find the locations of the
discontinuities from just the vectors assigned along the strokes, using the TV

20  regularization method in Equation (2) allows an easier implementation of the method
100.

in Equation (2), the TV regularization method and the H' regularization method are

“weighted using a weighting function (or indicator function) g which may take on any
25 value between 0 and 1. The value of g (i.e. the weight) determines how smooth or

“sharp the reconstructed 3D surface would be i.e. it determines the texture of the
reconstructed 3D surface. Thus, by combining the TV regularization method and the H’

regularization method as shown in Equation (2) with different values of g, various

surface geometries can be generated in the reconstructed surface. Note that when

30 g =1, only the H' regularization method is implemented whereas when g =0, only
the TV regularization method is implemented. in one example, the value of g for the

sketch is set based on a desired texture of the surface to be reconstructed and the -



(4) 0)2 P2] P222 |/ .25 with P=WVII, S =11, and V x n = 0(5) Tosolve
the constraint mnim zationi nEquati on (5), an augnent edLagr angi an

functi onaWol12012/11843A, P;f) as shown in Equation (6) is f@cHESG20MOPWSZ, cc
and 30 c, are positive penalty paraneters, andf , Ac and A are Lagrangi an
multipliers. If 18 the weighting funcfgion g in Equation (2) is set to 1
onit is not necessary to use O ,

assigned vectors are interpolated by weighting the combination of the TV and H'

regularization methods using this value of g.

' _ The value of g for the sketch ;(including each stroke and the spaces between the

5 'strékes gin the skfetch) may be sei by the user using for ex'arhple, a painting tool. In one
- 4_.Eexamplei,bthe painting tool is used to paint the sketch in a color associated with a
. variable alpha value and the value of g for the sketch may be set by varying the alpha
value. To perfofm-this, the value of g ([0, 1]) may be mapped. with the alpha value
S (either‘[O, 1] to 0,255] or [0, 1] to [255,0]). '
10 | |
. In one example, after setting the value of g for the sketch, the value of g is modified
for each stroke in the sketch based -on the classification of the stroke. Considering the

_ differences between the TV regularization method and the H' regularization method as

: mentioned- above, g may be modiﬁed to 0 for jump, ridge, valley, bump, and dip

15  strokes (to preserve the discontinuities in the resulting structures) and may be modified

~ to 1 for regular strokes (to generate a smooth surface).

Alternatively, the user’s sketch may be divided into a plurality of portions and a different
weight may be set for each portion based on a desired texture of the surface to be

20  reconstructed for the portion. In one example, g is set to 0 in a first portion o preserve

discontinuities of surface gradients in the first portion and is set to 1 in a second portion
to generate a smooth surface in the second portion. Each portion may be painted with
a color associated with an alpha value which may be varied to set the weight for the

portion. Similarly, the value of g may be mapped with the alpha value (either [0, 1] to
25 0,255] or [0, 1] to [255,0]) and the value of g for each stroke in each portion may be

" modified according to the classification of the stroke.

Figs. 9(a) — 9(d) and 10(a) — 10(f) show how the vaiue of the weighting function g
affects the reconstructed 3D surface.

30
Figs. 9(a) and 9(b) respectively show the reconstructed s'urface from a user’s sketch

when g =1 and when g = 0. Fig. 9(c) shows the division of the user’s sketch into two



A and P. +glPl2F +771,1s-n +LA, (P-Vn)+LIP-Vnip. 2 +$(Ss-n 2 + Lcockw x +x
(6) co, in Equation (6) is a weighting function. 03, is adaptively chosen
dependi ngworrotdasgeonet ri cal structure to be reconstructPen/Sehoalodns2t ur n
depends on the stroke types. In 10one exanple, co, is set to O for ridge,
val [ ey, bunp, dip and junp strokes an? IS set to 1 otherw se because the

I nterpol ated vector field n violates %e curl-free constraint on

di scont i peytibhe S lef HRMTHrACE rifRt SHable@REI ISABME BI=1 bR HANRANEHTItBe skdiéh
wei ghting function co, is determ ned automatically from prior know edge of

t he stroked toysiesn thie tigre shaded half kkthe lskefdhtresulisah tied tdvongthuatadeastacstin uct ur es
which violate the curl-free constraint may 15arise when co, =1, surface

di st orti 6ig. 96d)r Aelsbewn e Eigu 96d) othetraeonsitrasted cairfage isha naural gaibinatigatal on

met hod i uat i - = & ne; ince CO is a
snnoth-fﬁﬁgggg%#ﬁggé%%gé§§®e£§&Fﬁ§&%%%3%ﬁ%??éangﬁgazﬁ?Q§¥9'sian kernel wth
a smobth factor 2. In other words, Gaussian linear filtering with a scale

par anet ek 2 s .perf of ) Al T ; Y used
B e wEioent TepEd POB7 e BBy i usars SNSRI S RS o e e Al 0 ()
i s usef ulinitzd vegtotsassigned & tharsirakese Note thahipehveciossassignegd to thect¢rossis the
substant i - r r Ahi /] t he
cur - 1 1ol AR berBR R, 1 FRAGTEARL n Glorgis, RS i ook PR ok
i t erat i veisgoutinedies earde sasehledt |the dourocomeds ohiube dgenasectpngie tandalthree

"le_ '.:discohtinuitie_s are present on the cross. These seven discontinuous points are

' .indicated by the arrows in Fig. 10(b). Fig. 10(d) shows the reconstructed surface by

‘setting gto O (i.e. by using the TV regularization method alone) for the entire sketch.

iA's shown in Fig. 10(d), the discontinuities in the initial vector field are welll interpolated
" and are in the form of sharp ridges. Fig. 10(e) shows the reconstructed surface by

15  setting gto 1 (i.e. by using the H' regularization method alone) for the entire sketch.

As shown in Fig. 10(e), smooth surfaces are obtained in the regions corresponding to

"the interpolated vectors. Fig. 10(c) shows the division of the user’s sketch into two

portions: a textured portion and a non-textured portion. Setting g =0 for the textured

portion and g =1 for the non-textured portion results in the reconstructed surface of

20  Fig. 10(f). As ’shoWn in Fig. 10(f), the reconstructed surface is a natural combination of

the respective portions of the reconstructed surfaces in Figs. 10(d) and 10(e).

The model in Equation (2) is implemented with a curl-free constraint.imposed on the

. dense vector field n.. This helps to reconstruct the height map / with V/ =n . It also

‘25 . helps to interpolate sparse vectors over a large domain. Figs. 11(a) —11(f) illustrate the

v advantages of having the curl-free constraint imposed dn the interpoiated vectors. Fig.

11(a) illustrates a user's sketch comprising regular strokes whereas Fig. 11(b)

iliustrates the initial vectors assigned along strokes of the user’s sketch. Figs. 11(c) and

Fig. 11(d) illustrate reconstructed surfaces obtained without the curl-free constraint

30 (with Fig. 11(c) illustrating a reconstructed surface obtained using the H' regularization
method and Fig. 11(d) illustrating a reconstructed surface obtained using the TV

regularization method). Figs. 11(e) and Fig. 11(f) illustrate reconstructed surfaces

obtained with the curl-free constraint (with Fig. 11(e) illustrating a reconstructed surface .



19 The following is an exanple algorithmincorporating an iterative
procedure to find the saddle point of the augmented Lagrangi an functional

i n Equat iW0 208118438 naxi m zi ng the Lagrangi an nul ti pl i ePST&GAIT009082 zi ng
variables S, n and P. Al gorithm 1: Augnented Lagrangi an nethod for Equation
(6) Step 1: Initialize s0, 110, po, kof

A and Arto 0. A variable k (represenZ| ng the |terat|on the algorithmis

at) is aloﬁemelal ddirR] ineeq feuBrizakdfRt Bethdd drﬂCF@aﬁSf{\B |m.%tr¥§ﬁr|\$'§ re&or{stﬁa&ea and i f

k Vl, ute an appr oxi mate mnimzer sk e augnente
Lagr angi éHrf@%%ttt%%ps'ng the TY. rgauiarizatien mgthes)- a(FQfEFPEHE‘SlFr‘@S A1) end a(Dn
met hod.. E@bmsﬂ $.g@er1f195r>nmj QQGEeréd&tnPéPy Equadn 88 {ebh W&?rvﬁ@b’tr% '&uﬁ’fr’éée the

varlablesto be "m ni ifargmin L,,(s ) kf 2,k k-1)(7)
Step 3:. tgea%tfaéntm@r\aﬁlget%fttnpmn 82s ausrqagerterf@0¥ @PNBWW;N@HH%{W @Ngfae%) -
(10): 5k 'Fu‘f]tHerlfn&e +\ﬁl’( ghe“chI-fréelC&n"é@a(nY %@Iﬂecaﬂétr@lct‘éd surfaces reflect the initial AR =

A'1l-1+c, . (Pk - Note that if co, = at a point, then 2.hc )1..hc | at
the poi- ntveCtOS'é@b"Q@ Mg asgHrately argd %narraer sustece dglads con | be Qé‘iaﬂ‘@quuat ion (11).
If the relative residues 25are larger than an error bound a' repeat st eps

2 - 4. Note that the relative residues do
‘ However, it is difficult to apply the curl-free constraint. such that the constralnt is

_ satisfied within the entire domain () because this constralnt is usually violated at
10  discontinuities in the interpolated vector field. The following describes an example

method to overcome this difficulty.

- Augmented Lagrangian method to minimize the energy function in Equation (2)

15 - In one exémple; an augmented Lagrangian method is QSed to minimize the energy
_functional (i.e. non-linear functional of the vector field) in Equation (2). This overcomes

the difficulty in applying the curl-free constraint and allows the curl-free constraint to be

satisfied almost everywhere in the domain 2. This method is elaborated below.

20  Using an operator spliting method with two variables as shown in Equation (4),

Equation (2) is transformed into a constraint minimization problem as shown in

Equation (5).
Pz[pl\jzlpll plzjandsz[‘glj (4)
pz p2] pZZ S2 : 4

25 min [ (1-g)|P|, +[ g [P [ +7]|s-n’|
with P=Vn,s=n,and Vxn=0 (5)
To solve the constraint minimization in Equation (5), an augmented Lagrangian
functional L, (s,n,P;4 ., A, A )as shown in Equation (6) is formed where ¢, c_and

30 c,are positive penalty parameters, and & , A and A are Lagrangian multipliers. If



not depend on the size of the donmain or the penalty paraneters and are
hence suitable to be used for determning if the iteration should stop.
WORVR/M18B2, 3} 1|l where .1:1' 11 is the 1,1 nor RCESGDUILQO082t he

1 R4i a
area of

the domain and L (1?- k k) = k,sk nk V x nk, Pk -Vnk v2,v3

(12)

In one exanple, the relative errors oﬁgthe.Lagrange multipliers are al so
calculated in step 4 of Algorithm1l to deternmne if the iteration should

stop (i.
cal cul at
energy i

rel ative -errors and/qr_ rig ener val yes are conpar ed agai nst
respective err.or b%ﬁgf'ﬂgﬁékﬁim@& l%ﬁh@”tﬁér‘é’t i?on shoul d stop. H AkLk

-Ak-i. L f

T T R

her” exanp

ar e

e nurrerica

20

§\als calculated to determne if the iteration 10 should stop. The
nuner.i cal’ feawgr_ y is calculated as shown.in Equation (14). Simlarly,

Sfloick = v2 11A 1 L1-114-1 rllL 15
o ﬁ Co C, .
o+, .(P_—Vn)+7j911>-vn1§

o .
+J.Qkf-(s—n)+7f_fgjs-n|2
| +jchﬂc(Vxn)+%IQ(Vxn)z | - ®)

:aJC in Equation (6) is a weighting function. @, is adaptively chosen depending on the

ﬁ fgeOmetricaI structure to be recohs’tructed which in turn depends on the stroke types. In

10

15

one example, @, is set to 0 for ridge, valiey, bump, dip and jump strokes and is set to

1 otherwise because the interpolated vector field n violates the curl-free constraint on

'discontinuities in surface height and gradient. In one example, the weighting function
@, is determined automatically from prior knowledge of the stroke types on the user’s

sketch. Note that although crease structures which violate the curl-free constraint may

t he

arise when @, =1, surface distortion is reduced because of the presence of the TV

regularization method in Equation (2) (see Fig. 9(d)). In one example, since @, is a

~smooth function, @, is set as the convolution of a 2D Gaussian kernel with a smooth

20.

factor 2. In other words, Gaussian linear filtering with a scale parameter 2 is performed

to obtain @, . The same kernel may also be used as the weighting function g in
Equation (2). Having @ in Equation (6) is useful as without.this variable, it may be
necessary to choose a substantially small penalty parameter c_for strokes which

violate the curl-free constraint. A small ¢, leads to a slow convergence for the iterative

procedure described later on and thus, is not practical.



E =fc2(1. g) PkIF +g Pk I2F + 77fri s -n* Fig. 12(a) shows plots of the
relative residues (cal culated using Equation (11)) agai nst the nunber of
iterati orSO0RAIP38ts in Fig. 12(a) show a total of 10, GOD/SGReNMAPI8Hs (i n
the 20 log scale, this is 10g10000 = 4), Fig. 12(b) shows plots of the
relative errors of the Lagrange nultipliers (calcul ated using Equation
(13)) against the nunber of iterations and Fig. 12(c) shows plots of the

nuner.i cafpg ftﬁlb@r)ﬁg"@'a‘r'\eé(a(ﬁp?é g@baﬂnﬁdm&p@gatﬁgbm né}at.\(elﬁr)o);e@waltmmd e nunber
of iterations for the exanples in Figs. 2(d) (top). and 18(b) (botton). The

axes of Fadgle pqth)th%lawm@)te%egeng'tanéuncéi@n%&E@umr@b@a Mexmigng iR c), 25

th the d I le. |

Fi'g. " 12( oreigR Bl ShoS AR ARG varkbies &b P % TR 2. S%?,E in

Equatl on (12) whereas in Fig. 12(b) -1, Lc, Lf respectively correspond to
- _ 1

osfng Fét%ﬁ EGéZ(a) - (c) nunerically
Tt . - ent. The relative

resi dues and the rel ative errors of Lagrange mul ti pI i ers have. the sane
convergence order. Fyrthermoge, the nunerical ener{g reaches a_ st eady
state. Notep t:Hatializees sBsH bé fsﬂo&ﬁ*\d % to Re Arvagiabled (rapreperding dpe it%r&i“?'bn are
obtai'ned in much | ess than 1000 jterations; see Table 1. In exanple

numer i cateclgRithmenel is aleo RHRlizSUAQ- t hat hardl'y any visual difference in
the reconstructed surface can be detected after the condition for the
relative residues to be |less than an error bound of 0.001 is satisfied. As
showt0 i nSEry2. IngrBeag the ﬂpepf kittyel pad dtk ¢d. ceEPHiA"S 2RRIAXIIAE FUNIRIZey e

f th h t h k d
her cas. (he iy B ) pb e AESTHEHED 1 Ba1=" i Gy ﬁésf‘fza‘é«@?e%}ge?é%a&re?;t_e
thl t t d at t i
1 ect ed SbyaHE '(ﬁi’nr"fage o M RIS PRt P & SRR PSR amet e
val ues Wls|h P asdiink vieRadibetowE®iHireakd-ener gy val ues decreasing nore slowy

across thé iterations (i.e. the numerical energy plot takes a longer tine
to 15 converge) whereas snaller penalty par anmet er vaI ues wll result in the

relative errors in Lagra mul tip g he_re Aa,,tlve resi dues

decr &asing nore s|cf\'ﬁ/|31a2’?§ssar9weh rlét ogr (4%. Athe rel a(t7>ve errors pI ot
and the relative residues plot take a |onger tine to converge). It is
preferable to tune the penalty paranmeters such that the relative errors

pl ot and gige3r Bhdié Legrange FuRpIiehk QsingaRy Rlgwingagletions28) Th)f ol | owi ng is an
exanpl e al gorithmfor an alternating mnimzation method to solve Equation
(7) in Algorithm 1. as described above. Al gorithm2: Alternating

m ni m zation nmethod to spi Equat fon_ 7 25 O Step 1: Initializg,the
vari abl es: sk-1, = nk-1 angf\Le)” ¥% SO For [/ = ,L and fi xed La@?ange
multipliers k =k = 2" and 30 A— A1 solve the followi ng mnimzation

probhgns al ternatively: # gr;g'nﬁ-p&(v Ap))=argnin;) @)
o ) ) c (4 : a)

Af =A™ +c (P -Vn') - B (10)

k-1

‘Note that if @_= 0 at a point, then A% = 2™ at the point

Step 4: Calculate relative residuals R’ using Equation (11). If the relative residues R!

25  are larger than an error bound &, repeat steps 2 — 4. Note that the relative residues do
' not depend on the size of the domain or the penalty parameters and are hence suitable

to be used for dete:rmining if the iteration should stop.



=argmn Ly(s1,11',P;k (15) (16) (17) 22 The mnimzers '-9q ,

I i, andabove are found by mnim zing the energy functionals (18), (19) and
(20). --2%0R012I843#77Jr 1s-n*1(18) 2 62(n) =- Vn-A" Vn PCVSG20MID0M8Zock(V
xn) 2 cf + 11 12 1(19) 2 e,(P) =_g) P+tg P I 2F + --C2r IP-VW12,. +A
P(20) More details on how the m'nim'ﬁqtion of the functionals (18) - (20)
may be perfornmed are descri bed bel ow. “10Step3: AfterLiterations, (sic ,nk ,pk
) i supdat edbysetting _ )I n one exanple, only one
iteration (i.e. L =1) i ‘jaed‘.oﬂqp’ﬁ”gndﬂ gi{$,2,§} sufficient to aqhigve
desirable results. QT

. whereH | ,is the L normon Q | Q2 |is the area of the domain and

(I?V"],ﬁvkz,ﬁv"_%)z(sk—n",’Vxnk,Pv"—Vn"){ (12

"In one :example, the relative errors of the Lagrange mulﬁpliers‘are also calculated in
step 4 of Algorithrh 1 to determine if the iteration should stop (i.e. if steps 2 — 4 shouid
be repeated). These relative errors are calculated as shown in Equation (13). In a
further example, the numerical energy is also calculated to determine if‘the iteration

10 : should stop. >The numerical energy is calculated as shown in Equation (14). Similarly,
o _the relative "errors and/or numerical energy values are compared against respective

“error bdunds to determine if the:iteration should stop.

o _A AT (13)

_ A=
TR, T W, YT AT

c 1! k

L] L]

15
| el =[ (1-)|P"|, +g|P' L +nf|s—n’

(14)

Fig. 12(a) shows piots of the relative residues (calculated using Equation (11)) against

v the number of iterations (the plots in Fig. 12(a) show a total of 10,000 iterations (in the

:_20 " log scale, this is log10000 = 4), Fig. 12(b) shows plots of the relative errors of the

- Lagrange multipliers (caiculated using Equation (13)) against the number of iterations

" and Fig. 12(c) shows plots of the numerical energy values (calculated using Equation
(14)) against the number of iterations for the examples in Figs. 2(d) (top) and 18(b) -

(bottom). The axes of Figs. 12(a) and (b) are in the log scale whereas in Fig. 12(c),

25  the y-axis is in the log scale and the x-axis is in the decimal scale. In Fig. 12(a), R1, R2

Dk

and R3 respectively correspond to ﬁfl,sz,Rf; in Equation (12) whereas in Fig. 12(b),

L;, L., L¢ respectively correspond to Lﬁl,Liz,L% in Equation (13).



M nim zation of functionals (18) - (20) 15 The m nim zation of functionals
(18) and (20) (c.f. Equations (15) and (16)) may be solved by a soft

t hr eshol dwOgortiBesd [ 25] i nvol ving sinple arithmetic coRplitS&RdIdMNONB2r eas
the mnimzation of functional (19) (c.f. Equation (17)) is term nated by
solvrng a system of |inear equations ?Yer t he whol e domain Q Since the
grid for this system 200of -|linear equafions is uniform Fast Fourier

Tr ansf or mhé ol incags. le(éés-e@&théﬁéa\n? shbw&ﬁ'atqprér abbunidrical hIgytithRIERIE at i onal
cost. The variables s In the augnented Lagrangi an functi onal

i n Equat CemVErgntnEie f?éatwéf'Pﬁé'dP%)ﬁﬁfhthﬁ r@@*@@ ETeEnPiukagrangsamulishers have =[ 1, NJ
x [1,N2] thdbame cbrldgBhce ofddl DFurgiepors, Stheggﬁre%argéﬁér ?Yéé&r@b fe?e%hga' by

different locations in the staggered grid systemare use to eval uate the

val ues oftathdlajathadBiegesultsshopingn thesfigires indlils apRicatian ereebtaingdxn fch
vari abl efess thdh Thod iterdfonsPsed Tatlid. ﬁﬁ%ﬁl@quﬂﬂéﬂéﬁ@%éﬁnéﬁ@%W%@unﬂn one

exanple. In this exanple, the first and second conponents ., S and Kkf

are defi e hatdls guayiswal gifferendedn thav esenstrestedssystase icar be dﬂmeagftmtne
P21, " Ar 12,Ad60rf¥br %je r@faﬁvéiPJs!d?J‘ég t@be RRL b Srror- bo-m&’ OP%QQW kﬁ‘@d es are

defrned at triangles A wherebyj) 1s at the triangle ]) and
Aare at the triangle 1304, and p22 (i, j) and A 22 (i, |) are at t he

triangl e AL30RwnTESEs. 15(&5-fo(d) n@\%ﬂéﬁrv@ﬁ&r@%&'%@? thﬁ rélgﬁ/edeﬁ&rseéf' tfzré‘t ion of

t he Eul er-Lagrange equatr ons 1( OWs an exanp
i npl dtent-PagneAemelipiers marvegthelg(r@g qonvergan@cuoéieé wherpas dhe avell foujothau n of

size 5 x ﬂn{e'rrcﬁ enerlgg/ \%ueé rggcheg]a)ste%?;} b ealvr e8RS No Th{?{ HeWpkl9 the

f unct.i onal s |nse§ orlt m?2 are as
M ni ni zatat thCBft e pipissganyetpgds poected By ﬂmrﬁiwm@j the penaltyeparametershargarn E|

E 3 ggn( %%nél ﬁ@%&%‘rd\%ﬁtm QU 1S rRRNEal SheRg)H b Sedrdding nﬁc’ré)

o s|owly across the: iterations (re the numerical energy plot takes a longer time to -

15  converge) whereas smalier penalty parameter values will result in the relative errors in
Lagrange multipliers and the relative residues decreasing more slowly across the
iterations (i.e. the relative errors plot and the relative residues piot take a longer time to
converge). It is preferable to tune the penalty parameters such that the relative errors

, plot and the relative residues plot converge faster.

20 |

' . The following is an example algorithm for an alternating minimization method to solve

B Equation (7) in Algorithm 1 as described above.

- Algorithm 2: Alternating minimization method to solve Equation (7)

25 }
V Step 1: Initialize the variables: §°=s""10"=n"" and IN’O =P+’
Step 2. For [=1,---,L and fixed Lagrange multipliers A, =lj‘l,/lc = 2" and
A, =A'", solve the following minimization problems alternatively:
30 ' =argmin L (s,8", P50, 2 ,A) (15)

n' =argmin L (§' ,n,?"l;k_f,ic,A,,) , (16)

P =argmin L‘Y(S[,ﬁI,P;)»f,ﬂyc,A,_) (17)



The mnimzer in the first energy functional Em (s) is easily obtained
since the 25integrant is a quadratic polynomal in ternms of S. To obtain
t he m ni mvbani1dnsishe second energy functional er (s) , BguaGon/o(@s) is
refornul ated as Equation (24). I'n Equation (24), the value of Cis

i ndependent of the mnimzation. WO 3912/ 118439PCT/ SG2011/ 000082 24

:The minimizers ', &’ and IN)I above are found by minimizing the energy functionals
(1 ) (19) and (20)

| :»,g(s) _f f|s ’~”| +h, s+njrjs n | | (18)
_}g (n) j |1>“ Vn[* —A,,-Vn+§(V><n)2+wc/10(_vgn)}
- L S :
-5 +?[s -nf -k, n . (19)
| c N
&®)=] (1-2)|P| +g|P[; +—r|P*Vn' . +A, P | (20)

More détails on how the mmlmlzatlon of the functionals (18) — (20) may be performed

: are descrlbed below.

le Step 3 Aftér L iterations, (sk,nk,Pk)_ is updated by setting

(s*,n*,P")=(5%,1*,P") . In one example, only one iteration (ie. L = 1) is

performed and this is sufficient to achieve desirable results.

Minimization of functionals (18) — (20)

15

' The minimization of functionals (18) and (20) (c.f. Equations (15) and (16)) may be

, -sblved’ by a soft thresholding:method [25] involving simple arithmetic computation
whereas the minimization of functional (19) (c.f. Equation (17)) is terminated by solving

- a system of linear equations over the whole domain 2. Since the grid for this system

v 20  of linear equations is uniform, Fast Fourier Transform (FFT) can be used to solve these

equations at a low computational cost.

The variables s,n, P, kf,lc,A,_ in the augmented Lagrangian functional in Equation

(6) may be defined on a discrete computational domain Q =[I, N, ]x[1,N,]. Figs. =~
:25 - 13(a) — 13(b) show a stagge're'd grid system. Physically different locations in the =

staggered grid system are used to evaluate the values of the variables. -



S-n*2s - n* +L cf (24) For each coordinate (i, j) EF, a
soft thresholding nethod [32] is used and the
WO 2012/118439 PCT/SG2011/000082

‘23
 Fig. 13(5) shows the rule of ind‘e)‘(ing variables s,n, P, kjf,lc,Arin the augmented
ﬁ .:Lagrangiian functional in one' 'example. In this 'example, the first and second
components of n S and kf are ;défined at squares EI_ and hollow dots o respectively
o -Whvereiajs: Dy ,_pél, A, and A;,;l are defined at solid dotslo . The other variables are
5 “defined at tiangles A whereby A(i, j) is at the triangle 1302, p”(i,j).and

A (i, j)are at the triangle 1304, and p,,(i, j)and A (i, j)are at the triangle

1306. These rules of indexing may be used in the discretization of the Euler-Lagrange
equations for (19). Fig. 13 (b) shows an example of implementing the rule in Fig. 13(a)

- in a discrete computational domain of size 5 x 4 (i.e. [1, 5] x [1, 4]).

10
] iD_e'taiIs, of examples for minimiZihg the functionals (18) — (20) in step 2 of Algorithm 2
- are as follows. '
Minimization of &,(S)in Equation (18)
15
Denoting n = n'”, the functional in & (s) can be represented in two parts as shown in
Equations (21) — (23).
€ (s)= Ear (s)+ €r (s) (21)
20 - where
_ cf 2 . .
Eqr(8)= o A,os+ —2—§s - n[ : | (22)

The minimizer in the first energy functional &,.(S) is. easily obtained since the
25  integrant is a quadratic polynomial in terms of § . To obtain the minimizer in the second
“energy functional ¢.(s), Equation (23) is.reformulated as Equation (24). In Equation

(24), the value of Cis independent of the minimization.



m nimzerin Equation (15) is obtained by the follow ng Equations (25) -
(26) where a = max 0,1 * and x0 =n - C 1 (i, f) F 1)1) -)1(i, j) (25)
(i, j) EWO2012/11B439= n* (i, j) + a(i, j)xo(i, j)(26) 1ORCHISG29A0DGE2 of

62i n ‘Equation (19) - For a fixed P =-- P1' and s =, the Eul er-Lagrange
equation of (19) yields a systemof |jpear partial differential equations
(PDEs) - as shown in Equation (27) wheré ii = (nl1, n2 )1 ,=(-82,a)T, V P
=(V - pi , Vp, , | is a2x2 identity matrix, 15D, = (a; + a22).1 and De=
ViVIT - (c,D, + ¢,D,- 1)n=V A - (cock) +kf, -WPH cfs (27) Since Dis a
Lapl aci an operator and §pé?)a?4[§_7‘%ﬁnegtﬁz‘ %ﬁﬂbn‘érch“of"él , its préédhce 7

- For each coordinate (i, j) e, a soft thresholding method [32] is used and the

: fninimizer ' in Equation (15) is obtained by the following Equations (25) — (26) where

5 a= 7 7
5 a=max| 0,1 and X, =D :
. ' . . chXOI Cf

(la.])gr‘:> S (la.]):n(la.])_;_)ﬁf(la‘]) _ (25)
)T =F N GHal)NG) @)

- 10 Minimization of &,in Equation (19)

For a fixed P = lf;"1 and s =%, the Euler-Lagrange eqUation of (19) yields a system

of linear partial differential equations (PDEs) as shown in Equation (27) where

nﬁ(nl,nz)T, V*t=(-0,,0,)". V-Pz(V-pl,sz)T, lis a 2x2 identity matrix,

15 D, =8 +68) and D, =V*V*".
—(c,D,+c. D, —c,n=V-A -V (0 l)+r, -V -P+cs (27)

Since D,_ is a Laplacian operator and operates on each component oT n, 'its presence
20  in Equation (27) makes Equation (27) a coupled equation and resuits in the diffusion of

n’ on the strokes. However, the differential operator Dcin Equation (27) (present due

to the enforcement of the curl-free constraint on the dense vector field) generates extra _

force to interpolate n” onto the whole domain.



20in Equation (27) makes Equation (27) a coupled equation and results in
the diffusion of n* on the strokes. However, the differential operator Dein
Equat i on WO2p1yis438ent due to the enforcenment of the cuPCTSGEEI1800082r ai nt
on the dense vector field) generates extra force to interpolate n* onto the
whol e donai n. 25 Using the standard%gl nite difference scheme with the

rul e of indexing variables as shown Fig. 13(a), n, in Equation (27) is
di scr et i ggloahe AtSRSA Finie BEIRASCHnd NitRIWat iR of Fblexing \?Hrfa%re%tészed at a
hol | ow-dot © Applying the periodic boundary condition to all variables, the
di scr et estromur ireFigTrags p[im Equatign Y27 uisedisdretizedhatey squdre [ wharereti,rat i on of
Equation (27). The shifting operators conprising the finite dlfferences in
Equat i onEGWPnéBE)edeS&I‘GIU?G e Ballowt def ‘ﬁl%Qﬂhé@%”@cﬂﬂ?'@ﬂ'@tqoéﬂdw@@édlﬂ@%cr ete
Four:i er Tr st or e p ti t

donwi n. Ay %ame i scr ecﬁ@é}?eg%ué}#é?graﬂ%{o%uﬁﬁgy &n ds@d tp F‘.&ﬁg‘g‘# equatl ons
as sl”ﬂ)vmdrsae(li’aﬁpnnﬁ)quuetldrOfﬂr) e stiibg opttatén, co(ruxrlslnglhg finife fiiffepmmcen2

ingxEnIZ;) Ar".(z) %\Eg (é)/bessenttlaﬂ;ygre\f)reﬁenf a cléé:n%te CO%OIU)U&N %Né‘l%sg 'd|%]re_rte2Fc?Jn% 2+ V--

, N2°) Ttdmefocmeé & icompnhentAfige moltipleation &t e feluensyedomagmuat i ons in (28) are

For di_sc'rete freq_Uencies u,u, a system of linear equations as shown in (28) may be

10~ formed. -

) a, 4 Fn]'(ui’uj) _ .f;(uf’uj) : o . (28)
\a,  a, \Fn,(u,u;) frlu,u;,)) ) v ‘
Denoting
15 ¢, =2sin’ %+x/—lsinvi ’ (29)
Vv,
g, =2sin’ ?f +~/—1sinv,, | (30)

27 27 :
where v, = —u, (u,=1,---,N)and v, =—u_ (u,=1,---,N,), the coefficients
1 2 .

v in the system of linear equations in (28) are
20
L) V. ] vj
a,, =4c, sin” 5 +4(c, +c )sin B +c,

a, = Cc(_gj)gi a, =¢, (—; )gj

v
» =4(c, +c, )sin’® E+4c sin’ —2—+c _ (31)



.viv all -= 4c7 sin-+ 4(c + ¢ ) sin- 2r2 C al2 = cc(-0c,a21 =c, W 2
a22 = 4(c, + cc ) sin-+4c 2 2 26 Furthernore, f and f2 onthe right hand

si de of BYO2W120184328) can be expressed as follows. |;-FRCTSB20H000082 1 +
Fa_1222 Fa2' where A","P,,,,,)+ (-1)mO03, 11c 10aA rn+ cpnr. nm 2
| | 26

EFurtherhdore, f] and fzon the right han‘d.side of Equation (28) can be expressed as-

-_: -~ follows. -
o f,=¢Fa,+iFal~Fa. @
fz = ngaflll + g_fFazzz - FO[; | (33)
‘where -
| arlnn = Armn + cr (pmn _—pnm)_‘— (_1)"1 a)c]“c . | . (34)

e

There are NN, 2x2 systems and the determinant of the coefficients matrix in the

above equations for all discrete frequencies is given by Equation (37) where
. 2 i . 9 v/ . . . .
15 ﬂy = Sin E+sm‘ —2— This determinant is not zero since the penalty parameters

¢, ¢, and ¢ are positive. After the system of linear equations is solved for each

. frecjuency, the discrete inverse Fourier transform is used to obtain 1’ .

(de, B, +c Na(c, +tc )B, +¢,) ' (37)
20 |
~ Minimization of &,(P) in Equation (20)
Denoting n = n', the functional in Equation (20) can be reformulated as follows. In
- Equation (38), the value of C is independent of the minimization.

_ : ¢ +2g -1 : : -
25 eP)=[ (1-2)|P| +——=P- (cVn-A) +C (38)
: * ¢ 7 2 c, +2g .

F



-zifi"™ + ¢ ni There are NIN2 2x2 systens and the determ nant of the
coefficients matrix in the above equations for all discrete frequencies is
gi ven by ¥QuAtY1aM3037) where vv, 15p+. Thi s det erm nant PC3/S6A01106¢082 si nce
the penalty parameters 22 , cc , and c f are positive. After the system
of linear equations is solved for each, frequency, the discrete inverse
Fourier transformis used to obtain 11g. + f)(4(cr ++ f)(37) 20

M ni ni 2afrhe%nemln@%faadhqsfﬁmtae%pﬁ i8@)o fiRe uegecnfoml of the WiiGinfiddnch i onal

i n Equation. (20) "can be reforiul ated as fol In Equation (38), the

val ue ofeébhemnhﬁepbﬁdént of the n1n|n1zat|on 27 The follow ng approach
[8] may be applied to find the closed formof the mnimzer at each point
(i, i) Ep(i, j) = mx{0, 11 - g(i, j) IWi, j).(39) Cr.j) |F where w= Cr

(c vn - )(40) + 2g Step 108: Recon truct1 ,?yrface fromthe dense vector
f|eId 10
p(l> ]) - maX{O,l - } (la .]) (39)
c, lW(l,J)lF »
5
~ where
W=—""(cVn-1) (40)

c. +2g

¥

-Step 108: Reconstruct a 3D surface from the dense veetor field

10

. . In step 108, a 3D surface associated with a height map z = ](x1 ,‘x?_) isreconstru'cted
on the computational domain €2 from the dense vector field n obtained in step 106.
This is performed by locating a height map [ whose gradient field fits the dense vector

. field n.

15

in one example, the 3D surface is reconstructed via a weighted combination of two
. methods, a TV regularization method for preserving the sharpness of the reconstructed
"surface and a H' regularization method for preserving the smoothness of the

reconstructed surface. This may be based on the minimization of energy functional

20 &,(/) as shown in Equation (41) which implements a weighted combination of the TV
| regularization method and the H' regularization method. In Equation (41),
1, represents desired height values on X Q and kis a weighting function (or
indicator function) which may take on any value between 0 and 1. Similar to Equation

(2), Equation (41) shows minimizing a non-linear functional of a height map, the non-

25 ~linear functional involving terms deflned over the domain (2(the domain in which the
| surface is to be reconstructed) and a term defined over the domain 2-(the domain in
~ which prior information regardmg heights is present). The prior information regarding
heights, in other words, the initial height information, may be specified by the user,

making the modeling process similar to a morphing process from one height map to

30  another. Furthermore, certain formats of the initial height information may comprise



In step 108, a 3D surface associated with a height map z =x2) is
reconstructed on the conputational domain Q fromthe dense vector field n
obt ai ned wo 2812¢p84806. This is perforned by |ocating a hecgisczempodosyhose
gradient field fits the dense vector field n. 15 In one exanple, the 3D
surface is reconstructed via a weighted conbination of two nethods, a TV
regul arization nethod for preserving £Be sharpness of the reconstructed

surface and a Hl re uI? hzatl on thod for preservi nlgr&he snmoot hness of the
reconst r YEFRE %3 of ¢ Jdoman- B Wies 8B et HeNtrPAPIMNAMAYAN SPIARE gy

funct i OH%}QR{%%Q aldi Dab%s (S8Q¥MNo!0) FEANGHPE tﬁé%n\)’wtfbﬁ dt AP CPERM SarPketRbight ed

conbi-natio TV'regularization net’hod and the 1-1 regularization

met hod. mhﬁcmédt@racwrb)mawerue@dﬁﬁﬂmwe@aﬁmgﬁmchﬁr ght values on E Q and h
is aweighting function (or indicator function) which may take on any value

between 0 and 1. Si mlar to Equation (2), Equation (41) shows mn| mzr ng-a
non-Ilinear functio a he t on 2 25 (i ne unct|

i nvol Vi ng terrimlme Jy@r k"ﬁgld'mﬁ&}% 8 do ilﬁ &‘}/\/m ch t surface
is to be reconsf ructed) and a term defi ned over the domain E-(the domain in
whi ch prior information regardi ng hei ghts is present). The prior

i nformati on regardi ng hei ghts, ther words, the initial height

i nf or mat ilenEquUAlgn bid1spthei fered \‘g ‘t erepsesentsrghe nfVt tiee nwdel i(irRy Preod¥ss
simlar-to a norphing process fromone height map to 30anot her.

Furt her rrrré@,na@en@ralnrbtﬁ@u)rmﬁ@eoé tﬁehermrrlwi ain| hepelents the rHTedyb& Mok Y. éorrpr i se
28 vectors on 'a part of the domain. In one exanple, if no prior information

r egar di nghélelmgrnégular&aauml tathiod). Te SBY type Onorfu rprssmesy ehartplrnessocﬁvbieutl on
wth a snoo used for the

f D Ga
oei P ngeraRkfah relfacd” dhal BB RotS o R TEp oy (AT SRSy oEBR s ¢ he
TV type rtosrdon(rmurt&s)thehdﬂt/ sedadeardistationnwhetshed)hewtér eam trivemt enfordds - n 2

,[ )E;Breef]g? ?ﬁsnbc%o@g‘gs‘s/ é)i)(lgeh 5$c%ha’r§éct%cf sur%(laece @1@2 éfrlﬁa EI 285 orrr.'tlnm%y o?me herrhﬁt v

map (since j'Q h'V] —n’ yields the Laplacian Operétor in the Euler-Lagrange

equation).

15 '

: - It is preferable not to apply the H' type norm to the entire domain Q2 (i.e. not to set
: h =1 for the entire domaan) as problems of overshooting or undershooting may be
' _ encountered with the jumps in the reconstructed surface. On the other hand, the use
) of the TV type norm when % # 1 helps to prevent these overshooting or undershooting
20 problems. In one example, considering the different effects from the TV and H' type
o norms, the value of the weighting function £ '(i.e. weight) is set individually for each

stroke based on the classification of the stroke. For example, it may be set as 0 for
jump strokes and 1 for other strokes. In one example, the location of the .jump strokes
are known beforehand and / is set automatically based on this prior knowledge.

25 |

" Minimization in Equation (41) -

In one example, the minimization problem oonuation (41) is solved by an augmented
Lagrangian method as follows. Note that there are other methods for minimizing the
30 energy function in Equation (41) as discussed in references [39] — [42]. The same

applies for minimizing the energy function in Equation (2).



10 reconstructed surface and reconstructs discontinuities (for exanple,
junp discontinuities) wthout surface distortion whereas the HlL type norm
enf or ces WOROtAINBEY of the reconstructed surface by enf @CTiSGg011980082
continuity of the height map (since LhVlI _n 2 yields the Lapl aci an operator
in the Eul er-Lagrange equation). 15 It is preferable not to apply the Hl1
type: normto the entire domain Q . @9 not to set h =1 for the entire

domai:n Q robl.ems_aof overs i r rshoeting . be _encount ered
with'the j mﬁab% prr% ‘8’?‘?59 ?g‘ ﬁo 3?®a tralr}?gor%ﬁeﬁ?%fn&on? haenL{use of
the TV t yReieh Wheleris 5nbeh ﬂﬁEé&hthQKENhér@l%ﬁg ORI lpgtL g or

under shooting 20 problens. In one exanple, considering the different

effects fromthe TV and Hl type norms t he val ue of the weighting functlon
h (i.e.-weight) is set .individuall r each gtro e based on the

cl assification of tmeni; loké) | §orn ﬂa g —im | " lj%e(’se(g las 0 fo€421)urrp
strokes and 1 for other strokes. In one exanpl e, e location of the junp
strok8s are known beforehand and h is set automatically based on this prior

know edg u (41) e
m ni m zaterlhce)nmﬁ:}{l1 g# ua%]ltﬁ1 ?ééf 'ﬂfoséiro ”C!’%t%%&nb(@g%l”ngﬁ e Lagr angi an
net hod afqﬁJetldnm(Mﬁ) athasadtm polhtaofetharaygmdmm largréngian fumctionahimEguatipnt he

30energy function in_Equation 161)9 aé di scussed in references h39] 2].
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The mi.ni m zation probl em of Equat| on (41) is first transfornmed into a '
constr ai ny,ﬁﬁerhagrmmnlt@mﬁ)l em as shown in. Equation (42) whereby q = V/
and J = |. minL(1-h)1lg-nl+Lh1lg-nl12 +aJ--/0 1(42) The m nim zation probl em
is tHén cast into an unconstrai ned probl em as shown in Equation (43) and a

saddl e point of the augng ran n functional in Equation (43) is
found. | n Equation %4@? jn% ﬁh? B’Us‘ltl e penal ty paraneters and ft,

and u f are Lagr ange mul tipliers. 10 Li,()=1,(2-h)l g-nl+hlg-
4w (q- V1)+——flq VI

+ |, (J - 1)+ j(J I +E&[1-1,] (43)

15 The optimality condition for Equation (43) may be found using an iterative algorithm
similar to Algorithm 1 and Algorithm 2 as described above. More details on this iterative,

algorithm are described in reference [11], the contents of which are incorporated by

reference herein. This iterative algorithm is typically used when & #0 or when

| h#lon Q. '
20 - . ’
If no prior information about the desired heights is available and no jump strokes are

present, £ =0 and h is set as # =1, and Equation (41) simply comprises the term

representing the H' type norm. In this case, the Euler-Lagrange equation for / is o

simply a Poisson equation as shown"in Equation (44). Thus, Equation (41) need not be .
‘25 solved by an iterative algorithm. Instead, the minimization of the energy functional in

Equation (41) can be simply achieved by solving the Poisson equation in EqUaﬁon (44).

in other words, a solution of the Poisson equation in Equation (44) is a reconstructed

height map whose gradient fits the vector field n (this is due to the curl-free constraint

imposed on Equation (2)).
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-(43) 15The optimality condition for Equation (43) may be found using an
iterativevalgwig4dn simlar to Algorithm1 and Al gorit hRCZ/S&201d88¢82 bed
above. More details on this iterative, algorithmare described in reference
[1I1], the contents of which are incorporated by reference herein. This
iterative algorithmis typically used3®hen= 0 or when h#lon Q 20 If no
prior information about the desired heights is available and no junp
strokes are present,= 0 and h'is set-as h =1 , and Equation (41) sinply
conprises the tern1representivg(vyyzHa.hype norm In this case, ke

Eul er-Lagrange equation for / is sinply a Poisson equation as shown in
Equation (44). Thus, Equation (41) need not be 25 solved by an iterative

al gorith nstead, the m.nim zation of the_enerqgy functignal in ation
(4D can RS ARGt i LRty ot poliiame Bavaed4ahies B rieEaRt  on
(44) . 51 n vetlaefieMod datisfids 36¢ iHtegrabitfy ddrngitidai Bisnde, ensaticerassocikgdatiton (44)

is a reconstructed heigh ose gradient fits the vectar fjeld n (this
S due & G Meamhase G Sy B AECeREgaat M teqaseTa e houtgytace
2012/ 1184{p616dA.SG2011/ 000082 30 V. (W =V n(44) Surface distortion is
elimnated in the solution O Equation (44) since the interpol ated vector
field n satisfies the integrability condition. Hence, a surface associ ated
wi t h - a hedtght 100PetbYes R cal aditinglor theSetbestnatb@BDiduttaten may be e
reconstructed w t hout surface distortion. Step 110: Perform |l ocal editing
on tH"reconstructed 3D surface 10 Step 110 is an optional step for

modi fyi ngsiepiffi@aeardeptinbBstep fdrhodipmansifats bedis o trrc@corstiuerRl durfa®e.

conput ation may be perforned in step 110 sin he conput ati onal for
st gg 110 4 geahgn%/\emog]%ptation may be per}orrged in step 156 sntnce the comput tiona?cos??osrt ©

step 110 is not high.

15 The entire domain of the reconstructed surface need not be interpolated again to
modify surface details in the reconstructed surface. Instead, in one example, the user’s
sketch is first modified by adding at least one further stroke to the sketch and the
computational domains are re-defined based on where the modifications in the usér’s

Esketch are. Equations (2) and (41) are then implemented using the re-defined

20  computational domains.

Figs. 14(a) and 14(b) respectively show a user’'s sketch and a reconstructed surface
from the user's sketch whereas Figs. 14(c) and 14(d) respectively show the user’s
sketch with added strokes (i.e. with local editing) and the reconstructed surface with

25 - additional surface details corresponding to the added strokes.

As shown in Fig. 14(c), several strokes are added to the sketch within a local domain
1402 and a bounding rectangle 1404 around the strokes in the local domain is located '
(either manually or automatically). A portion of the reconstructed surface corresponding . .

.30  to the bounding rectangle 1404 in the sketch is then modified as follows.

To incorporate the additional surface details into the reconstructed surface based on

the additional strokes in Fig. 14(c), the computational domains are re-defined. in one

example, ) is re-defined as the domain enclosed by the bounding rectangle 1404



15The entire domain of the reconstructed surface need not be interpolated
again to nodify surface details in the reconstructed surface. Instead, in
one exanpWVe,2014d8438er’' s sketch is first nodified by addiPRE/S&R011488082 one
further stroke to the sketch and the conput ati onal domai ns are re-defined
based on where the nodificati ons in the user's sketch are. Equations (2)
and (41) are then inplenented using tBé re- defl ned 20conput ati onal domai ns.
Figs. 14(a) and_14(b) respectively show a user's sketch and a reconstructed

surface Mhersas '9ur§ figed g thensiipies antherrqyndinggeetpngl d 494 (epMArislisebei vel y
show t he sy aguek 8 aRowbidydiestesiroliRfied | a il dhidPade)ethi iBgbnand the
reconstructed surface ditional surface detalls correspondlng to

t he added 486 cor@gsesAse sagiam withinpthg boundipg reciangle Af04minedie éﬁg@rawm@a to the
sketch w 4 nd the
st rokes |t$1@%’ﬁe@q r}ggﬁb%g{?ﬁé%glaie %c:%gﬁf O#ﬂgdr ﬂ%ﬁ&%&g@é@ aut o nlgg 1y

A por i orveofors hee trenointsrpelated dusing EacetlQrOer)etspfondl mgieem setthe fitlduideng

rect angl 4 rpqrate

t he addi teqo(%t;})gl o‘Jstr&re frgg% %ﬁ%%plés&ﬁatﬁ?%g{rggﬁ e nstruc AJng\i%rﬁgg%legégetﬁgon t he
addi t i onalke®hriothes matifleidgay r134a§ms)tr,uct|rtgath4sowq1mmrau$luglEhuatmme(ﬁm)s Equatiare-(8ef i ned.

in one exanpl e, is re-defined a enc| y boundi ng
Fect angl E1810% a8 poRuEgEne RE ¥ Belis BP0 Tokew LY HUAERE Bolindi ng
rect angl eqlA@dn (£QNEr dat P& sehas hawelioAdded srbiltAk 2ighP fforhtish ¥n T @BANt -
strokes, and the region 1406). The region 1406 conprises the region W|th| n
t he ﬂﬁuncbengsadeast Bnghe shaa imFigus4(dhéhe edditenalistitiace deiailstararintaryoraed2.
Vectors are then assigned along the strokes F and the assigned vectors are
t hen i nt ¥ihwrhekana(ngit ﬁ@ oeamsty ehtf\ezare\t'w%ﬁwasta&%deswr@@ﬁdﬁ the gxampiehe’

portion Cghohh‘?n F@éombauqu@g %rofoﬁca% §i9& ILEABA PR A ihe%éaoeaﬂh@gte
rectangle in the sketch is then nmodified by reconstructing th portion

usi ng Equep dﬁﬁscnqm seepngt Netesthabalthgygh Mmlealpéalcd@mﬁn &P |sh@wrﬂ HeFig.
re-definegy %@n‘rﬂor@sﬁ%@raﬁé [RK ESonaind tal BEIJERR& inl dsik§ldakéten (41), E can be
set as the region 1406 and the height information on E can 10be used as |I.
As sHéwn in Fig. 14(d), the additional surface details are incorporated

Wi t hout cHSREARSN PR BRRIMID WitHExidtiAg aRjdRiingdIs! y reconstructed surface. In
t he exanpl'e shown 1n Figs. I4(a) - 14(d), the domain size is 64x64 pixels
and the local editing step uses less than 1 second. Note that although a
single | Q&s’iborqﬁgi%bﬁo Je&%%ng s/vﬁ\}im\s@sédﬁs@tans Jd’smgt WRtid 160 & &eBRdiRice spocal

dormains may be defined in a single skKetch 5 "Conpari son of method 100 with
exi sti ng ¥G6es tshigre intuitive, less time- -consuming and less labor-intensive. Furthermore,

20  the 3D surfaces reconstructed by existing SBIM systems such as SKETCH [12], Teddy
[13], SmoothSketch [14] and FiberMesh [15] are usually either entirely rough or entirely

smooth and rounded. in other words, the 3D surfaces reconstructed by these existing
- SBIM systems usually do not comprise surface details, for example the shapes of
creases. Method 100 does not have these limitations. '
25
Method 100 is also advantageous over the methods in LUMO [6] and ShapePalettes
[7]. The vector interbolation methods in LUMO and ShapePalettes are linear and the
_reconstructed surfaces do not bfaithfully reflect the assigned sparse vectors. On the
_ other hand, method 100 can faithfully reflect the vector settings in thev reconstructed |
30 surface due to the presence of the curl-free condition. Although this requires nonlinear
vector interpolation, a fast solver based on augmented Lagrangian method [8] is used
in method 100 to allow the nonlinear vector interpolation to be performed at a fast

speed.



As conpared to existing WM-based systens, using nethod 100 to reconstruct
3D surfaces is nore intuitive, |ess tine-consum ng and | ess

| abor - i ntWOAW121186B4r t her nore, 20 the 3D surfaces reconsPCliSGAG1HY008Xi st i ng
SBI M syst ens. such as SKETCH [ 12], Teddy [13], SnoothSketch [14] and

Fi ber Mesh [15] are usually erther entirely rough or entirely snooth and
rounded. I n other words, the 3D surfaéés reconstructed by these existing

SBI M syst ens_ usual not. co | se.s exa
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speed. $£cayse ghdneXRRRItE, andhiney BaRroRtRlRrPioropmENt 95h9 qUadTesi s

traced byoABr@AtihHe L OMOEnd erﬁdpe%reaeg kﬁettﬁéusandthElsthapéﬁéreﬁe§he%dt e
assi gned vectors al og_g N okes rlfqnc(e |s sketch. The dense vector fields and
%c{ , v

r econst r UHIEERes GP7SY Sihéed isfarion jn. e, recansiuGied SUbRes mst sd,
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and (f), d in Fig ) and (g), the
ri pples d??”%”ﬁ grpétg%]@éoratﬁéé E%%Hf%@eda?at‘oﬂﬁofﬁ‘écrr@é%‘f‘t"ﬂ%? Bpv@ilRPeces
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it may becypofsd Rbestigntptiayess dfhBe STV fragBlafkatibAr eRdf sMmiReiug borged with
the use of a pro er wel ght function. However, such prior information is

sel dom av2Hamanted Lagiargian BeHOA hand, the surface reconstruct ed usi ng net hod
100 clearly conprises the ripples 15 on the clothes due to the non-linear
vect or |nterpolat|on wth the enforcenment of the curl-free constraint, the

use of th8 aPethes §EFAPEz AHERCHBIRATSEHEfe W@”U%ék?}f’h pha caligmemwiinlEdgr angi an
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cat as shown in a) using the prior art nethods and neth 100.
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figures e LUMO and ShaﬁePaI ettes net hods can only reconstruct 3D

surfaces SN AN IFFPR]INUSh APesuriacs ¥ (im4sy éhti‘Beﬁ)ra@geﬁ*@eur?@tef ROFNME 1s. On

t he ot hergiig, detiie. OP thBeotkdt harldl @8e GONEE LMo HnbEn RAB-the HALINEEr
interpol ation used in nethod 100, the surface details in the reconstructed

surf ace i AERYationseepd vy melipd 198y the suriasgqeiziisjp dhe reeanstragied sufage 8 t hough

the LUMD migd 18(@paRakpirpes i aetiaass ﬁﬁt{s@r@dschkﬁélﬁﬂbﬂ QItRSugBe iRy AUME ahd
reconstructed surface simlar to that in Fig. 16(d), a |arge anount of

addi t.i onaPhaReFGraties mupthedssrgiabse @PalieR) geﬁtr@an%erre%etraﬁad |SH‘6?%E'm”?rng
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[9, 10] tHEKes@gdipalenentipga cHr sgéEes) 'ﬁtr%q%r@tjr-o'r*?s@t?éﬁié@”a't RS for
consti@i nima§PeEhd infavedn, the vector assignment approach in method 100 is
intuitive and user-friendly. Also, the algorithns V\D _
2012/ 118439PCT/ SG2011/ 000082

Furthermore, compared with most single-view modeling methods [9,10] that require a
large amount of user interaction (hence, time) for constraint specification, the vector

assignment approach in method 100 is intuitive and user-friendly. Also, the algorithms



33 in[7], [9], [10] have difficulties handling sparse gradients,
preserving sharp features, and preventing surface distortion in

surface- fWOIyEBH38Nnt s construction as poi nted out by tRET&EG20IA080032
reference [16] (which uses a Gaussi an kernel approach wi thout discrete
integrability enforcenent to overcone the difficulties). On the other hand,
5 method 100 is not faced with the sad@ difficulties due to the use of the

TV regul arizatl o t hod_and the inposition of the curl-free condition with
[he. nonl iz b odppRaa PR s ARBITRCTP A5 Seionts SrTRY B FHE60 AU dos o
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I pl enentresthes itd Govet thecenbed) fUrdtibmas nties nbhiheBF 98605 iRbrpsttios viztaRod 100
is also nore ali g;ed with traditional design stages, as designers usually
sket ch i RugmesipddagmNGiagnethedear |y design stage before nodeling and 20
mani pgl ati ng a nodel of the sketch in 3D space. In addition, method 100 is
al so- capabl e of npdeli n73 _co(r]r‘PI ex surfaces as illustrated in-Figs. 17(a) -
(c) usi ng>QaBkelchIBRES inAcksighaRasedRly godsling sAse. aneneraRiesoridivenand,
it may beardifaki elddelind of BB RTaEE NHEWESEORINUSE Ith@GREgrdE I SRKRhOP Umhe
25Advant ages of the enbodi nents of the present inventign The key
advant agé?'%ﬁ‘oﬁﬁﬁrﬁ%sﬁweé}eéd%? P MagHally %a?ﬁﬁreﬂgv iUSRsofl hif\s RAdeTFIEd by .
regul ari zlﬁc,mg%masawe@@ging ofvBtdieH ot @RePhbdrd MpuLEH the othErTRAE, the HeRHE sUCt | on
from:sparse | nforpation based on an enerqﬁ m ni nm zati on approach has been
per f dPmedNisPRgSWIAELIEOBHARE Pefelent a0 Bk P3ofulRRetedly erémaledght ed
H1 ‘nor m ofyrihairAore!l @RLEYRRSM \Wh @Retch@ﬁgé 3t andinge L RwWImdaEIfHgesIstdif Idr&ss,
controls the | ocal snoothness of the reconstructed surface. However, it is
di fficul tSUCB @ SYSIQ[P SPd% PerdfeleRehesetngulieiitd 10 urbamrere. the rocesiopher
previ ous ysHRdtic el Bko Imiral aiRB@ WIthesSdilichal BEsigY My of dighels31l] . As
junp discont]nuities under the TV normof data are easily preserved w thout

wei ght i ng'sUale sketes, NP cepacendring dhd readr derian §lesgi BRicke caefelRg r&over ed
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surface camkbe apasd fa¥t Gauidr Mslpehddy. GARYd Bet REnyei @AY ves@tliclipto thate
conbi-nation, This not, only Ig)gragw des artists nore freedomto create various
i

types of SuEhdigeiaRsUfasrietsiesketthUr so hel ps in the reconstruction of
geonetrically crucial structures (see Figs. 10 and 19) and the preservation
of surface details (so that the reconstructed surface conprises sharper
surf e fAY gep ohiherampodiments ofthe presgns inyertianr t i on. A few of these

advant ages arise due to the use of the TV regul arization nethod. The TV
regul ari zation nmethod not only hel ps to preserve discontinuities in the 15
vect or fi Enalkevrrvapiages pempthod dOprase as {allowsscontinuities in the gradi ent of
the reconstructed surface wi thout causing surface distortion. Thus, junp

di scontinuities can be preserved on the reconstructed surface wthout

over shoot Lagbinatiomelel\s Anmht! regulanzatios methedamynethed100ect or i nt er pol ati on

wi th 4ghe curl-free condition in nethod 100 20 In nethod 100, a nonlinear
vector interpolation is perfornmed to obtain a dense vector field froma
sparse velteyouslye|sdrassirgernstrarinng fronr giparsei infermatior ebpasedsrat am. enERgYs
Lgtcfgfolc ?@?r@ﬂizﬁﬁo@@ﬁér@é&@ﬂa%&& BeRbited (65 CRBA-LirRRe PRSEGafEhs (36) dense
' whereby the weighted H' norm of data, together with its gradient with discrete fidelities,

controls the local smoothness of the reconstructed surface. However, it is difficult to



25The nonlinear vector interpolation in nmethod 100 achi eves a faithful
reflection of the vectors' settings and the resulting interpol ated vector
field in Wethpdliss9 satisfies the integrability (curl -f PEESGEON®NA08DN

al most everywhere in the domain. This preserves surface details better

wi t hout' causing surface distortion in the reconstructed surface, hence
achrevrng more desirable structures céﬂrespondrng to the grven strokes and
30vector settings (s 100 i's
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geonetrically crucial structures such-as ridge, bunmp and dip
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desired surface geonetry to be formed. The different types of strokes help
users 30 create desrred structures on the reconstructed surface. These

st r uct ur d€s&aiHng.gon, iy gte At S gthed 399 st r okes
(seedpigs. 18 and 19) and thus, alloms artrsts to create surfaces which

t hey can |ntu|t|vely percei ve frontthe 2D strokes. Ceonetrically meani ngfu

vectors afdnelfst dhege Neningeh Vesise INtirreigiok s ReAERed fo PRi@Inte SRRk VeTiPT ace

geomet ry. figlh@&fn asspares debRe i aaagnéte aforl ke iAnthef urE faeeh. Jpigor mal
vectors onto the 2D glane on which t éer s sketch lie. Method 100 can

successf ulePFURds 8 rﬁ?rmaégut%ea%geagen freimpezed pa therepsaaeripelipld:
structures in the reconstructed surface. Mre conplicated surfaces may al so
be faormed_by adjusting the V\Blfg%’tbi %functlon gi n Equation fZ%

exanpPe, R PaRBKaE Veer Rapelp "eBRBIods1dhgaciiaesm faihiy yefiastion é’f the

vectors’ settings and the resulting interpolated vector field in method 100 satisfies the

- integrability (curl-free) conditio’n_almost everywhere in the domain. This preserves'
surface details better without causing surface distortion in the reconstructed surface,
" hence achieving more desirable structures corresponding to the given strokes and -

30  vector settings (see Fig. 11).



gradient, a sketch may be divided into different textured regions and a
user sinply has to decide which of the textured regions should contain the
di scont i D20 EsL184BRI s is | ess tedi ous than existing net REASGRIBHOI@RANDI €,
the algorithmin reference [16]) whereby it 10is necessary to indicate
where exactly gradi ent discontinuities are located in the domain. Fi g.
19(a) illustrates a user's sketch of é5nnnkey. In Fig. 19(a), the user's
sketch i ivided into two, portions; a textured portion on the right and a
Riethed, usuﬁunveamdﬁéeﬁﬁ@niﬁ Setting g =0 in the textured portion on

non- t'ext grea POttt ot on—Totne Tert

the right and g =1 in the non-textured portion on the left results in the
reconstr ed face Fig. 19(b). As.sh in Fig. .19(h),_.thj
Feconst r et I 15EeRln. gt Prealid Y pediReB O eRes i shorp birb et by ch
appear slsinp odly reb@ar stedkes and defanb iritizd vettbesdtifds. IROReBordd, 2tethod 100( d)
illusfrates the use of various tLoke types to tﬁggngéqut a.surfﬁqﬁ W th
gr adi-&nt 8P r$IPRBI SHECR (PR SloKes i) @ E%PC? Withdbe Hpial drafing st¥leQlat ch of
a nonkey awistsldn ndisfc]gnmmm]E foB hﬁ@’ﬁets dnbwrs&ased:ingﬂeil Bve)styldd, irstteaat fsspehding
reconstructed suyrface fromthe uyser's sketch in Fig. .19(c). .As shown in
o "o e oSt BE v b ety Fhglren (oot Boln Samilebitdcee IFihout any
di st orti emeteedl100 Raftliyive anpussdsendhe | nt ended features 25according to the
stroke types in the user's sketch. Speed and | ow conputational cost of
met hod 100 Fewer strokes are required by nethod 100 to generate o
rec om?t r lllxﬁtiﬁd\llé:‘sttfr_é &ﬁ@ﬁ bef a@?&atimytds%?naﬁ thsaﬁi éry f@Semmmalr @ﬁgnw ihi el o
exanple the algorithmin reference, .. Furthernore, local -edjti may be
o T or med PR AERRGT 1 GEOSFOaDE o6 O BT e A RRES dRT ZrTantbvepidrs
previ-ouslaye behegsHal te trrdstrdkef taagents ant are @ff te eamsahygritadé NAGbmatiedlly t he
entire domain. Rather it iﬁﬁsinplg necessarélto re-define the domai ns based
on wher e BRENRBYEFURL PoFIEPKER PhES LSS SsSKAIER ¢ advantagepus Foar WIPRY? Y, usi ng
Ej _hfef f'?‘UgF{%\!@Ei@ﬁli_nb&lgé'leékgbr@ﬂ{dﬂ%&Bmﬂlei, By BBiGSAg 1 Batdison @ 3%?/@@@%& r‘hb@(;.]l ]
Ifficulties 1n ' solving the constraint mni_m zatil on obl em _Even though a
nonl il fieardSegeRRss nd 7] HCe iRt S Es SRR of Tl et e Nk BrRSSIORT BN%End t he
hei ght naflowRgM&thédit0d &bd Morelidepdrickdl,. results can still be achieved
qui ckly using very fast and efficient numerical solvers based on the
augnent ed Lagrangi an nethod [32]. This reduces the required conputational

ti.me and HdwdveAIRs alibmatip&Rhstignbt GectRARIN 1) be adjusted by the user to form a

more detailed surface shape. in one example, the user can modify the magnitudes and

20  directions of the assigned vectors using a keyboard or a mouse based on his or her
imagination of the desired surface. This is more intuitive than inputting numerical

values for the surface heights.

Ability to construct different types of surface geometries using different stroke types

25  and/or the weighting function g

To reconstruct more complicated surfaces, users have the option of using various
stroke types to generate differeht geometrically -crucial structures such as ridge, valley,

: jump, bump and dip structures. In method 100, the strokes are classified according to

the desired surface geometry to be formed. The different types of strokes help users

30 create desired structures on the reconstructed surface. These structures can be
intuitively imagined from the corresponding 2D strokes (see Figs. 18 and 19) and thus,
allows artists to create surfaces which they can intuitively perceive from the 2D strokes.
Geometrically meaningful vectors are assigned to each type of stroke based on the

desired surface geometry. These assigned vectors may be a projection of surface



process to reconstruct the 3D surface. The non-linear vector interpolation
in method 100 can be inplenmented at a | ow conputational cost and at a high
conput at iwAaP121084$Peed usi ng t he augnent ed Lagrangi an mBCHESEG26 000082
CUDA- based GPU conputation. In one exanple, using a nVidia Quadro FX 1800,
a conputational tine of less than 15 and 5 seconds respectively for a
domai n size of 512 x 512 pixels and 286 x 256 pixels is required. A |ower
conput ati onal ti ma e hi eved dependi ng on t user:s. sk . 15 Tabl e
O hows AT HRGETS GG {16, 20 RIS BB rPIRALe S50 3 ARSED IBuMEHA0 Eofte
(I'ntel (Rsueresiuly) trehslofh 3REe@Rardd GggigndlV/IvVetdrire idesiretl $80&Yregsiacthé or
creating the reconstructed surfaces shown in sone of the above figures.
20To rec&PFONPLted F¥TaChr f aces in the figures shown in Table 1, if the
sketch conprises junp, bunp or dip strokes, two interpolations are
performed. The first interpolation is perforned for reconstructing a 3D
surface MBEeampiFalrd St”ﬁﬁ@% 23 58%9 b@)fog??cgl?ésad&f?&”@ e %&%WfigifH?cg'PBol ation
is perforaRERitios (BRFoNEXdmIB, toltEEFhste: &lsirfade cEipHisRg dsconapuigfintitse
reconstructed surface fromthe first interpolation. This preserves the
geonet ry glddiendy a eketch nepytheadiyidepintddifferent tekiyyes regiartsiareisa aserstiopiy ham Fi gs.
2(d),. 10, 18 .and 19. able 1, "-1" jndicates t the.results in.that
(i gure e dEgRR MR offfle Jtuga feoienssnoulf ERFIL WReob BitilaB Shisi ite 1
t hat -t he teddsud than ieristiig tnethicgis (for @xamplet #ienadorithinegn refarense ¢@)pwhereby it
i nterpolation, 301f = nd h =1 on.f2 (i.e _the r' s sk h  does not
compiPee T iRResERuiedyoeaR i ar B Frabpft Aleuties ek Bhake B s ve
Equati on doAibjn.si nce the height map is sinply obtained using Equation (44).
In Table 1, a dash "-" in the "Nunber of iterations” colum for step 108
indicates that no iteration is required to solve Equation (41) to obtain
t he resulfig 19a} tiestfdtegineuseAs dastoh"d® @ monkey. "ITiFe"1%a), thenusais sketgh 08
i ndicates, WO 2012/ 118439PCT/ SG2011/ 000082 38 that step. 108 is n
borf or medvidR PR YESRITIRTS: Erie Xt rhe R fis et e SRS Rickliied RotBhon 1 ¢
j unp 18t r ke efaSetimgt g po és ¢ teixturéd portisardnsths kight bnd tgtvel inathe ownrgxtpeedanet er s
77 =100,c, =10,c, =land «cf. =1 are used in Equation (6). |If junp strokes
are preséwrtiqmon e lgidpsutsdp dhe FecoppiEudted PUiiGeRfJde aliibeAs showndAdig r =
0.01 are 1439d thid tREndtRERRSbikEdel @AMBHSR ifRrent bf'tie%%]!_a%‘ida@%t&&t%}es which

e

Furthernore, for conmputing the statistics in Ta , the error boundin
Al gori t hrappegksharp on the right and smooth on the left. ,

20 Figs. 19(c) — 19(d) illustrates the use of various stroke types to reconstruct a surface
with gradient or jump discontinuities. Fig. 19(c) illustrates a user’s sketch of a monkey
with different strokes whereas Fig. 19(d) illustrates the reconstructed surface from the
user's sketch in Fig. 19(c). As shown in Fig. 19(d), the reconstructed surface preserves
discontinuities without any distortion and clearly comprises the intended features

25  according to the stroke types in the user’s sketch.

, . Speed and low computational cost of method 100"

_ Fewer strokes are required by method 100 to generate recdnstruc;ted surfaces of a
30  particular quality as compared to for example the algorithm in reference [16].
Furthermore, local editing may be performed in method 100 whereby to add a few
surface details to a previously reconstructed surface, it is not necessary to interpolate
the entire domain. Rather it is simply necessary to re-define the domains based on

where the modifications in the user’'s sketch are.



set as 0.001 in step 106 and 0.05 in step 108 (if the iterative algorithm
I's necessary) for all the figures shown in Table 1. This naintains the
coher encevoR20t4d8438nput at i onal 10 cost statistics for c@EH&G2EAMN0WSENg
Tabl e 1. However, note that bigger error bounds may be.selected to
reconstruct some of the surfaces to reduce the conputation tine required.
As shown in Table 1, . little iteration3/s required to reconstruct the
surfaces in the above 15 figures. Furthernore, the reconstructed surfaces
are of reasonably high quality and can. be obtained in a short time. Thus,

it can bguetheehdtdedsingathematiradnté80LsgandIen | pthedeint edtpd abbyheipsd tat a | ow

LTI SO TN FER AT NI C AT L RN
nonlinear process is implemented for both the vector interpolation and the height map
5 reconstruction in method 100, results can still be achieved quickly using very fast and
' ,j'_efficient numerical solvers based. on the augmented Légrangian method [32]. This
' :reduc'e»s_ the 'requir‘ed Computati_ohal time and increasesvbﬁ the speed of the»: modeling .
ﬁpr_oceés"- fo récovnstruct the 3D surface. The non-livnear vector interpolation in method »
_ ‘100 can be implemented at ai low computational cost and at a high .comput'ational ’
:vl;O speed using the augmented Lagrangian method and a CUDA-based GPU corhputation.
‘ In one éxample, using a nVidia Quadro FX 1800, a computational time of less than 15
and 5 Secohds respectively for a domain size of 512 x 512 pixels and 256 x 256 pixels
is required. ~ A lower computational time may be achieved depending on the user’s
: sketch.
15 -
Table 1 shows the number of iterations performed and the computational time (Intel(R)
Xeon(R) CPU E5520 @ 2.27GHz, NVIDIA Quadro FX 1800) used for creating the

“reconstructed surfaces shown in some of the above figures.

20+ To reconstruct the surfaces in the figures shown in Tabie 1, if the sketch comprises
jump, bump or dip strokes, two interpolations are performed. The first interpolation is
performed for reconstructing a 3D surface from regular, ridge and valley strokes and
the second interpolation is performed for creating jump, bump and dip structures on top
of the reconstructed surface from the first interpolation. This preserves the geometry
_25 surrounding the jump, bump or dip structures as shown in Figs. 2(d), 10, 18 and 19'. in
o Table 1, “1" indicates that the results in that figure are obtained after the first
_ interpolation whereas “-2 indicates that the results in that figure are obtained after the -

second interpolation.

30 K& =0and h=1on Q (i.e. the user's sketch does not comprise jump strokes), an

iterative algorithm is not required to solve Equation (41) since the height map is simply
obtained using Equation (44). In Table 1, a dash “-“ in the “Number of iterations”
column for step 108 indicates that no iteration is required to solve Equation (41) to

obtain the results in the figure. A dash “-“ in the “Time” column for step 108 indicates



146 8.14 - 0.094 Fig. 6(a) 2562 90 1.77 0.062 Fig. 10(e) 2562 156 3.00 -
0.062 Fig. 10(f) 2562 307 5.86 -
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‘that step 108 is not performed. To reconstruct the surfaces in the figures shown in _

Table 1, if jump strokes are not present in the user’s sketch, the following parameters

n=100,c, =10,c, =1and ¢, =1are used in Equation (6). If jump strokes are present

in the user's sketch, the following parameters £ =0and u, =0.01are used in the

-5 reconstruction step i.e. in Equation (43).

: j Furth'e'r,more, for computing the. statistics in Table 1, the efror bound ¢ in Algorithm 1is
‘setas 0-:.001 in step 106 and 0.0:5 in step 108 (if the iterative algorithm is'neceesary) for -
all the figures shown in Table 1. This maintains the coherence of the computatienal
:10 . cost statistics for-comparison using Table 1. However, note that bigger error bounds
| may be selected to reconstruct some of the surfaces to reduce the computation time

" required.

As shown'in Table 1, little iteration is required to reconstruct the surfaces in the above
15 figures. Furthermore, the reconstructed surfaces are of reasonably high quality and can
' " be obtained in a short time. Thus, it can be concluded that method 100 can be

| implemented quickly and at a low computational cost.

Step 106 - Step 108

Figure Size of domain | Number of Time Number of Time
' lterations (sec) iterations (sec)
Fig. 2(d) 512° 146 8.14 - 0.094
Fig. 6(a) 2567 90 1.77 - 0.062
Fig. 10(e) 2567 156 3.00 - 0.062
Fig. 10(f) 2562 | 307 5.86 - 0.062
Fig. 18(b) 5127 288 15.95 - | 0.094
Fig. 18(d)-1 5127 80 4.50 - P
Fig. 18(d)-2 5127 170 9.44 54 1.42
Fig. 17(c)-1 256° 77 - 1.52 - T
Fig. 17(c)-2 256° 63 1.27 - 0.062
Fig. 19(d)-1 512° 254 13.95 - -
Fig. 19(d)-2 512 62 3.53 - 0.094

Tabie 1



0.062 Fig. 18(b) 5122 288 15.95 0.094 Fig. 18(d)-1 5122 80 4.50 -
18(d)-2 5122 170 9.44 54 1.42 Fig. 17(c)-1 2562

10

15

20
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Multiple applications of method 100

Method 100 is not only capable of reconstructing a static 3D surface. It is also capable

of creating an animation sequence made up of a series of static 3D surfaces by

: gradually changing the vectors assigned to a user's sketch. For example, a plurality of

_animation tool for creating short animation clips. Figs. 20(a) — (d) show various frames

“selected from én example animation sequence formed using method 100. This

animation sequence is generated by changing the magnitudes of the assigned vectors

-along jthe strokes forming the fist- and reconstructing the 3D surface each time the

magnitudes -of the vectors are changed. Each reconstructed 3D surface is a frame of

the animation sequence. A more complicated animation sequence may be formed by

- changing not ‘only the magnitudes of the aSsigned vectors but also their directions.

- Furthermore, method 100 may be used in other applications, for example, 2D cartoon

shading [35], [36], [37] or geometric error fixing [38], etc. A sketch-based surface
modeling software may also be developed using method 100 and this software can be
used in various design applications for reconstructing complex 3D surfaces based on

user’'s sketches eésily, quickly and accurately.

Fi g.

frames for an animation sequence may be created by itératively reconstructing a 3D
’ surfac‘:e‘;from_a user's sketch Whereby the assigned vectors along the strokes in the = -

_user’s:é’ketch for each iteration are different. Thus, method 100 can be used in an -



77 1.52
Fig.

- Fig. 17(c)-2 2562 63 1.27 - 0.062 Fig. 19(d)-1 512 13.95 -

19(d)-2 5122 62 3.53 -
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€ hods

e-di enst prgl, silace s Leconstyct o {1 .
conpr i si N§%F "FE AT TYRESL HPER 8RB L S AYTNHI LG igned to the at | east

one stroke and the nethod conprises the steps of: interpolating the vector
fielg to forma, dense vectqr field; and reconstructi t he surface using
the ddnsé \/éc'mﬁhogi 3ygr '9&13? AM At e‘?‘b"?ﬁfﬁﬁtf ‘agfp@ﬁﬁngléggo‘fec?qre#%d gﬂﬁlberi ses
m ni .m' Zi rgnpriseusing@akeighted combination of a TV regularization method for preserving

' sharpness of the reconstructed surface and a H' regularization method for preserving

smoothness of the reconstructed surface.

20 3. A method according to claim 2, wherein interpolating the vector field further
comprises:
setting a weight for the sketch based on a desired texture of the surface to be
reconstructed:; and
interpolating the vector field by weighting the combination of the TV

;25 regularization method and the H' regularization method usihg the weight.

4. A method according to claim 3 wherein the step of setting the weight for the sketch
further comprises the sub-steps of:
painting the sketch in a color associated with a variable alpha value; and

30 varying the alpha value to set the weight for the sketch.

5. A method according to claim 2, wherein the method further comprises the step of
dividing the sketch into a plurality of portions and interpolating the vector field further

comprises the following sub-steps for each of the plurality of portions:



10 functional of the vector field wth a curl-free constraint on the dense
vector field, the non-linear functional of the vector field involving terns
defined oveOr0tds84®nai n and a term defined over the at PEASG2ONHB? oke,
and wherein the non-linear functional of the vector field is mnimzed
usi ng an augnent ed Lagrangi an nethod. 152. A nethod according to claiml,
wherein interpol ating the vector fiel @further conpri ses using a weighted

conmbi nation o . - j.zat | thod_for. preservi sharpness of the
reconst ruct edfsgﬁp ;5\C%é'§'%§5§fdsﬁr{e'%?§%dz%q 6 s'r'}%{ Eeé(g"r? 8? g]c?r “é'{@g‘\alﬁ%ée

snoot hnesacopbtrgdied foe fedriiorctaed surface. 203. A nethod according to claim
2, wherein int I t V, r.field further .conprises: .. setting
a weight for Erﬁéer%gt?g{\% ﬁ%o\éé;cgo fge(rfl(E g‘ %‘SSF?O.J@‘H’ t’l )\évte{ﬂhgng)?% ﬁ%mélﬂ?tf%{’c%f 8 be
reconst r Uot egulagization method and H' iregwarnration inghdch esivgaheweighe| sdt Ifor twei ght i ng
t he cgnbiggtion of the TV 25regul ari zation nmethod and the Hl regul arization

met hod u m'&ntjhewei ght. 4. A nethod according to claim3 wherein the step
of setting.the weight for the sketch further conprises the sub-steps of:

pai nti ng.t he sketch in.a color associated with a variabl e al pha val ue; and
Bovaryi o naelishdosryite i et FRePRerdng dare; NECwRR rsmrstelting HeL hoq
accordi ngutfacec banpnisss wdieg ei weighedneirhisidatfonr 6the rT\c esguiarzasort Restisdde forof

di viding the sketch into luraljt f portiops and interpol atjng, the
vector TP PhaPhes aiihE setPnlidted pulior s L BRUSRRIOR ARHNGE e

pl ur &0i t prexderying smoothnessAd the reconstaetdd sigfagewei ght for the portion based on
a desired texture of the surface to be reconstructed for the portion; and
interpolating the vector field in the portion by weighting the combination
of the TV.remstiesd aatdrding netdrgdofatid ptecedigy | oding atwhersimmesddiru@ingothe he

wei ght set for the portion. 6. A nmethod gccording to any,6 of the preceding
clains, GHEPET (FoPRESRs (POCITRG & HEPSIERn WO CBRB P & NGShgnaP SirBneBd

conbi nat iaopmehted Tadraregan aveitraf iten nomiihed fldtiopalestehyiHghhs hedpdnesisingf t he
reco?g‘tr ct edd'§.uréace tﬁnd a Hi r&ggﬁl ar i atidon rre:ﬁﬂ-ﬁ% for _10,Fr serving
smoot hined¥ "B IFHEY PXFIRE CPTEAL AN A HLdsTingd oXepa r JeEGId r‘(ﬁ“"ﬁ Py of

t he preceédomgatiohasgardingtmelgbinisipeesenst ructing the surface conpri ses
mnimzing a non-linear functional of a height map using an

8. A method for reconstructing a three-dimensional surface in a domain wherein the
three-dimensional surface is reconstructed from a two-dimensional sketch comprising
20 atleast one stroke and the method comprises the steps of:
assigning é plurality of vectors along the at least one stroke to form the vector
field; and
reconstructing the three-dimensional surface in the domain .by a method

: “according to any of the preceding claims.
25

9. A method according to claim 8, wherein prior to assigning the plurality of vectors
along the at least one stroke, the method further comprises the step of cléssifying the
at least one stroke according to a surface geometry to be reconstructed from the at
least one stroke. -

30
| 10. A method according to claim 9, wherein the step of classifying the at ieast one
stroke further comprises classifying the at least one stroke as one of a regular stroke, a

- ridge stroke, a valley stroke, a jump stroke, a dip stroke and a bump stroke.



augnent ed Lagrangi an net hod, the non-linear functional of the height map

i nvol ving 15terns defined over the domain and a term defined over a further
domai n i nwohnipebor i nformati on regardi ng heights i s presentt10000828. A
met hod for reconstructing a three-dinmensional surface in a domain wherein

t he three-di nensional surface is reconstructed froma two-di nensi onal
sketch conprising 20at |east one stroléé and t he net hod corrpri ses the steps

S i.n lurality vecfors, al ong the at ast one stroke
to form t1ﬂe9\/ ﬁ‘&d % 8[@”9 ingny of Ca”“?e%:on rvtft‘ﬁrg'ﬁgastsﬁg'”tghg‘éep et onal
surface ivectohealcagritierat Isastomesthaxe fatsear@dhipgistOtrRubtedshs: precedi ng cl ai ms.
25 9. ‘A net hod .ac.cordiln .to cl.gi m 8 an{qgitg prior to assigning. the
plurality of PS8BS &P 8&3& Y pfnifie! Yestars 3 B IR3St PR stiRitehhereily her -
conpr.i seplirhitty sf iBiabiectdraard dnidy@naline tas tahgasis oP e Htidaekenaskskedhng to a
surfaﬁe geomw%%o be r const{uct d fromthe at |east one stroke. 30 10.

A metBod acco ing 4he PLIralTty of Rt veqiorsHe fam fhegrluralityaf ivegtorrgassianest | east
one st okaoright Bekastaonerdtees. cl assifying the at | east one stroke as one of
a regular stroke, a ridge stroke, a valley stroke, a junp stroke, a dip

stroke and a bunp stroke. 46 11. A nethod according to any of clains 8 -

10, wher ei2n AansthgdiaBorting tolckil 11t Whetenv&fét QlSstah N thddifingthd aaﬁamtme
stroke. further congﬁbses t he sub-ste

ni ng urality of
T el JEAIGPEOR BHbST tavalioeh GHSlvoRans oF bR qiifes BRANE S oA HEFGTSOf

i nitijal redeofiGradty®f Mitldhog@o@l to the tangents of the at |east one stroke;
and - - nmodi fying the plurality of initial vectors to formthe plurality
of vectors assigned along the at |east one stroke. 12. A met hod

accordi ngi3t @ edchdBd Adcoraihgriei dhyt becisivks 8t.ep 20fwHERglh fivd g |éétr,¢ deUERIKLt Y Of
initial vectors further conprises npdifying one or both of the magnitudes

and di r edbYicaies oL itRe 'Blt?nbélfPt“}e%P ‘ihﬁlr?i’%nStr\l/'é@fj(ﬁUéface Bpd the ieRiins

accor di ngartdOmagmu@‘escdfathaBpnﬁramyl& vedierseadiidriz@ Abnd 89S tat MRt YnkOktFoke.
i ndi cates that a tﬁﬂ? is to be fornmed in the reconstructed surface, and the

di r edti of€sREFEVEA b8 dgechoReang MAlitugg obtheywnp & ke E¥medned al ong the at
| east one stroke 15respectively represent a direction and magni tude of the

junp to be formed. 14. A nethod according to any of clainms 8 - 12, wherein
the at | edsth SN pessding dp aives’ ERMRS § s|1@paviieein dhe @t fleasiemei sirakee

r econst r ygdiesles tHsh @Ceﬁopéﬂlrédtotd?;efoﬁ'hé@ﬁ tr@W%c&mrum@%g@sarﬂfthe RfreBlidisal ity
of vectors asmglned al on% the at | east one stroke 20 res?ectl vely represent

a directi BN TR Inheoplurally Qi ¥ertorepassionedr Aleag thel 3t Isrsteingostrekecor di ng

to chai mr@sﬂ&ﬂﬂelﬁ%}ﬁéﬁ%‘ﬂb d‘i}@ctﬁﬂnaérﬂi‘g?radlléﬁﬁff%é‘slbﬁ@tosﬁéaﬂanﬁéd setting the
wei ght for the sketch conprises setting a weight for the at |east one

stroke and the method further conprises the followi ng step prior to the
st ep of 118 e preird &dtording to claim 9 when dependent on claim 3, wherein the step of

setting the weight for the sketch comprises setting a weight for the at least one stroke
and the method further comprises the following step prior to the step of interpolating
25 the vector field: 7
| modifying the weight for the at least one stroke based on the classification of -
the at least one stroke. |

16. A method according to any of the preceding claims, further comprising the steps of:
30 modifying the sketch by adding at least one further stroke to the sketch:;
locating a bounding rectangle around the at least one further stroke in the
sketch; and '
modlfylng a portion of the reconstructed surface corresponding to the bounding
rectangle in the sketch.



25t he vector field: nodi fying the weight for the at | east one stroke
based on the classification of the at |east one stroke. 16. A nethod
accordi ngvoaoems4sP t he preceding clains, further conprPET$G20MO0682ps of :
30nodi fying the sketch by adding at |east one further stroke to the sketch;
| ocating a bounding rectangle around the at | east one further stroke in the
sket ch; and nodi fying a porti oft’of the reconstructed surface

correspondi RQ_t.0 th i ng. t ' he sket 7 A et hod
accordi ngqt 8%@&9@,@?@%@# 8'%# ﬁ ﬁ’e\ﬁﬁgeﬁeggtatt(l)enae&g?? %E%kef @rrtpﬁ%%mép}r'?%? ises a
stroke | yi styoke tifing Wwitken bibanbourglingeceetagyle amtl modiiyfngi tige tpoetigpordfi e of t he
reconstructed, surface corresponding to the bhoundi.ng rectangle i he sketch
further Ciprrged BEeE0RoaRER08Ep o R olindBY FRuaReiE 5 HE Bhfieh ¥l ty
of vect orcsmalissthelsebatepseftist one further stroke and the stroke lying -
wi thipn the boundi ng rectangle; .interpolating.the further, plurality of .
vect o_? s to fo.a,%?'gnﬂgﬁﬁgﬁefg@}{@@y\ﬁée’?gﬁ%rﬁ F%’Pg;theaﬂtdeaslt ohe'fufther S%Oﬁﬁcﬁ yi ng
t he por t itienstedketifieg Wthiansé bowmridid eutaingiee by reconstructing it, fromthe
10f urt her dense vector field. 18 A method for gepnerating an animtion
sequence from”?;{‘ef%%&'ﬂg ﬁ%%ﬁi"g‘ﬁ&["”&%l‘@’t %ﬂ"’s%%%rf? g‘?”ﬁ‘ga ﬁ'ir{r\eégggseo}‘n%& 't ‘§<e, t he
nmet hod camgrising the step of: creating a plurality of frames for the
ani mati on sequence by iteratively 15 reconstructing a-three-dinensjonal
Surf ace from THRAVING.EF REHEN AT SEBPRRVGRP S Ree RIS HaR ey G Tals of
cl ai e - 8 furtHef dehes eddtortflegl. assi gned plurality of vectors along the at |east
one stroke are different for each iteration. - 19. A conputer system
having a processor arranged to performa method according to 20any of
clainms 1 _d148.1_& meth odﬁfgccgl@pwaaﬁg RhOgTirRaNg @dd}ldféncéljﬂi_m astwa-dimegsibh& gkator o
storage device, r apl e a conpyter and. containing instructions operable
by ai-p_r'o_c?@g?é'ﬁmgfa?§aé ‘?ﬁﬁﬁqékes@gg%m%c%ﬁﬁwqth@ ShPflessor to perform a
met hod  accor digigating - anpiuedlitg | i fremés - fok 8the2@nimation sequence by iteratively

15 - reconstructing a three-dimensional surface from the two-dimensional sketch by a

‘method according to any of claims 8 — 17 wherein the assigned plurality of vectors

along the at least one stroke are different for each iteration.

19. A computer'system having a processor arranged to perform a method according to

20  any of claims 1 - 18.

20. A computer program product such as a tangible data storage device, readable by a
computer and containing instructions operable by a processor of a computer system to
" cause the processor to perform a method according to any of claims 1 — 18.
25 B



