WO 01/ 08102 PCT/ US99/ 16844 CEOVETRI C DESI GN AND MODELI NG SYSTEM USI NG
CONTROL GEQVETRY FIELD OF THE | NVENTI.ON The present invention relates to a

syst em andwowihbser f or perform ng conmputer aided desi gegréashesdsn parti cul ar,
to 5 efficient conputational techniques for blending between

representations of geonetric objects. BACKGROUND A designer using a
conput er ai ded design (CAD) conputational systemWII| typically approach

t he design ofafreeform georre @gf MA@ w&%&ce) by first

speci fyi ng prom nent and/ or é'x @E e geonetric object .
through which the object is const % Subsequently, a process
is activated for generating the geonetric object that conforns 10 to the

constrai ni ng subportions provided. | B j , such subportions nay be
i hi ghd®: i i

poi nts, curves, surfaces and/or nal geonetric objects. For
exanpl e, a desi gner hat desi u ce construct. and posifion a
plurality of curves %Pﬁ%ﬁ%ﬂ&ﬂ’&ﬁ%‘ﬂéﬂ" '"Fﬂ@%ﬂm'@dvﬂr"&&aé‘*%m“@ag’g“ %Bhch
such curve also el n ote pe!\][[;@ r?) asa featgrealﬁlog or "feature
curve"). Thus, tfiE" f" é‘ﬂ'""é"ﬁ TFOIETOIAE Dptggen reprsentalians L geometnc oo ot ed t o have

geonetric characteristics (such asdi ffﬁ@&%@@bl | i tyandcurvature) that,
substantially, only change to the exte ssary in order to satisfy the
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may desire to g

bottle grips by?"a’g*‘{"% m"“%'ge\%zhre:;gbgmgg e '?'6%2{?%9“?"5@"%%{“{ L‘mgg'g 'Fa%érghgﬂ'é%&sti | 1.

have the b oh§ le cives rfha?? ffe xfIsi?ﬁer expects the generated surface to be what is typically referred to as “fair” by those skilled in the art.
Thus, the designer typicalfy constructs such feature curves and positions them where the intended surface is likely to change its
geometric shape in 2 way that cannot be easily interpolated from other subportions of the surface already designed.
As a more specific example, when designing contziners such as bottles, an intended exterior surface of a bottle may
be initially specified by subportions such as: (a) feature curves positioned in high curvature portions of the bottle surface, and
20 (b) surface subareas having particular geometric characteristics suchas havigga shape or contour upon whicha bottlelabelcan
bé' shioothly apﬁ!i'ed. Thus, the inientioﬁ o{ a bottle surface désigner i5 to construct a bottle design that satisfies hiﬁ{ller input
constraints and that is also fair. Moreover, thie designer may desire to generate holes for handles, as well as, e.g,, ergonomic

bottle grips by deforming various portions of the bottle surface and still have the bottle surface fair.



WO 01/:08102:PCT/ US99/ 16844 2 There has heretof ore, however, been no CAD
system wherein a designer (or nore generally, user) of geonetric objects
can-:easi ly Wod1e$hi ci ently express hi s/ berdesi gn i nt ent PCEUSIPPS44t | Ng
constraints and having the resulting geonmetric object be fair. That is,

t he desi gner/user may encounter |engthy del ays due to substanti al
conput ati onal overhead and/or the designer/user may be confronted with
non-intuitive geometric object definition and deformation techni ques that
require substantial experience to 5 effectivelyuse. For exanple, nany
priorart CAD syst ens Tk Ryherctsord iowiar teehind €4 syftaivhertin & dospher (BrmibrE denerdlly, Gxer) of fRomfic objects

desi gned and/or deformed bydefiningand/or mani pul ating designated points
denoted as " cont duedsily @ étficitntly express isthebERMigR nteely MpuitiR@dnshhifl Rl havifg@eresiigng SsmaRcabicdbi fanal |y
expensive, non-intuitive, and incapable of easily deform ng nore than a

| ocal area of t Nfatis the desiferuserrimPenrounter lefly dbdys'did toSubkBaktial omfudiibhal ofthead AR #ldesigner/user may

Addi tionally, some . . o N .
priorartfADsyst ejgritoitd wifl finRGIAR koheRcbj@rafoh i RISRBE trhighe that roflird sbERGAT ehptefRessy | ace
rtain individually designated control vectors. That is, the direction of

these vect or 5 Megectdyudd SR Elampl@madfdfide FACADkyiéins pRoR@RBnifAs forGRMhgSbtces e deiffed B3/ Aobniad ©d
10 surface. However, a designer's intent may not easily correspond to a

surface desi gn tiggdniganAfmahifathgesiriedoin Rettel 2% contioRyGitt Howevd sRFRhnigRAA Fbc«ﬂ&;taﬁJﬂﬁy
control vectors typically corresponds to only a single point of the surface

i sol ated from ot dikive JblituRiveSundedpdblk of eathARdriIE mor€thih £ 165 DA OHe MhceGEHdd With sUdB RS S
Thus, such techniques are, at nost, only able to deforman area of the

surface | ocal t Qg igdRior)sdnk p‘iioru{m&h@gﬁ@&&hﬁiﬁlﬂﬂﬂfﬁiﬁkﬂlmnﬂum&ﬁﬁfe@inﬁldividually

Additionally, such prior art CAD systens nay al so have difficulties in

preci sel'y perf or fag cbbkri? ekdrs That A1 difectidn O Fles Edctors dy bOIRE fo Beie B \Rape of Oionr DP9 Gy T VWO
geonetric objects intended to abut one another along a common boundary nmay

not be Wi thim a suff ke, @mgnehﬁdmﬂh@,mammm@mm FRLe G tehiqud ok soBQeniRRdkols since! N

is, there maybe sufficiently | arge gaps between the geonetric objects that

the boundary mayediétihe ool fesmsipiehfcsprelpond{¥@bnfy b sinkié foint ofthe subdod isbidled Fibehde Sarfdel pRNGIRL | C

in certain machi ning operations and othér “operations |ike Bool ean

operati ons oNn s Oefding ANk, rnﬂsl,svdmdmtqmmaqmgmmw«m Lr_{aﬁms@da&gcalr&?béfpoiﬁs CAD

systemthat includes one or nore geonetric design techni ques

al | owi ng CAD de%@,gﬁwnmwnmvg@mmre easily, efficientlyandprecisely design
géonetricobjects. Further, it would be desirable to have such a system

and/ or conput ati onal ada@iai luehpfiop ar TR systehls a&%’s&m dificult iﬂ?Jciﬁt( beffiehni ﬁéﬁﬂiﬁ% trimming
obj ects, wherein there is greater user 01/ 08102 PCTIUS99/16844
‘ " IS5 operations, For eample, two geometric objects intended to abut one another along 2 common boundary may not be within a
sufficient tolerance to one another at the boundary. That is, there may be sufficiently large gaps between the geometric objects
that the boundary may not be considered “water tight," which may be problematic in certain machining operations and other
operations {ike Boolean operations on solids.
Accordingly, it would be very desirable to have 2 CAD system that inludes one or more geometric design techniques
20 forallowing CAD designers/users to more easily, efficiently and precisely design geametric bjects. Further, it would be desirable

tohave such a system and/or computational techniques for graphically displaying geometric objects, wherein there is greater user



3 control over the defining and/or deform ng of conputational geenetric
objects, and in particular, nore intuitive global control over the shape
or cont ouWMBmut at i onal |y desi gned geonetrioc obj ediCITUSPYIS4 ti ons Thi s
section provides sone of the fundanental definitions that are used in
describing the present invention. These 5 definitions are also illustrated
in figs. 15 and 16. A "par=et icgeonetric object "S is a geonetric object
that is the imge of a function f, wherei 3 the domain off is in a
geonetrlc shape enbedded within a coordi nate system (denoted the "paraneter
space’') and t hesntrobarecshe defififg anil/or deforming of computational gyemesricabjects, and i ppasicolar, herkntuisivecglobatcintzol

"obj ectspacel . Typically,the inverse orpre-inage,fa, of a geonetric object
such as S wi | pveritheshape ayconsoweof qomputationally designehgdometric dbfsgsect t han its i nage in obj ect
space. For exanple, the pre-inmage of a curve 170 in object 10 space may be
a sinple line Defipitions 172, |, in paraneter space. Thus if S denotes the
curve in object space, then notationally f and S are sonetines identified
such that for uel . ,Thigsection provies paexfithe iggdapentakdbfinitions thatuee ued i deseribing theprecine ivaeationd] Thzse U ) .
Simlarly, the pre-inmage. of an undul ating surface 204 (Fig. 16) in object
space may b® adedfitions hrealshiustreidtickigolSandés. 180 i n paraneter space. Thus, if S
denotes the undul ating surface 204, then for (u,v)e f '(S), S(u,v) denotes
a correspondi ng poi Afjparametric geontettitiobject!sds a geontekicobjees that® the imade of afuncEidnf, Rhereidkh ddmksih O -
16) is a geonetric object, such as a curve in object space, through which

an associ ated fipi#£deometichag Bidiled @GP GodinktCspten iendidd el pactmeli- Sgidce] Athe cimptbffR.CE
204) nust pass. That is, such profiles 200 are used to generate the

geonetrical l'y mmadeeie@ﬁh.@.tate@ﬁ&mﬂmupm&) TypRRaly, i idversh drifte-imagC P, Hﬁ&ﬂnzﬁnﬂdﬂp&kﬁtﬁ ur al

way for artists and designers to geonetrically design objects, in

such a desi gnegssyitbe agebmetilallyisifpler sBjectan i?sflmaﬁel?oﬁab]&ﬁ?&%ﬁxaﬁdle tlilrpﬁ-inia&e@lam (2] nb}é@
defining the characteristic shape of a geonetric Obj ect (surface) being

desi gned. For Wh@mﬂam&m@npufnwﬁm@&a@ rﬁ.ursfdaﬁ@mmmwmﬁa@w wadodiydef i ne
the geometry of a resulting derived geonetric object-, eg., its

continuity, CUEﬂﬁwmﬁlmesﬁhﬁﬁﬁummma?d’cbrﬂﬁmdlﬂﬁPoﬁ&'ﬁtﬁe uﬁ&ﬁsden&ﬁk@ Slﬁlﬁﬁtthefxr@fmaggany
desi gn applications, 20 profiles are typically continuous and

di fferentiabl e ofadimiisigiiace DUGE 6ViRibjict shaceimayibEa sibplEbouiided plakd 180 1 fafaiétey spack Thus, iBM @4 | €, a
profile may, in addition to supplying a general shape or trend of the

geonet ri c obj ek unfuReng fuffige 204t oIV () S (u,v)lknoeRd 2 BireEpuridinboin onlelf® kb surfite 2041 €
surface of the geonetric object. Thus, if a profile is a fractal or
fractal -1ike, the fg mquc(ﬁpupiw;&mmme&@ucn 2kla cGrd THTBbjeEYEp@LS; thFoligh which dn associated object
IS spacegeometrically modeled object (e.g. surface 204) must pass. Thatis, such profiles 200 are used to generate the geometrically
modeled object. Thus, profiles provide a common and natural way for artists and designers to geometrically design objects, in
that such a designer may think in terms of the feature or profile curves when defining the characteristic shape of a geometric
object (surface) being designed. For example, profile curves on a surface may substantially define the geometry of a resulting
derived geometric object; e.g., its continuity, curvature, shape, boundaries, kinks, etc. Note, that for many design applications,
20 profiles are typically continuous and differentiable. However, such constraints are not necessary. For example, 2 profile may,

in addition to supplying a general shape or trend of the geometric object passing therethrough, also provide a texture to the

surface of the geometric object. Thus, if a profile is a fractal or fractal-like, the fractal contours may be in some measure




WO 01/08102+PCT/ 1JS99/ 16844 4 inparted to the surface of the derived
geonetric object adjacent the profile. Further note that it is wthin the
scope of -t h&wom#sient invention to utilize profiles thapcrwmyoBadhi gher

di mension (~2). Thus, a profile nmay also be a surface or a solid.
Accordingly, if a profile is a surface, then a solid having locally (ie.,
adj acent to the profile) at |east sone of the geonetric characteristics of
the profile may be derived. 5 Mrreover, progiles (and/ or segnments thereof)
may have various conputational representations such as |inear (e.g.,
ghyper pl anes), elmbatitoithe surfabdbfthiiciived gebuietriChbietd adjdcent DGR Furfenom KX is withi IR Ecope R Gl €S S
of the conputational representation, a nethod (such as interpolation)
fordef or m ngor r aeise utkGe ple that ¢ obtiighet dimedsion (97).EThus, & HiRle Bay 2ty Curf4RF sl WkeaMidgly, if | t
maybe preferable that such a method results in the profile satisfying
certai n geomet ri gprefiloiSdifa@)thai Solibhieng lo@ly (iR ARt uche ploePad B soln0f theSpridirlc Bivhcterblik o SO)
one or nore predeterm ned points, being continuous, being differentiable,
havi ng a m ni mal thepiivimybbeved.€t C. Further, note that such a 10 deformation
met hod may al so include the ability to deconpose a profile into

subprofiles, sherein Mofagr, o3 @R EtFRFed) nﬁﬁm@vavicnscﬁtpmmkﬂrm_ ﬁrﬁ‘ﬁ&%liﬁ&ﬁe.g., A

subprofiles may be "slidable" along the extent of the original profile.

“inarker' 108 (Fi gyperpildes), elfiphic, NNRHS, @ Bekler. M, lﬁ«eﬁﬁﬂt@eﬁaﬂaﬁmtmnﬁﬁﬁonﬁﬁwmﬁﬁn&ﬂodmnge

t he shape of the profile 200 in a region about the marker. A marker "al so

desi gnates a pOsSistniefuftioR)or orkliged ristaghng bl GG s briRRAbIE Ridp@ticly, m blétiaGuckeciud ¢
havi ng the profile @?h@r eo% cégi b@gde?orlrsr%d. Ig‘ﬁﬁ ’ |£h§%§?§'ﬁ| fzuc(fitg. 16)

is a geometric ORI G thelpRAMCIRINing letaird ddMetitl chltiaintsuch X passing'divoleh fr RERIANY &) BefGhe MY
control the shape of the profile locally by nodifying the sl ope

(derivative) of jragemimedpbitts, Rinpdonthioe béf@&dlwﬁab%%ng Eihifd QRdureYR! Vurthed, foke tRORM 2

differentiable profiles,a profile handle my be used to control the general

shape of thej@r OdeioinionMeéthod 4 hiss MM abiity bo deRdiMphse & bréfft o buEPRAIA hkrein BPGHhoh bithGay Qe g, t NE
correspondi ng profile. For exanple, if the profile’is a fractal or other

nondi f f erent i abl gpoiftyeiithe kubprofd in§ 64 stidabld? Fohg thebxeiif oPthelofighal frepiedl € may, for
exanpl e, provide a range within the object space to which the profile nust

be confined; i.e., themmmaﬁgmnmmnQ&oﬁmmﬁaﬁm&mmﬁ@mmmdoﬁgrggggh; [le

profile is confined to the interior of the tubular configuration,

the profile hangl,embier. 2 fafé i1 delignffes { do&hibng@tﬁ@{hgr& ﬂﬁgg?f\?\&n&ﬁcoﬂ ar'n thSprofite £ N€

de°gree of convexity deviating froma 'str I ne mar ke n the
profile) by changiQumbdiforegnot h of the profile handle.

I5 A “profile handle )11 (Fig. 16} isa geometric object tangent to the profile 200. Such a profile handle may control
the shape of the profile locally by modifying the slope (derivative) of the profile at the marker 208. Alternatively, for non-
differentiable profiles, a profile handle may be used to control the general shape of the profile by indicating a trend direction and
magnitude of the corresponding profile. For example, if the profile is a fractal or other nondifferentiable geometric object, then
& profile handle may, for example, provide a range within the object space to which the profile must be confined; i.e., the range

20 maybeofatubularconfiguration wherein the profile is confined to the interior of the tubular configuration, Note that the profile
handle 212 affects the fullness of the profile 200 (e.g., the degree of convexity deviating from a straight line between markers on

the profile) by changing the length of the profile handle,



WO 01/ 08102 PCT/ US99/ 16844 5 An "isocline boundary”220 is the boundary
curve opposite the profile 200 on the isocline ribbon 216. In one

embodi nenWOUM8®Zch point on the profile 200:-there is RETHSHPYVIS8M
correspondi ng point on the isocline boundary 200, wherein each such pair
of points defines a vector 224 (denoted a "picket") that is typically
transverse to a tangent vector at the point on the profile. Mre
particularly, fora paraneterized profile, the isocline boundary 220 can be
viewed as a collection of pickets at 5 all possible paraneter values for °
the profile 200. Arfn '“ffq@aqgmedam'mwbel@thwmpnosyﬂhesm@q2 o the isocline gibbegdéipene i ¢
obj ect,. such as a surface 216, which defines the slope of the geonetric
object (e.g., ¢nbediment !!)ith}@mﬂ(tm'@mgdiﬁﬂﬂd!#lfkdyo"m%n@ton Wiegsoctits poundary 2000ubyreineeach t he
profile 200. Equivalently, the isocline ribbon may be considered as the

r epr esent at i on sudifpairaf pojtsclefines 3 vector Bidenatet 2 ‘PisketT) thatdsdypitaljytiansverpetoaftangentveOH the pointen

I socline handl es 218a and 218b (di scussed herei nbel ow), and the isocline
boundary 220. theprailt. or pavticdadhsior a paaetejedprofile, the indine ovaay 220240 de viewrdsss a ddllection bf pickbtcat t he
10 isocline ribbon 216 along the profile 200. Said another way, in one
enbodi ment , St hell pgsibeipaedmeter calues oy theptofilé200] nmust be continuous at the isocline
216 and al so be continuously differentiable across the profile 200. In an
al ternative enbodi niariisaclibdvdbbgm Tominply isotline) ivdgeomentic obfectAucha ysulre 216, ariich efiras tr dighe dby t he
i socline 216 so that the object 204 lies within a particular geonetric
range in a Si Mk gdmetricabjectifeyl, surkee) 204 (more @iy a gidetvicobjict204) it ehe giefits 200.1 Epiivalendy, tinfisoclink €
term"profile.” Note that there naybe two isocline ribbons 216 associ at ed
wi th each pr of ribbeh may@&tonsidesad aptheripiesentation of a gedmettic olject delimited by ehe phofile200, thedsodtine lamiles MbBasny f Or
two abutting surfaces (e.g. two abutting surfaces 204), 15 there can be an
i socl i ne ri bbopigia(tisisse hérdinbelow); d the isoclire boiindaBy 220 In@fher ivonds, thie geometric ubjicERCAnfust “hekeltiod thee Ny
speak of a right and a |left hand isocline ribbon. An "isocline hand/e' 228
IS a geomeloi C isskak fdboh 21€ Mongdhe profiie@td] $2it dnotiiervay, it e einbotiidnd, theseoindiriz obfeld 20 MustdE corltifivbus

i socline ribbon216 at the marker 208, wherein the profile handle and

i socl i ne handl atdisoclind265 ali@KolbEcontintusly difiedénfiableacreds ilpraMe00 | aCxiemiativi embodidiest, the géorhetic ©
204. Hence the isocline handle is used to determ ne the shape of the -
surface 204 ( Olkbjet04 My be tohstRined bithe BodiHEXVd Wethak hebji2pAckiastvithina lpatiddlar fedietrickhge imarshaitar . | N
particular, an isocline handle 228 is a user manipul atible picket 224. If
all the profil maneasdiiossed abdiedh tie testriptiochofate temcprofil'aivck khatsher2 @43 befwe isgline rfblidiis 216 wdciad  NOT £
abutting surfaces) are coplanar at a nmarker 208, then the surface 204 w |
be snmooth at t kwitheacyeolilia00. In(parsicsiat)for syapfile thais shoundap forwolaluttiagounfacesifegrwoabutting surfaces 204),
differentiable), otherwi se the surface may have a crease or dart. Note that
by I5  there can be an isocline ribbon along the profile for each of the two surfaces. Thus we may speak of a right and a left hand

isocline ribbon.
An “Isocline handle 128 is a geometric object (e.g., a vector) for controlling the shape of the isocline ribbon 216
at the marker 208, wherein the profile handle and isodine handle at the marker may define a plane tangent to the surface 204.
Hence the isoctine handle is used to determine the shape of the surface 204 (or other underlying geometric object) about the
20  marker. In particular, an isocline handle 226 is a user manipulatible picket 224. if all the profile handles 212 and isocline
handles 228 (e.g., for two or more abutting surfaces) are coplanar at a marker 208, then the surface 204 will be smooth at the

marker (assuming the surface is continuously differentiable), otherwise the surface may have a crease or dart. Hote that by



i_.. x d W 01/08102 PCT/ U599/ 16844 6 pulling one of the handles (either
i sodine or profile) out of the plane of the other handles at a marker, one
may- i nt ent WEnRLIGBY2 generate a crease in the surface 20BCHUYA4684he profile
200. The part of the profile 200 between two nmarkers 208 is denoted a
"profile segnent"232. Simlarly, the part of the isocline ribbon 216
between two isocline handles 228 is denoted a ri bbon segnent240. 5 A
"boundar ysegnent " 244 denotes the part of the boundary 220 between two
isocline handl es 228. The vector 246 that is the derivative tangent to the
i sodi ne boundar pulligak ofali handtes eithed Boctingveprofie) ol bf €hé iR thestherliamitagacanarker, ode may intamionally
tangent." Note that nodifications of ribbon tangents can al so be used by
the present i nv giitae Odeask dthesirfaie L0ddongie@rofite200. nodi fy t he shape of an underlying
geonetric object such as surface 204. Isocline handl es 228 may be

generalized to al so Wtﬁeﬁo&ﬂ%ﬁﬂ#ﬁﬁmﬁkﬂrsﬂhﬁm&“ﬁ fonsfite séfient T51Gimiliry, the fa@it ead
of straight vectors 0 as isocline handles, the handles may be curved and

denoted as "i SOgkitotR ribbbn2f bedrded wo fotlinbFandlss N K defoledSribBBY sebbriebpt at e preserving
curvature continuity between surfaces having associ ated i sodi ne ribbons

al ong 2 commpn, br of | |- aaimine\Giokl e b oy BRI @ EA, COMPOSEC

of isocline ribs. Acc the curvature of such surfaces w mat ch

th t f thei i ' S ik \
e curvature o %i&&gﬁﬁ@g@@ﬁgﬁgﬁ@%lrhggggé,bthﬁhq Dbat EHr-Is?Ji&.e fafR 1BATuk3Y as

they match in tangency. IS"a surtace that can be

concept ual |y 1 Oklyggh Riikent ) el o i o iy Bk ok M0 -

It is a special case 0 surtace, a ace belng

defined by bei n9‘?.@1@%3@35°9="|"'9¥'}'{'?§Wg§°5ig§j"%ﬁgi{'ﬁ?ﬁgrai ght edge) at any point on

t he surface and n orie e ruler touches the surface

allong e entr ety it otofl o Ao L6l ShaRTH 61 TR G B pHibRCe

perpendisulars are al . directio ong t
Sur | aces” oL il kBT T L AL KRARL
ounaces 2010w SR b b o S S
geometric modif l'ib%oan;[ aire(c%rrﬂpo? ofi&3cne irib%ﬂ&o'n!inﬂy?therqinv?t\t?rgo?su:% s](n%:es will match the curvature of their corresponding
5 isodine ribs, in much the same way as they match in tangency.
A “developable surface” is a surface that can be conceptually rofled out flat without tearing or kinking is
15 developable. it is a special case of 2 “ruled surface,” this latter surface being defined by being able to lay a ruler (i.c.,
straight edge) at any point on the surface and find an orientation so that the rufer touches the surface along the entirety of the
ruler. For 2 developable surface, the surface perpendicufars are alf equal in direction along the ruling.
“Label surfaces”denate special 2-dimensional (developable or nearly developable) surfaces wherein a labef may

be applied on, e.g., 2 container. Label surfaces allow application of 2 decal without tearing or creasing. These surfaces are highly

20 constrained and are not typically deformed by the geometric modification of an isocline ribbon 216.



WO 01/08102 PCT/ US99/16844 7 A "trimprofile-is a geonetric object (curve)
that is a profile for trinmm ng another geonetric objectﬂég g a surface).
The trim HQMO$E2 nay have a single corresponding i socff P¥kbn 216 since
ifthe surf ace to be trimed isalabel surface, it will not be nodified
and, accordingly, no isocline ribbon can be used to change its shape. A
trimprofile (curve) can be used to delimt any surface, not just a | abel

surface. A surface, S, that is blended aldng 5 a trimprofile with one or

more other surfaces is called an "overpr iitsurfaccl' whenthesurface S
overhangs the tri m brégearefiless F&P““@S('é%@@,‘) that s apfo '.af“'f'i"f“'-"%’ﬂ‘}g‘f'&'@'émi?ﬁ“ F°'§"‘an
overbuilt surface, wherein the portion of the rfﬁe out si.de Df'ﬁlﬁ&r’g% ar ea
134 is typi cal |syface)fbstrimgmfiaspyhaves sitels orespondinglspeling ribbop 7l since f thegucface tphe immed is3 Eavay .
A convex conbination of argunents F. i_% a €u cf\aigg(e)n E ciFi where the y are
scal ar coeffi citltnebeapified and accardingly. pa isocine chban can beseyi o chasge WSS o i ned for the F:

(e.g., F, being vectors, functions, or differenti erato . ,and where
cZzO and 10 > ci :1.“'PP"’“!'KFE""W"b&F‘é‘“W"rﬂ’é"ﬁf‘h““Qﬁ%ﬂ‘g‘!‘"@&A’%s‘%&'ﬁmﬁﬂ"@h t he
set of all possible such conbinations yields th onvex hull of the points
Fi. as one Ski |atisgrfleyithossermastherphcssalotsh oewrhgilssurieed gl epRSyRipe IR o
geonetric object evaluation technique, wherein in order to ene[?t ea’@et of
sanpl e val ues Foneampledn Fig.{sserfase s anpverburit surface, wherpinthe portionof thesucface ouside of thegrea 33 B fypalt o ¢ e
and f is subsequently evaluated., This type of evaluation is wusually fast
and efficient, Wshownishedesigyspaceirhas peentrifieday¥ayn val ues at chosen positions

between the increnents. 15 An "inplicit functiogs i ne witten._i.n tpe
formf(x)=0. XE'" WA&envex combination |‘E8""E’l?rfi\9‘é‘"8?m'§'ﬁg;ﬁe% Vﬁgﬂtﬁe&‘g ppeflicnt 39d o
olicitf h ¢ h Ted "imoliciti ; _

(P n() - COS(t ) Sanr i e i i - e BV, st L or PG 0D

?-1 =0. Both fo describe a circle. Dviding a yector, by i. | engt
"normal i zeslO i tg%hélﬂwhﬁ“ﬁ%’éﬁ”#éﬂ“wmms gg"“ﬁ%'?’f'“‘f“@‘?‘l@%ﬁ."ad;mifﬂ‘ggﬂ%

function may be divided by its iﬁr dient, which will approxinmte unit
|l ength, as one @upintFersons shilediptheatuiflunderstand. |\ qer st and. 20 G ven af unction

Gelined by, @ £ 9 (holod it GBSl R PG BBl of

unity.” values from a function, f(x), argument values for x are incremented and f is subsequently evaluated. This type of evaluation is
usually fast and efficient, but does not give function values at chosen po;itions between the increments.

15 An “implicit functién” is one written in the form f(x)%o. X€ER" When a parametric curve or surface is
converted to an implicit form, the conﬁrsion is called “implicitization.” Hence f{t)=(sin(t), cos(t)) in parametric form
may be implicitized by f{xy) =’ + y*-1=0. Both forms describe a circl.

Dividing 2 vector by its length “normalizes” it. The normalized vector then has unit length. A vector function
may be divided by its gradient, which will approximate unit length, as one sklled in the art ill understand.

20 Given a fanction defined bya E p, (£) F, (t) wherept) are weighting functions, if Z p; (t) =1 for

all values of t, then the p, are said to form 2 “partition of unity.”




WO 01108102 PCT/ US99/ 16844 "G " continuity denotes herein a geonetric
continuity condition wherein direction vectors along a continuous
par-amet ri c Watthsion a paranetrical ly defined geonetric ®80j/usw/1ese
continuous, e g,tangentvectornmagnitudesare notconsidered. SUWARY OF THE
| NVENTI ON Thepresent invention is aconputational geonetric design system

t hati scapabl e of sufficientlyefficient conputations 5 so as to allow

real -time deformations to:objects such as gurfaces while a user is

suppl ying the object nodifying input. Thus, the present invention is a
paradi gm shift away f6bamtinjpdeniss heréh A Jeoditri ictimity Sondhirowherdnrdirsetion yegursGiodg 2 Gfiuossy St em
the user nust supply input for changing or nodifying a geonetric object
and subsequent | Yarsmfidpitioh dpirametriciiy defneligeonrioobiefart comtiguosde.g. tagent vecdPrafmitiiiéd arane EFERed.C .
Thus, in such prior art CAD systens, the user receives feedback about

hi s/ her design at discrete user requs¥HsCOFTHEWENTIONl NSt ead, with the present
i nvention, updates nmay be processed in real-tine i mediately upon i nput
recei pt without the Thepalentvétibnis & doshputitionalddeeriodesighghtem thidis agaifelof siMoihBNeicieR EompuBER NQ
is to be performed. Gven the enhanced conputational efficiency of the
present invept i @iistodNowiEIRine deFbrmaidheto dBfEce Sulh Bufsurfack WIRIFHude O Rupghyipithe VjéctShodiffily fnguc THEN the! Y
performiterative approxi mations to a geometric object being designed. The
user may speedi lpsereliventidal R 2 YrbadighGHiii awdy frgh typigFCaD s{‘m st 1 S iypie CAD syShemhlthe bbbe AisEupplPifpheg N
geonetric characteristics for portions of the object where such precision
may not be ne_Ce%ﬁcﬁ{nﬁngor'lﬁ_ﬂﬁyhgagbofﬁetridbf&?anllsﬁlﬁeﬁuﬂﬂﬂfpﬁctﬂﬁeqheﬂﬁ&asﬁ@ﬂfbﬁﬁpﬂ_ﬁ@omﬁ\ﬁ@ﬂhm,in
getting it "right the first time since the ease of nodification and speed
of conmputing 15 sutipfldr iri CARFsten R usek reteieYVRedbldo Doutisfir deligh at BiEkserBusér Aqisiel thhes ARRAIN theBLL ©
and/or prototype a geonetric object. Thus, the present invention can have
substanti al ef f ipesreiiveiion A fody beSrodesitd ih FaaR limenediafiipupoh inDIORLETRR WithbubtidluiedbrpltitFihdBatiRd

obj ects (including nmachined parts), substantial portions of such objects
may be sati 30acw_ghlktypm€$ﬁﬂi@b€ﬂmmg¢h a wi de range of geonetric
characteristics. e CAD system of the present invention enables novel

desi gn techni ques bygNefiiefinRO@mpREtidei oy 3 the PHsnCiveation, b B NheGléEt inferlibn Al MACI NY
between two paranetric geometric objects such as surfaces. In one

enbodi ment of t ifiesly frfor Rbratibe A iiatioR B a gebniotriobjiBii@ designed Ohe lbkr B4) Shellipdedizrtiond e Ma

bl ends between On paranetric surfaces S, (u,v) and Ss(u,vVv), wherein each

surface has, e. gypredistRalcklidlsigny@meaic Garadsristicsod poFihs PRAjeR bhe O pritisionMEyHiod Frvecilant Brth
surface SF and S h&aysaa reg%gcti ve bl end'i) ng flmti on ng?u Wand 8td(eu,v)

such that each VheQsrcia Bl ondethed ibbdExtid i Gigi ehe firsPhime since the ease of modification and speed of computing
15 modifications allows the user to more rapidly approximate and/or prototype a geometric object. Thus, the present invention can
have substantial efficiency benefits in that for many geometrically designed objects (indluding machined parts), substantial
portions of such objects may be satisfactorily designed with a wide range of geometric characteristics,
The CAD system of the present invention enables novel design techniques by providing a novel computational technique
for blending between two parametric geometric objects such as surfaces, In one embodiment of the present invention, this novel
20  blending technique blends between two parametric surfaces §,{u,v) and $,(u,v), wherein each surface has, e.g,, the unit square

as its parameter spate, Assuming each surface S, and §, has a respective blending function B,{u,v) and B {u,v) such that each



of the blending functions has,forexanple, (0,1) as its range for -u andv
(aswel | as_satisfying other properties given hereinbel ovx%{b a _new surface,
S, may be WePHR® by the following formula: S(u,v) = SPEHUSH/AE 4 v):
+S2(u,v) B2(u,v) (T) Note that the blending functions B, and B2 are )
typically chosen so that the resulting blended surface Sis the sane as S,
on a boundary with S,, and the sane as S2 on a boundary with S. This is
achi eved by devising B, and B2 so that B,=2| and B2=0O on 5 the boundary
with S, while havi né; B2=I and B, =0 on t“geﬁ’ boundary with S2. In a nore )
general embodi s plending fypctionshasdocoample, (90) asits rangsfor yapdy ipswel Assaytving grher peppegtissgivengreiilivhe o n o
plurality ofgeonetricobjects, Si. i= erein each of the geonetric objects
i's paraneteri zé&“W"és-E?flh'rdéfgeﬂUﬂB""hﬂ"gf"WH tion fgi whose dommin includes a
par anmet er space PS common to all fgt. Thus, forthe resulting bl ended
surface S, substantially every one of its points, S(q), for qin PSis
det er mi ned usi ng as\ﬂléir@%t:e&‘:}Evrﬁ)oTBpB%'rff)s+gbﬂbzi‘h)etiBﬂrW)t he poihts f g (q)
Moreover, since it is desirable 10 to blend S to a boundaryportion P; of
each S,, when interpreting S as a functi-on fromPS to the commpn geonetric
space GS havi ndiote thagthe nym@m@, aqdB; age dypically chosen sp thias the reyulting blenged yurfage)Sys thy jame as S, on a
Additionally, S may be al so continuous_at_each fSi (Pa) Note that Fornula
(1) above is r dpypdarsyithd,candithy amess S, ap abopndary yitheS o Thinis achieyedibysipvising By 7ad B-sp thas By=handh, shese d
surface (nore generall _geonetric object) S, other enbodi nents of such
formul as aré pﬁhﬂbﬂ“ﬂ!ﬁﬂ"‘{ﬁwmﬁ@‘ﬂj&’fbﬂ"l*’ﬁp°Ué‘§&“f‘4"|ﬂ"¥hén her ei nbel ow. Further note
that such formulas may be generalized wherein the paraneter space
coordi nates (u,v) oframemes!enbodipent, thepreseatinventipnmaybe uspdfonkiendinghetwasna plurality of geometric objects,
representations of other paraneter space coordi nates such as triples (u,vw)
or merely a si gFb--dobirenieadof te sqmetricshiecsdspammeterized by 2 copsespaning fugesion £, whese dopaip indludesy ¢
B2 may al so be defined for suchother paraneter spaces. Additionally, it is
wort hwhi | e to riguametr spage PScommed o al F o Riys.dstheresyiting blegedsuriare S, substantigipeveryang of ixpoints, S(g),
consi dered as wei ghts of awei ghted sum of points selected fromthe surfaces
(more gener al | yor qin Bdssppiepised ysing3wyighted;sumof pajnts obtajpd fegme the pojis £10 1) - Horppver, sipgait is frsirable sum
notion may al so be extended_ in various ways. For exanple, referring to the
nor e gener aP erfthseds fateundaypostions; of pachs, yhenigerpreting $ 25  functipp drogh Foto the commayy gpometric space 5 having
i=l,...,Nare provided, a corregpondi ng 20 wei ?ht/bl endi ng function B;
maybe provi ded tegpmegrisobictsicthey, & (£ (P, )9 & By nAfditiopasS maphe plig gptigngusgtsah £¢,(8w) of

Formula (1) is obtained: a WO 01/08102 PCT/ US99/ 1{06844_ 10
: Note that Formula (1) abave is representative of various formulas for generating a blended surface (more generally,

geometric object) S, other embodiments of such formulas are provided in the Detailed Description hereinbelow. Further note that
such formulas may be generalized wherein the parameter space coordinates (u,v) of Formula (1) above can be replaced by
IS representations of other parameter space coordinates such as triples (u,v,w) or merely a single courdinate u. Moreaver, the
blending functions B, and B, may also be defined for such other parameter spaces. Additionally, it is worthwhile to note that such
blending functions If, and B, may be considered as weights of a weighted sum of points selected from the surfaces (more generally,
geometric objects) $, and §,. Further, this weighted sum notion may also be extended in various ways. For example, referving

to the more general embodiment wherein a plurality of geometric abjects S, i=|,...,N are provided, a corresponding

20 weight/blending function B, may be provided for each value of i so that the following variation of Formula (1) is obtained:



S(q).B (g) S (g) for points g in a conmpn paraneter space for the Si. In
anot her aspect of the present invention, it is within the invention scope

t o -al so .geMOr@otiohl ended geonetric objects S, wherei nPerUs9sss4 sone of the
S, geonetric objects used to generate S are of a higher dinension than 2.
For exanple, if S, and S2 are paraneterized solids, then S may be
generated as a solid blended fromsS, and S2 using another variation of
formula (1), 5 as one skilled in the art wigl!l understand. Thus, S. may
extend between $, andyS2 so that a surface P, of $, and a surface P2 of S2
are al so boundars (eg K. (g o for mints hpy cmevpirameter gpce for thaki ght ed sum of points
of S, and S2 simlar itlo fornula (1). In yet another aspect of the present

i nvention, one or nu&atherhspectiofehe Peentannertion, i iwigiedriiehtiod spe@iogirae bitwded RémethiQbijink | a
(I') (or variations thereof such as Formula (2), (4), (S), (5.02), (5.03),
etc. provided i 5wherifat ko of thd, pdifesicobjedd Uskd@ugentiatds ark oh Difighepdidensioihan 1) Ay @ampl@ S andf . a
Bezi er, NURBS, or sone other nultivariant paranmetric conputational
representation §srja@merizbolids, Shend may bi grrdd bsa RIidbleddd oM, 20, usieg anbthet viriadioh sl botmiR{ly Used
in the description herein. Mreover, as one skilled in the art will also

understand, 5t isSnedllid AichoariwiNQnder D FrusO¥may ektddbetReerSaRI Y so thabdsGHAde P, 67 aid @ hifacelP| bES,
underlying geonetric objects that define the S;'s (e.g., for the S, being

i socline ri bbongnalsstaGdiries AT ripfeseritid £ SRR Sdd b ointd &F 5, 3RS, iiTaere ol | es,
i socline handl es and profile handl es) nmaybe different for a different

conput ati onal  repr e sRdof théprient ANEHEINeDs mofe bF thepaalriSgeom@fic liddRfFormula (3 for .
representation of an Si ! control points" and/or geonetric entities derived

therefrom may hﬁatiﬁﬁﬁﬂofﬁ@as'&mnpﬁ(éﬁ%)ﬂhﬂpES.(B),E&.ﬁr_hﬁed iwthe DRtAIRY DhshiptioEhbriibRwiGlagvee t he
(0]

shape of the resulting geonetric ject S derived 15 therefrom 1n another

aspect of the pingdkQBdzer/ NS Somother mikISiaht ErafblriSdonp@stionslprésantin imteldof, eg.,emﬁeasha@l from
one or nore isocline ribbons W the surface S can be deforned by changi ng

geonetric Cl@r agli@tiel isd & thodescripfdPhereil Morboter)4 onk dlRPR Bart Wl also bners i itlislwiBiihl R Scope Y
changi ng the shape of one of the isocline ribbon boundaries for sone S,

the points S, (Ugy/preseineitBthatilinderyingtonlierd Sjedts that defle dl S8 RASRK theS Wéink AociRe ribbofs VRN I ES
since it is a weighted sumof such points. In particular, rates of change

of geonmetric chileyigRdmbtd beingniarke] profiles, isEhACHNdIcs Ghd File RahbNes) Mdy bedifferent oPARIBERR compiRidaAP T S |
and/ or tangent planes) nay be determ ned by the shape of the isodine
c

ribbons S,. Mor gprestiiod 'Fo%&nﬂ!,!nWeﬁeﬂﬁrﬂﬂamr@ﬂenﬁtioﬁumit“@ﬁ%ﬂpﬁdtﬂ' Yd/brlodHRENE entities derived
paraneterization al ong ea i socline picket, the greater the relative

magni tude of  SiGdomhaf be@skdto dhaRge RshaDDF theis Gid thekEford RafEchelsHAR ofthe FRIRER geonfetNEODIRTI vl N
shape of Swill be skea\?/ved in ﬁe di rection(s) gfg su%h pi cke%s. I\/blreover, WO
01/ 08102 PCig U844 11

1n another aspect of the present invention, when a blended surface § is generated from one or more isocline ribbons

$yynsSy, N22, the surface § can be deformed by changing geometric characteristics of the isocline ribbons §,. In particular, by
changing the shape of one of the isocline ribbon boundaries for sume S, the points §,(u,v) change and accordingly, the blended

surface § changes since it is a weighted sum of such points. In particular, rates of change of geometric characteristics of § (such

20 as curvature, tangent vectors, and/or tangent planes) may be determined by the shape of the isodine ribbons S, More
particularly, assuming a substantially linear parameterization along each isocline picket, the greater the refative magnitude of

such pickets for  particutar isocline ribbon, the more the shape of S will be skewed in the direction(s) of such pickets. Moreover,



as the direction of such pickets changes, the curvature of S changes. That
I's, since the weighted suns, such as formula (1), cause S to always heel
to the surVIM81® the shape of S will change so-that SCHESPE6HS t he

I sodi ne ribbon(s) S; having pickets whose directions have changed. Thus,

t he shape of the blended surface S may be changed by any user interaction
technique that (a) changes one or nore geonetric characteristics of one or
nore of the S,, wherein such changes may ihcl ude: changing a shape of 5 S;
(wherein shape denotes a plurality of geonetric characteristics such as
Conti nui ty, i At fediwplagipren denesgirapired hngs et i gt ie oo schedmuad iy ) |

(b) changes a paraneterization of an S,. Also note that such user

i nteraction t ey heeko thesyriacesdistheshage pf§ will changese theSheels torthe isacline ribbay(s) & haviog pisksts whase d

wi th higher dinensional gIeorretri c objects. For exanple, if the S,

geonet ri c obj ediedionshas changal.; Thps; the shapg phthe blerided syrface §impy-hechanged by anjuser interaction taghniquethyt: i) ended
solid, S may be deforned by changi ng a shape of one or nore of the solids
S, used in det changis pne angoreGeometrid characterfstics ahdneppmaypiokthe b, wheeinsuch diangepimay indude; thanginga chapeofit

i nvention that the geonetric objects S, used to generate a bl ended
geometric  Bbj &dheredshapadeigtes apurality of geprestric charagteristics such assentinuity diffenentiabilini, conehture sofihigherondédry  vi a
ot her geonetric objects fromwhich the S, s maybe thensel ves generated.
For exanpl e, i foniBuify)s(blchangesp fapoeeridaforeitdd from i socline ribbons Si and S2
(having corresponding profiles P, and P2, respectively), and the ribbon S,
i s interpol ated fr oMo ndedhaysnch fiserlingerattion tethnigues forrdeformisgacilended sinface nidy also bevmed withkigher i bbon
tangent at the end points of P,, then the present invention provides user
i nteraction t edimeiogaligsemetficobjectsrdoeiiximple, i tye Scgeomdtric bbiretecie soliss ratherthap urfaces, thisa resulticglendedt s 15
for thereby nodifying the bl ended surface S. Mreover, in one user

i nterface techndlidjimsybeddormpd by thanging ashape cbene anmape of the salids §; pstdndesaminingwher ei n such
handl es are di splayed as connected to the bl ended surface S. Thus, by
changi ng sd@h handl lisalso vithimthstops pfthe preseatinvention that thegeomenris ebjects S)ued tegenerpteis blewdedgiametric o r

i nteraction techni ques maybe responsive in real tinme to user changes to
such handl es amkittd maypqsishthabthe Sis combs modified indireetdy vip othen geamsteiqobjests pm yhich the Y'smaxbathemselyes he

I mredi ately di splayed while the user is inputting such changes. .
Accordi ngly, ugtnesged. forreeampley iSSeasurfaqe bienderh framcisocline ribbesy S, anth, having cotreeppnding profiles Rand P si gn
process may becane closer to the techniques in used in constructing actual
20 geomet ri ¢ sehedively)rapdthe cbboniS,tisdnterppiated fsom the profiledrangly, thejsodkine handlecand-theribbonrtangeatatiend ues .
It is another aspect of the present invention that various geonetric
constrai nt cri peintsiotf, thes the presess intontion prvidesyiey interpction seshniquerdor medifyingsuchbandiesapdfor ridbop tangents
generated according to the present invention. In particular, features

and/ or subgé®nedor ey mpditsiagshebeaded sriagy; Wasepven irynexser intgrfae sechiiquer sniytheimpdieeymy be displayed,
wherein such handles are displayed as connected ta the blended surface S. Thus, by changing such handles, the blended surface
changes. Note that such user interaction techniques may be responsive in real time to user changes to such handles and/or ribbon
tangents. Thus, auser’s design intent may be immediately displayed while the user is inputting such changes. Accordingly, using
the present invention, user interactions in the design process may become closer to the techniques in used in constructing actval
20  geometric models rather than prior art CAD user interaction techniques.
It is another aspect of the present invention that various geometric constraint criteria are capable of being applied to

geometric objects generated according to the present invention. In particular, features and/or subgeometry of a geometric object



01 are capable of being constrained to |ie within another geonetric object,
O, sothat as 0, is deforned, the features and/or subgeonetry of O
def-or m cor wesqa®$idz ngl y, and thereby cause 0Os to def or nPERYGP/ESHY| y. For
exanpl e, the present invention allows an object space pointp to be defined
(i e., paraneterized) so that it nmust remain in/on a given geonetric object
01,where 0, nmay be a curve, surface, volune or solid. Thus, as 01 is
deforned, 0, also deforns. Mreover, instaa of a point p, other 5
geonetric subobjects may also be simlarly constrained, such as curves,
surfaces or sol D capabiehfibeing constraibed ty fie witkieanatherg@meoit object, O othatds 0, isafeforneld fthe fedturefand/e LiC h
as control points, handles (of various types, e.g., profile and isocline),
normal s, tw st wvipenexy & O, défimecorresyayingiy, la cherkb@cansestl, 1o iefomratcydingp ia exingle,nle presin/invintios
present invention so that as 01 is deforned, 01 is caused to also deform
For instance, usihw g objett@ace poittpeomtafinedieq Rarametetized) s thet it yustremdin infon a givengdanetrigabjecs, phe@ v i ded
by the present invention, e.g., Forrmula (lI) and variations thereof, the
geonetri c obj eco,nybe xar, sirface, @iluié of dolidNThis)as 0, B deiasmed; 034lse kfordne . Mreover, idited ofd it athee d)
substantially in real-tinme when constrained features 10 and/or
subgeonet ri esof gebmetriestbobijectsuiyaRodisiilaly drthaldied K 20, Shriace or olidAdGEDRAN; fButed ofuiBeofehric O, .
More particularly, this aspect of the present invention provides for the
conbi ni ng of vapbied O} SucQE@EE hoints, handed {oBritios typdi, €, Priite ikl Soctine), Yorrals, tviseitorsChR OriafEalsd be C
deformation control of a parent object causes correspondi ng geonetric
changes i n depe fifiiriytonstriied bpthCpreutettiinGo tabis 6, &lddormed, 0 is cbuasaRl deformVoEhidtance, Sibglitie aC €
patch represents One scale detail of a larger surface, it may be
advant ageous t O gegiefriedsjt itthlaton RhigakSfraited bythe phes€ Rvenliih] 3| Formila {1 Vardfioghetieredh e T aC €
to thereby give a user automatic control over the shape of the fine detai
surface patch byore@itdicod, ta i SfhicedfPregabrRil Ge.gOieintirolted) sabiseGhGlly il Gal-toid ke GRrandiREQOV ET |
simlar hierarchical control can be provided wth other geonetric objects
of types sue asgndfersbyéoiheries of0ird tirrspondingly defbrined it a dllorVRIGHS1 0D MorelparGlaMri hisfedt ihe pref@2 C €S .
Note that such hierarchical control may be also used wth a persistent
def or mat i on s pantivkpevide fofthe koinbiningof vardes pebrdat objects IbFarchiotlly eROgEBMEtFicd dorntith @Al ofa paredt i S
space to be repeatedly defornmed and restored to 1ts original non-deforned
state. Note thabbjeit B corréipondilg g‘s&n&muiaﬁgestmc?_dmd child feGhidtric dbjbeEFolample MR et Yateh
applying a one-time defornmation. Accordingly, by utilizing such
hi erar chi cal coﬂﬁris@:kﬁnaaleaﬁnotahhﬁer&m@iﬁmbesdmt@ea&stoﬁtﬁmhainamaimta;pnchto@nblhr@f:sﬁnace
enbedded in such a three-dinensional deformation space and/or the control
structures of t ReherBpPePise iuGmaBdtin@t dver ADRHEEineldlt SufbdcdPatdh bydhtrSiREhelsiRge of el Rrger
deformation of the geometric object when the three- dinmensional deformation
space is det®r niusace. Horbbvér/3iiar biekaichic) DRrolQdn bIpravided wih bhld gebhREQB[HRS lyRIWPDAGE poinBin, | N
turn, made dependent upon WO 01/08102 PCTI US99/ 16844 13

three-dimensional deformation spaces.

Note that such hievarchical control may be also used with a persistent deformation space wherein it is desirable for

2 geometric object in this space to be repeatedly deformed and restored to its original non-deformed state. Note that this is

difficult to do in real-time by repeatedly applying a one-time deformation. Accordingly, by utilizing such hierarchical control

20 of the present invention, a geometric object embedded in such a three-dimensional deformation space and/or the contral
structures of the geomefric object embedded therein provides for the deformation of the geometric object when the three-

dimensional deformation space is deformed, Further, if one or more such deformation spaces are, in ture, made dependent upon



a sinpler geonetry such as a surface or curve, then substantial controt
over the shape of the geonetric object, however conplex, can be provided
by mani pul WO%@¥he shape of the sinpler geonetry. O h@ETENI684 s and
benefits of the present invention are provided in the Detail ed Description.
and the draw ngs provided herewith. 5 BRI EF DESCRI PTI ON OF THE DRAW NGS
Fig. | shows a surface 62 generated according to the present invention,
wherein the surface interpolates between tht surfaces 30 and 34, and al so
passes through the curves 54, S8 and 60 at predeterm ned directions )
according to t hesimplgemensechasssrfyes s poe, Gmswal@smlW'gﬂham@mswrabmwwmmlm
nodi fication of the surfaces of Fig. 1, wherein the surface 30 has a
circular disk eenhspre'm!émmm'@ﬁm:tbpéhamfdwmbmmtm to a method of the present
invention; Fig. 3 shows a bl ended surface 62a gener ated according to the
present invention bekhenéeatyres anhhenelitsgftie preseatinvention azepravidglin the DetaledDeseriptipn andthe dravingspesided 622
passes through the curves 54 and 58 and wherein the blending is perforned
according to a Mwewidl surface generation formula provided herein (Formula

(I)); Fig.4 illustrates a correspondence between geonetricentities in
paramet er space and geonetric entlﬁm&ﬂﬁl&ﬂ@!ﬁhce 15 wherein |ines
78a and 78b of paraneter space have object space inmages of curve 54 and 58,
respectively, and adigilshmsnumfaref? generprediacoriiag to the peejsns inventior, whereii® surfastinterpafates hetwen fhe c t
space inmage curve 80; Fig. 5 provides a graphical representation of two

bl endi ng functi mhseﬂolglﬂhndalsmesmmuxhithwus %158 30d kat prediseyaineshdirgctions acggrding eahe isgsline s ent
i nvention; figs. 6A-6D show graphs of additional blending functions that
may be used wi t fibbanypbanhBesent i nvention; 20 fig. 7 provides a further
illustration of the correspondences bet ween geonetric entities in paraneter
space and object sgisdehowsafyrtrmodifsationl traiicysidip . wirgin e sufae 3¢haya cirglardikShbiendsth
elliptic region 100 that is blended into a cylinder 108 according to the
present - i nvéht i thereto aomding toja methodnéthe present invention;

Fig. 3 shows a blended surface 62a generated according to the present invention between the surfaces 30 and 34,
wherein the surface 62a passes through the curves 54 and 58 and wherein the blending is performed according to a novel surface
generation formula provided herein (Formula (1));

fig.4 illustratesacomspond.ence between geometric entities in parameter space and geometric entities in object space,

IS wherein lines 78a and 78b of parameter space have object space images of curve 54 and 58, respectively, and additionally,
parameter space line 86 has as an object space image curve 80;

Fig. 5 provides a graphical representation of two blending functions, B, and B, utilized in some embodiments of the
present invention;

Figs. 6A-6D show graphs of additional blending functions that may be used with the present invention;

20 Fig. 7 provides a further illustration of the correspondences between geometric entities in parameter space and object

space;




cl osed curve 110 delimts the elliptic region fromthe deformed portion of
the cylinder 108 that blends to the closed curve; Fig. 9 shows a sinple
boss 112 cwea&ves102on a cylinder 116 according to the nBCHOWB44 he present
invention; Fig. 10 shows a conposite curve 120 (as defined herei nbel ow)
that includes two crossing subcurves 124 and 128; S fig. Il shows a
surface 130 fromwhich a | abel surface 134 is trimmed; fig. 12 illustrates
one conputational technique for determ ni 4§ a di stance-1i ke nmeasurenent
froma point p that is interior to the polygon having vertices v,, vi, V3,
v4, and v3, wherei n Figlehonsingliptinmgieni00 thitis blandsdinte podindes B acording ¢oshe resestiingpation fhereig thes
polygon 1is determ ned using a correspondi ng apex | SO provided by a

stel I ating pr ocedosdsuve0deinit te Hiicrogion fomthe deferned pprsionef the rfindec 188 tepBuds g 5in
paraneter space (.e., the unit square), wherein area patches 168 10

t her ebet ween are cagfiadshens aimplphots Histedted onw erfinger H6 agrerding fyghe rmethid plhel présegtiiniotionti nat es
(st) where s varieslinearly with the di stance between two correspondi ng
poi nts anapair of ofigdishonsg compiiteaneld s deipe bereinbeion) e Oilides tioresssing suliewives Zbdnhidhs a
correspondi ng point on each of the subcurves of the pair 160a and 160b;
Fig. 14 ill ustrates Fg ishowpiasuriacei} Srom whicha labsl sutface Baistdmmed; bbons defi ned by three
surfaces S,, Sr and S3, wherein the present invention is able to provide a
surface patch for t His hilegmtes one gupotation)itdeyqur-iondetrining { dipncedikepeaurtacat foreg poiptp Batiisow;, 15
Figs. 15 and 16 illustrate both general conputational geonetry concepts, as
wel | as novel ciseriorsyshegolypombaving reesicesv ity ttiand v, Aherein thecdistanpydike pasurerpent to eqclysigecof this polygon Not e
that these figures are used to illustrate the terns defined in the

Def i ni ti ons Secisfetsryingg esinga comesppagipgapex 15§rayded by 7steliaiegpecessy bl ock di agram of the
typical flow of design construction operations perfornmed bya user of the
present invention ifi§Reusiongbemmpne curves Héasudiblyin parametyjspace .o, thempitguuare), Sheminasppatcher{¢be o
profile curves404, 408 and 412 neetingata profile marker420, wherein the
surfaces 416 antiereetwenarerapable chheingthemsalyes paramegerizadby coopdinates g whisgs variestinearly ith the distance besween

i socline handles (for the marker 420& bei ng in a comon plane 460; fig. 19
shows profile chypespondingpoigongpair ol gpposing sucqrigsd S0aand ) $Pp, pnd pdgtermingsa copxpsponding pis prygash ofther | | | ot
het ween surfaces 484 and 486. Typically, profiles x and y are defi ned

usi ng di st ances%bees ka0 n t he i ntersection curve 482 of surfaces 484
and 486; WD 01/08102 PCT1US99/16844 15 fig. 20 illustrates one enbodi nment
for conputing a bl erfrddilustaess sacn thaths sides andgibhogs deined by fhrsesprlaces ScSpsndin orbersiy the 8880 dli ng
to

invention is able to provide a surface patch for the region 300 using Formula (5} provided hereinbelow;
I5 Figs. |5 and 16 illustrate both general computational geometry concepts, as well as nove! concepts that are fundamentat
to the present invention. Note that these figures are used to iltustrate the terms defined in the Definitions Section hereinabove;
Fig, 17 shows a block diagram of the typical flow of design construction operations performed by a user of the present
invention in designing a geometric object;
Fig. 18 shows three profile curves 404, 408 and 412 meeting at a profile marker 420, wherein the surfaces 416 and 418
20 join smoothly at the ntarker 420 due to the isocline handles (for the marker 420) being in 2 common plane 460;
Fig. 19 shows profile curves x and y that define a surface 480 which forms a fillet between surfaces 484 and 486.

Typically, profiles x and y are defined using distances 488 and 490 from the intersection curve 482 of surfaces 484 and 486;



the present invention; Figs. 21A - 2ICillustrate a procedure for- creating
a hole 600 according to the present invention; Fig. 22 shows a bl ended
surface 71WORM92i ng to the present invention, wherei}W¥Y¥BM¥nded surface
extends between 5 a degenerate profile (point) 114 and the circular end
118 of a cylinder 722; Fig. 23 shows a bl ended surface 7SO according to the
present invention that extends between the degenerate profile (point) 154
and the planar disk 758 having a circular urve 760 therein; Fig. 24
illustrates the results of a blending techni que of the present invention

for blending a surf 820 ietatpsate pmbedmpest for compytipga plepded surfags frog) fsocling ribhogs SO8 apd Stauagsding to

wherein the resulting surface 786 is bl ended between these two ribbons. 10
Fig. 2S shows attireesesios rf ace 808 according to the present invention
whose points p(u,v) are determned using a "forward al gorithnt, wherein
poi nts in paraneter ngﬁ%'é'ci'%‘“&?'&“dt"h@ﬁ%’g“@%‘nﬁéﬂ"’ﬁm‘E’M“Z’\éﬂ’"ﬁ@bor ding to
points in an additiopal paraneter space 828, and wherein the points 830 of
the additional par arftshowiablspded surfaced10 accopding tp the prsent iovention, yherely thejlepded syface gitends hetween

di stance- |ike neasurenents to.the Ere-i mag_e?g, i n paraneter space 158) of
the profil es® g12deggheare pofis (ppint) 14 and heciruiarend 18 o linge BE 26 j sa 1 owchart showi ng
the steps for conputing. an jnterpqlating curve accordi ng to the present

i nvention using 15 M- Zywrsabiendsd suefgcefpflapcording 9 dhe proseatitventiyn that extends becwtes che degenera(s prphle

techni ques novel tq the pres i.nvention_, Fig. 27 shows a flowhart of the
st eps perfor md‘W%‘@ﬂﬁBﬁ“ﬁ’ﬁ@%Wﬂ"‘éW W‘gﬁgﬂl\‘fg'l‘i on to an isodine boundary
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parameter space 828, and wherein the points 830 of the additional parameter space are used to efficiently determine the distance-
like measurements to the pre-images (in parameter space 158) of the profiles 812 and 816 (in object space);
Fig. 26 is a flowchart showing the steps for computing an interpolating curve according to the present invention using
I5 2 one-dimensional embodiment of the computational techniques nove! to the present invention;
Fig. 27 shows a flowchart of the steps performed when constructing an approximation to an isocline boundary of an
isocline ribbon, wherein the boundary is opposite the profile for the isocline ribbon;
Figs. 28A and 28B show a flowchart for a program that constructs a more precise isocline ribbon boundary than the
approximation resulting from Fig. 27;
20 Figs. 29A - 29C illustrate a flowchart for modifying one or more subsurfaces S, of a composite surface §; by changing
a geometric characteristic of an isodine handle and/or a ribbon tangent for a marker on one or more profile curves defining the

boundaries for the subsurfaces §;



Fi gs..30A and 30B provide a flowhart of a programinvoked by the flowchart
of Figs. 29 for deform ng subsurfaces 3t in real tine as a user nodifies
an i socl.i nsv¢henesidor and/ or ri bbon tangent; Fig. 31 is ar€l/ossehesus of the

hi gh | evel steps perforned by a user interacting with an enbodi ment of the
present invention for changing the shape of a surface; 5 Fig. 32

pictorially illustrates exanples of values for paranmeters used in the
flowchart of Fig. 26 for conmputing an i ntay polating curve C(u); Fig. 33
shows four profile curves P,,, P12, PI1 and PMwherein it is desired to

generate a surface, FAg3Naé30n gryideta ewchat of Apro@dm ilvekel byctk flowhdrianf Figs. 2 for efermiagsulfusiee | S
defined by these four profiles (and their associated isocline ribbons);

Fi gs. 34 and 3S;inkehl tietaya@ieianodifiesan isothietidndasiforribhon tigentf aces generated during the
performance of one method for creating a 10 4-sided patch (Fig. 36) from
two 2-sided bl ends Ui3niga fobdartiobxherhightlived Seipd pefoimbdidy £iSer intbracing @ith aSambodimdil the pResent

bl ended surface S, (Fig. 34) is generated using the isocline ribbons R
and R12 (for thGveiin® tdngig thhapenhuft:2, respectively), and a bl ended surface
S2 (Fig. 3S) is generated using the isodine ribbons R2, and Rn (for the
profiles P21lsand Pl g, 3 GéondmEillitiel exples dalges forbGranflrOW inhe floRcid of Rglhg folxhfptid S
surface S derived fromsS, (shown in Fig. 34), and Si (shown in Fig. 35),
wherein S is gaplfrgafe@ypcording to Formula (11) provided in Section 5 of
the detail ed description hereinbelow, is Fig. 37 shows the geonetric

obj ects used in an GﬁfQDﬂlinTmﬁﬁmﬁﬁfmrvish,%?,pf,,@ﬁ@p&herﬁﬂtﬁﬁﬁwdQrgenfr@era SUpfRE) BDimded by e
surface S from tw surfaces SLand S,. In particular, this figure

i ntroduces the Pﬁn@admknemwedﬂm@m&fﬁubm@mnmiswaﬁﬁ%ehmnﬁi gs. 38 through
41; Fig. 38 illustrates one enbodi nent of the present invention for

generating a four-sipgest a3 ikt b ikrmedhf sirthcls geheatedui thpkHorhbnteRF oM Mbthol B creating 2
enbodi nent of the present invention for generating the four-sided patch

al so  gener ag ed 4-tidad phtth {Fig 36 fronedo 2siddd blendt GinStRQivprofid Lavel VO3S, I TRIEL blehdRd sirRE N Pl g NCES
bet ween-the geonetric objects of Fig. 30 and those of fig. 39; Fig. 4

shows a possi bl g gaaRdEigthe Kodifedibtos B4R} foPue pfles F,iaf P,, Rectivityl) il tleiiedsitere DR AT | €S
P3 and P4 of fig. 38 are degenerg'te; B O e Thoad 10t i)gs.

42A and 428 ill ﬂieﬁefa@étﬂng%bﬁdmm’gﬂidkﬂhnﬁepm K@kt Po Rigediviiat 1s constrained to
reside on the profiles curves 2003
Fig. 36 shows a resulting blended surface S derived from §, (shown in Fig. 34), and §, (shown in Fig. 35), wherein
is generated according to Formula (11) provided in Section 5 of the detailed description hereinbelow;
{5 Fig. 37 shows the geometric objects used in an embodiment of the present invention for generating a surface S from
two surfaces S, and §,. I particular, this figure introduces the notational conventions subsequently used in Figs. 38 through 41;
Fig. 38 illustrates one embadiment of the present invention for generating a four-sided patch;
Fig. 39 illustrates an alternative embodiment of the present invention for generating the four-sided patch also
generated in Fig. 38;
20 Fig. 40 shows the notational correspondenices between-the genmetric objects of Fig. 38 and those of Fig, 39;

Fig. 41 shows a possible geometric configuration of Fig. 36, wherein the profiles P, and P, of Fig. 38 are degenerate;



and 2004; Fig.43 illustrates constraintson conposed profile curves and-
their corresponding isocline ribbons for providingtangent plane continuity
bet ween. t WEOBV®A®ed surfaces S, and Ss; 5 Fig. 44 showsPEI/ESBAs%E P, . :
associ ated isocline ribbons RL and RR, and various handl es used in
descri bi ngthe conditions for achieving G1 continuity on P. DETAILED
DESCRIPTION 1. Introduction Fig. | illustrates the use of an enbodi nent of
the present invention for designing a surflice 62 that interpolates any 10
two paranetric surfaces such as between the half cylinder surface 30 and
the surface 34. Thafigithand 8 dlustsatptie mevemenseba marker 4101 that isonstegined (aireside gp the profilss cres Bace
i nterpol ati on process, wherein constraints on surface 62 shape are provi ded
by the featureades 54, 58 and 60, and their associ ated novel control
geonetry (e.g., isocline ribbons). In particular, the follow ng constraints
are satisfied by t figd3dlustratesconstraiptoon coipased peofilesurvayandtheircerrespanding isoclineiribbong fpr arpvising tasgeits t i cs
of the surface 30 along the feature curve 54 are inposed 15 on the surface
62, (b) one or plagroatingicpbstvesn twé biendedtqusfrcsdand 5 sti cs of the surface 34 along the
feature curve 58 are inposed on the surface 62. and (c) the surface 62
i nt er pol at e$ t hr oug Fig-44ishowsf profite B, pseaciated;isocliue rihons RLasd B; apd vaviows handlesused i dessxibingthe canditionge Nt S
along the extent of curve 60 are derived from(e.qg., identical to) the
i socl i ne ri bborisadigingGhanti®@@yon 0 Thus, using the present invention, a
designer an design a surface specified in teens of (a) a relatively small
nunmber of carefully constructed and PEFMLEDDESRIFRAN f eat ure curves, and (b) the
desired sl ope(s) ofthe surface along the extent of these feature curves
(via WO 01108102 PCwittdged®ioa6844 18 !i odi ne ri bbons). Moreover, using the
present invention, such a designed surface not only interpolates fairly
bet ween t he f eat ur eFig tilustaeshebe o achipdmentsfithe grisetinvestion brdesigring owxac 62ttrnisterpolatesratys
such as convexity, concavity, and/or predeterm ned curvature ranges.

10 two parametic surfaces such as between the half cylinder surface 30 and the surface 34. That is, the surface 62 is generated

via a novel surface interpolation process, wherein constraints on surface 62 shape are provided by the feature curves 54, 58 and
60, and their associated novel control geometry (e.g., isocfine ribbons). In particular, the following constraints are satisfied by
the surface 62:
{a)  oneor more geometric characteristics of the surface 30 along the feature curve 34 are imposed
I5 on the surface 62,
{b) one or more geometric characteristics of the surface 34 along the feature curve 58 are imposed
on the surface 62, and
(9 the surface 62 interpolates through the feature curve 60, wherein the surface 62 tangents along
the extent of curve 60 are derived from (e.g., identical to) the isocline ribbons 61 and 63.
20 Thus, using the present invention, a designer can design a surface specified in terms of: (a) a relatively small number of carefully

constructed and positioned feature curves, and (b) the desired siope(s) of the surface along the extent of these feature curves (via




Addi tional l.y, the present invention can be used to blend a surface region
into an obj ect being designed. For exanple, Fig. 2 illustrates the bl ending
of a cir.cuMQoisek 66 into the cylindrical surface 30.PCRNINS®GMIS, t he
present invention can also be 5 used to construct bosses, dinples, |ogos,
and enbossing as well as to recursivel ydesign surfaces as one skilled in
the art will come to appreciate fromthe disclosure herein. At |east one
enbodi nent of the present invention diffens fromtraditional approaches to
conput er -ai ded design (CAD) in that with the present invention, a desired
geonetri c obj ecisedpeibigns). Horegver ufingthepiesent itvention, sueina dekigned eurfacemet enlylinterpplatas fajoly hotweat thefegtero f
geonetrically and conputationally unrelated patches (e.g, three-, four-,
five-sided bounde busase hiayebeysther impated canbraintesych dp@nvaitylzeaniy edbripydetmied @wptuiedingeoget her
in a way that satisfies certain constraints at the boundaries between the
pat ches. Thus, the cdhdditionallydhe prasatingsntion cp bewisq tetdepd a sufaeregionantocienjictheing disigned. Fpieampleng
together the plurality of unrel ated geonetric sub.objects (subsurfaces)

i namannert hat i fig biltuseiesaite bwding of bliraladisk sbintekhesylindticalisurfae 30. Hiorser, the phasend injensiontean alwde t hat |
across the boundaries and/or regions therebetween, constraints such as
continuity, Sdi fisfdrmstruc besiss, diniplesylogos,and shbassing apwslf avtaveursively desipusurfacesasions Skilled dl the ithrill omd s
fundanentally different fromthe traditional approaches to CAD in that

onl yf our - si ded Mappie franighe didosyre el i t €, Coons, Gordon or Bool ean of inplicit
surfaces are patched together in prior art systens. 15 2. Bl endi ng between
Geonetric Qbj ects A Mlewtoheambodineatiof thepressntitentipndiffigstirpretraditioiapproaghes tecompitenidgd desige(fADY he
present invention is the blending between two paranetric geonetric objects
such as surfacei!lﬂlamiﬂﬂl!m@wmtﬁiw@ﬁﬂ@@GBGSMMMWWMWWMMQW@Ddi ng
|s performed. As defined in the Definitions Section above,

' par armet r i r geonand tomputatiopgfiyorgrelated patches (eg., these-, dourr, fivertided boundad surfaces). meubwnﬁv pieceds U t
of a mappi ng? froma (sinple) coordinatizedgeonetricobject (paraneter
space) such '@ss togsibuin awnnthis patisfiescertaip orstraints ¥ the boyndagienhetyegy thegatcherrdhuip ey gesmptrioubject
geonetric object (object space). Wien the paraneter space is a bounded
pl ane, two coor eﬂ-bqéwmedbmﬂnﬁmﬂverﬁem"ewuord@ﬁmacmhwmsnbwfamm?anwhmwbm
exanpl e be used to uniquely identify each point in the paraneter space.
When the obj ect bledader "I“‘S‘heieWP'@E“‘W‘@WMM‘EB!)Q'F@W“W“@PWH@WOnaI

for every (u,v) EOI nt in the bounded pl ane paranmeter space, a function may
associate a poi Fieregtisjty, 2')‘/°!°H"‘{"'h§“%5'[§fde@'f “f“ @“'“EBV“@B'HW@W‘!' 2peicaches o CAD it
paraneter space is usually assuned to be the unit square, which neans that

both u and vvar §nlyfour-sided NURBS, Bezier, Hermite, Coons, Gordon or Booleans of implicitsurfaces are patched together in priar art systems.
IS 2.  Blending between Geometric Objects

A fundamental geometric object design technique of the present invention is the blending between two parametric

geometric objects such as surfaces and, more particularly, the manner in which such blending is performed. As defined in the

Definitions Section above, 2 parametric geometric object” (e.g. a surface) may be defined as a result of a mapping

from a (simple) coordinatized geometric object (parameter space) such as 2 bounded plane to another (typically, more complex)

20 geometric object {object space). When the parameter space is a bounded plane, two coordinates or parameters (denoted u and

v) may by way of example be used to uniquely identify each point in the parameter space. When the object space is three-



between 0 and I, although it is within the scope of the present invention
to utilize other paraneter space geonetries and 5 coordinate ranges. In
one enmbodWaH082 the present invention, in orderto bI¥TPBEEHen t wo
parametric surfaces S, (uv) andS2(u,v) each having the unit square as their
par anmet er space, each surface S, -and S2 has associated therewith a
respective blending function B, (u,v) and B2(uv), wherein each of the

bl endi ng functions has, for exanple, (0,1}%s its range (as well as
satisfying other properties given hereinbel ow. Consequentl|.y, NEew.
surface may be dimemignghdopevesiiy H@“‘T‘BS‘?"W&P Parapster pce, 3 fungigp "'57‘8?5',’"1?}"%9'@,'“ ‘F’\é\{?"“v)
"Bi(u,v) +S2(u,v) "B2 (u, v) (1) . Note that the blending functions B, and
B2 are typical IsS¢chosen so that the resulting blended surface S is the sane
as S, on a boundary with S* and the sanp as .S2 on_a boundar ith S2. This
i s achi eved by devi ‘?‘IU““B,-‘PB%U"EE‘"%“Fﬁ'gfya‘ﬂf“‘l“"l%"ﬁms"g?é@' “%'l‘wgk't?&ﬁmary
wth S while having B2=1 and B, =0 on the boundary with S2. In Fig, 3 for
exanpl e, |'S, i cetwerncd and|rathaughuit is mithin the scopess) thp, preseat; ipvgntion tg ytilize gfbey pm'i'ét"%ﬁﬁwaﬁ’ s ¢ he
vertical line S4 of the surface 30 and the other boundary is the curve 58
on the strip 34vwrdndganghen t he surface 62a is S, which runs between these

two boundaries and is tangent to S, and SS at the boundaries % gpab

Bl endi ng Functi ons inousewiedimentof thearsenrivyppton,ipariestablendbesueen o pprametic supifces iy Hésl(!} en
geonetric objects of various types. For exanple, b]endin fun fli_or}"s! for
bl endi ng bet we cwaving theymit sgareas their parameter space, eaghapsiage s nf 3 hagppspciated;therewit H”B@“% g e
However, to si g“lplify and clearly illustrate) the Pov_el b enﬁii n gProcess
and the associ d{sY a1 B4 heres ah efitie bppding Smctignghas, foreuple (0.1);25 Eapge (ap 4l as sagying other

di scussion here is initially 20 limted to Iengixrig &e},tvyee two curves, or
bl endi ng bet we ehmpartitiaive hereinbslo.Consepentlyy 2 pay Sypcenay be defined by s followin S, and S2 to

be bl ended together, the blending functions B, (uy) and B2(u,y),
respectivell, are apprééPi‘Qﬁer‘usg)t'?!gue'f)tﬁs;(u )0192&“’6'2 t he 6¥%Jndari es of a

PCT] 1950/ 1603424k AP 20 T o o il S St s
S5 1'n-obj ect S ViUGy MEMEREE G SR oiTl ER e b e S8 dof oo
pace 5. | ndl coMmmEEhS WHRIEAO U TR e iRS: b Ppe ¥ 8
and the pre-| migﬁm s(t)r:; M?allfdro}l/e(lamundary is the vertical line 54 of the surface 30 and the other boundary is the curve 58 on the strip 34,
IS then the surface 62a is S, which runs between these two boundaries and is tangent to §, and S, at the boundaries.
2.  The Blending Functions
Blending functions may be provided for blending between geometric objects of various types. For example, blending
functions for blending between two volumes filling geometric objects can be provided. However, to simplify (and dearly
illustrate) the novel blending process and t.he' associated blending functions of the present invention, the discussion here s initially
20 limited to blending between two curves, or blending between two surfaces. Accordingly, for two surfaces §, and 5, to be blended

together, the blending functions B,(u,Y) and B.(u), respectively, are appropriately set to either 0 or | on the boundaries ofa

blended surface generated by the present invention.




80 are straight, but they need not be so. 5 Assuming (again for sinplicity)
the bl ending functions B, (u,v) and B2(uv) have their domains in the unit
squar e (-aswotowesisz par anet er space), for any point (u, PCYUBIYIESM S par anet er
space it is inportant to determ ne sonme neasure of how "close" the point
(u,v) is to the boundary curves (e.g., boundary curves 78a and 78b) and,
nore generally, to the pre-imges of profile curves. Such cl oseness or
di stance |i ke neasurenents may be used in2specifying the blending functions
and/or their resulting values. Note that there are many ways to conpute
such a cl oseness or Rdedngabglewbiriinita asmpel detthelmpiatios 1a)78ip epatameiet spre coyyopnd & the fFdiles 10
instance, if a boundary 78 (or profile pre-image) is a straight line, then
such a par anet r b4andif isebjectspaes, fer any aurve(Blignhip blgnded swrface suck as quefase Paythere gs a telated|prarimagel (e pudinet he
| ength of a perpendicular |ine segnment to the boundary |ine through the
poi nt. Addi ti on&)definelinpmmameter spaxe % indicated Cotethat foi simgficitpthe beunderiey TBaand dbavdaive preipagef warve
descri bed herei nbel ow (e.g., Sections 2.3 and 2A). Assum ng paraneter space
is still the 2- &aesraight bunthdyredptlee. of (u,v) points, a blending function a i
(wherein | s is N for sone fixed N nunber of boundary curves) can be
conput ed a foncti on Asfimiag{aginfonsigplititithebleding funtions Bub)iadd 8 (ufv)avetheir domaingin the ufiGiudre (2515
where D1 is in tama function of (u,v) so that Bi (Di) = BJD (u, v) ) =
Bt (u, V) , whetheiparanXr§pace)afor any pwintfp, linthis parameter fpacelitds infpanantto detsaning sone miawre of hoe “dost’a g €
Cl-' of a boundary curve C, (in object space) of a surface S. Note that
such di st ance- | ihkpsint (Ev)istetheibayadary corssfe 5., boundarysirapsTha and 18b) andimore genarally tetlie previmagés of profife get s
arbitrarily close to the i' boundary curve pre-imge q' (such as neasured
i n conventi onal cu@esciudh chisepess orclistancedike medurementieaybe B invppcifyipethecdlendingSindtionsand/or their eehultige t o
zero. Exanpl es of such blending functions B i and distance-Ilike functions
Di are provi dedvayesy iste this ehirenyy manp @aysD) corepite sich icoseasfs ordistence:liky measurgmentfin ppranetes ispaice. rfoy
functions Bl are of the forms i (D), unless additional specificity is
required, &0 winptancetifeboundarydl8 (preprofile prasimagelivg straightdiuethor sech dparpmitric distance to 3{wv) poineiveasiyn g
function B #,Y) initially discussed above, and ﬁib) the bl ending function
si (D) for songlodiedss helength of 3 pergendicalas e pegment wthe bogndaryligs sheoysh the point. Additiona! techpiqest brnct i on
i.s required between the bl ending WO 01/08102 PCTI US99/ 16844 21 functions
of (a) and (b), "’!"I'\'éﬂzP}GMF#‘HEW3‘@%@wﬁh@mmﬁgﬁ-yﬁ@mﬁim%‘)can be used to indicate
whi ch bl ending function is indicated. As an aside, note thatf Fornula (I)
appl i es equal |y wel |Aspmingpagameter spare is s sheFcfimensionh aceghiisy) pointy, ghlending function By . (Wigrein k<jedt | s
S(u,v) = S:(u,v} gi %D1Q+82(u,v) gZSDZ (22e ] L . o

or some fixed N number of boundary curves) can be computed a function of a univariate distance-like function B ; (D, ),

IS where D; is in turn a function of {u) so that B, (D,) = ﬁi(Di (a, v)) = B, (u, v}, wherein Do) is a
distance-like function to the pre-image C; of a boundary curve G, {in object space) of a surface S. Note that such distance-like
functions must satisfy the condition that as (1) gets arbitrarily close tothe i* boundary curve pre-image C.* (such as measored
in conventional Euclidian distance), then D.(u,v) gets arbitrarily close to zero. Examples of such blending functions B , ad
distance-like functions D; are provided hereinbelow.

20 Since many of the most useful blending functions B, are of the form B ; (D), unless additional specificity s required,
B; will be used herinbelow to denote both: (a) the blending function B,(u,v) initially discussed above, and (b) the blending

function B 5 (D) for some distance-fike function D;. If, however, a clear distinction is required between the blending



If a point (uv) is dose to the i*pre-inmge boundary i=1,2, then-B'i (bi)
is expected to be snmall and the point is mapped (into object space) close
to the i bWOAHEH92 5 A good collection of blending fun®CTEE¥/Is844 not .only -
allows the mapping, S, of a blended surface to be coincident with the
desired perinmeter (profile) curves, but will do so in a manner so that the’
resulting bl ended surface between two or nore such perineter curves of,
e.g. for exanple, different initial surfaczs will preserve such
characteristics as the continuity of curvature wth these initial two
surfaces. That fumstionswfifa)and (b theidowinaol the blending futicting cah be tised:toindismehichdylendiogtaction isiindicaged. As
surfaces. Also, it is preferred that the blending_functions B, allow the
new surface to #sasid, soterthat Ferinutp(t) epplies equiiipwelbforahe bjending functions By, (1) 5 1%, 2Adhtiiss abl e

bl endi ng functions for B,, 10 i=l,2. For profile curves P,, Pi of two
surfaces S, and S2, wherein a blended syrface is desjred bethFn P, and P2,
assume that the profil®&,m) arﬁi(szhaﬁi%i‘a?‘ﬁ(rmwﬁi’@ztﬂz}a-i magesS’ t hat
correspond, respectively, to u=0, u=l of the unit square {(u,v) 0 s u s |
and 0 s v s | }, then sone useful properties for blending functions B, and

(1. 3) “The det i it HsR TR Egaihlar=is o8 3 s it 0GR i ity _;°
i=1,2. This enf &‘@%jﬁé’“@ﬁ@‘g{““‘ﬂ“ ent continuous) transitions between the

bl ended surface Initral ‘surfaces S, and S2. |If higher order

derivatives qre alsq éfnfﬁlﬁdiontnnﬁﬂinﬂ&ngﬂﬂ- noﬂ? : dws ﬁﬂrﬂﬁp‘n%&é %efggx&rgg foBe cOINAGARES

can be realized, usu y Inprovinhg Its rness.

PCT/ US99/ 16844 oy L = | for. . - Co
"partition of utrtl‘ﬁt%g'/eﬁ J"én%'(ﬁﬁlt)gfzrgs\?ém e“(sa&? 'gir"la?nﬁgkﬂ%@ﬁ%ﬁ"gwn‘(’)’#—{@?%eﬁtrg@rr@?qm :

mhi rati ft ' . Whi a ts.
Note ¢ hat i s PRt toani it oy e A R S SRR P
f the initial; . _ .
L1601 ley i e S0 SAogd B B R
(D 4) and B2 ( m%ainlg lﬁnct?ohsrieallo(v%ne? Jurfdceo)be fai. Wfilh@ Bl Q‘@ﬁof RfaiP it belidblebibndingRindibhs BT

continuity of the endi hg nctions, which |sneeded to achi eve t hesanehi gh
order conti fgli tjypbetween the initial blended surfaces. Another alternative
is to choose polynom al functions with the above properties (1.1)

For profile curves P,, P, of two surfaces §, and §,, wherein a blended surface is desired between P, and P,, assume that
the profiles P, and P, have parametric pre-images that correspond, respectively, to u=0, u=1 of the unit square
{(wv) | 0<u<Tand0 < v <1}, then some useful properties for blending functions B, and 8, are:
(1.1}  B=latu=0and B;=0atu=I. B,=0atu=0and B,=latu=l
15 (12)  The derivatives B, and B," equal 0 wherever D.(u,v)=0and D,(u,v)=I,i=1,2. This enforces
smooth (tangent continuous) transitions between the blended surface § and the initial surfaces §, and §,. If higher
order derivatives are also zero, then higher order continuity between surfaces can be realized, usually improving its -

fairness.




t hrough (1.3).

For exanpl e, aqui nti cpol ynom al canbechosenw t hzer osecondderi vati veat D=CandD=1
, t her eby.pr QA UioBY2 beneficial curvature characteristi cBCTERSBeCti on 4. 4).
In addition to the bl ending functions described herei nabove, the foll ow ng
are exanpl es of additional blending 10 functions. B,{x) and B2(x) are

pol ynom als satisfying the follow ng constraints: B, (0)=1, B 1(0 =0,
B(1)=O, and B (1) =0 BIN = 1-1110 Note tha2 additional constraints

regardi ng high order derivatives (eg., equal to O at x=0 and/or 1) may 15
al so be inposed. For exai@) e, ByiB,=Bralf payts{i). s bs yalteq “prtitian ofiwaity, 0 it povides fomhei t y
is attained with the objects from which interpolating and/or blending is
performed. An exanpl gneration abdnysn ondinetion oftheauniates § and 5, torwbithia oem blendeds surfasefabuts iiyte thineiis e
constraints is. B,(x) (I-x)2 + Sx(l-x) + I Ox7(t-x)3 WO 01/08102

PCTI US99/ 16844 23 Neaitlsao ktefnthenewiBleridad yurfzoafiym doitingad fas froe dle it safad8d,24d6r curve with
six control points, P11...,P6, as shown in Fig. 6D. Mbreover, note that
since B, (x) _ - 30xIThdelare méoucembbdimibntsliérdefiningbiédding fuketionsxOnzuséDombodigentisx) , 5 t hat

B 1(1)=0, B"(0)=0, B"1(l)=0, B'2(0)=0, Bi(l)=0, B"1(l)=0, B, (0)=0 and
B"1(0)=0. (c) Any conposition of blending functions as dgscri bed

her ei nabove with a bijediDg Eesap? (Dpnd-dret B, arm sént &),— par anet er i(aat i on
function P:[0,1]--[0,1] may be conposéd wi th a bl ending flinction to obtain
another 10 blending function. As a specific exanple, let P(x) = 2c(x xi) +
XI', where c bs ahic ghessibiatity high oriefoddtinultyaieie Bnding functions, which is needed to achieve the same high order continuity

between the initial blended surfaces. Another alternative is to choose polynomial functions with the above properties (1.1)
through (1.3). Forexample, a quinticpolynomial can be chosen with zero second derivative at D=0and D=1, thereby providing
beneficial curvature characteristics (see Section 4.4).
In addition to the blending functions described hereinabove, the foflowing are examples of additional blending
10 functions:
B,{x) and B,(x) are polynomials satisfying the following constraints:
B,(0)=1, B',(0)==0, B(1)="0, and B' (1) =0
B,()=1-8,(x)
Note that additional constraints regarding high order derivatives (e.g., equat to 0 at x==0 and/or 1) may
I5 also be imposed. For example, if B“,{0)=8"(1)=0, i=1,2, then C* continuity is attained with the objects from
which interpolating and/or blending is performed.
An example of polynomial blending functions satisfying these constraints is:
B,(x) = (1" + Sx{1-0)* + 0d(ln)’

B(x) = H(x).



then a new bl endi ng function may be construed as B(P(x)). Thus, when c:= 6,
P(x) = x. Modreover, as ¢ varies, the inflection point of the graph of P(x)
moves as sWOMHOSI®Z Fi gs. 6A-6C. Note that the bl endi ng PETHEMII6MS of fig. 611
(wherein c > % wll cause the blending curve (and/or surface or other
geonetric object) to retain the geonetric characteristics of the object
used for blending that corresponds to the x=0 15 axis in the graph of Fig.
611 for a larger part of the surface. To r23luce the real-tinme design
conput ati onal overhead incurred for evaluating bl ending functions, the

val ues for the bl endi nghNdeshadk() eryde dedvpd as 3 rzienevere withdixseiirohpoings, P...LPp astshwinin b d
prior to a design session at a sufficiently high resolution and stored in
menory in a manner tMoreoer, ckeithatisce ef f i ci ent i ndexed access to a cl osest
approximation to the actual blending function value. 2.2. Extending

Bl endi ng to N-sided Regions M(X)ﬂ-ibzdl-#nﬁodi ment of the present invention,
a novel general formfor blending overa region that is bounded by each
edge e, of a paranetric surfeﬂfm)SAO)(-(lm)'-ﬂnx’Z(l-x).. , N and NzZ2) is the follow ng
wei ghted sum of points S, (u;(p),v;(p)): Ah . WO 01/08102 PCT/ US99/ 16844 24
N S(P) B, (DXP)) Si(ui(Phatvi(P)) (4) j =15 where: (a) pis a variable
denoting points in a common paraneter space for the surfaces S;; (b) D3(p)
is a distance-I|ike measurement’(lj=e0, BHE=Ar B (I8 B (0p+0, (BE)=e, 8%(H)e-0aB(0)=i0hsad
common paraneter space; (c) BB is a blending function which is zero when
Dt is zero and nonotonical | y 8“f)=@ases as Dr increaser, and 5 (d) u;and v
are paraneterization functions thattransformp fromthe comon paraneter

space to the (any) Nt eiEiodtbrorbiahghiibne desREbereinibtVe witlsbijective (eg., one-to-one and onto)
parameterization function P:[0,1]-+[0,1] may be composed with a blending function to obtain another
10 blending function. As a specific example, let P(x) = 2¢(x-x%) + ¥, where cis a constant "skew" factor,
then a new blending function may be construed as B(P(x)). Thus, when ¢ = %43, P(x)= x. Moreover, as
¢ varies, the inflection point of the graph of P(x) moves as shown in Figs. 6A-6C. Note that the blending
function of Fig. 6B (wherein ¢ > %) will cause the blending curve (and/or surface or other geometric
object) to retain the geometric characteristics of the object used for blending that corresponds to the x=0
15 axis in the graph of Fig, 6B for a larger part of the surface.

To reduce the real-time design computational overhead incurred for evaluating blending functions, the values for the
blending functions may, in one embodiment, be tabulated prior to a design session at a sufficiently high resolution and stored
in memory in a manner that allows efficient indexed access to a closest approximation to the actual blending function value.
2.2, Extending Blending to N-sided Regions

20 In one embodiment of the present invention, a novel general form for blending over a region that is bounded by each

edge ¢, of a parametric surface §; (i=1,2,... N and N>2) is the following weighted sum of points $,(u,(p).v(p)):




Note that by dividing by the sumof the products of the blending functions,
Br N (e.g., B s=i j_1 jii the formula (4) can be nornmalized with
respect -t owtha/odtozndi ng functions. Further note that FRCTUSIYIGEHM) resenbl es
Formula (t) when N =2, and is infactan extension thereof. That is, for
N=2, B, of Fornmula (4) has the functional behavior of B2 in Fornula 10 (1),
and B2 of formula (4) has the functional behavior of B, in Fornmula (I).
That is, there is a subscripting notationalg change between the two

formul as. As an exanple of Fornula (4), consider the three-sided region 300
shown (in object space) in Fidure 14. Appl ying Formula (4) to thereby
generate a surface, S, for Qi 3({0, the foll ow ng eciuatl on i s obtained:
(S) S (P) =B2 (v) B3 ?mlsﬁ +§3.P§J§FB Wi 824(19) » ¥BIRY) B2( V)(8B(W 15 where
u, v and was parameterization f% ictions are the barycentric coordi nates of
p as one skilled in the art w1 "understand. WD 01/08102 PCT/ US99/ 16544 25
An alternative nethod to define a bl ended surface over N-sided (N i4)
regions is proviggked by first applying the two- sided approach based on
Forrmula(l) using It,, and In of fig. 34 as S, and S1, respectively in
formula (1) to thereRy OpfBambElnsingpoitfinFtinghon prseteripateliorithe G Y;y, Formul a (1)
is applied to the surfaces of Fig. 35 wherein S, and S2 of Fornul a (1) are

replaced by Rif and @R21 pfppisdameikelidebasiremdns thelpreimagod! thrCiag & i iiecorswitn garameled sfice; 35.
The two resulting surfaces S, and S1 of Fi gs. 34 and 35 respectively are,

in turn, 5 blended ygi ng g kabidsg AnchoRWhickEwErs Wi, isNrratGHoidGhicillyidebsis @D Sncrkses; nd 62
are as descrl bed herei nabove, and the correspondl ng D, are descri bed

her ei nbel ow §or exan@)l e, ugid¥fdpakiRiiztiorAbontthat thaliGrmpitrbM IR BRmdRparametdripate thikifangnd K
have a common pre-image, the D, used in Fornula (2) to conpute

di stance-11i ke rreasur.mme?,amrtphefarg e-i mages of the pair of edges P,,.1 12.
Pet, and P. (Figs. 34 and 35) may be:

Note that by dividing by the sum of the products of the blending functions, B,,

N
(e-g~rt I Bj }
i=1 j:l
j#i

the formula (4) can be normalized with respect to the blending functions. Further note that Formula (4) resembles Formula (1)

when N=2, and is in fact an extension thereof. That s, for N=2, B, of Formula {4) has the functional behavior of B, in Formula

10 (1), and B, of Formula (4} has the functional behavior of B, in Formula (I). That is, there is a subscripting notational change
between the two formulas.

As an example of Formula (4), consider the three-sided region 300 shown (in object space) in Figure 14. Applying

Formula (4) to thereby generate a surface, §, for region 300, the following equation is obtained:

S(p) =B, (V) B, (W) S, (u} +B, (u) B, (W) S, (V) +B, (u) B, (v} S, (w) )

[5  whereu,vand was parameterization fonctions are the barycentric coordinates of p as one skilled in the art will ynderstand.



(a) For a point P, of the (common) pre-inmage for S, of Fig. 34, b (Pl)-=
mn (D(P,,P" ), D(P,,P11)) wherein D 10 is the Euclidean distance between
P, and t heW@dMP¥&ondi ng profile P,,, and (b) For a poPRT/UFP/IEA4t he -
(common) pre-image for 52 of Fig. 35, D2(P2) = mn (D(P2,P21)), D(P1,Ptl)).
Accordingly, the two surfaces S, and S2 can be bl ended together using
Formula (2) to obtain surface S of Fig. 36. In another enbodi nent that is
particularly useful for generating a four-2S ded bl ended patch, assune the
following restricted but versatile scheme for defining profiles and :
ri bbons: 15 (a) Al | Arplitretivemsthod todefingia blendedguriace ovpriN;sided (N2> &) angjoprirnrovided by fivst agphing thawp-
blending is done with the functions B, (x) and Bl(x) of Fornmulas (3.1).

Mor eover, 1 ef ersited apgroaeh bpstson Formulal using Rpapd Rl Fig dhaet anb Feagectivein Fp'ﬂ"d%@mmpmwie 5
generation techn the follow ng | abeling schene is used. For the
profile, P. M of‘frfl14 Mditjonally, omla ELichppliad tg the surfacayetfig 3 nwhierein Sgand Syobforpulad(t) areseplaceq by Byfandt he
profile, P; 20 hl, h2: the left and right hand profil e handl es,
respectively, dﬁzﬂwmewpwﬂbﬂme,ﬂtﬂ%d Fig.3%. The tyyyesultinprurfatessfapd Sppffigs. ﬂhlgﬁﬁtmmqldarﬁ. istos) | ne
handl es, respectively, of the profile, P. Wc) 01/08102 PCT/US99/ 16844 26
bi, N the ISef tblesiedasing Foryiale (2 wherein biendinp fynstions BragrkBpareas described fhaseinabove, pnd the dowvespondiugDy area n d
right end p0| nts of isocline boundary R (these ribbon tangents al so being
denot ed as " boulescibed hereintalowiforsxaiple, given tratpach ¢h e ribkoesdy Rpky, 26k, Najeq com@op pre-image, heB sl S,
and Se may be defined, wherein Si is bounded by the |line segnents
correspondi ng tiformez () ‘torsamputtistanceelivecheagirements (o e presimages of the jiair of edgenly PRk, indPyifigsiHamd
bythe Iine segnents corresponding to: sa, hi, bs, and de 5 = (s; + b,) -
hs. In particul3&mayb8L and Sg are known in the art as "twi sted flats," and
accordingly, SL is denoted as the left twisted flat, and SR is denoted as
the right tw sted fi@ht. KtnpentR;efthe (comme)pee-imagefor Guef Bigs34Be(B)remie (PRI B@MA) dirind t he
followng formulas (5.01s) and (Sfilb): SL(u,v) _ (i-v,v) 1M hs, (i-a)
(5.01a) $LIOpL is the Eudidean distance between P, and the corresponding profile P, and

(b) For a point P, of the (common) pre-image for S, of Fig. 35, D,(P,)= min (D(P,,Pyy), D(P,,Py)).
Accordingly, the two surfaces §, and S, can be blended together using Formufa (2) to obtain surface § of Fig. 36.
In another embodiment that is particularly useful for generating a four-sided blended patch, assume the following
restricted but versatile scheme for defining profiles and ribbons:
15 (a) All handles are piecewise linear segments; and
(b All blending is done with the functions B,(x) and B,(x) of Formulas (3.1).
Moreover, referring first to Fig. 37 in describing the present patch generation technique, the following labefing scheme is used.
For the profile, P:
m,, m,: the left and right hand markers, respectively, of the profile, P;
20 hy, by the left and right hand profile handles, respectively, of the profile, P,

S, S the left and right hand isocline handles, respectively, of the profile, P;




wherein the. paraneters u and v increase in transverse directions as
illustrated bythe u-direction arrow and the v-direction arrow (Fig. 37).

5. Qlb) . SWqaoew2 (1-v, v) bR SR (1 u) ( R R 10 wher BCHUSMM63Har anet ers u
and Y also increase in transverse direction, with the u-direction being the
reverse direction of the u direction arrow of fig. 37. Accordingly, the
incline ribbon surface S (fig. 31) can now be defined as foll ows:
--------------- WO 01/ 08102 PCT/ US99/1684&&7 S (u, v) = B2(u) SL (u,v) +
Bl (u) SR(u,v) (5.02) where conveniently, the u parameter is also the

di st ance neasur e neelygithdlefird Bfithadriibosgents at themespective lefsand right eird pointsPlisocdine bovwdasyk (these= O,
S(u,0) is the profile; ie., a blend between the control handles (hr-m) and
(h, -nm . Addi ti onibbnitapgentsalsntbeng telmoted as vadery bamdies”).l, S(u,l) i s the ribbon boundary
R derived as a blend of vectors (bL-sJ and (bR ss). Also no that if band bl
are transl ates of htlngthetmptation of Bgs Jesarfates/Sedng §; mayl b defineds whersinc 5 iv doursled -byrbe, fine segments
respectively, then Ris a translation of P, and such simlarities may
sinplify the datdresmidingtegd, b,andd ecfsH b Al mid S is bibnddd byehe jine segments torréspondiagnd: 5, bb,, alfdyr  a
plurality of isocline ribbons S,, wherein each S, is generated by Formul a
(5.02), suchSsri Bbigrshyrhy nparilarSQndd e dhoinrin thelaeas Mot flats® mé scandingd-SSis dehatell astheriditac e
formbel ow, which is a variation of Forrmula (4). 111Bj (D(sst)) Si(ui(s,t),
Vi (S, t)) i=1 ] itwisted Bt3nd Sfigdenstedjaseib right twisted flaSHorefvd] these Sirfaceh thay Be evaiated using thi following formutas

(5.01) and {5.01b):

m, h _

S, (a,v) = (1-v, V) [ x I'] (1 ) {5.01a)
Sy, by,

wherein the parameters u and v increase in transverse directions as illustrated by the u-direction arrow and the v-direction arrow

(Fig-37).

1))
Spl{u,v} = (1-v, v} [bx Sa] a {5.01b}

10 wherein the parameters u and v also increase in transverse direction, with the u-direction being the reverse direction of the u-
direction arrow of Fig. 37.

Accordingly, the isocline ribbon surface § (Fig. 37) can now be defined as follows:



J=1 (5.03) Note that D, (s,t),u,(st) andv, (st) nust be defined for this
formula, i.e., the distance neasure and the mappings fromthe general

N-si de pat¥R'¥®1%neter space (in s and t) to the par ar?@tTglls”é‘ﬁsAge of -t he
ribbons S1 (in u and v). 10 For specific cases where N=2, 3, 4 and NZ 5
usi ng the bl ended ri bbons Sv notice first that Fornmula (5.02) for the )
ri bbon is a special case of Formula (5.03). For exanple, in Fornmula (5.02)
the denominator is 1, the distance neasuré?is just the u-parameter, and u
and v correspond exactly to s andt. The fornula for a two-sided surface is-
simlar, except that the base surfaces are ribbons derived according to
Formul a (5.02) (denoted herein also a "twisted ribbons"); thus, S (u, v)
B2 (v) S1 (u, v) + Bl(v) S& {@u¥}vj Be G20%) (anm 01 BpBu0%k (PCTNS99/ 1684a2) 28 |
Formul a (5.02), wherein the paraneter u neasures distance. ltvaries

al ongthe direction of the profile curve. Now, in Formula (5.04), the
paraneter v nea ance. R to F

di ferri 38, ' he i | i
T bbons. S, " and e i maay b S G hpspeamedtr sl b v o
Four - ai ded pat Y S By 2P Eimebs gt Tm) o, s ooyt Y n e
i the tw sted ribb S, T t i P3 d P
g e Lt gy e Mt 34 e e e e S o
m Por mul a (1) R ek ey SR s K s sy et
bl ended surface, .S Ooff Figﬂ..3% has tensor product form This can be shown
bydeconposi ng i t{"@f’ H‘"“ ffto a tensor form wherein each of the

5 s a biend 10 ofrSFpAfhRS st e Ry e o
OO SRR e AR e, © (v V) = (B2 ()

N
i:[n B, (D, (s.t))]Si (u; (s, t), vy(s,t))
i=1] jei

j=1
N
I P
g[ ’} B (Dj (s t))T

3
J

>S5

S(s,t) =

(5.03)

Notethrat D,(s,£), u(s.t) and v(s,t) must be defined for this formula, i.¢., the distance measure and the mappings from the general
N-side patch parameter space (in 5 and t) to the parameter space of the ribbons §, (in v and v).

10 For specific cases where N =2, 3, 4 and N > 5 using the blended ribbons §,, notice first that Formula (5.02) for the
ribbon is a special case of Formula (5.03). For example, in Formuta (5.02) the denominator is 1, the distance measure is just
the u-parameter, and u and v correspond exactly to s and t. The formula for a two-sided surface is similar, except that the base

surfaces are ribbons derived according to Formula (5.02) (denoted herein also a "twisted ribbons"); thus,

S(u,v) =B, (v) 8, (u,v) +B,(v) S,(u,v) (5.04)




(B2(v) BlI(v)) (5.05) Sy Cu, v) S, (u, v) Bl1. Cu) B2 u) (B2 (v) Sy + Bs
(v) Sy B2 (v) SR+ B1 (v) S2) B,(U Thus, the | ast expression above shows
t hat the. sam@omsiokace S an be generated by first creat ipogusPassani st ed
ribbons in the v paraneterization, and then second, blending in u.
However, since the roles of u and v are symetric, the tw sted ri bbons may
6eZt ai ngdi eupa~nenadat hel gni 4r bepai amadnvThat i ~usi i ~gdi esut ~sSx and SR, SL
and SR of Fig. 39 gives the same surfacedfg as in Fig. 38. Thus, in either
technique for deriving S, the inputs are the sane; that is, WO 01/08102
PCTI US99/ 16844  inBstul5.0%), whthan the pivameter u idatures Bifance. 1tSaliks along2fe directighioithe jodile curve N3, knormula
"iI"denotes the profile Pi(i =1, 2.3,4) to which the inputs apply. Note
that the corr essM)iRpemeae dRisBelanéene various inputs is shown in fig. 40.
So, overall, the two-sided patch of formula (5.04) provides a very
versatile four-si dedeig &g 39MNrGthRbdine fibbofs 5,248, lakd Paramifized ds MdicbdBfthe u and v direction

ef #i ci ent. Thus, by expanding the SL and SR of Fornula (SAS) using Formnul as
(5.0 1 a) and ( Brroksbn ebth of thése HBbors, @esk Fb¥dns'aMy be uRd © Jeidiare Hibub- et phVEhY Theped inddlitvady B
(uy vByvL(QOfi( 1-u?2 (5.&06) (Bsggl( ) ,géi ()) (Pl-v, )p?hlﬁl?d)ﬂzl (3)
where (i) ang ( RharetloRedushPthedndtt FDBond SRS, B b RIS P,lkd @, Be HQUeAPANIR SerivedTroMche iddine
and(S. A b). Note that when evaluating an instantiation of this expression,
the 8; shoul d phminainik, pfaq biindel. Ssicg folmieM) of AN &nAORY Swbbrd WbILiBTS Ofnd ! is s

mat hemati cal ly sound, but to use it inageonetrically intuitive fashi ofi

still requires jigs RN ind iy, PhAAGH2SaRBRE. Thus, in certain degenerate
cases, sone mathematical aids are also in order. A common instance i s where

two 10 of the prof i e@ateBlerded surfach 5, oFFig I8 S alsor hri®licidr. Miskcan RNV bydkedhiBosing Forula (5104) T 1 0.
41. This is a degenerate case since profiles Pj and P, (of fig. 38) are

zero |ength, anegh,g s BimSHerkin BRI Fibonk 5| and3; is derf¥b-from e ForRE!(s. 0B am (1), Thatis, S, is 2 blend
10 of Sf and Sy (Fig.38)and$,isablendof S; and sZ. Accordingly, the decomposition is as follows:

(Sl(u,VJ]

\Sz(u, v}
(

S(u, v} = (B,(v) B (v))

n

S,f {u, v} S;(u, v) B,u)
(B, {v) B, (V})

(5.05)
B, (u)

| S (4, v) S (u, V)

1

32 u)
(B,(v) S; + B, (V) Sy B,(v) S; + B, (v} 55)

B, (u)
Thus, the last expression above shows that the same surface § can be generated by first creating the twisted ribbons in the v
parameterization, and then second, blending in u. However, since the rofes of u and v are symmetric, the twisted ribbons may

begematelAng teuparaneisiafivantbsperd tebndignaybepatrediny. Tt wighewbas S.° and 87, sl and s

of Fig. 39 gives the same surface S as in Fig. 38, Thus, in either technique for deriving §, the inputs are the same; that is,



Not e, however, that Fornula (5.04) still defines a surface 5, but it is
easy to see that the surface may loop at the profile intersections. To

el i m nat e Wa1483030pi ng and still naintain handl e-1i ke ROHPYIB®4: the

mar kers, the twi sted ribbon of Formula (5.04) may be sealed by a function .
of u. One function that is | at u = A and 0 at u=0, is: a (u) = 1-4 (u- 2
2 (5.07) WD 01/08102 PCTIUS99/16844 30 Thus, forrmula (5.01)o is adjusted
to be: S (u, v) = B2 (v) a (u) S (u, v) 4%B, (v) a (u S2 (u, v) (-5-08)

Such a Funct S. 08 | Likely, . ilit
iy sh the | b b her a%l)%?s%g«rg%&“ b2 o pra s S e

function such as ai(u) = 1-u2 2 di m ni_ shes Hl? ri bbon at the u= 1
end, while al (@I)P'Y:““tlﬂ‘{‘@f?t'f‘ﬂ’““é@esm he wriogingytsisshomhgi*l ot the u = 0 end. This
is an effective way to make a triangul ar. (three-si surface, as one
skilled in the art §65 oweral, the e istd gatch ghkarmula(3.04) provides averey ‘ﬂ ‘ﬁdﬂ‘HI‘ areoje, {5 eyalsang y o

The so-cal |l ed "boss" feature maybe obtained froma b ‘H@ﬁf
profile edges. lfmefﬁ‘pﬂ"dﬁ'ls’lhwﬂﬁwﬁe%e andogs diumula 55) "‘I"'E)@'@ﬁﬁ&ﬂ{;% § "EFW"ges
780aandl 80b of fig 24 having isocline ribbons 784a and 184b, respectively.
The ri bbons5784uresimaaybestaimiih are in distinct parallel planes. Wen these
ri bbons are bl ended together, a surface 186 (Fig. 24) is obtained which
maybe consi dered a boss or a dinple. Note that many variations, i.e.,
dones, rocket tips, mesas, apple tops, etc maybe generated simlarly.
Moreover, if the top semcircular ribbon is rotated, the boss can be nade

to twist. This scheme can be used|to traf )a[nca etvvee héﬂtib? Ilke a
joint,asoneskllledlnthea i u
enbodi ment, bl endi ng HeyBe e‘t)d d’b‘{}

} g\hb r qqqi a out each
boundary curve 15 (in obj ect spag¢e) as a ukt)li socl i e ri bbon from
which to blend using fornmula (I) or Forrrula (4). Thus, by defining a val ue

where ( ;) and ( ;) are the appropriate matrices from Formulas (5.01a) and (5.01b). Note that when evaluating an
instantiation of this expression, the B, should probably be table driven.
The above formulation is mathematically sound, but to use it ina geometrically intuitive fashion still requires judgment
on the user's part. Thus, in certain degenerate cases, some mathematical aids are also in order. A common instance is where two
10 of the profiles (e.g., P, and Py) intersect each other, as in Fig. 41. This is a degenerate case since profiles P, and P, (of Fig. 38)
are zero length, and share end markers (i, m” =m; and mg =m) .
Note, however, that Formula (5.04) still defines a surface S, but itis easy to see that the surface may loop at the profile

intersections. To eliminate this looping and still maintain handle-Jike control at the markers, the twisted ribbon of Formula

(5.04) may be sealed by a function of u. One function that s | atu = Y and 0 atu=0, is:

o (u) = 1—4(u-—%)2 (5.07)




e>0, and taking a strip and width of each surface along the boundary to

whi ch the surface is to be blended, these strips may WO 01/08102

PCT/ US99/ 166Xn/08®1 be used as isocline ribbons. Accor dPexi§esnesime surface
boundari es beconme profile curves and pre-inages thereof may be used in the
Formula (I) or formula (4). 2.3. Profile Curves Since the present invention
can take a few well-positioned (object space) profile curves of various
types and generate 5 a correspondi ng surface therethrough, as a bl ended
surface according to Fornmula (1) above, there are two paraneter space pre-

i mage curves f ofusdenolfa () bpstedrabef aces S, and SS wherein these curves are
boundaries for the blending functions B, and B2; that is, a curve at D =0
and at D;=1 for each blgnding_t i ) f , y Lg

curves, as iIIustratedEﬁ%'F?g.Bg?&%ﬁgp)Ethdegggé&;?g&ﬁ%g?ﬁg?aﬁbrgﬁhed
surface. That is, there may be two curves 71la ad 78b in the paraneter
space of S, and two additional curves 78c and 78d in the paraneter space
for S2 (of cour Suthafuctivn (308l Kkehaemdre hddosy® t WO par anet er spaces are
identified). 10 Additionally, there are the nmappings of the curves 18 to
the two surfaces 30 TRaslityrtiminisHtR Fidiagt tR endicigglitsidir ipphiaatioRsOX st AMtvAliutgs | mMage
curves 90, 54, S8 and 91, these having respective pre-inages 78a, 18b, 18c
and 78d. Note that in the case where S, %ng S2 have identical paraneter
spaces, profile 78b is the pre-image 8i(WHhé Lidfile 54. Mreovér:9%F S2 of
18d (= 78b) is profile 58, then 78b is included in the pre-imge of each of
S,, S2 and bl ended surface 62. \When the present invention is used for
surface desi gn, dimnishkshdriblod at dkasdi @felile may t hi nk of designing a bl ended surface
by 15 continuously pulling or deform ng one profile curve of an initial
surfaceto therebycreate a new surface, between this initial surface and a
profile curve of another initial suPif¥e™ Nof® that different tiypl8lbs
profile or boundary curves nmaybe used with the present invention. In sone
enbodi mrents of the present invention, such a profile curve, C may
typically hayve @mishsiedméu= CendDThiSs in@RGR wiy 1 mike Ahikhgali iree-Eided) S2ALeas ond skilRd in the art will
Ca(s)=(u(s),v(s)) where s is a paraneterization of the pre-image (e g., 0 s
s s 1). Note thalesa@dr anetric curves such as C 20 include curves having the
following fornms: (a) conics including |lines, parabolas, circles and

el l'i pses; Bezi erl) Hepos sadDinpldGlont dkiges UNi form rati onal b-splines (N U RBS);

(b) trigononetric and exponential forms; and (c) degenerate forns |ike

poi nts. Addi tional | Yrheso-caled"boss" feature maybe obtained from a blending between two profite edges. The profiles may be provided

as, for example, semicircles 7802 and 780b of Fig, 24 having isocline ribbans 784a and 784b, respectively. The ribbons 784a and

10 T84barein distinct parallel planes. When these ribbons are blended together, a surface 786 (Fig. 24) is obtained which may be

considered a boss or a dimple. Note that many variations, i.e., domes, rocket tips, mesas, apple tops, etc. may be generated

similarly. Moreover, if the top semicircular ribbon is rotated, the boss can be made to twist. This scheme can be used to
transition between tubes, like a joint, as one skilled in the art will understand.

Note that in another embodiment, blending may be performed by using a neighborhood about each boundary curve

5 (in object space} as a default isocline ribbon from which to blend using Formula (1) or Formula (4). Thus, by defining a value

€>0, and taking a strip and width of each surface along the boundary to which the surface is to be blended, these strips may



1 WD 01/08102 PCT/US99/ 16844 32 note that these curve fornms may:be
categori zed orthogonally by other characteristics such as open, closed,
degener at eVAAH® 2onposite, as one skilled in the art HIUSEHE#¢ st and
Profile curves include curves fromthe follow ng curve-type categories
(211) through (233). 231 Open Curves 5 An "apes cuiw s one in which the
end points of the curve are not constrained to be coincident, e .g., the
end points nay be freely positioned. Cpeﬁlcurves are probably the nost

common type used by .the . present .invention .when defining an rhitrary. '
col lection of cl f"\e)')é‘s'”‘?'ﬁ F'@'f"?‘ ?‘é" Py '8‘?""3‘&*?@!’“5’\[‘,\?’9'&‘ ’Qﬁ's‘m“f’&‘ﬂ "'(’F'ffﬁffg]“@&t"‘eébac e),
wherein the surmgce i@ﬂ?onghgained to pass through the collection of
curves. 23.2. andp (RerFm@ i o \en a curve's end poi nts match, the curve
is denoted as "dosed. 'This neans that the beginning point of the curve is
£95C bom foi !
the some as t he*EndiPFe ¥ of the curve. Cosed curves delinit regions
of, e.g., gasurface,. and are especjalJly usefyl for setting .special design
areas apart. One exaRphesregimenfiongan PE‘M'W%%”‘E‘UP‘F'HT@E)‘"?’% vaglags fypes gndgenerate
(described in the Definitions Sect] her ej. napove);. e.g., surface 66 of
. 2. ThatS i ot o B lrar s s A T Qo Yo R e
surface type, denoted a evel opa surface, .so that el i ed
Cher ot o w11 o anale gt s ¥ ndl, e s gt g ocion R s s,
constrai ned and_ is 15 usual rated fromthe rest of fhe desi by a
cl osed curve (stfK aéi"'(? Uﬁ Qf§=b§r‘?§'§f‘)@'5&§§'?"\%ﬂ' E‘ég‘frﬁ'@{ be E‘E‘&W‘p’é@‘ﬁg‘“ﬂﬁﬁ&’%&t 'Efgs i gn
of the (ontaingr).  FEi showsan, el liptic reqgian 100 blended intg.a
oyl i nder 108, vt SR hem b o At e o oo
CLoed Curve Mg S0 R heRR SRR B Be SimR Bm A SRR
open curve y . O ro. | engt ar | .0ose rye encl ose. a
region of n @iar @g't.m%h'ﬁ% Eu'%:tpf e 5@%"@,‘“ t'f'Y“lseﬁ'r" gestﬁ s*'éjcf’ %ﬁ% 3{)@?’%""’%“&“ ¢ "’\9°"@"F 8 with
an adj acent sur - ca [ ' ated from bl endi ng
bet ween a degenié'?eg@é“'éé a?"cs,tij ?‘3&%‘?@‘&&% "@‘E}’P ‘E}éfgg‘.“ﬁﬁ‘ﬁ abeled SI) and the
cylinder 116 (also Note that in the case where S, and S, have identical parameter spaces, profile 78b is the pre-image of the profile 54.
Moreover, if S, of 78d (= 78b) is profile 58, then 78b is included in the pre-image of each of §,, 5, and blended surface 62.
When the present invention is used for surface design, a user or designer may think of designing a blended surface by
I5  continuously pulling or deforming one profile curve of an initial surface to thereby create a new surface between thisinitial surface
and a profile curve of another initial surface.
Note that different types of profile or boundary curves may be used with the present invention, In some embodiments
of the present invention, such a profile curve, C, may typically have a parametric pre-image in a parameter space, i.e.
C'(s)="(u(s),v(s)) where s is a parameterization of the pre-image (e.g, 0 < s < I). Note that parametric curves such as C

20 include curves having the following forms: (a) conics induding lines, parabolas, cirdes and ellipses; Bezier, Hermite and non-

uniform rational b-splines (NURBS); (b) trigonemetricand exponential forms; and (c) degenerate forms!ike points. Additionally,



denoted as .S,). Accordingly a sinple boss 112 is created on the cylinder
116. In particular, for appropriate blending functions WO 01/08102
PCT/ US99/ 1o®m08183 B, , i=1,2, a blended surface betwe®aT/B$994stdd Ss can be
obtai ned using Formula (1). Mreover, since Fornula (4) can be used
instead of Fornmula (1), a surface can be generated that bl ends between a
plurality of points (i.e., degenerate profiles) and an adjacent surface.
Figs. 23 and 24 show additional blends to3degenerate profiles. Fig. 23
shows a bl ended surface 710t hat extends between the degenerate profile
(poi nt) 714, anabteithacshess curveforinemay be ratigorizdd @rhoginally by othén charastgristicysekbeas opFr closed, [dygenerate and
particul ar, the blended surface 710 is a blending of the isocline ribbons
726 and 730, whempiitgaspiekilid poedtiviiedersaidbbon 726 is a planar di sk having the
degenerate profile 714 as its center point, and the isocline ribbon 730 has
the circular end 11®filewrve itcde pirve framithe olloWiiy wmve-tyde ategoier (3. [Biraghe2 X5he | sodi ne
ri bbon 726, and S2 be the isocline ribbon 730 in Formula (l), the
di stance-li ke neaskdn@penfuresn t heir correspondi ng paraneter spaces) can
be equated to: (a) the radial distance fromthe degenerate profile 714 on
the isocline5ribbon Ak2pearvdDondibyhiditic end gintsdf thenoe arenvtaogstriinedaohe Liientpego fré chdoints1 8 on
the isocline ribbon 730. Fig. 24 shows another bl ended surface 750 that
ext ends bet ween miyheredypgidaned.r Opén eurviziare frébibip thé nmet icomindn typkTuvdd by thepekset inentil when defining annul us
758 having a circular curve 760 therein (and having, optionally, a central
hol e 762 t her et lubitaygdiecting df turves (profiles) for SiGratingsa sirbacs (in oljeuspaciivindin the kufacqieonttisiged o guss, t he
bl ended surface 710 is a blending of the isocline ribbon 766 (for the
degener at e pr of thtoggh feSalliction hmks. t he annul us 758-(which, e.g., can optionally
bean isocline ribbon to the surface 770 wherein curve 760 is a profile).
Thus, letting 15 S, 232.ClhediCewesl i ne ri bbon 766 and S2 be the annul us 758,
the di stance-li ke neasurenents (in their correspondi ng paraneter spaces)
can be equat@d to: (Whnatubvesend poidis etch, the arvedidepated 4s ' dbsadl T Thiameaiatigaik Begimingpoip vidcht quvee 754
on the isocline ribbon 766; (b) the distance away fromthe curve 760 on
t he annul us 158 isth&8ne & the @ingpintoitie @vOliased @ses @it fepians of gy wirfacy and aretpecialig usedbbier setying
techni ques of the present invention can also be utilized with conposite
curves. Conposi tpeial designaessIpachr e gamples is is ¢the vabeburfag fonmntainkr(describedcn GiolRefindivn fetionc ur ves
as sub-curves, wherein the sub-curves may cross or may kink, Lg., at
hereinabove); e.g., surface 65 of Fig. 2. Thatis, a label surface is a region that must be of a particular surface type, denoted a

developable surface, so that a label applied thereto will not crease or tear. Each such fabel surface is highly constrained and is
IS5 usually separated from the rest of the design by 3 closed curve (such a curve can also serve aesthetic purposes in the design of
the container). Fig. 8 shows an efliptic region 100 biended into a cyfinder [08, wherein the closed curve 110 delimits the efliptic
region. A closed curve may often match tangencies at end points.
2.3.3. Degenerates
Several ways exist to generate a degenerate profile. In one technique, an open curve may be of zero length, or a closed
20 curve mayenclose a region of no area, In such cases, the result is a point that may blend with an adjacent surface. Fig. 9 shows
a point blend created from blending between a degenerate circular disk {i.e., the point labeled 5} and the cyfinder 116 (also

denoted as §,). Accordingly a simple boss 112 is created on the cylinder 116, [n particular, for appropriate blending functions



endpoints. In utilizing conposite curves as, e.g., profiles, the-definition
of a distance-like nmeasurenent for a conposite curve - Ii Wc) 01/08102
PCTI US99/ 1W@AN81®A | s jnportant. Fig 10 shows a conposPCEUENAG 120 t hat -
i ncl udes two crossing sub-curves 124 and 128. However, such .conposite
curves can al so have their sub-curves strung end-to-end.
Assum ngt hesub-curvesC, j=1,2..., Nofaconposite curve Care
par anmet eri zedandhaveacommon paranetersp' ad3 a distance fornula (in
par anmet er space) for determ ning a distance-like neasurenent 0 to the
pre-images of thai=Igiablended spfesuhetweed Scand Spygndy obtainethusing-Fprmulat)cl Nreoer;isinge Fopmulaid) @i beaised P)
+Dk1(P)D(P)12 (5.5) where k -2,.,,Nand D1(p) = dl(P) = a distance
measur ement betisead of Fepmulariig) 2 6rface conrheigem@itedriipt biendschetwrencaiplumiitycsf poiwse(Eruidepswensta profilef) edween P
and Cs. Thus, D(p) can be used as the input to a blending function, 8(0),
for bl endi ng oredjacestsurfyess igs. 2 and24ishayadditianal bldnds to degemematepesfils.e curve, C. 23. 5.
Trimm ng Curve 10 The present invention allows a surface to be "trimed,"
wherein trinmm ng r effipishowsa blendehsudacedld that éxtends bepwrendtie degenierate profile point) 7Hcahd thetitilangyd 28
surface to one side of a particular boundary curve (also denoted a trim
curve). | n Sar tdfdasliser J22flnpartipls thebewld suifazedil is a biepding of hewdine tilhens R2bap 130, vharpis theBodime t ri m
curve, e.g, in the (u,v) paraneter space of the surface, identifies the
extent of the pibles2§icaglnar dk havingthelegenfratepefiled14asitnamitenpoint and:he isaliné ribbow#d hasghe dnalaread | OnN.
A trimcurve may be a profile curve, and the desired trimed surface is
that part of tHiasioprefiyi Hhelleting§;be theisochng ribbon 726, ara & be thedsocling mbom BBin Foymulb (I)athe didtancelihd y
one side of the trimcurve. An exanple is showmn in Fig. 11, 15 wherein the
ori gi nal unt ri nuesementsi(ifi thiraormesponding parampterspaces) kab he equatgitoangul ar portion 130. The
rounded surface 134 is a "label” surface that is trinmmed to the curve 138
fromthe original s@@f actheridallistadidmongthe digeneriteprofife 1H oo the ilodine 1ilbeh 7260y have an
associ ated i sodine ribbon

10 ® the distance away from the profile 718 on the isocline ribbon 730,

Fig. 24 shows another blended surface 750 that extends between the degenerate profile (point) 754, and the planar
annulus 758 having a circular curve 760 therein (and having, optionally, a central hole 762 therethrough with curve 760 as its
boundary). In particular, the blended surface 710 is a blending of the isocline ribbon 766 (for the degenerate profile 754), and
theannulus 758 (which, e.g., can optionally be an isoctine ribbon to the surface 770 wherein curve 760 is a profile). Thus, letting

{5  §,betheisoclineribbon 766 and S, be the annuus 758, the distance-like measurements (in their corresponding parameter spaces)
can be equated to:

(@ the radial distance from the degenerate profile 754 on the isodline ribbon 766;

(b) the distance away from the curve 760 on the annulus 758.

23.4. Composite Curves

20 The novel geometric design technigues of the present invention can also be utilized with composite curves. Composite
curves are general curve forms that include other curves as sub-curves, wherein the sub-curves may cross or may kink, e.g., at

endpoints. In utilizing composite curves as, e.g., profiles, the definition of a distance-like measurement for a composite curve

e



(not shown), for one or nore adjacent surfaces (eg., surface 142) that heel
to an isocline ribbon at the trimmng profile 138. the use of isoclines

f or. nmodi.f yW9p108182 shape of such adjacent surfaces is ZATURPBF¥MANt t echni que
in creating a snmooth transition fromthe adjacent surfaces to a trimed
surface. WO 01/08102 PCT/ US99/ 16844 35 Note that the present invention nmay
include a trinm ng technique to create a hole in a geonetric object. By
extruding a depression in a front surfacea4of the geonetric object through
aback surface of the object, and then trimmng the front surface to

excl ude t he cor risénpyan &g Hahows owmppsiterurve 130 thatinstudesaves krossingulf-carpee) 24 aed 138 dowavercsuhcompesite
constructed that can be used, e.g., as a handle of a container. 5 2.4.

Di st ance Metri csunBonrsso haedkinibgumestopgesd-tesdput i ng di st ance-1i ke nmeasurenents
have al ready been provi ded herei nabove. In this section, additional such

t echni ques are descrAsiyungthestbiauves§fiF|.lciNfaoppositequricCarepreamiteringd abddayea chvppgpacamestsparet | n
paraneter space is to one or nore particular geonetric object pre-imges
(curves) in par adisseormdyinprematerspacesfordetetmining a disthokesiikeimeapyarent 0 tokheprasangs dthesebrooras of  a
geonetric design and nodel i ng enbodi nent of the present invention. In
general, for5computing such distance-like neasurenents (these 10 being, in
general, a nonotonic function of the conventional Euclidean distance
netric) in paraneter space bé&(®enDptiintandénd curves, there is a trade-off
bet ween the conplexity of the curve and how effjcient] h nmeasurenents
can be evaluated. In gener aPy(® ﬁékéﬁ‘)mﬂxaﬁﬂh@n@r}v@k—t(ﬁé faster such

di stances can be deternm ned. As an aside, it should be noted that f@r5a
paranmeter space curve and its image curve (in obj ect space), these curves
need not be of the sane conputational type (e ol ynom al ,

transcendent al , W&ok} = dFL=n d»smqqmwdnentéstwgfar ?@l”u(’%ﬁéd@ﬁﬂefw%y be
quite sinple and still be the pre-image of a 15 conplicated surface curve
in object space betwmgPangelhp P, mtmdapwuw@tlwdmtymm B(@)forhlendiegane pranarpiunficts thidye t o
the Bezier curve 58 in Fig. | may be a straight line. By keeping the

par anet er space @mfig@rels sjnpl e as possible, fast distance conputations are
possible. 2.4.1. Paranetric Di stance Cal cul ations for Blending This
section describes a %%y ileimmingrCuMet hods for cal cul ating a distance-like
measur enent ém)re generally, a nonotonic function of the conventional

Eucl i dean di'8t ance nibaprejent nventien aligws g srfasect be Gifimmed et &rimmingelarsda neptocess forgpastiaigingeir ve's,

wherein the mnet hods
delimiting a surface to one side of a particular boundary curve (also denoted 2 trim curve). In particular, for parameterized

surfaces, the pre-image of a trim curve, &.g., in the (u,v) parameter spae of the surface, identifies the extent of the pre-image
of the surface to remain after a trimming operation. A trim curve may be a profile curve, and the desired trimmed surface is that
part of the original untrimmed surface that typically lies on only one side of the trim curve. An example is shown in Fig. 41,
15 wherein the original untrimmed surface is the generally rectangular portion 130, The rounded surface 134 is a “label” surface
that is trimmed to the curve 138 from the original surface 130. Note the trim profile 138 may have an associated isocline ribbon
(ot shown) for one or more adjacent surfaces {e.g., surface 142) that heel to an isoctine ribbon at the trimming profile 138.
The use of isodines for modifying the shape of such-adjacent surfaces is an important technique in creating 2 smooth transition

from the adjacent surfaces to a trimmed surface.



20 are listed in a roughly increasing order of conput ati onal conpl exi ty.
Assune a bl ended surface is to be generated between two profile curves P,
and P2, ea¥RYH®¥2ng isocline ribbons, wherein each ri Bﬁ'@ﬁsﬂs"é‘sﬂ‘hr ametric
and has e.g., the planar unit square [0, 1]x[0, 1] as the comopn paraneter
space for the ribbons. One WD 01/08102 PCT/L1S99/16844 36 di stance-Iike
function capabl e of being used for blending is a function that is dependent
on only one or the other coordinate of points represented by the

coordinate pairs (uv) in the common paraneter space. That is, assumng the -

profile curves P, aﬁeiethghfwmnﬂwmwm@'ﬂqaﬁ@mwatﬁhﬂ%@traﬁedm'ywrmmehmﬂmmdmz
pre-imges are the vertical lines u=k, and u=k7 for O K, k2 s 1, then
the cor r esponchdtgssieninaraptsuace pithe gometricobjectthspugh a back sprizgeof the o, and e trammingtheroneurfce

D1(u, v)=(u-k2)!(k,-k7)andD2(u, v) =(u-k1)I(krk,), Mreover, if the Ere i mages

5 are the par ant®eue tisuespondiggsmiorionte bod jurfscs; alole fap hg eonstryseas shapanche wied, oig, s handle of 3¢ =0
and k2= 1), then the correspondi ng di stance-li ke function can be

D, (u, v) =l -u and®®ry, v) =u, and accordingly such sinple distance-1like
functions can be conputed very efficiently. In order to maintain the
desired sindlicity i2#d paPistanceMegricsi st ance conputati ons when there are
pre-images to nore than two profiles for blending therebetween, three

met hods can be enpl (Ssletdthlﬁqwfﬂrsmmpjnxﬂiimg-lilpmmwmtﬂﬁvcalmmtﬂami@dHeriilkbve- I bis section,
measur enents. Each of the three nethods is now described. A triangular
domai n i n par anadditional sucitechniguebamdeseibed) Theyfficieasyyin computing ko clasera pdint ih parameter spage ig3e we or mag e S
(that are also curves) can be paraneterized wth respect to the vertices
V,,Vv2 and v3 of patitylar geometris ohipct pra-imagescewesés)rin parametergpace kan sybstatinlly impactehe peciogyepce ghugeametric er s
r, sand t with the additional constraint that r+s+t=l. In other words, a
poi nt pin the tdesgmandyuoeling ediediment ofithé peeseit inygntiona dn genesal, for coreputing such distace-likeymeaburenBnts(thee be
represented as p=r*v, + s*v2 + t*v3. The r, s, t paraneters arecalled
“14a' r) wivelOaor bing in grestalcamdnotanicduncties efdhe conventiqnah Fuclidepiy distancearietrick ol passmeter spasehetweenpoilis aads t he
surface 300 of Fig. 14 in paraneter space. Donains in paraneter space that
are bounded by s thee ipa tradeaifbstveensthe complenity gbtheshrveland dow(eificently sueh heapufements @an e evaliatich dn
case) can be a sinple extension of the domain having bounds on two

opposi ng si des (GQ!@FB#E!!R!F' thejousve, theyastersuchidistances ca be etermingd. As ppaside, ehouldibenoted thatfprapararnefer
paraneterized properly, only one paraneter, u, need be used in the

di stance- i ke f@Rsurread itcmagasine fn obiestspace), Hhese urees reed pot be ofithe e computational type g polynomia, .
paranmeters u and v may be enpl oyed as well as their conplenents (assum ng
an appropri at e yasgpentbepenatofeds gc)s u@qep, A parametep space corve may be quite simple and still be the pre-image of 2

I5  complicated surface curve in object space. For example, the parameter space curve corresponding to the Bezier curve 58 in Fig.
| may be a straight line, By keeping the parameter space curve as simple as possible, fast distance computations ase possible,
2.4.1. Parametric Distance Calculations for Blending
This section describes a variety of methods for calculating a distance-like measurement (more generally, a monotonic
function of the conventional Euclidean distance metric) to a number of candidate parameter space curves, wherein the methods
20 arelisted in a roughly increasing order of computational tomplexity;
Assume a blended surface is to be generated between two profile curves P, and P,, each having isocline ribbons, wherein

each ribbon is parametric and has, e.g., the planar unit square [0,1]x[0,1] as the common parameter space for the ribbons. One

=



20 unit square in paraneter space). Thus the distance to the four profile
pre-i mage boundaries in paraneter space can be u, v, |I-u, and I-v (i.e.,
assum ng tWeopsae2 nages of the profiles are u=0, v=0, PORURYIgH]) . WO

01/ 08102 PCT/ US99/ 16844 37 To determi ne barycentric coordinates for
paranetric space domai ns, assum ngthe pre-imges of the profiles are |ine
segnents that forma pol ygon, the approach illustrated in Fig. 12
(illustrated for a five-sided pol ygon 1483&avi ng vertices v,, Vi, Vi, V,
and vs) may be utilized, wherein the profile pre-imges are the heavy lines
| abel ed 149a t hdisaesefthe idihaapablf of beibpised fonlendieg isa funcbit that ia depeastent dn baly onf anthenthir ovordinafeior St |
stellate, i.e., make a star from the pre-inmage pol ygon 148 by extendi ng
each of the si dmistseipated by the coordinate pairs (u,v) in the common parameter space. That is, assuming the profile curves P, and P,

t hr ough149eof t hepol ygonunti | t heyi nt er sect wi t hanot her ext endedsi dehavi ngasi de
149t her ebet weens thiwdigeribban e sech that théiriproimagesie thenertical Tils O dnd uglgin 0 X KOsk, auil,ghen the
determned in the five-sided can of Fig. 12. Subsequently, the.line
segnents | S2a t twepondjig digin@-tike fudetios om be Biev) (k) s iden 8wk (plol (ks Mirderafthe pre-megggh  150e
to a point pin the polygon nay be constructed. The resulting distance-1like
measur enent s5 ar e the pagamétepspaye bousding fertitalllies ui=0 amd u=s liprignl Bd If=51} dhenttlia maespgilingldBBe-liker om
pt ot he sides 149a through 149e of the polygon 148. Accordiingly, the

di stance from phucdion e Dfuvst aband DAR) =, andedorfingly shehesimplodistaretlibe fmobng gobe cinied vegy t he
di stance along the is line segnment 153 10 fromp to the boundary edge of

t he pol ygon 148idtllyt e t hat by di vi di ng each resulting distance-like
nmeasurenment by the sumof all the distance-like neasurenents to the point
p, the distance-| i kdnonieteaaintaintisdesire sioplity iipparametsic distabet areputationPyhenThere Bipre-dniagytte morei ne A
straight line is represented by the equation, au+bv=c, wherein a, b, c are
constants. A coterdnipafis fof biedizghueberyeen, teesmethodcan beemployell foncomputog prymetric distacelife 15 D
(u, v) _(a, b) ( (u, v) - ¢ ~- (6) For a nore intuitive version that
corresponds i@ o meprementscach ofdfie threemthods s nawdaseribed- 2 (6) can be nornalized to obtain
D (u, v) _ (a, b) (&u_, v) -¢c | [/ (a2+b2) n) by dividing by the length of
the gradient. 20 2. Atriengulagigyininparameter space bounded by, e.g., three profile curve pre-images (that are also curves) can

be parameterized with respect to the vertices v,, v, and v, of the triangular domain using three (real valued) parameters v, s and
t with the additional constraint that r+s-+t=1. In other words, a point p in the triangular domain having the vertices v,, v,
and v, can be represented as p=r*v, + s*v, + t*v;. Ther, s, t parameters are called “Darycentric coordinates "and are used
I5  for three-sided surfaces such as the surface 300 of Fig. 4 in parameter space.
Domains in parameter space that are bounded by the pre-images of four profiles (denoted the four-sided case) can be
a simple extension of the domain having bounds on two opposing sides {denoted the two-sided case). In the two-sided case, if
parameterized properly, only one parameter, u, need be used in the distance-like function computation. In the four-sided case,
both parameters u and v may be employed, as well as their complemeats (assuming an appropriate representation such as the
20 unitsquare in parameter space). Thus the distance to the four profile pre-image boundaries in parameter space can be w, v, {-u,

and I-v (j.e., assuming the pre-images of the profiles are u=0, v=0, v=1, u=1),



Coni cs include parabol as, hyperbolas and ellipses. The general formof-a
conic is +Buv+Cu2+Du+Ev+F = 0. WD 01/08102 PCTfUS99/ 16544 38 its
unsi gned (ﬂvggﬁ??é'é" can be conputed by B 2 D(u,v) _ (ECHpS91684,) + (ED) .
(u'v) + F (8) B C This can also be nornalized by di VI di ng through by the

| ength of the gradient of the function to nake a nore suitable

di stance-1ike function, which is Euclidean in the rase of the circle. Note
that Farin in Introduction to Curves and SUrfaces, 5 Acadenmic Press, 4th

ed., 1996, gives the conver Si Qn '13 en the i |ICIt f orm above and a
rational parametric 1#48smiebangepc coord “’(‘8’?"@%\W’-B&'“%’EH"‘F‘@@&‘F“&I‘F@E&"H\'

whet her the conic is represented inplicit or paranetricall
Pol ynomi al  Cur v&gsents i form apaiygon, the approach ""éfmd'f‘ﬂﬂp¥ ("M“?“dﬂé‘é'&ﬁ'é" P“M't '“ﬁ“ﬂ%’ﬁ‘#ﬁﬁ"pl c
curve has been converted tea Bezier formas, for ex is described in
the Farin ref erbNcH v Baybeupying ybeip thepmfilc pre- 'm%P’E‘Pﬁ'EQV'"M‘"EF lﬁ??d'l'% '4P’aF°§ﬁM“FPc
Obj ects by | nmpl t Tech CM Sol | d Model 1993
10 gi ves ot HEEE B BT T S i DR § D e T e R o
O or T Wl a3 e e Dt s
h t b t. h th t t I th ffset
e oo et P S
t f t t I B
o aneas T ke ren e resyartoe i PO AR ine § oo e o pvpniuy b sy el B e o
[ - dit d d y fast t
Lhr eeNowt on. RafHeEh r@ﬁ%&%ﬁ%ﬁiﬁv&ﬁw, ¥ Bl e 0k h%ge‘«"i%«emﬁﬁs
[ d t and V\h | e .thi
Comuting a ai skanb it ParBi 0GB o B R R G
o 2 " e g PR o i P e e
all the distance-like measurements to the point p, the distance-like measurements can be normalized.
2.4.2. Straight Line
A stnight line is represented by the equation, au+bv=c, wherein a, b, c are constants. A convenient (unsigned)

- distance to  line is obtained by

15 D(u,v) =| {a,b) ({u,v) -c]. (6)

For a more intuitive version that corresponds to Eudidean
distance, Formula (6) can be normalized to obtain
D(u,v) = I {a,b) ({u,v)-c | / (a2+b2)l (7)
by dividing by the length of the gradient.
20 2.43. Conics

Conics include parabolas, hyperbolas and ellipses. The general form of 2 conic is

Au?+Buv+Cu?+Du+Ev+F = 0.




The present-invention also includes a novel technique for conmputing a

di stance-1i ke neasurenent on conplex curves in paraneter space. WO
01/08102 PPN 1880216844 39 Referring to fig. 13, assuRel/nsw/1éset h boundary
curves |S6éa and 156b are in the unit square paranmetric space 158 and are
pi ecewi se paranetric polynom al curves that have correspondi ng sub-curves
160a, 160b of the sanme degree n. By connecting end points of the
correspondi ng sub-curves with Iine segnmen3g 164 (i.e., degree one curves),
degree n by |I Bezier patches 168 can be constructed in the unit square
represent ati on leimsipaidisave taeke copedly 158. Note t hat each patch 168 can be
consi dered asa second 5 paraneter space unto itself having coordi nates
(s,t) wherein: (a) for two Berner sub-curves 160a and 160b (denoted herein
b,(t) and b2(t), Ostsl), each value, to, of t <corresponds to a |line
segnent, Lt" between b, (% and br(io), an b) the L tO line segnent is
paraneterized by s so that L t,] (s)e Gtog en s =0 and L tol (s) e 62(to)

when s= 1, wherein s varl es pro&brti nal B \t/h) ﬁE di s ance betvvee@
b, (t,) and b2(t0) when 8@sVF | Wedr'di pgl y{ \ied ‘étF nce- | i k&
measur enent between the curves |b, (t) g2{t) (and/ or patch boundi ng |ine

segnents 164) is conputed in the second“paraneter space, then for any (u,vV)
point interior to the patch, it is necessary to find the correspondi ng

(4t) point relative piQn bR ik Mmg‘iﬂr’oﬁtﬁﬁﬁﬁl fé\'{glte Bdtéfﬁtoﬂﬁ?uﬁgonﬁmﬂéanﬁ@ﬂmh en be

eval uated for determ ningthe distance-| rerrent nce I'S

li near paranet e&m%@lﬂ!(ﬁn&iﬁv%ﬂﬂi fldleR (Tttﬁl‘%as f il ﬁcﬂcﬁ’m&\fa Féfin Ré&&l&m«@%&% SE[%&, two

correspondi ng curves 160a and 160 that arej ol ne ol nts

by the sane ¢ WOA:?@? Prest) kfoed. ]1%.) ves Tk (3 0 EEHQIF(LEI "ﬂ% fo;m’a‘oﬁ)andq Bﬁan%ét&aﬁn?r‘e Pin. C h as

fl(s)=s and f2(s S, can s rve as di stanc ncti1ons (t)

respectivel V.. o b be okl ara ORI U R0l iR pih i Fepresent ed a5

Bezi er functions S an I'n partlcu to co m (st)

coordi nates to (uv) Q Faifg;“mf t p&lﬁg&.tlgﬁ‘g NgwWwt on type al gorithm
e art w

may be used, as one s tand. Anot her approach

for determining theégtm@gﬂ%@ét.emﬁm@wmtaw,nns (3 ST e 1 S 10

eval uate such patch orward

referring to 1 g ninabordFliskPn ihbing BP0 obcb) ke il B 42 S wEbthe bk, 5953

bet ween, e.g.,
10 gives a method to change 2 curve from a parametric curve to an implicit curve numerically, wherein distance is implicitly

measured in object space by offsetting the curve in a given direction that is based on some heuristics about how the offset is to
be computed. The value of the offset distance that forces the offset to go through the point is the distance measurement for that
point. In particular, for a Bezier curve, this distance-like measurement may be worthwhile in that it is robust (i.., not ill-
conditioned) and reasonably fast to evaluate, requiring only two or three Newton-Raphson iterations on average, as one skilled
15 inthe art will understand. While this may be an order of magnitude slower than computing a distance measurement of a conic
representatian, it is much faster than the traditional method of computing a perpendicular distance, which is also unstable,
2.4.5. Piecewise Parametric Curves
The present invention also includes a novel technique for computing 2 distance-fike measurement on complex curves

in parameter space.



profiles 812 and 816 (having isocline ribbons 820 and 824, respectively, to
whi ch the surface 808 heels) is showmn. The profile 812 has as its
pre-i mage ¥OMYBWB0a (in paraneter space 158), and thePEFEFP1€34816 has as

its pre-inmage curve 160b (in parameter |li: Wc) 01/08102 PCT/US99/ 16844 40

space 158), wherein the portion of paraneter space 158 for surface 808 is
the patch 168. An additional paraneter space 828 in s and t can be

consi dered as a pre-inmage paraneter space ¥r the parameter space 158
wherein the pre-inmage of curve 160a is  the vertical |ine segnent at s=0,
and the pre-imge offefepingtefis. 'iMB“#’%"“"ﬁW‘V@F’N%‘&!"ﬁ‘?‘ﬁé’@‘@@%’ﬁ!‘“ﬂt‘“‘ﬂ"‘l‘ss3!“1‘ a
sufficiently dense set of points 830 denoted by Ys in additional parameter
space 828 is uskRdiecwise parameiricRy '@m'ﬂawwgha(e@vrvaondrnzf"mwee%Mi@@ft{wéamgdesrqsy Bysonnecting
det er m ni ngacl osest p0| nt 830), t hent hecorrespondl ngpoi nt sp(u, v) onabl endedsur f
ace808canbeef f i ¢4 painiof te espsesgonsiogsuecuryesvish linesogpaents FS4j.ex dogris one qurs), deerer by fiBesiergatches 168 can
pre-image curves 160a and 160bcanbeD, (u(s,t),v(s D, (u(stDD(u(s,t),v(s t))=
|-s, respect i vekespstugtdinghe unis suars eorentasion o parareetaespagedS8. Notehat each patshf bk san he qansideredas asespnd |
and quickly. Note, if the surface 808 does not require a subsequent
trimmng opdr atRemeter spapsiuaso itsef havegsoodisate{s) VWK | ar |y attractive. 3. Bl ending
Prograns 10 Figure 17 shows a bl ock diagram ofthetypical flow of design
construction operati@®ns ot Bggienslcranss 1603 2 é@#(WP%%ﬂ}@WﬁiOS'Q')nQ?@WGWt
Thus, pro #7r a handl es may be negded to construct an associated profile,
and t he profile is i usepmdsealie sgmess Tos betreen bltkaed bidemtbei at ed i socline ribbon,
and the isocline ribbon may be required to obtain the desi re&I shape of the
associ ated obj ect (db)g. , eyt 48e egmantiepprametapzed by so tha %@EH%)WMH"@!! t5{8 ¢ bt when
construct the desired georretrl c nodel. Figs. 26 through provi de a high
| evel description o=l H@"‘MWQ@F‘PI‘Q'W@MWWW»(Q@“&%&W“@‘H{ Aesardingly, i the
present 15 invention.that enables the novel real-time manipul ation of the
shape of gelfhetric dBpediempaapmatiern e ansyidt) b () (edor ratchhepeding loassamentplpd) is computed

efficiently and directly express his/her design intent. Mreover, it should

be noted that a fundidtippdpirametsspac, tepfor ant{ey) mﬂtswmnﬂw Pam;éwﬂanwuf e tha copsesponding g m

shift any fromtypical CAD systems. That is, in pi cal CAD systemthe
user must supply i n&IIP°'FtEfP““'&!‘\‘é?W@FFW’Uf‘“‘hﬂG‘FW‘i@?&'“&"@Bﬁ‘r@'td#‘i"@!““@ﬁfdé@'!“"t!{hd
subsequent |y request processing of the input to commence. Thus, the user
recei ves feedback JNHEmen F‘E‘?‘I'fg‘F'“‘ﬁ@!ﬁ"’g‘ﬂ(‘HF‘P@?"BEF"E"(“E“WJ’Q’@?'“‘WWU@@P@U"M‘HEs.

Insfead, with the present invention, updates nmaybe processe
sub-curves 60a and 160b that are joined at their endpoints by the same two segments 164), snmple functions f,(s) and

5 f(s), such as f,(s) =s and f;(s)=-s, can serve as distance functions to b,(t) and b,(t), respectively. Note that the
parameters u and v can both be represented as Bezier functions of s and t. In particular, to convert from (s,t)
coordinates to (u,v) parameter space coordinaies, a Newton type algorithm may be used, as one skilled in the art will
understand.

Another approach for determining the distance-like measurement, in some circumstances, is to evaluate such patches

20 168 with a “forward algorithm,” That is, referring to Fig. 25, an object space blended surface 808 that blends between, e.g.,

profiles 812 and 816 (having isocline ribbons 820 and 824, respectively, to which the surface 808 heels) is shown. The profile

812 has as its pre-image curve 1602 (in parameter space 158), and the profile 816 has as its pre-image curve 160D (in parameter



20 in.real-time i medi ately upon inputwi thoutthe user explicitly

i ndi cati ngthat update processing is to be performed. Accordingly, a user
of the presemeiosreventi on can efficiently performiteraPCuEsIpBioOXi mat i ons
to a geonetric object being designed without requiring the user to
precisely cal cul ate geonetric characteristics for substantially all
portions of the object | n particular, this WD 01/08102 PCT/ US99/ 16844 41
can have substantial efficiency benefits iqopthat for many geonetrically
desi gned objects (including machined parts), substantial portions of such
obj ects may be spak I58),fwheed e portiox of pheamitegispaeeci SBdossurfacy 808 is the pateh 168 M giditiomf pargpetomypate B8 al | vy
shaped objects. Accordingly, the present invention allows many of these
geonetri c obj ect sd tom bdaesideredas agyra-dnelge paraindtepspire fdr theparunreerrspada B8 wheren the pre-imege o tuers 1602 ¢
specify precision in those portions of the object where the precision is
unnecessary. 5 khaveitadine seghient ats-H6; and theppSmagetoleurd Fb0bvigahe beaital ineugiptiat sy Haufficiently dense

i nterpol ati ng curve according to the present invention using a one-

di mensi onal var isebdf poftd 830 fenoledtiy Pt linaddtibnb! polineer space B28lis bsel IRt polas (Bv) MPitdhilea ElpObse .
Accordingly, in step 1004, the and points and tangents at the end points
for the i nteppolddkingh ciostifpdins30) Hente corrdsondiEDoiRp(.© orAbIAG Bfa@ 0D beekEGAEH computdd since
particular, the end points of this curve are assigned to the variables PTI
and PT2. Additi iedntabciike ueldidn pbeiiniiih i Sagid S0blea be D {ul3 © v 1= QARADDI (s vis O = G Hpecvelfc U)
at the points PTI and PT2 are assigned to the variables TANI and TANZ,
respectively. NofisQpploitiodi gehlrhte chefBibrded suffdcdNhsilyRmi Quickhf\Woke, &f @iBurE S0BLARINot rke b fDbseguent
variety of 10 ways. For exanple, one or nore of these variables can have
val ues assi gned trimingoperifion, this M iOparii @ at@uctiviyOr € maybe derived from ot her
geonetric object representations available to the user (e.g., another
curve, surface @r soblfibgf@fisesentation). In particular, the direction
tangent vectors denoted by TANI and TAN2 nay be determ ned automatically
accordi ng tgoa par anmgirll shokexbibcdmgrakiof the Spic RodrBrekig kofstridtiai opeationdp@ortied by a dler GFEhE rebtC )
upon which the points PTI and PT2 reside. In steps 1008 and 1012, the

bl endi ng funct i anRisSThesppbile Ridesiade RI@ Gldthutad SioG BRI thd thiproReiieduitito toktnitdthe
her ei nabove. Note, 15 however, that the bl ending functions provided naybe

def aul ted toa pasotited isblineribbriind theGbelin/ibBoR fildy BeGequirtdubedir i BesiédRhapelofile 2sBciatbbdblect @BM NOt
need to explicitly specify them However, it is also within the scope of

the present i nveytid)mdifad, is Sgireito Blstuad Roredlpdieirc hdns may be specifically
selected by the user. In this regard, note thatsince the present invention

is intended to expr e?ﬁlﬁtﬁiﬁgh%ﬁihe& higARRdRErtiofof thhREisigh Perforiid @b embddiMaE dBthé pRséncDE @
wi de variety of blending functions that are acceptable since typically a

user's intem§ i SoveftiodtReinablEGRcH RA-GrheYanfilinorHe @4z of eoindiie bbfect fefeRnthtitn®s thidbseP@bfe U | Y
determ ning highly precise input. That is, it is believed that a wde
vari ety efficiently and directly express his/her design intent. Moreover, it should be noted that a fundamental tenet of the present
invention is 2 paradigm shift away from typical CAD systems. That is, in a typical CAD system the user must supply input for
changing or modifying a geometric object and subsequently request processing of the input ta commence. Thus, the user receives
feedback about his/her design at discrete user requested times. Insfead, with the present invention, updates may be processed
20 inreal-timeimmediately upon input without the user explicitly indicating that update processing is to be performed. Accordingly,

a user of the present invention can efficiently perform iterative approximations to a geometric object being designed without

requiring the user to precisely calculate geometric chiaracteristics for substantially all portions of the object. In particular, this



20 of blending functions nmay be acceptable for iterative approxi mation of a
final geonetric design since progressively finer detail can be provided by
gener at i ngWaAHPHP2 nodi fyi ng progressively smaller port PEHESY6MAe geonetric
obj ect bei ng designed using substantially the sane bl endi ng functions.
Sai d anot her way, since the present invention supports both the entering of
precise li: WO 01/48102 PCTI US99/ 16844 42 (geonetri corotherw se)
constraints aswell as the iterative expres&ton of the user's

I nt ent at progr essi vel her magni ft cati ons t he reci sion and/ or snall.
scal e design femfavssygnwgsfﬁtwbwﬁémﬂ!ﬁbrrmmmerrmlﬂesumvgm F ingleding mgehined pars), subpraaviab
necessary. In step 1016, the interpolating curve, C(u), is conputed using a
variation of Foporipm eisu(hzylectawbemﬂaa@rﬁy&emﬂ@sm M@seehamtmquwwm hesqpingla the An
exanpl e of an interpolating curve, oints PTI, PT2, and vectors
TANI and TAN2 i mesntivéfopaliows mayoftmsesememsnbmmowesi Without th@ gier hamutome@esslmmfypauswn
flowhart is provided show ng the steps perfornmed when constructing an

appr oxi nmat i on t inthosportiensnf the objest wheys thejpredision 13 unaeeesiry.f or an obj ect (e.g., a surface)
S, wherein the points PT1 and P12 delimt a profile curve corresponding to
the iodine%ibbon Hufigidshesepsar fhovwnfoi computingaminterpolating coryearsending to chelpresentinveptian usingoashear |
the approxi mate isocline ribbon boundary generated by

t hi sf | owchart i sdimsionatyaridtion cbEsma (§ discuveedineSictjon Lhareinabovey Actardinglysinstep 1004, ghe wnd foiatsand tingeen dar y
definition in the Definitions Section herei nabove. 10 More precisely, the

i socline ri bbonatHemdpdiats for thainterpotatiog awwet Glub oo beigeneratediaie pbeaided iy pattitwlar, theremdgaintsiof dfiscovaarhar t
will tend to match the isocline ribbon boundary definition for a portion
of the object SustigettnthevariablestTl aadFER. Mditonaliycdirestion veetags fanthe intepolaging curie E(uyatshe points Y1 anthes2
object is along the profile curve generated between P11 and PT2. That is,
t he snoot her ( rathssigesdio themriables UNIandTANY eespestively. dotethat PTL T TAKGIndTAND caicks bupplied fnea varieteof ch.
Accordingly, in step 1104 of Fig. 27, the curve interpolation program

repr esent ed!@ n ¥aysglore@@plé, ege or mpoeoitheseivariables tan WavE values@Tigneddy nolser andfoedngor mopsanpychedeiiiveddrom
tangents TANI and TAN2 for the object (surface) S. Thus, an interpolating
curve, C(u), i sothexgeometrisohjtct representations available toth&uses (v,e.r anpthierqusye, purface or selid temntv'm)a:lmntimbﬁ S
adj acent to this curve. In steps 1108 and 1112, a tangent (i.e., a picket)
al ong the par antdiseciop tngintyretors fenoted iy TARjafd AN mab@ﬁerr@&twomﬂleMrdm Fparamefirization ofyn
ITis determ ned, and assigned to the variables PICKETI and

Pl CKET2, r espect # sxmetric objecde.i a Wi} upap whick the poigts FhlandPPlawsides s, PI CRETI  and Pl CKER
wll be transverse to the vectors TANI andTANZ2, althoughthi s need not beso.
Subsequent |y, in st dpspsi0P8and i8] the biendingfunctions B and 8, are selected as discussed in Section (2.1) hereinabove. Note,

15 however, that the blending functions provided may be defaulted to a particular pair of blending functions so that a user may not
need to explicitly specify them, However, it is also within the scope of the present invention that such blending functions may
be specifically s_elected by the user. In this regard, note that since the present invention is intended to express the user’s geometric
design intent, there may be 2 wide variety of blending functions that are acceptable since typically a user’s intent is often
adequately expressed without the user purposefully determining highly precise input. That is, it is believed that a wide variety

20  of blending functions may be acceptable for iterative approximation of a final geometric design since progressively finer detail
can be provided by generating and/or modifying progressively smaller portions of the geometric object being designed using

 substantially the same blending functions. Said another way, since the present invention supports both the entering of precise

CE



the isocline ribbon points corresponding to PTI and PT2 are determ ned and
assigned to the variables, R BBON PTI and 20 RI BBON PT2, respectively.
Then, in swpidgBdz, the curve interpolation program of PEI/GSY2MB44 S agai n
invoked with the values RIBBON PTI, RI BBON PT2, TANl and TAN2 to thereby
generate the isocline ribbon boundary approximation, R(u). It is
worthwhile to note that in sone rases, the isocline ribbon approxinmation
bounded bythe interpolating (profile) curwe C(u), the WO 01/08102

PCT/ US99/ 16844 43 correspondi ng pickets (PICKETI and PI CKET2), and the
new y gener at ed(gtomrizérbtivarisdponstratiemas well b iprativkepressian of the uesinest st progrelsiyely figher magaifications,
surface. In fact, the curves, C(u) and R(u) may be substantially coi nci dent
(e.qg., if Pl CKEththighgrecitiosl entybrismahicaleldsign Tedivts ay beckioatporkléd Gatelr lset desijnanlywhbe ndessiral  t O
TAN2). In figs. 28A and 286, a flowchart fora programis provided for
constructing a nore R0, Heintbrgladng corE(uy, is mpoced ufih@dvirichidk of Formbia (2)Bypiiad th I3&-dimensional
approximation resulting fromFig. 27. In particular, in the flowhart of
Figs. 28A and 2§ fmetd faze. I eaghflconan Giferpohating carve) 0fu)  with poilitPMIC, SVedsors N Dan ETANZ RikntifiéE s Y

i nvoked according to the variation in the object (e.g. surface) S along the
path of the Profld@iwtgize provided thereon. Accordingly, in step 1204 of
Fig. 28A, a sequence of one or nore markers M, i=1,2,...N, Nal, is

assigned to the vari rgue iowihiriEprivisalshowing i tipEiermied Vi ConsBilinlA Epproida@n @ i ishdi

surface, S, and the markers are ordered according to their desired

occurrences al ommmmfaidb;&t(ay,ramce?gwmnmwmtaﬂmam rolfil@ve chridspRdiR woltiy P1 cal
enbodi nent, the markers are generally provided (e.g. 10 constructed and/ or

sel ected) by a saimeribtar bonda apftéxmation s be feidieai I paticular, BAfpRANaR isucliné Blon BolA Ry RheRBEIPT
di scussion, it is assuned that the tangents to the surface S corresponding

to the markers iflondifisin@ida @ Bpruinkily sstshRIR sRinEEbob¥undary RfintSaithe DehiHARIEidn herelndbovi. S
within the scope of the present iInvention that such tangent vectors nay be

provi ded aul®neHdrepRdisty thdbtiine fibBoh bolarygptosiinationl @ierined byt GentHowkhArEVBIREA to Mikch thd Wcline
direction of a paraneterization of the surface S. In step 1208 of fig 28A,

the f.irst mar KetibinBoudddnateriniaoh for a pARRISERIR bRl JbetwiertPTIAR ST 8 o, Q.. hNBmogtRahd ojeet isRlon
MARKERI . Subsequentlyé,m 15 in step 1212, a determ&ﬁg%i on is madeﬁgds t(g)

whet herthere i Sty ginbridd Bolweeh B AdPr2. Thit is)Rsmobeler (falichd curlabure Adeatiént) QR mbréVikdhluR P

1216, the variable, INTRYL, is assigned a paranmetric increnent value for
incremental |y sﬁém.q&mgr,mmpmﬁfr@.m,a\nmﬁ&r@ia&lkhmf&waﬁﬁ)ns&.mmk« Fibg enuent |y

gener at ed herei nbel ow. I'n one enbodi nent, maybe assigned a value in
the range great fiir risReii taints PN Laiid TANZ bothe BURR {sEHadey YRR | al intekpafating rvel(Qh), s returned that s an
15 approximation ta the contour of § adjacent to this curve,
In steps 108 and 1112, a tangent (i.e., a picket) along the parameterization of the object S at each of the points PTI
and P12 js determined, and assigned to the variabiles PICKET] and PICKET2, respectively. Note that typicafly the pickets, PICKET]
and PICKET2, will be transverse to the vectors TAN) and TAN2, although this need not be so. Subsequently, in steps 1116 and 1120,
the isocline ribbon points corresponding to PT1 and PT2 are determined and assigned to the variables, RIBBON_PT) and
20 RIBBON_PT2, respectively. Then, in step 1124, the curve interpolation program of Fig, 26 is again invoked with the values
RIBBON_PT!, RIBBON_PT2, TANI and TAN2 to thereby generate the isocline ribbon boundary approximation, R(u). It is

worthwhile to note that in some cases, the isocline ribbon approximation bounded by the interpolating {profile) curve ((u), the



In step 1220, the variable, MARKER2, is assigned the value of the next-
marker in MARKER SET. Subsequently, in step 20 1224,the curve

i nt er pol at W@WBMBgr am of Fig. 26 i s i nvokedwi th MARKER PSHUSNASMER> (-and
their corresponding user- identified tangent vectors) for

t her ebyobt ai ni ngan i nterpol ati ng curve, C, (u) between the two markers
(where j=1,2,..., depending on the nunber of times this step is
performed). Then in step 1228, an isoclinetdoundary approxi mation is

determ ned accordin to FI V\(c?‘i 01/08102 PCT/ US99116844 44 27 using the -
val ues of MARKERrespon) andiPIGET2), m&:wmmgocmmwmms not fegggsarilylformsd ni ng
the isocline boundar apprOX| mation curve, é” Subsequent I%/ in step
1240, the vari awags, Infast,the curves, Ciukand Riu) mey besbstantiallyiceingi t(ede'fl’mltls idptiral foo Wlm%r

sel ecting points on the curves, C(u) and N(u). Following this, in step
1244, the vari ableaticd WHUr PT is assigned the point corresponding to G (u
VAL). 5 Subsequently, in step 1245, the variable, S PT, is assigned a
point on S that is ifige2hkand 263, !%Wwé‘fqmmﬂ P@MWFXW"W@P’FS&SMI%QW} boundary
assum ng S does not fold back upon itself closer than s > 0, for sone c, a
point on S i%s stntheappalimatieresultingfromfig. 27. hneirtigtian inrthta fawdhary offigss 284 ani 20B, the progfam difig. Mot e
that since Gu VAL) nmay not be on S, by setting the value of INTRVL so that
this vari abl e' srepagtilyand adaptivelicinygked acdosding to the variarion joitherobject (e.g isuefack) S aldngithecpath ¢fithe profile curve
interpolating curve G of no nore than one-half of any surface S undul ation
traversed by t hiresided theons Accordingicimstep 1204iokfig 38 aisequencadf opetacmore miskers Mvit=b2. o =d tisianvignedgdair v e
Gwll effectively follow or be coincident with the surface S.
Subsequent | 'y, 1thevariallHARKER 1SPU dhereinthess markens aoé omehesirface, S,and theypagkers aseordered accatding thitheir desited>
point INCRMI P1 is within a predeterm ned distance of S -PT (e.g, the
predet er mi ned décewescesalong apefile dynee tobegenerted. Notashatin onetypical @nbadimentl demarkersiare gepseallypriowisted(egy |
the predeterm ned di stance may be user set and/or defaulted to a system
value that G coesmguandoeselgedhlyn sserakghe preseshinvention. Morssyer, fos the prespnt discossionsif ixasumed that the
present invention is applied. Accordingly, assum ngthat | NCRMI PT and S PT
are within the pedtiesiehourspoingtetheaerkers Haremnznt o fenterad hohejussr. Baeres it ithinghescope
wherein the point R(u sz on the isocline boundary approximtion is
det ermined and etemres inpntionhatsychsangentvictanpmaghe privided meomptivaty by, fosxamplepdsterminig atangont of thiy
step 1252, an approximation to an isocline picket at G (u YAL) is
determi ned and g rectiqn of A papmeteszationef thesurfage bl e, Pl CKET, to step 1254, the tangent.
to the surface (nore general Ixth abject) S at the poin is determ ned
¢

and assigned to t hdnstela08elfig28A fmwmwmw %%@%Q‘e leARKERS, Subsequently,

direction of the paraneterization of S
IS5 instep 1212, a determination is made as to whether there is an additional marker in MARKER _SET. If so, then in step 1216, the

variable, INTRVL, is assigned a parametric increment value for incrementally selecting points on the profile curve(s) to be
subsequently generated hereinbelow. In one embodiment, INTRYL may be assigned a value in the range greater than or equal

to approximately 10° to 10°,
In step 1220, the variable, MARKER2, is assigned the value of the next marker in MARKER _SET. Subsequently, in step
20 1224, the curveinterpolation program of Fig. 26 is invoked with MARKERI and MARKER2 (and their corresponding user- identified
tangent vectors) for thereby obtaining an interpofating curve, C(u) between the two markers (where j=1,)...., depending on the

number of times this step is performed). Then in step 1228, an isocline boundary approximation is determined according to Fig.



Instep 1256, a determnation is nmade as to whether the vectors, | NCRMI TAN
and PI CKET are sufficiently close to one 20 another (e.g, within one
screen pi x8¥Q0HeB1030, than a subsequent’ new poi nt on t h®CI/E$ied at i ng curve
g is determned by incrementing the value of u~VAL in step 1164.
Followng this, in step 1268, a determ nation is nade as to whether the end
of the interpolating curve, C#), has been reached or passed. Note that the
assunption here is thatOsus |I. Accordingly4 if a VAL WO 01/08102
PCT/ US99/ 16844 45 is less than |, then step 1244 is again encountered, and
some or all of Winsingthevalypssf MARKERL UAKERL bl B6intmpolatingrevef (v}, fomiplainingithedbesinebommlaryappaimatin et her
the isocline ribbon point approximtion, R (u VAL), is close enough to the
actual ribbon patvias theoretically defined in the Definitions Section
her ei nabove. Referring again to step 1246, note that if INCRMI PT is not
cl ose enough to S, tSibequenthiinsepiddd thovadiabld,u_ W) isaskighed the ininal default valredNTRYL for Selectingl points bnfthe € d
with the actual points of Sis determned. That is, the point, S, PT, is
made i nto a mar e, Cajund K(uhFeioingihls, in st 144, yaFRIIEIRCRIIEHis askifned ehexoigt corapsmiingra.(n ¢AL).
interpolating ribbon curves, Gi(u) and R (u) to be generated that w |
devi at e | ess5 f r aseq@atly, (naeepd245)thavariabls, S I, isasighidia poiacon Sthayis ‘disdit? tehepofitt Ca lYALR Hore pretiself, 1 S,
step 1272 is performed wherein a marker is generated for the point, S _PT.
and this new neisbamiig S doss not fold Ktk ipechseif évkethaARIFHIR sofde]  goif oS Gelactet fiBis it akieighburood less
mar kerval ues for MARKERI and MARKER?. Subsequently, the marker currently
denot ed by MARK{HRE ofi(;Shofe thid @t th_VAL) may et hG, by setfingoe valud of IRJRYL sordathisivariabli's valie cobidfs t he
nost recently constructed 10 interpol ating curve CJ(u) and any associ at ed
ri bbon boundar ytse nixiem lngtiaisyg 1@ nterpotdsing @ivelCbE no Tabrettian onshale f anj R S idlhtich eriveradhy thig t
steps are again perforned for determ ning new interpolating and ri bbon
boundary cur vesquréId it s befendthattentinpolatipiived, vill vifettively folio or belcincidbt ivithitho i 5. 15EbSkently) d
step 1220 are also perforned if in step 1256, |INCRMI TAN and PI CKET are not
determ ned t® binstep (A 4 detintiNatioh iymadelaxasethiorehe SIRENCEMT CPT iewithin 4 predeteriined diltine 6f5_PHg@e Of
S. Referring again to step 1268, if the end of the interpol atingcurve,
ft(u), has beenprideemiobidtacmaydeis heshge of1eT@0%). Un parficul iR profeehnined ditadcd wiaf be fser Cethd/dr S
sufficiently close approximtion to points on S (between MARKERI and
MARKER?) , and | {efagiteditsa st vafod da€is Ehimpehblé degeiidiog upod the afplicatios10 @llich thEpreienttivendan & applied. Nes €
points on S. Thus, if there are additional markers wherein an interpolating
curve Glu) and AadigyQS g NGBMT T B0 T 1 WiEhih predetiiming distdute, thenstep AR eftGuhteréd @IRMn
determ ned, then the next pair of consecutive markers (of the marker
ordering) in MKt KAEVAL) b thel Bdcid bainRa dppditwition Rrdke@nind DB astighed tosthecripiable] EBON s d
beyond are perfornmed. That is, in step 1284, MARKERI

15 Subsequently, in step 1252, an approximation to an isocline picket at C{u_VAL) is determined and assigned to the variable,

PICRET.
In step 1254, the tangent to the surface (more generally, object) S at the point C(u_VAL) is determined and assigned
to the variable, INCRMT_TAN, this tangeat being in the direction of the parameterization of §.
In step 1256, a determination is made as to whether the vectors, INCRMT_TAN and PICKET are sufficiently close to one
20 another (e.g., within one screen pixel. 1f so, then a subsequent new point on the interpolating curve  is determined by
incrementing the value of u_VAL in step 1264. Following this, in step 1268, a determination is made as to whether the end of

theinterpolating curve, G{u), hasbeen reached or passed. Note that the assumption hereis thatO<u< . Accordingly, ifu_VAL



i s assigned the value of MARKER?. and in 1288, a determ nation is nade: as
to whether there is a next unused marker in 20 MARKER SET. If so. then
vari ati onsWEOIRE st eps 1220 and beyond are perforned BETHSAHHed above.
Alternatively, if all markers have been designated as used, then instep
1292 the resulting curves G (u), Itl(u), for each used j=1,2,..., is
graphically displayed . f WO 01/08102 PCT/ US99/ 16844 46 and stared for
subsequent retrieval. Note that the profil4 curves q(u) may be optionally
reparameterized so that these curves may be paranmeterized collectively as:
a single curve,isigsthapl, thenysgppt {344 ﬁagelwtomter@y\d o qr aﬁol(hp ’teps;thrqggy(llsy are grrfopped in detgrminingd 30
provi de high-1level descriptions of flowcharts for nodif one or nore
surfaces (nore \iehwieiseingribbopgsintspprorimationcify Mbisdpse Qﬂgﬂmﬁl‘hﬁ“}ﬁ"g’t’g‘ pping s eheoretically defined | e,
ribbon tangents, and their associated isocline ribbons. In particular, for
5 sinmplicity, tinteDfgwdtetiontesinabe. t hese figures assume that that is a
conposite surface, So, that is provided (at least in part) by one or nore
subsurfaces, Si, i =RefemingagainkqstepiRAs roteshorel INERMT WEienos cleseshough 1of, hesamsintapolatingrure prefioely. € d
to one another (e.g., patched together) along comon boundaries so that So
does not hawe cieatifiedwithcthetachudl poinss of § s dutermineds Jhat islitha ging S_PH)iismade into aomarker and dnseppedsiitet &
surface. Sp, the flowharts of Figs. 29 and 30 can be descri bed at a high
| evel as f ol | oVMARKER_SET, thierehy caggig nevcinterolatingribbom eurvisAfuhiand R (rtwhe generated that wilhdsvintetless fropefn t
having at | east one geonetric characteristic (e.g. length, direction,
curvature, et c) (assupingsds continuepsty differentiable) dhatis; step 113 if perlérmed wherkin dmankdnis gee@tedfan thepointfSalies S
that are to be nodified to reflect the isocline handl e and/or ribbon

t angent changesandtiystwserkeritivsertedjnto MARKERT SElchetwepnthewyrrentmarker valies for MARKER 3.3l MARKERZ: Subsequently,
nodi fications to the subsurfaces are conmputed and di splayed in real-tinme as
t he user ent er sthemadser cvestaidy enated by MARKERD is Bagged avnused dsrep @161 and in stepda8h, themobt zecently constavareld or

ri bbon tangent. Note that the conputing of surface (nore generally

geonet ri c olf] eciypolatigxurve((u)and anyassated ribbondonpdary curyeds (vhasecdeleted Thew, sop BUarideybsequetateppare
feasi ble for surfaces in higher dinensional geonetric objects in that the
conput at i onal mﬂ@'&éfoh@@mbwmwﬂmm beaday upyesy €40 apd K,dl)he pr esent

i nvention has reduced this overhead roviding a novel 15 techni que of
conputing bl ended s Mptethatstens Xthreygh m@mb'el’rlﬁ‘l@P’MPt!fPfEmfmmﬂsmmhu@@w&!mt
surfaces that are fair. The following is a nore detailed description of
Figs. 29A and 2dmmined pg besffisipntlyiclem one popther imthe objectspace ofdot  profi | es and isocline

ri bbons corresponding to the entire boundaryof each subsurface S, then maké

profiles and isocl i Meeriagagiinsen 116 e codefthe isrpolating curve; Gfu), has berprenchedor prasd thonvispssiged each

subsurface 5, . Note that this may be perfornmed using the program of the
fl owchart O\vS f i %Cl(u)zsguff ciently clgsgqgg;oxlmatlon to points on § (between MARKER! and MARKER2), and R} is insufficiently close

to an isocline ribbon for these points on S. Thus, if there are additional markers wherein an interpolating curve ((u) and
corresponding ribbon approximation R(u) has not been determined, then the next pair of consecutive markers (of the marker
ordering) in MARKER _SET is determined and various of the steps 1220 and beyond are performed. Thatis, in step 1284, MARKER}
is assigned the value of MARKER2, and in (288, a determination is made as to whether there is a next unused marker in
20  MARKER_SET, if so, then variations of the steps 1220 and beyond are performed as described above. Alternatively, if all markers

have been designated as used, then in step 1292 the resulting curves C{u), R(u), for each used j=1,2,...,is graphically displayed

EXS



1404, .the isocline handles and ri bbon tangents corresponding to markers an
the surface S, are graphically displayed to the user. 20 In step 1408, a
det er m nat Wnb1/0810zrade as to whet her the user has requeBCHRUSHE68Id one or
nore additional isocline ribbons to the surface 5,, or extend an existing
isocline ribbon having i-ts profile curve on So. |If the user has nmade such a
request, then step 1412 is perfornmed to assure that in addition to any

ot her markers added by the user, markers amwe added: (a) whenever a profile
WO 01/08102 PCT/ US99/ 16844 47 contacts a boundary of a subsurface Si, and
(b) so that pr odndsoedfosubsegeet ravietl Noedhatdn freile ched Clmaypbe sydmatigeparinetaited O dutihesnates S
each one on a boundary of a subsurface Sh. Moreover, additional markers
may be al so add ' ] I Ve =i Ofl for these

| atter mar kers,'ﬁa??@&’gh%g&’@ﬁﬁﬁgﬂ‘gf@ i(?l M‘I‘?Ic onc'(‘{)glggég “%lzassoci at ed
therewith (i.e., one for each subsurface). Subsequently, in step 1416, the

programof Fig. 28 i q
obt ai ning the desi reF(ifls 19?\4?3@:@ \Mghtmelﬁ n"é”h"'d'am]‘"%’d'm“gme;' 9{;;&,}3@{ (ﬁ‘peysenml%s

of| es and 1 sodi ne boundari €s

aside, note th mﬁ};&?g@%ﬁﬁﬁﬂg ifodl e)famm? nllllb@x&#ﬁdﬂﬂh}r Basobided nso?IHQ"rﬁﬂdlgf ﬁgﬁiulms'fort 0

which new markérs a Instep oW ng step 141

dded |
ambodi mont s, onf g THe Ras kel RaE! i AhBefabh e J:"%'?‘Y’““‘“E"%W‘EZ"”E
user is able toorﬁ&Jnﬁ&ﬁa&e}’? 'ié!ud'ﬂsngl %etﬁel@ﬁbsﬁda&l@?r&mﬁ Rﬁn%the Qﬁe@ g[E:Eeg alon 0

Subsequently, in step 1 a defermnation s ma as to
has requested t "ﬂﬂﬁddi n&gﬁ
profiles. If So8mn§sﬁ6e&r:]n94[ﬁ é&ﬁaa(tjﬁ?ntgsﬁ\gn s%‘lew bt B ers a gg&gﬂdsgﬁham ﬁm& ast t he

cor respondi ng nﬁWha'rtﬁﬂﬁ 193 30 AANE n%rﬁegat%@eﬂ%fﬁw .ms% EnRbetie AR S mmm g

As an asi de, note t In one e resent I nventi on,

new rmarker W‘Qﬁﬂaﬁﬁ &Iﬁlﬂtrfeﬁirftgrkt!?ggﬂﬁgﬂ d’rektﬁl[ cuMﬂﬁ ﬁiﬁ;}éf‘ a edYx“%leJmmR'iﬁgno tthﬁer

somewhat SInCG I'S now exact nti

point and the i Eﬁxﬁcgg#uﬁrdtﬂgm m t\fﬁﬂe@tﬁﬂ&ﬁnﬁrﬂgmmﬂl agﬁ&gtdra ?%@?ﬂ%gﬁiﬁe wehart

consecutive markers a pro e I'S now generate y added

marker. Accor di Qﬂafaw,tnemnm&@ﬁs'tu@fum&ct}u@ utaaqgmg ﬁaﬁ@%k%ﬁém ikatisbl g ! d.

in general, con m nore cl ose e adj acent portions of

e U 0 BB On 4400, AT of e R B
graphically di splsa%GHint@-thbs dci&oore been feasible for surfaces in higher dimensional geometric objects in that the
computational overhead has been too great. Accordingly, the present invention has reduced this overhead by providing a novel
I5  technique of computing blended surfaces which is very efficient and which generates surfaces that are fair.
The following is a more detailed description of Figs. 294 and 29B. In step 1400, if there are not profiles and isodine
ribbons corresponding to the entire boundary of each subsurface §;, then make profiles and isocline ribbons that approximate the
entire boundary of each subsurface 5. Note that this may be performed using the progvam of the flowchart of Figs. 28. In step
1404, the isocline handles and ribbon tangents corresponding to markers on the surface S, are graphically displayed to the user,
20 Instep 1408, a determination is made as to whether the user has requested to add one or more additional isocline ribbons to the
surface 5, or extend an existing isocline ribbon having its profile curve on $,, IFthe user has made such a request, then step 1412

is performed to assure that is addition to any other markers added by the user, markers are added: (a) whenever a profile



Note that it is not necessary for steps 1408 through 1420, and steps 1424
through 1432 to be perfornmed sequentially. 20 One skilled in the art of
conput er U¥@OI8®%r f ace design will understand that w PRTV/E A4 ven user
interfaces, the processing of each new nmarker can be perforned

i ndi vi dual | y and di spl ayed prior to obtaining a net new marker | ocation
fromthe user. Thus, WO 01/08102 PCT/US99/ 16844 48 consecutive executions
of the steps 1408 through 1420 may be int &7 eaved with one or nore
executions of the steps 1424 throu 1432. In step 1436, a determ nation
is made as to m@stﬁéwn a0 4 subpefacs Synd ( %a%lm peofilegurogs will be atewdwwaaﬂmr%tg@mm qach one on

sel ected by the user for nodification. Notethattheidentifier, | SO WII be
used to denot etahundaryaizsybpuriae SMpreereraddicioral maskers e alpopdded s iptemsestions o pyve pyoffes s, faptdeses | ed.
S In step 1440, the marker corresponding to | SO is determ ned and access
thereto i s provaterderep; thremy e typdistin phbon tanmmms&w@d\;emfwym sbyrfa).cp 1444, the
coll ection of one or nore subsurfacesS ..., acent toMRKR are

det er mi ned and acce$ubsequestlyiniied e, Wmﬂéﬁttn%‘MM’&EQ?'?@“'WW@%"HWW%
variabl e, ADJSURFAtES. In steps |448through 1460, boundary representations
of portions Sof takditionsharaiesnd ispeineoundasies. As atarida, oy that Figrafeeed anvy e inyoked with the wgufms(ssqv@ph
1452) and inserted into a collection of surface boundary representations
denot ed MOD SEmewmptkessareadd®ds) . | n particular, for 10 each of the subsurfaces
in ADJ_SURFAEES, a data representation of the boundary of the small est
portion of the subsinstepdBolipwingstep 1416 il nendjadded isoeine hanglesupbronfagents are displayed. Korerhatin sorme
isocline ribbons is entered into the set, M SET. Finall in step 1464,
the program of embogimentsglytheisorlinerapiies are displayed iy, ing thenser is ableo selectively ispley theribbon tangents et
nodifies SO the portion of So wkhin the boundary representations
contained in MET. |n particular,the programof Fig. 30 is invoked with
the values, MRKR and MOD SET. 15 In the flowhart of Fig. 30, the

hi gh-1 evel ¥t eps ar Subsqumthyinseaifd, Ms'errnm»ﬁgadmmv@b@rthewh@nqm@t@mwwwm ons
identified by the surface boundary representations in NOD SET, wherein
these surface [k wishiexissipggrofies) j"éﬂz@%ihe Jddiional pew magkyrsars pdded gkt east the soprespopding nawgogine |
step 1504, the first (next) nodified version of the isocline handle and/or .
ri bbon tangent 'E'G‘F‘P’éi‘ﬁ’&ﬁﬂf“ﬁ@f"ﬂ%m!'ﬁ@ A’ﬂ'ﬁﬁ'dk@P‘haWPGN"M"@“@fB'EW“%H“WM gned
to, 1SO Subsequentl i socline ribbons containingthe
nodi fied i sodi rfurkerfa %HI“E‘" &H‘ﬂ#ﬁ?flert'l‘ﬂﬂﬂfﬁ'“f"a'ﬂtf@ﬁ!’mé'ﬂ“*‘S@’W““’@@Bﬁ@r’ﬂ@%&“‘t o]

reflect the nost recent nodification requested bythe user. Notethatthis
another pointand the interpolating curve generated (via Fig. 26) between consecutive markers of a profile is now generated using

I5  thenewly added marker. Accordingly, a profile with one or more additional markers should, in general, conform more closely
to the shape of the adjacent portions of the surface §,.
Subsequently, in step 1432, the additional newmarkersand optihnally, their correspondingisocline handles and ribbon
tangents, are graphically displayed to the user. |
Note that it is not necessary for steps 1408 through 1420, ind steps 1424 through 1432 to be performed sequentially.
20  Oneskilled in the art of computer user interface design will understand that with event driven user interfaces, the processing of

each new marker can be performed individually and displayed prior to obtaining a next new marker location from the user. Thus,




20 is-performed using the one-di nensional version of Fornula (1), and

nodi fyi ng each such isocline ribbon along its extent between MKR and the
adj acent. ma¥&key0810dn each i socline ribbon containi ng VRRI/UMAE1IS44 08102
PCT/ US99/ 16844 49 Subsequently, in step 1512, the first (next) boundary
representation in MOD SET is assigned to the variable, B. Then 1in step
1516, the set of isocline ribbons for the (profile) boundary segnents
contained in B are assigned to the variableg R Note that Rincludes at

‘| east one isocline ribbon containing the marker, MRKL In step 1520, a

bl ended sur f ace coseutigpereaation bf helteps FHblthraugh 142artay bevinterleneid votly enkmemorsexexhitiorts o the stfs 1424 tigough
isocline ribbons of it The formula 5 used in this step is simlar to
Formula (4). How@ver, there are additional functions, fl1(p), provided in
the present fornula. Note that, in general, the portion of a paraneter
space used i n gener ahstepiy36iaderadnatiof iamade s toSlethir an isafine kainlle snd/@s sibjmn targent idaeectel by thoser
three, four, five or nore sides (profile pre-inages) that also have

i socl i ne ri bbon fomiodificitioraNye that thefdandlier, 150, wilthaisdd & tenote the ifockimbandleand/Br the iBbof gangent td borodifed.C h

i socline ribbon R of wherein for the points p in the paraneter space that
are in the interior,insep 4tdphelmarker drfePonding @ISO | de@iminkdiam agoesehbritd iqproided vid the vafiablé, MRXR.e
isoclines Rof IF, it is desirable that these points p be translated into
poi nts in the paubseqoslydnstepd4dddeolibctidtiof dmior nrd subsipfades 5,25 a@jacaae MRKR srpdereamlinedyd arees tochesel N

t he obj ect space of the isocline ribbon R can be determ ned and used in the
bl endi ng functi adpemtubsiracsis pavidethpthdvarisbleAD). SURBIESS t hat t he translation
functions, Q(p),. preferably satisfy at |east the follow ng constraints:
(a) Q (p) is a contiimmussstirsugh G160, boundary @yresehtsliis of pitionk ubtheSubstirh @y SCAjacent MRKRIxfle deterimindd D)
P.Q 1(u, 0) 1QZ(P)) (u.0) That is, when a sequence of points in | converges
to the pre-i mag@teifs2)akicnserted it chilection 6 uifike bluidirgripreseitdfigttenogd (0D SEC@VASE) Oepartitular, firhe
isocline 15 ribbon paraneter space point (u,0). Subsequently, in step
(524, the sudf aeuthofie fbsurfacis ihDjSIURFACESCadlata rpRsdntaltioh of3He Bopndahy RS snrdliesti@itiohiof e Subsbrfat thati S
made as to whether there 1is an additional boundary representation in MDD
SET for gener at isacest & MENA thit is botuded by isklineribbbmsck eftered hm et BOMJET. | f so, then step
1512 is again perfornmed. Alternatively, if there are no further boundary
representations, thefinall,nsel4e4xhepogm of Fifa 306t @ivoked orimbdifing, ihPeal itide a R Gke modiid 150, he podi@t her
there is an additional user nodification of the isocline handl e and/or
ribbon tangent ekt SEbouneiy Rdeseivitiondcomdinld MMOD_SET. Inparticular, the programof Fig. 30is invoked with the values,

MRKR and MOD_SET.

15 In the Mowchart of Fig. 30, the high-level steps are shown for modifying in real-time the surface portions identified
by the surface boundary representations in MOD_SET, wherein these surface portions are adjacent to the marker, HRKR.
Accordingly, in step 1504, the first (next) modified version of the isocline handle and/or ribbon tangent corresponding to the
marker, MRKR, is obtained and assigned to, IS0, Subsequently, in step 1508, all isocline ribbons containing the modified isodine
handle and/or ribbon tangent of 150 are regenerated to reflect the most recent modification requested by the user. Note that this

20 isperformed using the one-dimensional version of Formula (1), and modifying each such isocline ribbon along its extent between

MRXR and the adjacent markers on each isocline ribbon containing MRKR.



20 If there is, then at |east the steps 1504 through 1528 are again

per f ornmed. Note that the steps of fig. 30 can be sufficiently WO 01/08102
PCT/ ! 1S99/WB8UM10250 eoffjcient|ly perfornmed so that incr BRER¥SMSSHe] -time -
changes in the isocline handle and/or ribbon tangent for MRKR desi gnated

by the user can be displayed as the user continuously nodifies this

i socline handl e and/or ribbon tangent. 4. A Geonetric Design User Interface
The general principles described above foffh a basis for 5 a novel user

interface for conputer aided geonetric desig . .In one user interface

embodi ment for the ﬁshﬂee%lm"ﬂw firstdgxt) b&i’"%’éﬂ““l"ﬁ'@'@rm&ég'Sﬂﬂv“@é"‘ﬂﬁ%'&ﬁdbfﬂl f or
defining isoclines, an interface, a designer for exanple,
require that aH“FH%Qz!"? spief "QS'@"H@F’;%%P’@Mbﬂ'ﬂ"“’f&“‘&“‘g‘l“%"ﬁﬁ"5?’@1‘\‘3“"’&1“#@6@* dea| ong

an entire profile curve so as to create a reflection line, as one skilled
in the artwil| teffiscdesatepstoneispstine bbog exaiping fhe Warker M. novel user interface may
allow for various constraints to be input for generating isocline ribbons,

i socl i ne handl es an'ﬂi%imfﬁhb‘lﬂﬁﬂ"%‘ﬁﬂ@'&'ﬁt‘é““ﬁ@"@'%@‘h@&ﬁ'ﬁﬁf"sl'“ﬁ'ﬁ?(!'wﬂ'tﬂfﬁsﬂ!iﬁ'al"ht s.

In particular, the user interface allows for global constraints such as
light direcdi omsedinthinstepissinilato Formala{f)cHoweres; therqa gdditon fons. Q4P provifpdiinahe present feapudyy Note
functions with a plane, etc., as one skilled in the art will appreciate. In
one embodi ment theifin geqeal, thegesdion of pparameterspace used ipganeratinghe sucace, 5(p)sef this step iy have typ, thypesfeor;
geonetric object, for exanple a cylinder. The wuser may then inscribe a
profile curve &wonmmesiderf hue'mﬁwapalsa'meﬁglmnrﬂbnkwgasmThvmnslkunpms Q4{p}; forreeh t he
cylinder. The profile tangents and/or isocline handles may be defaul ted by
adopting the s|-ses\weﬂhb°nm&mmfememmtmthePﬁ@mwwﬁh&@n'Nthpe;wwrelwathmwazeattheeremh
marker;.the 15 profile tangents are in the plane tangent to the cylinder
at the marker . Fiforéhe ispgins & ofhyk isidesicable that-thesecppintspretrapsatesiintoypointe usthe pprametenspace fopfiiig that 2

addi tional markers, and/or nodify the position and the direction of the

i socl i ne hafdl esesesing it in thetobiegispase e!rﬂg Eqeline;ridbon\&; can by determined-and ysed injthe blending fupction of the
accordingly nodified, the cylinder (nore generally, geometric object) wll
reflect the chaﬁ‘g‘é%q’|"PF"E'%@‘%’&FP’F'P"&‘&W%%P'&‘?“"'!ﬁ@fm#ﬁm‘ wing BAEIRST Addi t i onal
profiles and markers may be added in this manner until the desired shape -
of the geonetric obftkct Q(BEHW'W‘F‘F@PM%‘"E""@W’PWder) i s obtained, An exanple
of these steps is 20 illustrated in the flowhart of Fig. 31. That is, the
user selects a graphical tysrr spl ayed syrface (nore generally, georretri C
object) in step 1984 SubsBqupos | 5(9;(H)x‘s(tue8) 1908, the user constructs a
profile curve on the sel'ected surface (obj ect). '

That is, when a sequence of points in | converges to the pre-image of the profile point P,(u), then Q(p) converges to the isocline
IS ribbon parameter space point (u,0).
Sﬁbsequently, in step 1524, the surface §(p} is displayed, and in step 1528 a determination is made as to whether there
is an additional boundary representation in MOD_SET for generating an additional blended surface $(p). If so, then step 1512
is again performed. Alternatively, if there are no further boundary representations, then in step 1532, 2 determination is made
as to whether there is an additional user modification of the isocline bandle'and/or ribbon tangent corresponding with MRKR.

20 fthere is, then at least the steps 1504 through 1528 are again performed. Note that the steps of Fig. 30 can be sufficiently



Subsequently, in step 1912, an isodine ribbon (or at |east the isocline
boundary) is generated forthe profile. Note that this ribbon/boundary can,
i f desiredwdsgener at ed substantially w thout additioped/usssmessd nput . That
is, an isocline WD 01108102 PCT/ US99/ 16844 51 ribbon/boundary may be
generated fromthe tangency characteristics of the surface upon which the
profile resides. In particular, for a paranetric surface (nore generally
geonetric object), the paranetric tangentggon the surface at points on the
profile can be utilized to generate an isocline ribbon/boundary for the

profile. Thus, dikndypemme QitiaiaadedbPr@sifine CrihgeOin e idif Sandhiandjof HBboIinGehtifc MAKICd&igRd MR
be used to determ ne a first isocline ribbon/boundary for a first surface

havi ng the pr Ofﬂylhﬁnerémm?ﬁyedﬁmusGEoﬁfmlo&sl?mddiﬁesﬁiﬂm&nﬁlﬁan&ﬁﬂﬁirﬁbnhﬁfge\?ﬁen the first
surface and a second surtace, then surface nei ghborhoods on the other side
of the profile qray RGuht&RSkigh Berini®ieer M ne a second isocline ribbon/boundary.
Addi tionally, note that other surface characteristics may be preserved in

an isocline ribbon/ lm#m BFidéip lesﬁgﬁhﬁgg@mﬁmw n addition to preserving the
parametric tangents a profl e curve points, the isocline ribbon/boundary

may al so opts onﬁ,l,vhy,e,mgﬁae@oe{oﬂ(pﬁ;,m@wm{tmgwchar acteristics such as curvature,

hi gh order (> =2) derivative continuity with the surface. Note, however, 10

it iswkhin the SCOP‘i’ngﬂfuszM&ﬁace%b%@ﬁﬁkr mﬁm@w@a 2lusei ke e%,tbb .demrdtfﬁe&%d.m

characteristics can be preserved 1 n the isocline r| bon/ oundary In step

1916, the ge nerlﬁiﬁgﬁﬂh dh Rfefate)] a'aﬁ r indy 6P Bt WAL aan 1FERHe b)Y kﬁ@ﬂto%ﬁ‘«eﬂﬁ‘ijdutc%n L

surface(s) having the profil e curve "as discussed re| nabove w t

reference to twﬁmg& ﬁaife &b R ahtaenﬁeéuam hievhd st te am@m&ﬂa g&iggmagu, b veRQFE

enbodi nents of th ser interface, an operation IS provi to the designer

wherein a conmm E{erfﬁh@rhh?‘ﬁﬂ[ﬁ(vm&%ﬁ&ﬁ%bﬁmfo?@e%gm&nﬁl@i &!.ﬁ“fﬂ{mla%ldmmm ats

sel ected and the operation automatically t surfaces to joln at a

hi gher ordefp sgtgigiuéh Robkbrdints, 1 fabthu, tnéboef eri&e allow?fnbrémtcdd&rﬁ atsGRAYs fighidireken) cubrdti® ¢ hat

of tangent pl ane tinuity. For example her or er continuity

constrai nt '”pqgngeﬂaﬁﬂlcﬁuﬂud Lahgggnecfh ’Sﬂlaﬂ."e&'ai’dnﬂﬂle«fuﬂtﬂ%ﬂfﬁprﬁtethe surfaces

at the common b ary, ca Imlarl constraln an isocline

ri bbon for the ot hennomtibsmeofdkaumu&mtmsmmmmal@.ﬂwwdnaﬁcyble«ﬂ@amwddcm@krylhethl S
operation hel ps alleviate the so-called "Mach band" effect in which the

human eye det eouesmayihe insoibe d profild carie anghe iylindexhyplagiogimarkee 2t rariouspaintsan thegdinder Thepeolile t@gehte r
user interface OEeratlons provi ded by the present invention are:

20 (a
Rounder i zi ng, pclipedangles @%&#@PW@Y ppting thﬂ"?"b‘l‘f“‘l‘ﬂ?!lf‘“%ﬂ'?“ﬁ @é‘“&l’l&@ﬂ"@?ﬂ“ﬁé‘ )
surface to fsou g profile lfangentp are nm-e plgne mggtefo the cylinder at the marker.

The user may then select and modify the markers, add additional markers, and/or modify the positien and the direction of the

isodline bandles and/or ribbon tangents. As the isocline ribbon is accordingly modified, the cylinder (more generally, geometric

object) will reflect the changes in the modification of the isodline ribbon. Additional profiles and markers may be added in this

manner until the desired shape of the geometric object (derived from the cylinder) is obtained. An example of these steps is

20 illustrated in the flowchart of Fig. 31. That is, the user selects a graphically displayed surface {more generally, geometric object)
in step 1904. Subsequently, in step 1908, the user constructs 2 profile curve on the selected surface (abject).

Subsequently, in step 1912, anisodline ribbon {or at feast the isocline boundary) is generated for the profile. Note that

this ribbon/boundary can, if desired, be generated substantially without additional user input. That is, an isocline



or to create darts (i.e., surfaces that are snooth except at a single -
poi nt, where the surface kinks) that dissipate sharp edges. Such
oper at i onsWOAKOHME perforned using the present inventi oRCHYS$98E844 i oni.ng
profile curves on the surface on -i;. WD 01/08102 PCT/ U899/ 16844 52
opposite sides of a sharp edge and bl endi ng snoothly between the profiles
(e.g., using Fornmula (1) as described in Section 115; and subsequently
elimnating the surface in between the prdlile including the sharp edge.
(b) fndeddiag, which is an iterative user interface procedure that can take
one fini shed noiei/boundarymaybe gpnerated framche tangency Fharpsteristicenf thersusfaceyipon whichtbeprafilesesides) drfpastioshri t t o
fit into part of another nodel. 5 41 Defining the isocline via Mrkers,
Profiles and t Hesapammatric jurfacedmaregenesallyrometricobiect), the permmerrictangents ca the swiéacepupeiritsioh the prolle cane s
that express a designer's intent. Explicit profiles nmay be unconstrained
(freeform or phavtiidedts gensraternisdinaribtionfrousdary for thepipfile. Thusysirface heighbqohoeds n dneide of the profilecurve
vi si bl e boundari es between surface patches caused, for exanple, by a
surface di scontmmayhsisedygo détérmins 2 first isociing riblian/houndarydor afigst surfade haviegthe joafile, and éf the prafile iponche samr f ace
of a cylinder and the cylindrical side thereof). 10 Inplicit profiles are
creat ed aut Gnuat lietaes theyfirst/sirtacs and Iy scond Susface, khentsurfacel neighberhoodeondhe otler sideief theiprefile may be used to
discontinuity. Al profiles in a nodel are either explicit or inplicit.
4.1.1 Creating dfemieaseonddodite iiibwbumdrker s and handl es are created in the
foll owi ng ways: A. Markers are automatically created at the ends of new
inmplicit and expl i cildditignaiiphoteithatother suetacefharadterivtics may begprederyed in andbacline thixa/bouidary. dior exariiple,
doubl e dicking at a point) on an explicit profile. To the designer, he/she
is inserting a ipuditvg togeservingthe parametric kasgents M pesfilmeynd pyintyo theiwdik riblon/iowdaryaay dso apiomllyral | y
or not at all changes the shape of the profile in the profile segnent
cont ai ni ng t he preewethrawficesharacegitity e epourvaturt, high order (5f 1) drivativdtontingity withithesurfakechtd havever, ar e
determ ned according to the shape of the profile and surface(s) attached at
t he new narlRer . itigwithiethe icepeof theprystatinvintidathat furfhir suefacechatatteristics 3 begreservidiinghe isplineriblionfwindieyn t
points on the sane profile (L g. a profile that | oops back and

In step 1916, the generated isocline ribbon/boundary may be used to modify the surface(s) having the profile curve

as discussed hereinabove with reference to the programs of the flowcharts of Figs. 29 and 30.
In some embodiments of the user interface, an operation is provided to the designer wherein a common boundary
between two object space surfaces can be selected and the operation automatically forces the surfaces to join at 2 higher order
I5  continuity criteria (e.g., curvature continuity) than that of tangent plane continuity. For example, 2 higher order continuity
constraint imposed on an isocline ribbon deriving from one of the surfaces at the common boundary, can be used to similarly
constrain an isocline ribbon for the other surface having the common boundary. Accordingly, this operation helps alleviate the
so-called “Mach band” effect in which the human eye detects discontinuities in curvature in some instances.
Other user interface operations provided by the present invention 5re:
20 (8 ~ Aounderizing, which is a tweaking operation that modifies an existing surface to round off pointed edges,
or to create darts (i.e., Surfaces that are smooth except at a single point, where the surface kinks) that dissipate sharp

edges. Such aperations can be performed using the present invention by positioning profile curves on the surface on



20 attaches.to itself). Such an identification of the marker with the
plurality of profile points cannot be broken, except by deletion of the
mar ker. | nWhe1/0882e of two or nore profiles neeting at PET/GSMMESH4 poi nt
having a profile marker, such profiles each have WD 01/08102 PCT/ US99/ 16844
53 a marker at the common point and the nmarkers are constrained to maintain
coi nci dence so that noving one nmarker will nove both. Profile markers
inserted by the designer nay be inserted fgr providing profile handle
points, or for setting specific isocline values. Note that a profile

handl e poi nt nmay havepposie sideedf a chirp edgp s blendivig shivethiy detwedn theprafilsse, ming Forawhadl) edesaibed ie . |
isocline handle may 5 inherit value(s) by an interpolation of the nearest
two adj acent i socl i reetidazySckndsabsequéntiylelinnatinythe sahcrighbetvian therofile imindths ysiefpedppes Profil e
and isocline handl es may have various constraints placed upon them wherein
these handl es may bep)di s phsadmpivhichsial te@tiveust intsfactigatedurediateh tikoond fiidhed MENE,IAIE iQhnd t S

pl aced upon them 1In. particular, the follow ng constraints nmay be pl aced
upon these handl es: pefiafh rdtaft hr othieiiss defordhiit ficintd patuildnethedmdeld parti cul ar range of
directions; (b) constrain a handle to a particular range of magnitudes;

(c) constraigs aghandiefinihPthle Isocling via MAHRACProhTks ind HeUselmRph@r , (d) constrain
a handle to a particular range of curvatures; (e) constrain a handle with a

transform of anot herpgi@paieCare de Jﬂﬂe mhde,me*pﬁ.a& dei‘g@e?ﬁﬁtén@%hcﬁﬂdﬂe@tﬁay Bernﬁk&?nlalﬁkﬂ' ons.
15 The desi gner can choose to display the constraints through a display

request for the gidoRy Gpirsafy TondHineEACnglititGrokPing beliiSble bbuiafE WRtwee XA PP &lsed, 1
di fferentcol ors%n;g‘z (!I,l sag zgye"::l Wﬁh@éﬂnfergnttyepesgf corﬁst ra?drtfed proofrl | e

mar kers. For ex gk, 8ya siveedittoimuin {6 b Kl or cda@deﬁﬁarbeuadahnlehdwfaé h §iRdARNN bR Gk 1 N
as "fully constralned ) maybe dlsplayed in blue. In sone enbodi mrents of the

user interface, qq@gtors are "grayed our that are constrained to thereby
denonstrate to the designer that such vectors cannot be changed. For

exanpl e, injgne enbogiapfle and déded mﬁﬁaﬁ,twﬁe%nﬁdmmm £5 & sufikeQischnvddityC Bl plolifes @ 2y €d
out. 20 4.13 Connecting Profiles Toget her
model are either explicit or implicit.
4.1} Creating Markers
Profile markers and handles are created in the following ways:
A Markers are automatically created at the ends of new implicit and explicit profiles.

15 . B. Inserted by a designer (e.g., by double dlicking at a point) on an explicit profile. To the designer, he/she
is inserting a point on the profile. The newly placed marker only minimally or not at all changes the shape
of the profile in the profile segment containing the new marker. Subsequently, profile and isocline handles
are determined according to the shape of the profile and surface(s) attached at the new marker.

A marker may be identified with 2 plurality of coincident points on the same profile (e.g. a profile that loops back and

20 attaches to itself). Such an identification of the marker with the plurality of profile points cannot be broken, except by deletion

of the marker, In the case of two or more profiles meeting at 2 common point having a profite marker, such profiles each have



I n one enbodi nent of the user interface, it supports the |inking-together
of two or nore profiles that intersect at the same X Y,2 location. Such
intersect i WAMHHIRt s are denoted "tie points,” when t hePRPHPENMA | zati on of
t he point on each profile W 01/08102 PCT/ U599/ 16844 54 i's invari ant under
profile nodifications. Note that such tie points may or may not have

mar kers associ ated therewith. When such atie point is nodified, all
corresponding profile curve points associ @3ed therewith at the tie poi nt
are nodified as a group. Such a tie point may be an endpoint of a profile-
or an internal a(narkeeatthe'rmq point and the markers apRicqnigrained,tp Iﬂm«wﬂ'&wﬁaﬂm movigg op¢markepyili mgre o
first profile &é be constrained to lie within the object space range of a
second 5 profie (either inplicitly or explicitly). For exanple, referring
to Figs. 42A and 42B, the user interface may Proyide the user with the
capabiityto slide aPrpfilegrskesdsers byt designey may b issesied foripsavdiag Riofle bandie pointsor foyisesing spaefic2 0 0.3
and a second profile 2004) al ong the second profile 2004 for thereby
changi ng t he prissdie ralses Nots thate profife handle pumpimay haveracet of exustraipts epfit ijoctine dpdes; .05 fsocking gndle marB
when the marker 2002 is slid along the profile in the direction of

di recti on abr ovahgipale(s) ipandtterpolatianof the acarpstewapgictatisoclimidies.i s denot ed as a "bi de
point." Profile intersections are either "slide" or "tit" points. Moreover,
these different typdd2oYiewngMarkensayd Profiles st i ngui shed 10 graphically from
one another by different colors and/or shapes. Note, if a profile slides

al ong anot her pr of i Prefileaediisotiing Hardiesimaydayé various constriiritsiplaced uponthemy wheeeindhiest heidlesmaybe displaytde i s
used to conpute a blended surface, S, then S will be reconputed. 4.1.4
Creat i ng Mar ke rdiffereatlydccqpiing foithie coustrainty placed upow theimp ingarticulas, he foliawing Sonstraintrtay be piased apomthesei on
of a profile curve in a nunber of ways: A. Sketch the profile.on the
surface sim| arhinflest o t he data driven technique of figs. 28, wherein
additional 15 markers may be provided for tying the profile to the surface
within a pri@det erni fd t oistminahaeds to a prticlsr vange of directiops; i n a second enbodi nent, a
profil e can be sketched across one or nore surfaces by having the user

sel ect all markers fdr t ¢eustraisp bapdieftoa particular range of wegnitibdesei t her case, aprofil emaybe
sket ched across oneornore surfaces. Mreover, in the second enbodi nent,the.
user-interface supfrt scoustahapdetodioi 3pipnevitiother hindess uccessful |y create a
profile. (Al') Marker points are specified which lie on the surface(s). A
fitted curve is genédat eemsianebudsto apifisulpungeaf gnvatues; 20 par aneter space and

then this fitted curve is evaluated to obtain a correspondi ng i mage curve
i n object space. (e constrain a handle with a transform of another handle, e.g., identical rotations and/or translations.

{5  The designer can choose to dispfay the constraints through a display request for the properties of geometric objects. In one
embodiment, different colors may be displayed for the different types of constrained profile markers. For example, handles having
no variability (also denoted herein as "fully constrained") may be displayed in blue.

In some embodiments of the user interface, vectors are “grayed out” that are constrained to thereby demonstrate to the designer
that such vectors cannot be changed. For example, in one embodiment, fully constrained handles are typically grayed out.

20 413  Connecting Profiles Together

In one embodiment of the user interface, it supports the linking together of two or more profiles that intersect at the

same XY,Z location. Such intersection points are denoted “tie points,” when the parameterization of the point on each profile




(A2) for each surface that the new profile crosses, the user may specify
the profile type (freeformor trim for the portion of the profile

crossi ng t o eawsfoace. A profile sketched an a surface ecr/tismw/essd ns one side
of that surface or splits that WO 01/08102 PCT/ US99/ 16844 55 surface into
tiwo new surfaces. Accordingly. note that any (non-degenerate) profile that
enters the interior of a surface nost cross the surface's boundary at an
entering point and an exiting point. That gg¢jthe two surfaces along a
common profile boundary are always |linked to the profile, wherein, with
respect to thi sisinvaditinideprofik inditication.Waté tRrs@istie ity mdp @ may vsimesarkers assaciatel therawithf, Wheb oehs :
(a) one surface is a trimsurface and one is a non-trinmed surface (al so
denot ed a " Fr eefpdint ismodifed aietrmspondiag profilihrvepoiii astotizted hhepowvichnathe fieprincapemnodified abd grofpOfagh  a
Profile: A designer selects a profile to copy. The profile is copied to a
buf fer (denot edat psik iap rareiidgaint of 2 ploflEnr 44 Snedinal D Yeot"p@ECt S t he node of copy
(exanpl es: keep profile handles, or adapt profile handles to the geonetry

where the profile iaterafel roﬁl@rﬁ&k&d()aﬁrﬂmMdﬁbefonsmkdfﬁﬂi&ﬁthimgﬁsﬁa@mﬂeﬂiﬁmn the
new profile (which maybe additionally scaled, rotated, and/or mrrored,
etc). The user prike@iitierSmphcity PG Hititly)ORr ekafile, rifdbrRg HRRMIDANONB, thuser idNeFcenaf proside th B@with e W
profile can be constrained by constraints on the original profile. For
exanpl e, the nemdﬁmiytolsmeamhﬁkemonﬁﬁiﬁﬁnammtemamdﬁ&sagiﬁmlwﬁmngmmbm
profile, such that any change to the original 10 profile will result in a

change to the coofor thiilbftinghg BepHfilQ000d 'c.jd.m intthe@roRe2008 6f Fig. 425 Wénitte RarkrRI0K R eliSaloRg 1R
automatically generated at both ends of the new profile. Profile handl es

and isocline (r prbiRme lirddia efdiedtionARon 0006 Suckaa/sidable Adrlter260lis defiod s 41N pa€OMEL I'i C
characteristics of the surfaces that the new profile splits. 4.1.5

Modi fying Markers arvbibii@ddidner o elidd br i tphind Mdrtbver| Wt filferedt tyRdACMIRY maf HOisBghidha
i socline) handles is dependent on the constraints placed upon the markers

15 and/ or hamdl ggphically Béone TR By Ao SoloFs /B Sifdped. Wrn?romefsli@smgafnmﬂpﬁm, DPhRdR A
Interactive nodification by selecting a handle (profile or isocline) at a

particul ar mar kﬁi{bonlo}tﬁbslidiﬁﬂﬂﬁiﬂfﬂkeﬂﬁﬂmpufehﬂ%pdﬂﬁﬂﬁk@._tmﬂlﬂﬁir%fu&d? that it is
constrained to lie in a normal plane, i.e., either a plane normal to a

surface having a profig e creatnf Mirkirs\shdiProfiledr 2 pl ane defined bythe isocline
and profile handles of the profile atm Apop-up property sheet is also

available for the UgfleritPhckiysit té Bateh df 4 FRribRES dnkiblr of vt UeS for magni tude
and angle for nodifying a selected profile and/or isocline handle. 20 B.

For markers that are, CONghte oMt ootk shikdimithrly Gl dfty dFived LIRS & Fiks! 28, widkelnRdaiondt N E
pre-image of a profile, the marker
15 markers may be provided for tying the profile to the surface within a predetermined tolerance. Alternatively, in a second
embodiment, 2 profite can be sketched across one or more surfaces by having the user select all markers for the profile. Note
thatin either case, a profile may be sketched across one or more surfaces. Moreover, in the second embodiment, the user interface
supports the following steps to successfully create a profife.
(A1) Marker points are specified which lie on the surface(s). A fitted curve is generated through the points in
20 parameter space and then this fitted curve is evaluated to obtain a corresponding image curve in object space.

{A2)  for each surface that the new profile crosses, the user may specify the profile type (freeform or trim) for

the portion of the profile crossing the surface. A profile sketched on a surface either trims one side of that surface or splits that



wi Il may slide along such a parent profile via, e.g., interactive
nodi fi cation by draggi ng such nmarker points. Note that for positional
unconstrafWQ(?l P%ers, the marker points may be noved PEEEPY/16844 o under a
user's direction and without other WD 01/08102 PCTIUS99116844 56
restrictions) along the parent profile(s) upon which such markers reside.
Additionally, note that the user can select multiple profile marker points
by clicking on each, or by selecting all ﬁﬁikers Wi t hin a desi gnat ed reglon

(e.g., bounding rectangle ré Accordi n user is able to nopve a
di spl ay poi nti nyf “HE\??"&'@' 5 “‘gﬁ“m““&"ﬁﬂfﬂ!‘g}'V ('!Rh‘tESS%“W'P“‘t'\”f%ﬁ'f“‘&ﬁ'ﬂ@'é“&'ﬂﬁ“"@#“‘t‘he

selected markers to uniformy npve in _a corresponding direction to the
noverment of t het 'd'l'%‘fﬂ"wﬂ'b%t"m*ﬂ%g“'“%wE@“SP%MWMWMWP'"WWP fipbousdaryager ker s
depends on the constraints set on these nmarkers. for exa a constrai ned
marker wi |1 onl 3wapskedto ti profls, whertinyeith reipacite this P'°ﬂ$%‘éﬁ*‘ﬁﬂﬂh‘¢‘!’“‘"%@“°"‘1 (3) ongsuface; 5t
sel ected marker noves only within a first profile and a second sel ected

mar ker only novigarinygurfa and one iga nex-trimmed wiface (%!tadetsm"fpﬁm g’} of Plavpcreelimayrfaciogonal |y
to the first profile, then dePendln on the direction of novenent desired,
one of the 5ol owifg oc@mw (“ﬂy"z't"rfﬁmmwﬂtm%ﬂke'ﬁf'ﬂi'%"P'&’dwé’“'@'&deﬁﬁWéwbowt t he
second mar ker can not; (ii) the second marker is able to nove, but the
first marker ca?le"Ftﬁ‘!"'"'“‘{ﬁ‘l"?d)°f‘BRI{fﬁml'%@mﬂ@%m'ﬁﬂddaﬂﬂefﬂfh@d'mwm‘d‘ﬂéﬁeafsﬁ% to
nmove; (iv) neither marker nmay be able to npve. C.Mrker and handl e
constraints mayis®hecopid). Teyser geck wher to positips reopw profie{ whick-maphe pdditionglty scafed romatpreand/og iprared A
pop-up property display formallows the user to set or renmpve specific
constraints. D.etchdhgpstrpeledsalocation prehe pey profileNot hat the neyy profilescanche anstspined byjcopstiaiate sy the peiginal
handl es maybe set that are dependenton the characteristics of

ot her geonet ry. Fossampli, thesew profiliway be mirrered about aplane frqmianexistipgincafilesych that aoy dage whepsigivelaj ned
to be normal or araIIeI to a selected reference plane. Note that the
position of!0a pR'Qﬁ?Y"F'é“"r'PdF“M“‘BF% can Yhenangy grefiledsicraated, prfilemarkessare antmativaly ginerated
characteristics of other eonetry For exanple, a marker can be constrained
to lie on a pardtbysnds of(ths pei profle, Reofly handles and jfocige Lribbop tapene) hndlys are e, Ffiethe r gpomptey
designing a bottle. Another exanple of these constraints is in generating
symmetric desi gﬁ‘é’“"F‘E‘“fm&"ﬁSﬁ‘@?tf"F@wmﬂW@' copy that is reflected about a

parting plane will be constrained to be symetric to the 20 parent profile
mar ker . 4.5 Modifying Markers and Profiles _

Modification of markers and/or (profile, isocline) handles is dependent on the constraints placed upon the markers
{5 and/for handles. They may be constrained in one of the following ways:

A Interactive modification by selecting 2 handle (profile or isocline) at 2 particular marker, m, and moving
the handle endpoint so that it is constrained o lie in a normal plane, i.e., either a plane normal to a surface having a profile
containing m, or a plane defined by the isocline and profile handles of the profile at m. Apop-up property sheet is also available
for the user to key-in specific numerical values for magnitude and angle for modifying a selected profile and/or isocline handle.

20 B. For markers that are constrained so that their pre-images lie within the pre-image of a profile, the marker
will may slide along such a parent profile via, ¢.g., interactive modification by dragging such marker points. Note that for

positional unconstrained markers, the marker points may be moved freely (i.e., under a user’s direction and without other



WD 01/08102. PCT/ US99/ 16844 57 E. Surfaces adjacent to a profile may have
to satisfy either CO d, or C2 continuity, wherein COis positional, C

i s tangencWOMABIOE] forces snooth surface bl ends. One ECHESNAM t hat an
beset on a marker is to force O continuity between surfaces surrounding
the marker by maintaining equal |ength tangent vectors interior markers.
Freezing (elimnating the ability to nodify) the profile and isocline
handl es ata marker will cause the profil essegment 5 containing the marker
to rebuild based on the profile handles of the next two cl osest markers,
ef fecti vel y changyitingy) dogiths parestrpiolile(s) wpon which sudh Ingriers tesife. rAdditionallynot¢ thittheorenrean esledv miltipe by
the two narkers on either side. For the nost part, nodifying profiles is a
function of usepnfi:mirkerpistch ditkigdneachoun byselettingrall madkets Witiin ndgsigbatebregon @4, bbuslingrentakgle).
posi tions and handl es that control the shape of the profile. The foll ow ng
are exanpl es of Awsdiagly, thessertis ablead neve  displey pineing tevide (1.9 2 mousefuhicEilktieodusenlit treceticted Piviek | | es
are nodified directly on an object space (3D) nodel. This is done by

modi fyi ng t he profifinhiemovelnQ conrespohding divectom @l thindorealineubthet disphaly poliikg devide. D Holvdved, miveneit bfithe . | f
the designer nodifies a trimprofle, the profile always lies within the
par anmet er spRcCemglers degands of the chrdeaits setlon thest miriters. rFrexmgyle, a colsraied marker wil dligmoberwithintha tiiks | | ©
needs to be nodified in the context of its original, overbuilt surface

W t hin which it plicd upeniORe G@ Brst selxed aaekér meve only Gichin § Kirsprofile anll & sheend elated markeonipioves kithin
conponents) to nodify causes the overbuilt, construction geonetry to be

hi ghl i ght ed. | t adifferanpsecsnd profilaérieneet drthpgunatylo theirst prefite] thibdepartding on theslirectdnchi rfoyementesited) Ghe 6 1 | M
profile. 15 A designer may have the option to turn on profiles and nodify
t hem usi ng the difillevngocti®t hod. For exanpl e, nodifying

aprofil et hat defi nesanoverbuilt surface will cause the overbuilt surface to
be updated. Since thg pr efirk Rarkbriivable tdniode, bt thé sitbod maskereinlagi | t  surface i s
constrained to lie within the paraneter space of the surface, the trim
profile is # so recqijput tesecorBmarkeldsablGimots bl bvofiist @atiettmdloy This method is used to
nodify a specified region of a profile. It allows, for exanple, the user
to sinplify the desi{g et thefirk 2 edbodfiriedirabldiymonpdi fyi ng a profile in one view
that is conplex in another view The designer 20 identifies two narkers
that |ie on the. sangivpr Oheitleranarkef ity bepbleadniodee segnent (s) between the two

mar kers are extruded in at |east one graphical view of the profile, thereby
creating a design ritbbonndiacd hndl chasraimeafbeiSylefith father tiif explitity®y tie me. Apbpppiparty The
design ribbon is a sinple extruded surface (i.e., a curve which 1s swept
al ong gi ven di r gilyifbendons ok u@assbrainve Pecficanstrame; TRr  e>pdminkiustriing on proflidentyes

15 isoctine handles maybe set that are dependent on the characteristics of other geometry. For example, profile and isocline handles
can be constrained to e normal or parallel to a selected reference plane. Note that the position of a profife marker alse can be
constrained to be dependent on characteristics of other geometry. For example, a marker can be constrained to lie on a parting
plane. That is, a plane of front/back symmetry for designing a bottle. Another example of these constraints is in generating
symmetric designs, i.e., a profile marker copy that is reflected about a parting plane will be constrained to be symmetric to the

20 parent profile marker.



WO 01/08102 PCT/ US99/ 16844 58 at the ends of a profile, offset the
correspondi n rofile handles by their corresponding isocline handles to
obt ai n bouWBgF’ %%handl es and interpol ate an isocline bBGRYEPYSEH . g. . bya-

| ower di mensional version of forrmula (2);the surface having a_perineter
consi stingoitheprofile,the isod ine handles, and the isocline
boundarydefines the new extruded surface). The three-dinensional profile
segnents identified between the markers al5v'(/ays lie within the pre |nage of
this design ribbon. The user nodifies the rofile i n one of (B
1) Modify the two- dEmensh ﬁh’f’"‘ﬂ?tﬁﬂ”ﬁ'@"&m‘%‘"ﬂﬁ%cgﬂ%ﬂ coptigiey. dhewip P?"F“Bﬁon
was extruded, and which_is instanced at the end of the ribbon, wherein, by
default, this (,CU?W&’“%@ﬁaﬁmmﬂﬁm?'%apﬂemﬁ'ﬂ@é@m’&!@HF?"‘H\"‘°t’°ﬁt‘"°"""""¥"“‘m"

t hr ee-di mensi onal profile segnents defining the desi gn ri bbon. Theuser

may" si npl i fy" t’W@“’d’f"P‘W‘"ﬂﬁ”@ﬁ?’g@“ﬂ‘%ﬂ%w higigentyenys Berioggirkih e t wo-  di nensi onal
poi nts. Each tinmetheuser nodifiesadrivingcurve point,the ribbon is updated

and the three-di nenﬁ'P‘@MQ‘f“""i‘!ﬂE‘ffl‘Umq "Ed"Y)ﬂ'EW’Gﬂ“ﬂ'f“@thi"@?‘Q‘?'E’Wi!'ﬁ\“ﬁhew@“zmm

paramet er space of the nodified ribbon Operations on the driving curve
i nclude any oftontainBgshemarkersq rebyftd mdqnﬁ@mﬂr 'B!dleao@hemm@qsestmfwf&ﬁvet/wﬂm s SarisEse
nodi fication, insert, delete, etc (B2) flodify the two-dinensional

profile points W‘S‘Fﬁ'ﬁﬂ%‘ﬂﬂé‘"ﬂ@“@'ﬁmﬁ%ﬂ°""'FFI@ user directly nodifies the
two- dinensional profile in a viewthat is perpendicular to the primry

vi ew. The two- di men&F thyeest pasomadiyiag pgfilpss,adunegen of uspr °F wigrface teﬁbawaﬂfeméwmsstpm@e Wﬂ’t he
ri bbon. Qperations include any of those fisted in the Profile Marker
section (poi nt /pejtiensed handles %M'%/ih’(,‘%ﬁ'i%hl’mﬂ'-‘n@’é‘}“wnﬂ Asmagplepsl sub e inperfacetydhigueso o
design ribbon may exi st per surface per profile segnent. Design ribbons

maybe created, modi ftmethdk frofleyare roflieddirectyonan chiectspage '@‘%F‘&‘éﬂ@ﬁrm"@ﬂwﬁeﬂﬂ!
persistent, Le. they remain unnodified until a designer nodifies the same
segnent at 10a |nafkesfand¢e9ﬂlmhmmﬂewhmofleA desi gn ribbon is displayed only when a
designer is nodifying it. A single profile may have nmultiple ribbons
corresponding to nulf F'{S‘f@”@ﬂl’f‘?‘&&'@?%@’rﬂ“ﬂ?%ﬂﬁ’ withifShe parampsr gpace of theuringe it iksrinming

nmodi fying a profile using the direct nethod deletes any design ribbons

spanni ng the poT?‘WE'§‘“M"ﬂ'§f“ﬁ%?'?"F'@E!“ﬂ‘""l‘m@"‘P’H‘O’é?"?"?!ﬁf“é%“"’!‘wh'ﬂ'i“B%ﬂd‘%\m}‘““g

requires a desi qner to re-specify the ribbon., WO 01/08102 PCTI US99/ 16944
a trim profile (or one of its components) to modify causes the overbuilt, construction geometry to be highlighted. It remains

highlighted while the user is modifying the trim profile.

15 A designer may have the option to turn on profiles and modify them using the direct method. For example, modifying
aprofile that defines an overbuilt surface will cause the overbuilt surface to be updated. Since the profile that trims this overbuilt
surface is constrained to lie within the parameter space of the surface, the trim profile is also recomputed.

B. Design Ribbon method: This method is used to modifya specified region of a profile. It allows, for example,
the user to simplify the designer’s interactions by modifying a profile in one view that is complex in another view. The designer

20 identifies two markers that lie on the same profile. The profile segment(s) between the two markers are extruded in at least one
graphical view of the profile, thereby creating a design ribbon (not to be confused with an isocline ribbon). The design ribbon

is a simple extruded surface (i.e., a curve which is swept along given directions to generate a surface; for example, for markers




59 C. -Move Profile(s): The designer selects and noves two or nore profiles
in unison. That is, this user interface conmmand selects all of the profile
mar kers .onwo quosiiz | e (or segnent thereof) and noves theeT/USIYedsker as a
unit. D. Merge Wl es- The designer may sketch a new profile and attach it
to an existing profile so that an endpoint of each profile is coincident
Additionally, the designer may specify which segnment or segnents of the
existing profile 5 to delete. Subsequentlgg the new profile and the
remai ni ng connected portion of the existing profile having the coincident
end point W th tieedbu pafilQifiet th cadespndiip preit dandiedg théir cirfspdnding Retié iandlesior obriin Hosdary
causes the set of the respective profile handles, isocline handles and

ri bbon tangent s hdndi andifeepblateQi isodlifit Gouidahie. g1y b I5uer diersivhal versil pf oimiaa (2); heQuri:havii@a periniacerd
into a single such set E. Split profile: Split one profile into two at a
singl e point, P conshégdPieqiofik] thisodéhandies QAd theifocline BoGnd iry8Rnet Tt iew Extrddd buHaQeR Thie three-diensional
constrained to be coincident at p. 4.1.6 Deleting Markers and Profiles

Del eting a prof ipbff sigmehitkigeitified Gerwath Edakers AR Slie R the pRifaRd! thisibsigd ribin. TR DsriodWiestheOf @
profile. However, in sonme enbodinents of the present invention nay need to
replace a maskehrfidifoht oiwol: Ker having constraints if it is needed for

mai nt ai ni ng snooth patches. Note that a new constrained repl acenent marker

may or may nhot be inﬁst) GRS G- dilménsioat drifii curéSiroh Wt e digH riBBdPwal RTudé snd whkiPis istancan
entire profile is deleted, then the user interface both highlights any

dependent geometri C ifdeere Sobon3riekin bRNHAR Bhis Sirve 4 SR GimG AR repreltRdtibn Ofthe (AR diferional
deleting the profile and the dependent geonetric object(s). Accordingly,

note that the preseniufikamanlelinghe dbigibbihe uiitiay iinplife B drivh@RFBE QR4 sbsetbf@e BRL | ON
regar di ng dependenci es between geonetric objects in a nodel so that for

nodi fications of angin pdints Efflmeheuselmddiiol s drivikg cbvEoint e ftBon RépMBIandalRihRChnRnsional
appropriate additional nodifications can be perforned on these other

obj ects autjgnati cal drifite s moifieto fle within'the iFainétePspdRf ehé Rédified AUBSN. dpaiitioht o the dbichig Eurvh iichle

there are typically two profile handles, two isocline handles and two

ribbon tangents for gyohefiked & PRIk BaFker section (Rint/dod meAii@hoh, ndrt, GG, an isocline
handl e and ri bbon tangent per surface on each surface having the profile as

a boundary curve. WQpf)1/ HEikAUR oo SihénsidmaPyrohitd 3R ithin the design ribbon. The user directly modifies the twe-
dimensional profile in a view that is perpendicular to the primary view. The two-dimensional points always lie in the
parameter space of the ribbon. Operations include any of those listed in the Profile Marker section (point/siope

15 modification, insert, delete, etc.}.
Only one design ribbon may exist per surface per profile segment. Design ribbons may be created, modified, and
deleted, Once they are created, they are persistent, i.e. they remain unmodified until 2 designer modifies the same segment at
a later point in time. A design ribbon is displayed only when a desipner is modifying it. A single profile may have multiple
ribbons corresponding to multiple surfaces containing the profile.
20 Note that modifying a profile using the direct method deletes any design ribbons spanning the points being modified.

This invalidates the ribbon and requires a designer to re-specify the ribben,



60 However, there nmay be nore handl es associated with a profile where -
several profiles converge or fewer if the profile is the edge of a
surface. AV9WBIR  nes and the User Interface The sl op@c'ffp”g’ﬂ"ﬁ‘%ocl i.ne
handl e controls surface tangency at a marker and at a surrounding portion
of the profile 5 containing the marker. The nmagnitude of an isodine handle
controls the full ness of the dependent surface. That is, how nuch the
surface bellies out. An isocline handle n&Y be constrained to be offset
from anot her i odi ne hangl §‘§I e. -10 degrees from ofher side). An isocline
handl e can be cal cuf- 2o drofe(s): Jhedesignerssipees and oarstwo,or gpres preffesin ynisnp. That shis usep erface

mar ker on the profile). 4.2.1 Creiati ng an | socline Handl e The user

i nterface supports ©REandspiosal plshe prefils markers onja profile (ox seqmant thereafang royes them (ogethir as aypite

anot her. Such handl es can be forced 10 to always be tangent, of equal

magni t ude, or of fsel by HergsPefilesThsdesigner may skecch anew niafiedadatachitsoan ayptingprafile sshataa endppint

i nvention, the user interface provides a pop-up menu to display_and change
i socline handl e condtahgofais cojusidentAdditionally,the desigaer may speriywhich spgment prisegments of she existing profile

Modi fying an Isocline Handle If the user slides a profile nmarker along a
profile, thé user nitgelere; fubsequeatly; theew peafilenpdthe remaipipg conpepted postinp of che existingpeafile hayingtheyisi ng
the surfaces ad jacentto (and dependent upon) the profile to change or have
the isocline handl egingdepteakppies viththesaw protile atmerped. oteehatmergingarafiles causestheseyglitherespertive profile
handl es on the profile (which case inplies that the dependent surfaces are
not af (fected) 4. 23hapdey, lidinefandlzsand rilbes sangentsdor sagh of fhe two jqeide nesita be cambiinggngo asinglspor t s
the deletion of isocline handles. The foll ow ng steps apply when del eting
an isocline. 43 Sp##sh| Geonetric Objects and the User Interface The
present invention provides for the creation and mani pul ation of a nunber of
speci al i zed geonet r EdSpliprpiiec fplitioge gratile intatwp at ptingle poiata p- A 19asipoiat-pf ¢ach ofithe two Aewiprofiles st o

t he design of objects such as_containers. 43.1 Label Surfaces A | abel
surface is |8 speci afonstipeddo bygoingdentatp. nyred surf ace. The special case aspects of

a | abel surface are: WD 01/08102 PCT/ US99/ 16844
4.1.6 Deleting Markers and Profiles

Deleting a profile marker is always possible, except at the endpoints of a profile. However, in some embodiments of
the present invention may need to replace a marker with a marker having constraints if it is needed for maintaining smooth
patches. Note that a new constrained replacement marker may or may not be in the same location as the previous marker.

{5 If an entire profile is deleted, then the user interface both highlights any dependent geometric object(s) and requests
user confirmation before deleting the profile and the dependent geometric object(s). Accordingly, note that the present invention
retains sufficient dependency information regarding dependencies between geometric objects in amodel so that for modifications
ofan obiett that is used for deriving other objects, appropriate additional modifications can be performed on these other objects
automatically.

20 4.7 Profile Markers and Handles

Note that there are typically two profile handles, two isocline handles and two ribbon tangents for a profile marker,

i.e., a profile handle, an isocline handle and ribbon tangent per surface on each surface having the profile as a boundary curve.



62 (i) there is a "watershed" profile that runs fromthe bottomto the top
of the label; (ii) there are | abel curves between which the correspondi ng

| abel surf 0108102 ul ed (e.g., | abel curves 132 of Fig.PCI/Y399/1484%4 ) there is
a boundary (trim profile (e.g., trimprofile 138 of fig. I 1). 5 The key
di fference that makes a | abel surface different fromother trinmed surfaces
is that the original surface (from which the |abel surface is trimed) is
a ruled surface. In particular, the | abel 6surface defining curves are
constrai ned such that a ruled surface is maintained within the boundary of
t hese defini ng ey thge mapionez hindlentssocatedweith 2 peolile Wherseveal profilgstomvedgd ocfewet f the profle inthetedge m
profile for a label, but the trimprofile can only be nodified in a manner
t hat insures thdasmhte. bounds a rul ed surface. 10 I n one enbodi nent of the
present invention, a two dinensional "rolled out" representation of the

| abel surface can [ gelediadsadd thelUasr Interfack he surface can be associated in
a one-to-one fashion with the plane by rolling it flat. Such a
representation si mikediped andsocind huadle cahtrols kutetanberity 304 inaeler ami achagniogyding portivenhithd prfile eon
create a piece of artwork that can subsequently be wapped on a container.
43.1. 1 Cr eats oncodiningthelmares The iaghiiduda 6 6n isdcline Ralidka uhtedls she RlRE 6f khe RpardinBiaface. TRETs, W MkdbUi |
surfaceto betrimed nust be a rul ed, approxinmtely devel opabl e surface, Le,

15 a rul ed sur f @Gatade Klliddt. Glsodite handhifybeitrained fo BERVN:E fréd Another ockntHaddie (e. A0 dagreddorR| | €1 .
Subsequently, the user then follows the normal trim surface steps; Le,

sket chi ng a pr Oftiedsige). MiisobiiBandid-tin®ctalGlatéd A6y Point HRpAProfel{y RGNS miriGlebdeiefid.aces on

both sides of the profile (i.e.,the label surface and die portion of the
surface to be tri mmegiogreatng ad lsbdkie Adhdlene | abel surface and bl endi ng ot her
surfaces to the trim profile. Note that the trinmed away surface portion

i s hidden from nor mage uin@ikeWpoftstR constrdining isolifk hin@dd BiGfve tondambbhbr. och hahdRRan\bi fortelp| ©
20 nodel ). The foll ow ng procedure may be provided for generating a | abel
surface. At his gibyshenght, of dyAGha kst ofse@by sohnbimduntd inGds Bbbdlineht of B fResent @ention, the user
interface provides a pop-up menu to display and change isocline handle constraint values, such as length and direction.
422 Modifying an Isocline Handle
If the user slides a profile marker along a profile, the user may fix the isocline handle for the marker, thereby causing
the surfaces adjacent to (and dependent upon) the profile to change or have the isectine handles interpolated between the nearest
| 15 tweisoctine handles an the profile (which case implies that the dependent surfaces are ot affected)
4.23 Deleting an Isocline Handle
The user interface supports the defetion of isocline handles, The following steps apply when deleting an isocline.
4.3 Special Geometric Objects and the User Interface
The present invention provides for the creation and manipulation of a number of specialized geametric abject types
20 that can substantially facilitate the design of objects such as containers.

43.1 Label Surfaces

A label surface is a special case of a trimmed surface. The special case aspects of a Jabel surface are:



WO 01/08102 PCT/ 1JS99/ 16844 62 (i) Make sure the surface is ruled. That
is, the user interface supports automatic nodification of user selected
profiles sWOOHMH2t hese profiles satisfy 411(1) and (n) PCTHSYPA$¥4 cul ar, to
performthis step, the follow ng substeps are perforned: (ii) The user
sket ches a boundary profile on the surface defining the bounds of the

| abel; 5 (iii) Construct a graphical representation of a |abel (ie., a

rul ed surface having text, artwork, and/omlldesigns thereon); (iv) Alow
the user to graphically apply the | abel representation to the | abel surface
(or a representati o t rthereisaiwptershed’profiehat tuns framethe bottontfethatepofithe latk er f ace f or
applying the | abel representation nay automatically attach the | abel
representation to tip | ctheeskrelobelgurves bayreen which theyortespqnding lalfel sunfprels raledi(egnlatelourvestiztnf Fig.h e

| abel representation naintains its position on the |abel surface during,
e.g., label surface rotadf)ions, translations, scaling 10 operations, etc.;
(v) Allow the user to undo the design when the | abel surface and/or the

| abel is not satfiisf theticubymdary @impprobie R.g. thivptefie 138 ol fig. Ba of a Label Surface
Modi fication of the | abel surface conponents is sonmewhat different than
those of a brimmed Bekeyfdifasce thathikes a piekstriacodifferent from btir rismetmritiacthapkeodgindl erfkdiam | s a
straight line segnent is constrained to remain straight. 15 The boundary
opposi te of t havhichile lebelsirfareis téimnied) is 4 mibdweface. dn particularalfe labelvefagpdeinigdurves and cenclrainedisuéh thate )
cannot be nodified. It is sinply

ast r ai ght | i nes eginbwfatedstmaigtained vitlit tie pawistixbhdsedefimilgomsdar i es. . The top and bottom
boundary profiles can be nodified. They are constrained so no additional
free profile marker Hoteahat okbe surfaves may bechtindedito attrimeprofile fékla Giml, but the drimprofiié cadl oaly bemedifiedin aa t
the end anay from the watershed is constrained to nove only to maintain a
rul ed surface. mimerthatisupethatixiowds dwled sgrlacet r apol at ed al ong the sane curvature)
and the angles at its endpoints can be adjusted - again, as long as it

mai nt ai ns . d0r ul ed s lswife enbadimer ¢ thelyPeseds inPentiod detivedimensignal Griolledoutl eyipesehtatiBuof thedabe suibed cant | ng
a | abel surface renoves the constraints on all of the profiles used in
creati ngt be | albegeneratedr Thatis, the surfaed chir le assinged ib aone-to-apd fdshiopith thé plane byaalling itflatSich oepregatatime t 1 y
for the | abel surface that is invisible to the user will also be del eted.
The const rai nt simflyes a label surface in which a designer can thereon create a piece of artwork that can subsequently be wrapped on 2

container.. 43.1.1 Creation of a Label Surfac;
To create a label surface, an overbuilt surface to be trimmed must be a ruled, approximately developable surface, ie.,
I5  aruled surface in which all surface normals on any ruling are parallel. Subsequently, the user then follows the normal trim
surface steps; i.e., sketching a profile on the ruled surface, generating the (sub)surfaces on bath sides of the profile (i.e., the label
surface and the portion of the surface to !ae trimmed away), trimming the [abel surface and blending other surfaces to the trim
profile.
Note that the trimmed away surface portion is hidden from normal viewing (i.c., it is no longer a part of the visible
20 model).
The following procedure may be provided for generating a label surface. At a high level, the steps for this procedure

are:



WO 01/08102. PCT/ US99/ 16844 63 maintaining a ruled surface will also be
renmoved. Thus, the renmaining geonetric objects are then freed fromthe

| abel surf speovesmmstrai nts, and an be nodified in wayspPODUSIME¥ ous| y
avai l able. 4.4. Hole Tool User Interface The present invention may al so
provide a user with a novel conputational nethod that helps the user add a
hole to 5 a geonetric nodel (such as for adding a handle to grasp to a
non- handl ed bottle). The information requesgped to add a hole to a nodel
using this procedure includes: a |oop of profile segnents on a front
surface, a |oop of gy of i Naksuealgsufaclistuled Thatds|the esprir@rateisupportsiadambtic Sadificktiamouser delited t ype
of each profile in a loop of profiles (freelormor trim, and optional
profile(s) to shape the profikseythaOdieseqofiles ausfy 4. X1 amd. (if) Aipakticulal Yo @bbrin i step,fihe Brllowing € 10
The hol e creation tool guides the user through a series of steps to add a
hole. Figs. 22A-22C il | usbstipddreerbii@; pr ocedure for creating a hole 600 (fig.
22Q an a geonetric object 604 using the present invention. The

correspondi ng st eps (per f yubiEsekeckeCuboundsry ik dn Brgsutatd @efidiv@ thebod b tielibel; as ol | ows:

(a) Sketch a profile |oop 608 on the front surface 612; (b) Sketch a
profile | oo 616§m§m Cdadirit 2YRghicat egrbbeheamionst a (aBRiel, rifllotkfite HaNinPlesk, Grbwork, BM@oriasi ftitdre@?;608 to
the back surface). 15 Note that isodine handles are automatically placed
on both profiles 60 ganchllﬁﬂtﬁ-use(ﬁh‘aphifally@@?th@l&helﬁ%@itaﬁhﬁ toltid @beliirfade ok £RprebetitidNe  OF
the profile | oops 608 and 616 are freeformprofiles, then the user my add

new profiles (to conpl et ey ipariulde, iidsir lntHade RAFPyingR hbeDpreidrisidn mdy QfomiRNGRach
corresponding to such a loop whereby these profiles are constrained so

that they are utilized age bl reprid@itiond bElab vi&i{ﬂﬂﬂir@q&ro%&&iﬂso Rl iegp@hdtion  Once
the profile | oops are constructed, then surfaces nmay be skinned between the

| oops to thereby repl acemaingh it pitioR bnl thilBeRlura& Wirh R &£ 1BE GHRYbLRGS, trkhSatitdO keling | T @
trimprofile loop is specified, the surface region inside the profile | oop
is trimred. ]gM0 01/ 08102 dpafiénd 299/ 16844
%) Allow the user to undo the design when the Jabel surface and/or the Iabel is not satisfactory.
4.3.1.2. Modification of a Label Surface

Modification of the label surface components is somewhat different than those of a trimmed surface.

The portion of the watershed profile that is a straight line segment is constrained to remain straight.

15 The boundary opposite of the watershed (the "other side, of the parent ruled surface) cannot be modified. It is simply
astraightline segment between the top and bottom boundaries. . The top and bottom boundary profiles can be modified.

They are constrained so no additional free profile markers can be inserted on them. Also, the profile marker at the end away from
the watershed is constrained to move only to maintain a ruled surface. It can be extended (extrapolated along the same
curvature) and the angles at its endpoints can be adjusted - again, as long as it maintains a ruled surface.
20 4.3.1.3. Deleting of a Label Surface
Deleting a label surface removes the constraints on all of the profiles used in creating the tabel surface. Additionally,

all of the construction geometry for the label surface that is invisible to the user will also be deleted. The constraints for



64 |If specified, the hole creation procedure uses additional protes to

pl ace and shape surfaces on interior boundaries for the hole. O herw se,
surfaces aV@'%yiI®ned automatically between the front aRET/EEMA684 of i |.e

| oops. 4.4.2. Modification of a Hole Modifying a hole is a function of

nodi fying profile markers and handl es that make up the geonetry of the
hole. 5 4.43. Deleting of a Hole Deleting a hole is also a function of

del eting the conponents that nake up the &8onetry of the hole; ie.

profiles and other geonetry for the hole. 4.5. Snoothness OonS|derat|ons :
via the User |mwmna¢re'ewce\dwbqbaemw@ HPbws, ghe aaining,gometsicabipess areithen fread fsom,thedabe! srfafeac ent
surfaces (which neet at the profiles). This section does, however, 10
contain sone bm&dwﬁaﬂﬂqﬂm!‘@&dI"mtvwslvm’a@feneraI theory in Section L
4.5.1. Continuous Profiles via the User Interface Gven two profile curves
that intersect, derfdaHoleTool Userinterface across an intersection point may be
assured if several conditions are net: (a) an end point of one profile is
coi nci dent with an templeseptdivention maf also revidecatuterwith 37wl kombueatiofabrethid: thathelps khe wep mid & nlaiot V) ;
15 (b) the blending functions t, used in generating the profiles (as per
Figs. 26 an8 27}eometriemodd)(seli as fortadding achandle tm gray ta evot-hawlied bottle). i iinformativeiregbiiced to sdd eholpoof i | €
handl es at the intersection marker are collinear and equal |ength. Tangent
di rectional cormbdeusing s prasedueineladessarioopnbpmotile segments ot afranit suxfagera ldopef mofile seguknts@mian ogposite
condition (c) above is changed to: (c*) the profile handles atthe

i nt ersecti on nadserfaceAlr gpecfieddpofit in almoppof profilE!fieefonmeg wim), wdieptionabprofile(}) © shape o intbrier of iend| es
maydi ffer 20 in this case. The designer may intentionally produce a kink
at a nmarker byh@e eaki ngthe collinearity of the two profile handles at the
i ntersection marker. This neans that the two profile handl es do not have a
common direction. Wb40.1Ceatibdof FHblé USO9/ 16844

10 The hole creation tool guides the user through a series of steps to add a hole. Figs. 22A-22C illustrate the procedure
for creating a hole 600 (Fig. 22C) on a geometric object 604 using the presént invention. The mrresponﬂing steps performed for
creating the hole 600 are as follows:

(a) Sketch a profile loop 608 on the front surface 612;
(b) Sketch a profile loop 616 on the back surface (optionally project the profile 608 to the back surface).
i5 Note that isocline handles are automatically placed on both profiles 608 and 616.
© If one or mare of the profiles for one of the profile loops 608 and 616 are frecform profiles, then the user
may add new profiles (to complete such a profile loop), and/or profiles merge corresponding to such aloop
whereby these profiles are constrained so that they are utilized as if they were 2 single profile. Accordingly,
once the profile loops are constructed, then surfaces may be skinned between the loops to thereby replace
20 the original surface occupying the hole.

If a trim profile loop is specified, the surface region inside the profile loop is trimmed.



65 4.5.2. Continuous Surfaces Be notion of tangent plane continuity

bet ween surfaces may be defined as follows: for each point p of a boundary
bet ween twveWWMB#Bes 5, and S2, the tangent plane, T, (pPCI/E®YBs44at p is
identical to the tangent plane, T2(p), of S2 at p. To achieve tangent
continuity between surfaces across a profile boundary therebetween, it is
necessary that the isocline handles (for each 5 of the surfaces) at each
mar ker on the profile boundary lie in a cegganon plane with each other and
the profile handle at that marker. If this is not done then a kink in the
surface al ong the pifpicficd,ehe hle trdatiokyPocedure@sastadditional prailesto plate anid shaplwarfaced olnintérier bantidaries a0 O
nore surface patches to be generated wherein these patches nost be
constrai ned t o the foRkherdite, sRtfaGQiIKMR] 2NGHiatically bk thelfront d batk Pefilebpesent i nventi on may
automatically generate isocline handl es, denoted "common direction

handl es.” That is, #4n. eR8ficiBoRsfaMle P (having p) used in defining one or
nore of the surfaces, there may be a 10 correspondi ng automatically

generated CONMMDN  Mogifying a hole is a function of modifying profile markers and handles that make up the geometry of the hole,
di rect i onhandl ewhi chi savector, V, ori eTﬂnnF%df ronp, wher el nVi s?oergg'gnnc'il cu‘rar to

the profil eghandl e t ' P, this profile lying in the common pl ane
formed by tfsle profi ?’?hgﬁ‘éﬁg?;?gfmt he other profiles also having the point

G splay or not -t spr it B SRR B A el il byl

necessary to haye prof, handl es and isocline handles that match for
profiles that a?ﬁfrglg)"ﬁ%z{‘{rlhghde‘lS common nmarker in order to achi eve snooth

surfaces there, only.that they. all lie in_.a,co |l ane. In fig. 18, there
are three profile ﬁﬁr ?f@%“éﬂf ,%ﬂﬁéﬁﬁm‘ﬂu\e&c’eﬁ ﬂtéﬂg‘grfaces 416 and 418.
o e, | o NGBl b e B, ="
404),428 (fqr profile 408), and 432 or, profile 412). Additionally, the
profile and8i sd@“'i"ﬂ'@'ei’ﬂ?ndﬁd%@”’ﬁg%&q‘eggtgwwhﬁ@ﬂZt he profiles 404, 408 and 412
and the marker 420 are: (i?\ profil e handl e 436 and isocline handle 440 for
profile 404; 20 (i fplptantipuous Rrofilas via the Mserdoterfacs:| i ne handl e 448 for

profile 408; (iii) _profile handl e 452 and isodine handle 456 for profile
412. W 01108102 PCHiren monsofite eyryey that inggespct, derivative continuity across an intersection point may be assured if several

conditions are met:
(a) an end point of one profile is coincident with 2n end point of the other profite (positional continuity);
15 (b) the blending functions B, used in generating the profiles {as per Figs. 26 and 27) are equal at the
intersection marker; and
(3] the profile handles at the intersection marker are collinear and equal leagth.
Tangent directional continuity is 2 weaker condition that can be satisfied if condition (c) above is changed to:
(c*) the profile handles at the intersection marker are only colinear. The magnitudes of the profile handles may differ
20 inthis case.
The designer may intentionally produce a kink at a marker by Sreakingthe collinearity of the two profile handles at

the intersection marker. This means that the two profile handles do not have a common direction.



Thus, if the profile and isodi ne handl es 436, 440, 444, 448, 452 and 456 al |
lie within the plane 460 (indicated by the dashed rectangul ar portion),

t hen t he sWPf”&’@@gz 416 and 418 smoothly join at the nmar kBET/USO¥I6884 any

mar ker, two isocline ribbons are likely to neet in the way that two
profiles may neet, that is, two isocline ribbons may have a common

i socline handl e as an edge for each of the ribbons. 5 To achi eve tangent

pl ane continuity between different (blend€8) surface regions S, and S2
(Fig. 43) joined by a conposite profile, notonly is tangent

conti nui t yacr osspr of-3-2.c Sominuens$urfenceded, but tangent continuity between
adj acent ribbons R and Rz is also needed. That is, for the profiles P,
(bet ween mar kers 20Mhdhotamafita@@plaie caatinaity feveh artfares may bedefinelt & follow® (b edch paintip @ Ototlary t he
respective ribbons R, and R2, when thought of as surfaces, nobst be tangent
pl ane cont i NuObetween tvoirfacel SpandsS,, the tangennplare, T,{(p}; of§, latipiisdentidalan tic kaggen® iRe2T, (p)NOS, 2 p.tThathievd N
nost cases, tangent continuity between ribbons is equivalent to tangent
conti nui ty bet wmgetconfivinfbetheensurfid acossd profilerdgadad theebetiedn) ikintcpssarp it iR inethintiléa (16 each
boundaries that is required for snmooth transitions across surface patch
boundari es.5 Mfthe i) at dadh MarkitSoR the profile Biintarydiein Ddomioln fran it &6 Ocher ndelicprofilt lakUIe Rty | des
techni ques for assuring tangent plane continuity between ribbon boundaries
wherei n these g Hidf U G doiithen a%ikImthedithce iMng the piofkavillbi @edttd. t 0 t hose used for
assuring tangent plane:continuity between profiles. Thus, the present

i nvention can provi K thitaneeiire frb & Ree GG patcisio beendpRl WREH e it MidHbe GrkFabndeL S
generated fromisocline ribbons according to the present invention. 15 In

SOME Ci rcunst aneEba comdion imSTked YGRSy, i fResehtGrvdaioR Mdy adtdm@icalP Rieratd Udchnd hafdfes, GREP Lnimbi
ri bbons intentionally, thereby causing a crease across the surface

generat ed fr ompijedieh hindIRP TRBis, Yo @EnSprofite, P IRvidg PR M delmisSone DPhorCoPthe BRBO Mete iy bdh 2
coincident profile along the crease. However, in sone enbodi nents of the

present i ny@ent koRiEpondiEbutbrMslI iedefated cMbrdiRectdhardIbvihiathisd Ghetdr W MienthdFronFypinéndily B RRpnditthat D
the crease. 45.3. rvature Continuity 20 The visual quality of a surface

depends not  ON{oyhe piéfile hade@RA profiRlPAKEProfElyidg in'eheldodrbon pldRtbrmed by3ie protiik hAMEHOKe ok Fichles
derivatives. A user can be acutely sensitive to discontinuous changes in

surface curvat g RawingdiR Ry, Riktlehotd, fhe dsePifterfice Suppars Bovin the (Bened Ehe? Slspliylornbt diSpRFRednidion
hi ghlights or reflected texture mappings, which is conmon in sinulating

real i stic scengadionhidlesUser nmay perceive a distracting WO. 01108102
PCTI US99116844 67

Note that it is not necessary to have profile handles and isocline handles that match for profiles that adjoin at a
15  common marker in order to achieve smooth surfaces there, only that they all lie in 2 common plane. In Fig. 18, there are three
profile curves 404, 408 and 412 for the surfaces 416 and 418. Each of the three profile curves meets at the profile marker 420,
and each of the profiles has a corresponding isocline ribbon 424 (for profile 404), 428 (for profile 408), and 432 (for profile 412).
Additionally, the profile and isoctine handles associated with the profiles 404, 408 and 412 and the marker 420 are:
()  profile handle 436 and isocline handle 440 for profile 404;
20 (ii) profile handle 444 and isocline handle 448 for profile 408;

(i)  profile handle 452 and isocline handle 456 for profile 412.



visual- artifact known as a "Mach band." Accordingly, raising the order of
continuity between transitions to that of curvature continuity aneliorates
this. Anal wgpartmas shown that the curvature of the surf ageanshed/icad by
Formula (I) or Fornmula (4) depends on the second derivatives of the B; and
the Si. The dependencies of the B, are non-trivial and it is advantageous
to choose the blending functions 5 so that their second derivatives are
zero and let the surface functions S; detggm ne the curvature. The cosine
squared function of Section 2.1 fulfills this condition. There al so exi st
certain quinti I

pol ynom gl ﬁ%’Mg%d ﬂa@ﬂma‘?fmag %ﬁ@g&?{lj?’égﬂ@%gﬁlfﬁﬂ@d tgld bg{ﬂé?dtasgege

gener at ed fro%&ﬁﬂﬁ«]nﬁ@ P)eIQJrfacEsQﬂ%hﬁén(o@ij’éﬂ%ﬁﬂﬂ gly on the S (e g.,

B, " = it is torais curva ure order between the

223{‘?'02‘% o achi vt Lév“ﬁﬁ o SRR R H e st o DRl i B R
correspondi ng ofil.es and . | i.ne t hey match in their second
derivative at '@&’8 WQ'F%W“Qf%‘ﬁé’"ﬁ'??émﬁ&{}?”ﬁ@ft@Q‘fPH‘&ary Not e, however, that
h fi handl b f t

ar amet e dnd | her Ot BId 1S o5 2B baes Al el e o, 2 s e e
conti nui ty is achieyed; albeit by making the curvature across the profile
“flat," i.e., ‘2@?’5"”“@%’!"@“X'%“"SS%@P‘E‘!"Y"&'P“HB’B'F‘FFP@ P oplac hut eangeqt poptinyitgbetuan afiacantrighens j o,
point on the profile, but can be undesirable elsewhere. To rectify this

situation, thehindhissenenedr Rt isdor thearpfiles B (betusenmarkeaesd0lQane 2014\ andPyfhatyeenmyrkers 2014 @(’R?H)v as

par abolic arcs. Accordingl t he handl es now becone arcs, and at the

mar kers, the cthariadiv ritbony %aﬂmw theyehtabas eurfaces, st be tagent planecsontituauss a0d sharea compon isocline
extendlng t he concept of providing a nonzero curvature to all handles,
e.g., profile,haidic2eh Noteahatirmmest sy tautet continvigrbetveenaibbons intqcalent thiangent contimitydesween proBles on d
derivatives of the bl endi ng functions and the effects of the Mach bandi ng
can be noll0i f i aadkangedSontinuity@htweariblioa ounidarias thissasi requiredim briogth frdpsitions archss Mefagtngatch bohedaries,
Representations. 20 The present invention also provides a user interface
net hod t o specliofeyrerftia met ineriaeaiziie present iventigy providessechalques br dsseringlthngent plase eontintity hetsveen iblon
correspondi ng profile curve, wherein G continuity (as defined in the
Defi ni tions hewmiarsoreetescneiiqesan sdtndathdica) tothesasstd fot Sxgring tagunt playe cinfinity pewech i |
is assured. This nethod, which is denoted herein as the roll-yaw nethod,

speci fies a vemdiler Th the piesert ilventionican\p¥o¥ide thrigtABolahb2onfittiith bebked jatetSubtdces génddated from isocline
ribbons according to the present invention.

IS In some circumstances, it is possible to break the continuity of composite ribbons intentionally, thereby causing a
crease across the surface generated from the ribbons wherein the crease does not correspond with a coincident profile along the
crease. However, in some embodiments of the present invention, an “implicit profife”can be created that is coincident with the
trease.

4.5.3. Curvature Continuity
20 The visual quality of a surface depends not only on tangent plane continuity, but also on higher order derivatives. A
user ¢an be acutely sensitive to discontinuous changes in surface curvature, especially if the surface is rendered with specular

highfights or reflected texture mappings, which is common in simulating realistic scenes. The user may perceive a distracting



three scalar terns called roll, yaw and mag (magnitude), wherein:roll -and
yaw are determ ned at a point P on a curve usingthe tangent vectorT at the
point P, aW@%%%®¥ctor N normal to the curve at the poi REVES4ERa4 yaw,
conponent of the vectorY represents the angul ar deviation fron? at P. For
instance, if the vectorY is in a direction perpendicular toT, the yaw val ue’
(in at least one framework) is O, and if the vector Y at Pis in the sane
direction as T, then the yaw value is 90.6/Regarding the roll conponent 5 of
the vector Y, this scalar represents the anount of angular rotation about T
as the axis ofvisyatifaet kngyh as 2y Hash bagd o Accordipely, raiging e ayder of antiouityberyees transitions,tethatof cuvatese ¢ he
angle is the vector N at P. Accordingly, the vector N represents 0 of roll
and the rot at i @ity apeligiisthiext ends from -180 to 180 using the right-hand
rule, as one skilled in the art will understand. Regarding the magnitude
conponent of  vect éfalysiyhas ghpwn ehatithe coyatusgf the surfpeedefined by forrpuleff) on Fprula 4 depengs °'¥‘.('J° sqqnd e
that any vector expressed in terns of three-dinensional Cartesian

coor di nat es caflivasiees of theBraadithe . Thedepeadensies pf the B, arprmen-triviakand itfs prleantagegpisio choosesha dlending funatins at i on
for a given T and N. 10 Note thatthe vector N nmaybe sel ected from anong
vect ors i n 5t heso it theisecandleriyatives arezero and Iy tsyriase functions Scsletenmive dhe uewaturep Phecosing squarpd fungiod | ne
N. Thus, several nethods may be used to define N. A first such nethod for
defining N i ssf begipm2i fulfillsthisrondition.q Thereales st ertain, quinticcpelynomials thatraes satisfactery. cforteample, the N by
the follow ng equation: N =T x VC. This nethod, however, produces an
undef i ned val updlympreial B,{x) offrmvias Gilland YC are colinear. To provide values for N
where this equation yields a zero vector, N can be approximated in a

t opol ogi cal  nei ghtidieisaire effa blended surfasy generated from SprmulafF) ﬁﬁmﬁiﬂ)éﬂb‘yﬂ,& ontyren the § fegond
met hod of generating N, the Frenet-Serrat frame-of the underlying 15 curve
may be chosen, Bz Doitiethes pojsiblp tegiseithecunyatuee order hetwien the bounding surfaceipaichesiS; analagmsde thermethody e
Frenet-Serrat frame may be discontinuous at inflection points alongthe
curve. Acclt di thegreyjous sectiprfonachievingtangentcontineityt Tp doithisysimplydefigecthe cosresponding punfilesiand isoctine bopdles ng a
mnimally watingreference frame foraconplex (i.e.,three-dinensional)

curvet hat obvi ey Hate jntheif sesqnd derjvasive atieach macker 3long the profilphapedary. Hete, tueyerthatad prefiledandigmay he
orientation or shape of the curve and its tangent vector T. As previously.
nenti oned t he beensidered asq linganionesion of ppeirpmater and therpfose has a 2efgcicrond derivativenhus quevatiye contignity i nui t v
across a profile. As an 20 exanple, consider the geonetry illustrated in
Fig. 44, wher etdipedalbsit bymphingthesurgiugs aeegss (ig proffe flabt ie. 220 dhisisuygiel ot pringsybere thergis anjinflagigh s LR
and RR are shown. Each of the_isocline ribbons tR and RR has two
correspondi ng Roiataethepraie, becande uadesirgble eispwhege. Togpgiy this;situgtion, thelipepr handipsmapfe replgced with cynved 5 ¢
HRI and HR2 for. RR. Assuming the profile P endpoints have handl es denoted
HPI and HPE  f s subaspargbelic 31cs. Apsgsdingly, the hapules poiw berome agcs, angttheymarkensethequpratseismadsppmaichitha 4. 4.

09 of the given arc. '

By extending the concept of providing a nonzero curvature to all handles, e.g., profile, isocline and boundary handles,
along with the zero second derivatives of the blending functions and the effects of the Mach banding can be molified.
4.5.4. Gl Continuity Using Roll, Yaw and Magnitude Representations.
20 The present invention also provides a user interface method to specify handle vectors (e.g., isocline handles) relative
to a corresponding profile curve, wherein GI continuity (as defined in the Definitions hereinabove) between surfaces joined

together by the profile is assured. This method, which is denoted herein as the roll-yaw method, specifies a vector V in terms of



continuity across the profile for surfaces bounded thereby is determ ned by
the interpolated isocline values IL and IR Further, IR is interpolated
(accor di hg wootseozt echni ques of the present invention) PCTWSPIRBSI4ANd HR2,
and IL is interpolated fromHLI and W Thus, one skilled in the art wll
understand that for A continuity across the profile P, IL and IR nust at

| east be in opposite (colinear) directions. further, it can be shown by
one skilled in the art that if IR and IL age formed using a cubic Hermte 5
i nterpol ati on between HLI and HLZ for 14 and, HRI and HII2 for IR that the
conditions for theesclaeink daled rbllyyaseandanag (fagiitadell whercuael andifal are deasisied d0epointd orealcuna il the
opposite vectors. Further, the sane nust be true for HL2 and HR2. However,
if instead of itijefiere ! th poigk Plafd @vector ol tohe cuirrt thi@aint . The yawdmpbridt of the vectur Wr@fsents
space, the interpolation is perforned in (roll, yaw, mag) space, G

continuity can tReguladeiikiea et atb Forinstihce] m&ctmﬁshmmﬁmﬁuaacmm thEyaRlue(in it RAdohen ©
roll value of HLI and HL2 nust be the same. Accordi ngly, this is equival ent

to saying that gheverk) 563 and¥tilvelidry at ¥ iiPthe sdR@diretfon KD, itfen the PR RGO marngtﬁmut:ohpoﬁehte
sane being true for HL2, HR2 and HP2) in order to 10 guarantee G|

continuity sverymhend, tﬂﬂcafa resEhEs o dnforfit oF%nguIENJtilﬂﬁfontTﬁﬁi 255 of ok@on, i WierkiiPthe baseline

conditions may be inposed if the isodine are curved rather than
straight. In pa&mt{drﬁéﬂuﬁ&theaﬁgﬁﬂﬂﬁ&&r%ﬁcﬁcﬁfdﬁglyttﬂv&ﬂﬁmﬁm ma@anm%%ﬁﬁm@gx exthnfiel 1
common points wth the profil used in place any correspondi ng

i socl i ne handl %M?ﬁ‘tg’m‘ﬁsﬁgﬁe‘ﬁ@ﬁﬂﬁdﬁﬂ a;onesﬁtean Afh) b dl@’ﬁ@ﬂ%ﬁﬂu&ehﬁﬂghﬂ t he

art will appreciate lonal steps can e provi

rol | -yaw met hodd0f ﬂnsHumpg GRS vectdr 9 W06 iata T rreﬂ eg@'i&nfs‘ dimeh ﬁa&ﬁ&eﬁant 0

roll, yaw, mag vectors en assuring t ove scrl copl anar

constrant i 3@?‘"@%@%%‘%‘““%"%@“‘ﬁﬂnﬁeﬁ‘gﬁ““mﬁb?j@ﬁf’ﬁ@v‘f in Model s The
oresent gt on 2kl Bl kG5 RaR UAE ity Pl Byl

desi gned separately trom one an

asurface . bogRy RSl h@&dap&m'm AR R gt e v

deS|gner may a ISOC I ne r| ons as

satisfactory dqg &mﬁ,{ﬁwﬁlﬂﬂu&% LAeftol oA RN 5 B P RIS 2

e ar Irece na
Henco, o i naly Hress hbedk Méf?*ﬁﬂ el oat TR
PCTI Us9o 16844 18 h?@?f“f@\‘ﬁ%'ﬁ E'%*mﬁ'ﬁ(viw%?%ﬁ%ﬁﬁﬁgﬁm‘%‘ﬁ%ﬁl"m*gﬂt%wf'mwfs'rse

when t he nqgel u'urvse m\a/yl bg osen, as one smle?in gm art wi Qu(lzd(e:"dtanﬁ. m?ww(ejr?t‘neafreneﬁgrap f?ame may 7 be J’ scsontHnouQ (a:’ted ed

of

inflection points along the curve. Accordingly, the present invention provides a method for creating a minimally rotating reference
frame for a complex (i.¢., three-dimensional) curve that obviates difficulties in defining the vector N regardless of the orientation
or shape of the curve and its tangent vector T,
As previously mentioned the roti-yaw method provides a nevel way to achieve 61 continuity across a profile. Asan
20 example, consider the geometry illustrated in Fig. 44, wherein a profile P along with left and right isocline ribbons LR and RR are
shown. Each of the isodline ribbons LR and RR has two corresponding isodine handles at its ends, i.e., LI and HL2 for LR, and

BRI and HR2 for RR. Assuming the profile P endpoints have handles denoted HPI and HP2, for any point pp on the profile,



for display, but as the viewer noves cl oser the enbedded object :is |inked
in for the extra detail it affords. Two exanples of types of enbeddi ngs
fol | ow i NWOh®/HO8WRt subsections. 4.6.1. A Rounderizing FEXMIPHE#45 Referring
to Fig. 20, a small blended surface rounds an edge 482 between two )
I ntersecting surfaces 484 and 486. This blended surface 480 is bl ended
fromthe thin surface strips 488 and 490 whose pre-inmages are a "smal |"
offset fromthe pre- image of the edge 4&® in paraneter space. This process
is a straightforward application of Fornula (1) where the two surfaces 484
and 486 are blcutivgitp akross the prefle fovurfaes bovaded thereby js determined b the insaspalased ispdlipy values Rapdf) furtptae new
surface types lead to new evaluation routines that are especially efficient
in special cadkisintepelstelacdudiag to the tehniqBes of Hiepadsentanvention) framgiRlgnd HR2, snil W isinterpolatadsrom Hil and e
eval uati on of the two-edge blend, recognizing that other forns derive from
t hi s fundanmenthil Thusfomskitd ifie arewilluederssind tha for 6) continvityacrosssie profide Pk ahd IR mugs 2 dest be in epposing | a
(1), whichis S(u,v) =S, (uv) 8, (uv) + Vu,v) 81(u,v). (I) There are both
bl endi ng f unct(iokaar) diction. RirthersioeH be hawn by oetsioliedsin e artthat I und Liaie foemed isingra cwbig Hérmitat i ng
the surface S. The blending function 15 is calculated as a univariate
function of dijfdpoisebetveen HLIRRS HZAdr ATl HAY and:H{iDéardh that'the colditionstos Gleeltinity arStha Hil o HR2,  t he
eval uation of the distance function varies considerably dependi ng on how
conpl ex the prustbedgad) Shd dpposite Retsd FuRNEtheime MBEDE Tue fol HLand HAZ tewever] ifitekd ofinkecpolatingitha a

bl endi ng val ue can be cal culated by a sinple table | ook up; that is, the

bl endi ng f unctijodie FanniEand IR MEirixtaPGlacs, the iRergaladioh is perfeediet bn{roll) jagmag) spacs, 61 coktinuitycasbied
stored in nenory where they can be indexed by the input variable. Consider
the function GfhieRdvitklessafrict foRMRcion Harmely thdt thk Joll valuobibl and L2 @ust U8 thesarieL Accortingly thisdsquivalest and
| . These 1001 values are stored as an array. Wien a point X is given, it 20

i s used tO | OGH%yHg ihdl L1, NRARAHPImus B ind Whore thilh ciplaiar (Rh/tid Yame beingGrue for W (HIRAGH HP2Pi odene  S3.
Subsequent | vy, 8(35) or 8(.S3) are used asthe function value. W 01/08102

PCT/ US99/ 1i@84 4puarafithe Gl bRy ertiestoR HiproRIETC FiFliequid@ that fihilaconditibhs msybehpysed Kaie isdinehmdhesh ot
t he di stance and isodine ribbon functions are. The present discussion is

focused on a ngicdiafrateiidn ssABR.UNRAiIURY, Gigitibors WEhelisuinehandigs ad ik tomiiva polnts withitlie profile
nevert hel ess, retai ns considerabl e design
P may be used in place of any corresponding isocline handle vector represented in Fig. 4. Thus, as one skilled in the art will
appreciate, computational steps can be provided that embody the roll-yaw method for, if necessary, converting from Cartesian

vectors to roll, yaw, mag vectors, and then assuring that the above described coplanar constraint is satisfied for guaranteeing

IS that surfaces are Gl continuous across the profile P.

4.6. Embedding Models Within Models
The present invention allows parts of a surface bounded by profiles to be designed separately from one another. For
example, a triangular portion of a surface may be designed as a free standing surface model. That is, 2 designer may add profiles
and isodiine ribbons as desired until a satisfactory design of the model is obtained (using barycentric mappings as one skilled
20 intheart will understand). Afterwards this piece may be distorted, rotated and fit into a triangutar portion of another model.

Hence, a finely detailed mode! may be designed and embedded into anoher model. By maintaining links this process can be used



flexibility.. The isodine ribbons 508 (S,) and SI6 (Si) will be given as in
fig. 21. These are paraneterized fromO to | in both u and v paraneters.
For -each.fi YQi0np810ae of v along the profile |ine 504, ifetiveswassaespondi ng
pi.cket on isocline ribbon 508 is a 5 straight line segnent (é.g. line
segnent 512), the isocline ribbon is a ruled surface as one skilled in the
art will understand. Accordingly, the paraneter u provides a distance-like
measur ement al ong the ruling where the poikgt (u,v) is found. Assune that
each of the isocline ribbons 508 and 516 are rul ed surfaces. Further assune
that the pre-i fEi@éof fiail Fatagdend Thatis{ TR exibiple wheh BemodeitioRdTHIm 2 iRe, W YetIBIpA {sﬁﬁeedﬁpace
S e

are the profiles thensel ves and the distance-I|ike neasurenent |

paramet ri c u vl difay,Bitasthe ihér idves dsby tembeddéd obfett ik in folé{iaeieﬂgde@fitaﬁoﬁ@ T.oﬁﬂﬁﬂle%]ogﬁpes

Because the isocline ribbons 508 and 516 are ru surfaces, for 1t

constant vo pagasbebifg flliis hhefidanfan Out a set of equidistant points along
line segnents 512 and 520 by sinply adding the appropriate offset vector to

the previous value. The initial value is S;(0,ve). The offset vector is
obtained as Ta=(S1(1,vo) -S,(Ov.)lI/n, (10) where n is the nunber of

poi nts desired on t rylg ng, l.i.,ne_to.scan fromone isocline ribbon

(pre-i mage) edge to‘{]'g‘he%B ine Teehpigue oqge. 15 1f we i npose the
restriction that the bl endingfuynctjons area partition of unity, i.e.. Bl
=1-B2 , vvhi%Ch is d F'P%BHQ“J?‘P‘W‘PJ&J’H% roRpes an pdge 482 hetwien tyntersecting syriaceh B4 B isa (1)
yields S(u,v) = V) -S2(u,v) | Bl(u,v)+S2(u,v) (Ll1) In one enbodi nent,
this form and (’A%;"{%#W‘F?éaoﬂﬁb@éﬁg Bﬂﬂ‘égeﬁ‘l"ﬁ*ﬁ?‘? s$rips4B8 apd Jphehoseipre-ingages azea Symalt” pflset fromale pre-poi nt
requires three vectoradds (for Si, 52 and the "+ "), one table | ook up
(for B, (uv)) aniagehtbe edss 43 ia parameter acty This procysiip astraightioretrd application pfiFarmeuta (1) ehers therwowinfacesh
consists of 20 finding each S;(0,v) and conputing Ti, the offset vector
(usi ng For nul a18f and48$ are beugedysing theircummongarameter spade (nptaliows).s on S. one sinply

i ncrenents through the paraneter v, and then conputes points along the
rulings in u. ii. dhenewyrhepdaiitory ROToUBHSY 6B tspecally dicennin tpiuiel comdeeribef  t he

defined four-edge surface (as in Section 4.6.1), sone S, are as the two
edge case Wbove, bk t h&vabuation s

Wewill first consider the evaluation of the two-edge blend, recognizing that other Ms derive from this fundamental

form. Because of its importance we will recall Formula (1), which is
${u,v) = S,(uv) B,(wv) + S,{uv) B (uy). | ()]
There are both blending functions B, and isocline ribbans S, to determine when evaluating the surface S. The blending function
I5  iscalculated as aunivariate function of distance in the parameter space. As discussed in Section 2, the evaluation of the distance
function varies considerably depending on how complex the pre-image is in parameter space. Once determined, the actual
blending value can be calculated by a simple table fook up; that is, the blending functions are tabulated to a sufficiently high
resolution and stored in memory where they can be indexed by the input variable. Consider the function of B,{x) of Formula (3.1).
Evaluate this function at x == 0, .01, .02,..,, 0.99, and . These 1001 values are stored as an array. When a point X is given, it

2_0 is used to locate the nearest point in the array, e.g,, between .S2and .53. Subsequently, B(.52) or B{.53) are used as the function

value.



bl end longitudinally across the ribbon first. Specifically, in Fig. 34 the
v-loft case is the sanme as Fig. 35 with re-labeling, while the u-loft of
Fig. 34 i ¥@oum82zontal bl end of isocline ribbons. ThePCHYSVE8YE surface
results fromthe barycentric blend of all four. In Fig. 33, four profile .
curves P,,, P12, P" and P}2 are shown between which a surface is desired to
be placed. In Fig. 5 33,the profiles PI, and P12 together with their
correspondi ng respective isocline ribbons’IR" and R i are used to create the
blended surface S. Wiile S, evaluates exactly as the two-edge case already
descri bed, the genBereareimanytechfiquesthat(nmiagply bassdon whit thedligtance and isqslineribbon fungansiare. Thergen
paraneters are reversedi In this case, the straight |ine segnent on the

i soclines Ri, disassionRRasedmr metndthaaimmes 2ximple modehegmputationally, butneyersheless,rejains gansigerabledesign
situation which is inconpatible to rapid scanning. However, it is desirable
to fix just orfexbitpTreisedineribbonsS0B (e $161%) will hecgiven bstinefig. 21. Theskane phranfeierized frong)ro kimhdth 85. | n
one enbodi nent, this can be resolved by defining the isoclines 11,2 and Rte
differently. Thiriparamiters. Fopechifivedalgaof valoig khopofile tine SMxifshe carrdsdomiingpickef on isacine ribbon 508 is a
surfaces defined by sinple user inputs. For exanple, consider isocline

ri bbon R2%. Isiraightibe sipmentdef inewepalentI2) Sakeduouihi ribbon isamledxurfate asoserskilbd in theartorl uil@d0d. and
1952 in a manner simlar to the surface generation techniques described in
section 2.2 argtoringly,eejarafedeaudrotidisalistg@e-like Medsuiedrentalong the ridifg whefelt point (6v) is oind: Aswheteat Of
the bilinear surfaces 1950 and 1952 that are tangent on the profile P21
are the profileghdanidHiRsibbddsebands1carkha ifacsk. Tathip aumcbar tye pie-aragl bfesh of hedfila 504 968
are tangent to the ribbon 15 boundary 1972 and formthe opposite edges of

the bilinear sygifpGimerspac iretheplofile thensehdant thedistancectigpiiesturementislhé Garameuit u tafiaba poiit@u,vj) s €1
inputs. It is now possible to fix v in the second (u-foh) as well and scan

by adding a sigak @mﬁﬁgaihafocnﬁtf BeEaht the iskcivie Aibbe{ S0Wdnd S16Fe QULYITRERS, folthviconitant vppararhetiewe
i sodine ribbons, S2, and S, each at the identical cost of

produci ngp@ Nt &Rk dieke of RfiiistantPoiitialodg Bia Rprledts, 512462 SIVBSimpliddddaig the apjripaterafiveRariolieS t O
conpute the point on S2. In operation counts, there are, therefore, eleven

vector additi odm,u,‘fameyn..mamswj),tm@ff;&m;i;medeﬂe tabl e | ook-up. The
additions include three for the v-loft, three each for the u-Ioft -

i soclines, one for blending these [s201)§0dis)¢s,¢))d /ape for bl ending (e two
|l ofts. WD 01108102 PCT/ US99/ 16844 73 For the general N -sided surface it
is first necessary to conpute a distance on each ribbon. The paraneters are
cal cul ated using the N-sided paraneterization technique from Section 2.2.

These di st anCevﬁaer_?:ns%uﬁuh\ﬁmd@ihmadmieﬂﬁngﬁnhmuﬁh@mmmmboﬁ(pmmgem&o thelopplsing ottt &
(6). They are adjusted so they vary fromO to I.

edge.

i5 If we impose the restriction that the blending functions are a partition of unity, ie., By =1 =B+ whichis desirable
from a design perspective, then the Formula (1) yields

S(u,v) =[S, (u,v) -S,(u,v}]*B,(u,v) +§,(u,v) ()

In oneembodiment, this form and with the previous simplifications, itis seen that each point requires three vector adds

(for §,, S, and the “+"), one table look up (for B,(u,v))and one scalar multiply. This is after initialization which consists of

.20 finding each §,(0,v) and @mputing T,, the offset vector (using Formula (10)). To scan out a set of points on §, one simply

increments through the parameter v, and then computes points along the rulings in u.



The paraneters for the ribbons nust be set fromthe distance so given. That
I's, one paraneter will be the distance 5 (fromthe profile). The other

par anet er owmoimsicdeduced by determ ni ng where the paranetrwsob/idser of Fi gure
12 crosses the edge of the N-sided polygon. It is assuned that the polygon
has edges of length I. After these paraneters are figured then Fornula (4)
has all constituents needed for calculation. 6. Applications The present

i nvention may be used in a | arge nunber ofyaconputati onal design donains. In
particular, the following 10 list provides brief descriptions of sonme of
the areas wher e t henihk Qs 6 ik defindd fod-edgd sifice @i Tectd@4. 61D {ormd S, Brelas thiiwo2dglciubodd, biiie otheBS 1 gN
Free-form desi gn of containers such as bottles has been heretofore
non-intuitive éua.faaoﬁgﬁﬂmawh&m:ﬂémonmrn.eg&m&uynmgmvqmcaseah\k B 2715 S with ADBding, while
drawbacks. 6.2 Autonotive Design 15 In the autonotive industry, the present
I nventi on can i . | W nt
design. to par '? ?ggf‘gﬁkﬁ'? %@@gggﬂ\% t'ﬁg\?ﬂsgﬁefﬁ?fd%@%t@r{é@%b par%bgﬂgﬁ@aﬁ

contours can be per in%haﬁﬁﬂ.rﬁﬁﬁgpnsc;gep 1Y, G Fe go@mmaﬁhake%‘ﬁ'é?ired&%laad. In Fig.

strai ghtforward deforfati o Yofent nd recesses

thatthefitti | | . ' |
desi aned. 63 AQy SRAREINE. @ic i 2 llgibdlpeli AR ik ol s deinas
trimm ng and Sli{rfac@fﬁe pat chi ng operations which are required by the

aerospace industry.” 6.4 Shipbuilding WO 01/08102 PCT/ U899/ 16844 74 Uni que
to the shipbuil di ngy4. ' - ' . S |,s. and
propel l ers. Desi gnswgggﬁg\{a%#ﬁ#}ﬁ &seq'g'ﬁﬁg&gar'% g:ﬁ&'gggg@b&@g@% ?S%ﬁr%" %{é!"?‘ e

phy st cs. Of o SRRl lekoth 8k 58 o Sl e S, SRRl ¥ o>

constraints ca corporate
scanning in v; a situation which is incompatibe to rapid scanning, However, it is desirable to fix just one parameter and scan

{0 theotherin both Figs. 34 and 35. In one embodiment, this can be resolved by defining the isoclines R, and R, differently. That
is, each such ribbon becomes a blend of two ruled surfaces defined by simple user inputs. For example, consider isocline ribbon

Ry,. It may be defined by blending two bilinear surfaces 1950 and 1952 in a manner similar to the surface generation techniques
described in section 2.2 and illustrated in Figs. 37 through 39. That is, the edges of the bilinear surfaces 1950 and 1952 that are

tangent on the profile P, are the profile handles 1956 and 1960; the boundary handles 1964 and 1968 are tangent to the ribbon

15 boundary 1972 and form the opposite edges of the bilinear surfaces. The other two line segments 1976 and 1980 are user inputs.
Itis now possible to fix v in the second (u-loft) as well and scan by adding a single vector offset. This effort produces

points on the isodine ribbons, S, and S,,, each at the identical cost of producing points on the v-loft. Additionally, we must blend

the new points to compute the point on S,. 1n operation counts, there are, therefore, eleven vector additions, five scalar multiplies

and one table look-up. The additions include three for the v-loft, three each for the u-loft isoclines, one for blending these

20 isoclines and one for blending the two lofts.



65 Traditional CAD/ CAM Applications 5 Applications for the design of

engi nes, piping layouts and sheet netal products typically require trinmm ng
and bl endi W@ M188482bi | i ti es. Thus, since the present invd{IfUsHY 16844
particularly efficient at providing such operations as well as providing
easy deformations of surfaces, its effectiveness in these areas nmay be of
particular nerit. 6.6 Qher Applications The followng is a list of other
areas where the present invention nmay be 28sed for conputational design.
These are: 10 hone el ectronic and appliance design, plastic injection nold
design, tool and dioetheemeal dsided suciace itlie fint geessarg @@bmpwé distancenn el rblrgy, The pamadrsayphi cal
nodel i ng, mning design, art and entertai nnent, animation, sculpture, fluid

dynam cs, net aRilab Gythe thE ardmetéivition nﬂhumwnﬂmmnnkssﬁsmcah@ﬁmmggﬁmogﬁ bidadingo Ur N
masks, orthodontics, prosthetics, clothingdesign, shoe design,

archi t ect ur al fal6ead ofRdrmuly/ (?)rmqatadluiﬁgkmmﬁﬁahgn scientific visualization of
data, geonetric nodels for training personnel (e.g., nedical training). The

foregoi ng di SCUSS'ﬂ&aﬂrﬁete?shﬂhdrmﬁﬁuﬁﬁﬁﬂtmﬁ&ehﬁﬁ‘t@m ﬁ%ﬂ&@.{dpﬁaﬁsmmmmm&ﬁceof
illustration and description. Further, the escription is not intended

tolimt tde g}amg{rmnmt &en‘r‘;ﬁﬁne&r‘?{nmﬂh ﬁ:ﬂin{%&&tﬂa %ﬁniwgm{] ok theedge

vari ations an fi‘catio comrensurate w ove t 1 Ngs

the skill anddgppud, X rs{gs&u@ﬁ e ﬁuggxﬁ'ﬁas ﬁ{)?nf lenth £ AYk tﬁeE& ﬁg‘tﬂ%ﬁ?@ﬂ?ﬁmﬂmnﬁar‘e

present invention. odi ment Scri erel na
intended to e ‘laﬂllgon%{ﬂeﬁts%tﬁ rgsmﬂﬁ qpresently known of practicing the

i nvention and 0 ena er Illed in theartto utilize the invention as
such, or in other %&'ﬁ and with the vari.ous nodi f| catl ons required
by their particul ar" P®n or uses of the invention. is intended

emhodi ment o to t hel® EB??*H*BW%WF%@@Wenﬂ%“ﬁ%i*@ﬁﬂiﬁiw oy e&??ﬁdﬁﬁe llovig
PCT/ US99/ 1681" | JILLIn 111 [ 111 I - MS 75 Wat
cl ai med i i(? | ! it PR“"%L’I‘%’JJG“'P‘B‘P '&@f‘éx WS the ’banéﬁ'H@H“@B‘é i ¢ obj ect, At

conpri si ng: prow d| ng, for each of a plurality of parameterized georretrlc
objects '~ i =1,.9% ngontgingr Design o 55i g f si froma

Free-form design of containers such as bottles has been heretofore non-intuitive and tedious. The present invention
alleviates these drawbacks.
6.2  Automotive Design
15 In the automotive industry, the present invention can be used for auto body design as well as for auto component
design. In particular, the ease with which deformations of parts and contours can be performed with the present invention allows
for straightforward deformation of components and recesses so that the fitting of componentsin particular recesses is more easily
designed.
63  Aerospace
20 The present invention provides high precision trimming and surface patching operations which are required by the
aerospace industry.

64  Shipbuilding



paranmetric space, PS, to a conmmobn geonetric span GS containing the Si
wherein (Al) and (A2) hold: 5 (Al) at least one of the plurality of

par anmet er i 20 og@orzet ri ¢ obj ects, Si o, hasadi nmensi on gr eatrErvusberss4dr equal to
2; (A2) for each S, there is a portion P, of S wherein fsi is continuous at
points of f 51 ( Pi) conputing, afunction Sat each of a plurality of points
gin PS, for obtaining a corresponding point S(q) in GS, wherein (BlI) and
(82) hold: 10 (BlI) S(q) is dependent upomfsi (q) and at |east one fs (Q)
for | # io, and wherein o s o)) Pia, S( fSi (P))sP;and S (f Sio (Pi

sc (82) Sis conti rumqngsm@mph&i@nm&sﬁiism ne@!fbﬂhefdisigu of ship Whils 23 propWliess) Besidas of both hulls and

representation of sald correspondi ng points gq) as a representation of a

geonet ric obj efdeiidha be Bvéa BfiRe p?;&aié)isf\ﬁ@&ﬁmﬁh QB watel ﬂmlﬁ?e%ati_sfﬂi}ﬁ’of B cdASRralntPiin be

claimed in aiml, wherein: each sai d mappi ng Si is a paranetric

mappi ng for paiﬁc%{e@@rtﬁigﬂﬁtw,ﬁi{,ﬁ;; (b) each said Si is a surface; (c) each

said P; is a cur ne o e (d) said points, S(q), are contained

within a surface d%]:sl neflﬁ?%o aqsﬁwg&@gg&gé wherein said curves P, are 20
0 ur L3,

i ncluded in a perineter sal The nethod as clainmed in daim
Wi 01/ 08103 11PCTI (PSS A R R e syl sl e el
tCI ug: ren éf wher eciapgbilf%e(s) | m;[s,ss"inc?{he p?e?eint?nvegt%; i?%gu[arily%fﬁuseﬁ?t%ﬁvi in%su%rogeratrinﬁesr w%?g prgvﬁlﬂg gs? a
deformations of surfaces, its effectiveness in these areas may be of particular merit.
8.6  Other Applications
The following is a list of other areas where the present invention may be used for computational design. These are:
10 home electronic and appliance desigw, plastic injection mold design, tool and die design, toy design, geological modeling,
geographical modeling, mining design, art and entertainment, animation, sculpture, fluid dynamics, meteorology, heat flow,

electromagnetics, plastic surgery, burn masks, orthodontics, prosthetics, clothing design, shoe design, architectural design, virtual

reality design, scientific visvalization of data, geometric models for training personnel (e.g., medical training).

The foregoing discussion of the invention has been presented for purposes of illustration and description. Further, the

15 deseription is not intended to fimit the invention to the form disclosed herein. Consequently, variations and modifications
commensurate with the above teachings, within the skill and knowledge of the refevant art, are within the scope of the present
invention. The embodiment described hereinabove is further intended to explain the best mode presently known of practicing

the invention and to enable others skilled in the art to utilize the iavention as such, or in other embodiments, and with the various
modifications required by their particular application or uses of the invention. it is intended that the appended claims be

20 construed to indude alternative embodiments to the extent permitted by the prior art.



a predefined nunber of coordinates, wherein each coordi nate has -a

pr edet er m ned range—-S—'Fhe—H%{—hed—aS—el ained in Caiml1, wherein said
conput i ng V&0 expsioc| ud ) as a functi on PGAMUSIYI6R4 o

awei ghted sum of fsp Elm lmmm 5 6. The method as clained in daim
5, wherein said step or cenpu mg s nel udes determ ning, for at |east sone
of said points S(q), one or nore correspondi ng wei ghts of said wei ghted
sum wherein each weight, w, scales a poih® of one of said geonetric
objects Si. 7. A nmethod for nodifying a representation of a surface by a
user, conpri siWwhetisglimgdiyi cal |y displaying a first surface having a first
curve approximately contained in the first surface; 10 graphically

di spl ayi ng a second. cur ¥methei e deermingg s bleadedgeometric it compisvee of t angents to said
first surface at or approximately at each point on said first curve;
changi ng, relative ptnﬁdu@,&rdchﬁﬂaplmlutyofmmagnzedgqmmmmhlafl,naﬂ bol.e inpping s i ad
second curve for changing a contour of said first surface. 8. The' net hod
as clainmed in gadmtriaipate, PybiEomioNngeomaridipaq 63 cntaining theSvheckin (M)am{Al)Xholk:ve is within a
predeterm ned distance 15 of said first surface. 9. The method as cl ai ned
in Caim&s wherei gAl)Sal Gt 1% snedfe plirdlity b pbmelirized gaomereic objests, B{l.lﬂsadlm@egmirthitﬁrehmlo
10". 10. The nethod as clainmed in Gaim7, wherein sdid first curve is a
profile curve gpterpolated fromat |east two points on said first surface.
11. The method as clained in Caim7, wherein points of a surface between
said first and SeCC(WfoﬁétﬁNﬁﬁlsaﬁoﬁmwgwheraﬁfl s cofhiuc@yatyoint g DOP ;s of one or
more of said first surface and said second*surface. 12. The nethod as
claimed in O ai m 7,cufpsthg, dEdod S Bredciohiphrdlitydf poiitsy b PSfor obtaivinga citrespundinig poide S(ypin 657 wherein
said first curve from surface tangents to points on said first surface. WO
01/08102 1 11 | {olyldd ¢y woidc! 1 VELL TELEE T T PCTI US99116844 C L MS 77

0 (Bl) S(q) is dependent upon £ s, (qg) and at least one fs, (q) for j #i,, and wherein
S (fs, (B; ))<P, , S (£5, (By))<Py;and
(B2) S is continuous at fs':o ( Ps, ) and fs': (845)3
displaying a representation of said corresponding points §(q) as 2 representation of a geometric object that blends
between S inand Sy
IS 2. The method as claimed in Claim l,_ wherein:
(a) each said mapping £ s, is 2 parametric mapping for parameterizing the §;
(b) each said §; is a surface;
(9 each said P, is a curve for one of the §;;
()] said pt.sints. $(q), are contained within a surface defined by said function S, wherein said curves P, are
20  included in  perimeter of said surface.

3. The method as claimed in Claim 2, wherein each of said P, is interpolated through a plurality of points.



13. The method as cl ai med—nmCrarm7,—wherei n said changi ng step incl udes
changi ng one of a directi gyuEEMN 1B ijpgude of a vector representing a
ﬂ lmwtlﬂtd for .nodi fyi neCHUS®AGEaEENt at i on

tangent to waas8ior st sur [

of a surface on a conputattonal *sy8tefy *Ttonprising: graphically displaying
a particular surface having first and second curves provi ded thereon; 5
activating, by a user of the conputational system a user interface

techni que for deformi ng said particular suygface, wherein the follow ng
steps Al through A3 are perfornmed: (Al) First determning points on a first
geonetric object reQresakimafol R taimedhOdinel, Wher&ipbifh of shid parimeGIESPIOEPS drd répresrddd R6 fuple of
representation represents first data used in evaluating a desired contour

of said parti Cypafined hhinbersf Sordihtesihereibichrbordinite afa pidterihdralgl sai d first curve
that are representable by said conputational system 10 (A2) Second

determ ning points on a mRGHMHIE JHROTEER |, MerBBbiEiputh Ry iRAR @Rl V6t o

sai d second geonetric object representation represents second data used in

eval uating a d%ﬁeiaﬁﬁli nalelly é o igd rticular surface at a majority of
points on said secona&curve%_ﬁ ? arér p’r esent abl e by said conputati onal
system (A3 Gener al ! ng 1 4 oﬁusfd#iﬁﬁiinflﬁrﬁ?bﬂﬁn&ﬁﬂeﬁﬁ&ﬂwﬁ\?m%&#&ﬂf in@WaIlﬁﬁﬁ)m

y of new pdlrnts on’ sal noditie

wherein thefe are a pluralil ersion t hat

are not on sai r.ti.cul ar surfac i d w_pboi.nt i s determ ped
e Funct i on Wsligee s e e e B8 5t B BN Pl . s LR of
geonetric object reeF)r q’%%rgt ation, and (b) at |east one point obtained from
sai d second geSHEPPIE®EHSect representation; and graphical ly displaying
said nodi fied versipn. |S. e net hod as. cl.ai in Clai.m 14, wherein at

| east one of said fﬁr st A&ﬁ'@xg@@gﬁﬂﬁ‘&'ﬁ%@??'&s“'g?ffggd’f“'“?‘@ﬂ'fgment ations

i ncludes a representation of a surface. 20 16. The nethod ,as clainmed in

Cai m 14, wherein sEpbiclydmlaingg frhsydacedaying a fisst coryearpropmapshy captaingn theistswlaees, of oneor

nore of said new points, a weighted sum of at_|east ong_point on each of
said first &nd secotRRiglgmiaings spondpgvenhse vw@a#e@@miwwﬁmmw&fwﬂr WO

01(08102 | flJft 21111 H |l 1111 111
‘ at each point on said first curve;

changing, relative to said first curve, a positior of a portion of said second curve for changing a contour of said first
surface.
8. The method as claimed in Claim 7, wherein each point on said first curve is within a predetermined distance
15 of said first surface.
9. The method a5 claimed in Claim 8, wherein said predstermined distance is in a range of 10° to 10,
10. The method as daimed in Claim 7, wherein said first curve is a profile curve interpolated from at least two
points on said first surface.
i The method as claimed in Claim 7, wherein points of a surface between said first and second corves are used
20 in determining points of one or more of said first surface and said second surface.
n. The method as diaimed in Claim 7, further including a step of interpolating points of said first curve from

surface tangents to points on said first surface.



c LR78 IT. The net aim 16, wherein said conputing
step incl udes establis ne or nore of said new points, one
or nore cof?&PPdi ng C]E'[ﬁmmmngmﬁnml ghted sum whdCA{U$I¥KEYH said .
wei ght, w, scal es a corfespondl mg p x, of one of said first and
second geonetric object representations. 18 The nmethod as claimed in Claim
17, wherein said establishing step includes determ ning, for each point g
5 of a set Q of said new points, and at |”dast one weight, w,, of said
correspondi ng wei ghts for said new point a distance-1ike neasurenent Dw
that is dependent Bpon:™y (a';ﬁoaﬂﬁw@dmﬁugbw eif saif ehangingistepanclydes changing osecef acfiractiony
point g, and (b) a pre-image paraneterization of a point s, that is on both
sai d nodi fi ed and@magitede of a yeetl representing afangtdasaid fist wifiieect  represent ati on cont ai ni ng
said point, p. for said weight w,. a 10 19. The nmethod as clained in daim
18, wherein for g, M4and kﬂeth@formﬁﬁietamm@,ion ofmwrizcema compptationali systeng emprising:
paraneterization of g, is closer to a pre-imge paraneterization of sqJ
than sai d pre- i maggaphiallydisplaying p pasticuiay sesface bafing djrst andsecandurzes goovided thérenm g e
paraneterization of s%then DD,, s Dag . i x 20. A nethod for nodifying a
representabi on of ativiting byawsersi themputatiosad syseiny aiuer iméoface edhniqoefex defomming said partiaular surface,
conput ational system wherein Nis greater than or equal to two,
conpri si ng 15 wipreiathéfollowg bteps Al theoygh Byre ppdprmedn sai d conput ati onal system a first
geonetric object havinga dinension of N, and wherein there is a | ower
di mensi onal second(Ajeorfixt deiemininjgoiatcdn a dustipetietiiz objecvirplasentation ihikinfsdid fisst geguresle@bject i C
obj ect; graphically displaying a third geonetric object whose points are
i ndi cative of rates of rephangem rpsneifist das vsatinrealuatingainied eRmN Sid pirticta ivtacf 4 4 St
geonetric object at points of said second geonetric object; and changi ng,
relative to said seconcnajdipofiping inciddiisiode that are R@esatableipsiGompoptiontsysied; f eat ur es of
said third geonetric object for

10 (A2)  Second determining points on a second geometric object representation, wherein said second geometric

object representation represents second data used in evaluating a desired contour of said particular surface
at a majority of points on said second curve that are representable by said computational system;
(A3)  Generating 2 modified version of said particular surface, wherein there ﬁe aplurality of new points on said
modified version thatare not on said particular surface, and each said new point is determined as a function
IS of: (a) at least one point obtained from said first geometric object representation, and (b) at least one point
obtained from said second geometric object representation; and
graphically displaying said modified version.
I5. The method as claimed in Claim 14, wherein at least one of said first and second geometric object
representations includes a representation of a surface.
20 16. Themethod as claimed in (Taim 14, wherein said generating step indudes computing, for each of one or more

of said new points, 2 weighted sum of at least one point on each of said first and second geometric object representations.




20 affecting one or rmre—geene;—r—i—e-—f—eat-ur—e-s of said first geonetric object.

21. A nethod as cl ai ned i WO 01/08102 1111111
Jfll m M S 79 for @ETASVNeBAId first,

LTTEETETLT I 'wiblokdst®CT/ USO 9y (M

second and third geonetri cs O nmensi on of the geonetric object
is the mnimal nunber of Iinearl y i ndependent vectors required to
represent all points of the geonetric object. 22. A nethod as clained in
Cl ai m 20, wherein the one or nore geonetriggfeatures of said first and
third geonetric objects include one or nore of. 5 a tangent direction, a
tangent vector magniy.ude The feet addametin/ in s, ehemﬁiwmﬁngmmcluaeaes:abﬁsmr@meudufw
generating a geonetric object on a conputational system conprising:

provi ding a repp@si ikl paB, ofor aor&bm#ﬁdmgwéﬁmmgmmﬁ wiRRiR bhehQid vaightlwisead 4 t Y
of points on the curve. data indicafiv a shape of a first surface at

the point; det srfréiaodamgs}am,a,&ﬁpﬁsaﬁramxeeoﬂ@wﬁe&.caﬁaépréehma& surface wherein said

first surface cont'alns the curve; generating a representation of a

second surface having a @ERiHAE utnﬁmwm&ﬁm Rk AbtePmirRi, foP @dn ik 4 T St
surface. 24. The rrgghodﬁ‘gs hc'#aﬁrre g é.'m 23, \Aﬁg'%pellnssal oll'ﬂ%'lrst éuface

includes an 4 soghhﬂﬁr il (AP, g.gst lmgegve.a‘gﬁomm &ﬁ&%ﬁfgﬁmgﬁi‘ﬁd Rig pofle Vﬁrs&m@ a

profile for ‘sai |socmer| © net alm 23, erein said

first and secon € d curve as a boundary, and said first
and second surfg(@@e&%‘eﬁn'@@%@mﬁ@m tangent planes at each point of said

curve. 15 26. The hod ng &ﬁbno%ﬂeﬂo ﬁ’d‘ d step of determning
i ncl udes prOV|d|ng s ace as one a devel opabl e surface,

and a | abel surface. é*%ﬂ&ﬂgﬁ? ofa?m?l agti?o% tb%ﬁi‘eﬂmﬁ@ nQuﬁéﬁﬂmpafb

generating incl udes (c}et er'ﬁ%" second sur ace a surtace
bet ween said first ne additional surface, wherein
substantially e(%?ﬂ}‘iﬁ@“ﬁﬁ% 'g'pd'qén@g&”&"? “Surface is a function of a poi nt
on said fi rﬁ} surf aqg ancﬂn metﬁ? a c‘alm Csn aﬁje%ln rfor A qaal % %fU,S,I af 6’: when said pre-image

parameterization of g, is doser to a pre-image parameterization of s o than said pre-image parameterization of q, is to a pre-

image parameterization of s - then qul < quz

20. A method for modifying a representation of a N dimensional geometric object by a user of a computational
system, wherein N is greater than or equal to two, comprising:

15 graphically displaying, on said computational system, a first geometric object having a dimension of N, and wherein

there is a lower dimensional second geometric object embedded within said first geometric object;

graphically displaying a third geometric object whose points are indicative of rates of change of one or more
measurements of said first geometric object at points of said second geometric object; and

changing, refative to said second geometric object, one or more geametric features of said third geometric object for

20  affecting one or more geometric features of said first geometric object.

i % A method as daimed in Claim 20, wherein:



28. A nmethod for gemati on of a geonetric object,
conpri si nq’:g obt ai ni n “‘“\l_“\lﬂ“ﬁﬂ gﬂt\/\herei n a portion thereof is a
devel opab"e® &{fF3ce; ﬂ“ : 11i ~~1 111~ | WOHYSBYI®H + ¢, -- MS
PCT/ US99/ 16844 80 -const rluct'i ng adosed curve boundaryfor said devel opabl e
surface, wherein said boundary identifies an interior of said closed curve
on said first surface; trinmmng said first surface to approximately said
boundary so that substantially only said Thterior of said first surface is
graphi cal l'y displayed; 5 graphically attaching a |abel to said interior so-
that said i abel suBﬂstﬂaPffaidg'lﬂrswwvwwﬂstaqohmm sipfyof the geametricopist isthe minimalnuber CI ai m
28, wherein said step of obtaining includes identifying said first surface
as a rul ed suffingdxindepesdsne vegtorerequifed tp@nmseps al pointeof tha gometricobitky ei n sai d step of
constructing includes generating said boundary as a profile curve having a
correspondi ng i socne f Mebas cigingd in Gajia 20, whereinghe og op more-geomptris feafurey ofsaid firond thisav i ng
sai d boundary as a bhoundary for said blended surface. 31. The nethod of
Cl ai m 30, wher Bimgricobjsctripcudeaie ordr ek bl ended surface are derived froma
wei ghted sum of points fromsaid isocline ribbon and at |east one other
surface. 32 A net [déege drections ngn; tegpmaguityde; pd cwatiremedsuzmenbf a geonetric obj ect,
conprising: first displaying a first geonetric object representation having
a di mensi on gr eat et hahmegipd s geapsating o ggometiigabjectowacomptatigal sytragprisngone or nor e
addi ti onal geonetric object representations, wherein one or nore of a shape
and a position of Powdingaprssttipngtafivegeonetri c obj ect representations are
indi cative of ashapeof said first geonetric object representation, and
wherei n one or nor @btaiing forgadof aplvsality pfpnints pn thy cwryer datarindicative pfia thape of 3 fispyraatrthe pin on s
have a di mension greater than or equal to |; simultaneously perform ngthe
fol | owi ng steps (Aldsternitinga repeseptation ofpid first syfaceyhersipy said firet suffce coptaiss thewvesiand a | ocat i on
of one or nore of said additional geonetric object representations;

10 generating a representation of a second surface having a contour that is a function of points of said first surface,

24. The method as claimed in Claim 23, wherein said first surface indludes an isocline ribbon for said second surface,
and said curve is a profile for said isocline ribbon.

2. The method of Claim 23, wherein said first and second su_rfaces have said curve as a boundary, and said first
and second surfaces have identical tangent planes at each point of said curve.

15 26. The method of Claim 23, wherein said step of determining includes providing said first surface as one of:
a developable surface, and a iabel surface.

2. The method of Claim 23, wherein said step of generating includes determining said second surface as a
blended surface between said first surface and at least one additional surface, wherein substantially every point on said second
surface is a function of a point on said first surface and a point on said additional surface.

28 A method for generating a representation of a geometric object, comprising:

obtaining a first surface wherein a portion thereof is a developable surface;




(A2) redisplaying said fjLsmn 1 bj ect representation with

nodi fi cations indicati v%mgmm to said additional geonetric

obj ect r.eprwesemssRi ons. 81028 FLLIIIL LI VIpdTAS S/ A6skd |11 |
PCT/US99/1684 G L MS 81 33. The nethod as clained in Caim 32, wherein
said additional geonetric object representations include graphical
representations that are presented as connected to said first geonetric

obj ect representation when di spl ayed on aggconputer graphics output device.
34. The nethod as clainmed in C aim32, wherein said additional geonetric
obj ect represent at i @mGuckofddosedleve RiMBary foPsiid daTR6pEHle Qibfact wherEin sHEDbuRIEL RIS an@ebidn b Suid
vectors, curves and surfaces. 35. A nethod as clained in Caim 32, wherein

sai d changi ng Sh&iurie BGlidikeEhienput ting, by a user, a substantially
continuous tine series of change requests for changing said additi onal

geometric object r eﬂhﬁﬁﬁiﬁtﬁﬁ&ﬁrﬁ@éiprr%ﬂ{lﬁiiﬂouﬂhﬁio tﬂﬂmﬁﬁnﬁiﬂ?&ﬂ&kﬁﬁtﬂﬂoﬂ%ﬁ GG

sai d change requests, said redisplaying step sinultaneously perforns a

substep of gr bh i spl aying, for one or nore previously input change
requests of sa?’g% m&s!gg'i es, corresponding nodifications to said first

geometric ogj ect r eg&@?ﬁ‘yg&a@g&ﬁﬂdm ﬁinu@tmgﬂgmgﬁsﬁrﬂcmﬂdiﬁri&? aim 35,

wherein at least on I splaying an edl spl ayl ng steps includes a

step of determ ningsai d ] . CL: 00 : I: ast
comb of said additiDnal ﬁg%‘%%#@@q%%%@%@r g?”té“%'fé %"2@5@@@* fﬁ'ﬁ“?f;e 'l’%‘gd as
claimed in Caigp36, wherein said determning step includes conputing a

wei ghted sum of points, P, for obtaining a point q, of said first geonetric

obj ect representatign, V\fﬂﬁ[e d% aER {?e(ﬁlisarﬂlt st?r oﬂo@@&in&ﬂ%@igﬁeg dnglsjaﬁib@ﬁg?%iaa%oﬁlle N

addi tional geonetriC object representati ons. as

obt i ned usi no RN SRR U R b T s B R R A

function havi Ng.d rffn?cgr‘e9 of 0 to 1, and each said blending function being
dependent upon 5%& Tetric pre-image of g for determning the weight to

whi ch the bl ending Slu NC Ly iathad STOLiT ﬁ,'s\&e?elrrllgo?nts of said blended surface are derived from a weighted sum of points

from said isocline ribbon and at least one other surface.

3. A method for modifying 2 representation of a geometric object, comprising:

first displaying a first geometric object representation having a dimension greater than or equal to two;

second displaying one or more additional geometric object representations, wherein one or more of a shape and a
position of said additional geometric object representations are indicative of a shape of said first geometric object representation,
and wherein one or more of said additional geometric object representations have a dimension greater than or equal to |;

simultaneously performing the following steps (A1) and (A2):

(ARl)  changing one of a shape and a location of one or more of said additional geometric object representations;

(A2)  redisplaying said first geometric object representation with modifications indicative of said changes to said

additional geometric object representations.



40. A nethod as clainmed in Caim32, wherein each of said first geonetric
obj ect represent ati ons—ant—sard—addit+onal geonetric object

repr esent at' PIN®B1% o repmﬁm“mr“lﬂu"m “ Ilillee- di mensi onal PEGEEYIEB4 e space.
* [~ L M S .

x

81

3. The method as claimed in Claim 32, wherein said additional geometric object representations include
graphical representations that are presented as connected to said first geometric object representation when displayed on a
.tompnter gra_phics output device.

1 The method as claimed in Claim 32, wherein said additional geometric object representations include one
or more of user selectable points, vectors, curves and surfaces.

3. A method as claimed in Claim 32, wherein said changing step includes inputting, by a user, a substantially
continuous time series of change requests for changing said additional geometric object representations;

wherein during an inputting of one of said change requests, said redisplaying step simultaneously performs a substep
of graphically displaying, for one or more previously input change requests of said time series, corresponding modifications to
said first geometric object representation.

36. A method as claimed in Claim 35, wherein at least one of said displaying and redisplaying steps includes a
step of determining said first geometric object representation as atleast some of said additional geometric object representations.

3. A method as claimed in Claim 36, wherein said determining step includes computing a weighted sum of
points, P, for obtaining a point, q, of said first geometric object representation, wherein said points P are obtained using said
additional geometric object representations. |

38. A method as claimed in Claim 37, wherein said weighted sum includes weights wherein each weight is
obtained using a corresponding blending function, each said blending function having a range of 0 to I, and each said blending
function being dependent upon a parametric pre-image of q f.or determining the weight to which the blending function
corresponds.

0. A method as claimed in Claim 32, wherein each of sﬁid first geometric object representations and said

additional geometric object representations are represented in a three-dimensional coordinate space.



