
Multiresolution Editing of Pasted SurfaesMarryat MaStephen MannAbstrat. Surfae pasting allows the insertion of loal detail to atensor produt surfae without hanging the struture of the underlyingsurfae. It works by applying feature surfaes on top of a base surfae toreate a omposite surfae. Previous modelling systems for pasted surfaesonly allowed users to translate, rotate, and resize pasted features, and didnot support diret manipulation. In this paper, we desribe a method forthe diret manipulation of pasted surfaes that allows the user to edit asurfae at any level in the pasting hierarhy.x1. IntrodutionHierarhial modelling is urrently an ative area for researh. Many surfaeshave varying levels of detail, and modelling tehniques that expliitly repre-sent these levels of detail are useful both in terms of redued storage andin interative modelling paradigms where users want to interat with theirmodels at di�erent levels of detail.Tensor produt B-spline surfaes are ommonly used in the omputerindustry beause they an be represented by little information and have at-trative ontinuity properties. However, it is diÆult to add detail to thesesurfaes without globally inreasing the omplexity of the surfaes and thusthey are poorly suited to multiresolution editing.Hierarhial B-splines were developed by Forsey and Bartels [7℄ for addingareas of loal detail to a tensor produt B-spline surfae. A parametriallyaligned region of the surfae is loally re�ned to inrease its ontrol pointdensity. The ontrol points in the re�ned region are displaed to reate theloal detail. Forsey implemented a limited diret manipulation sheme forhierarhial B-splines that allows a user to manipulate a surfae at prede�nedsurfae points. If the user deides to manipulate the surfae at a lower res-olution level, then the higher levels of detail are removed from the display.Unfortunately, with the details hidden, the user is unable to see the e�et ofMathematial Methods in CAGD: Oslo 2000 1Tom Lyhe and Larry L. Shumaker (eds.), pp. 1{10.Copyright o 2001 by Vanderbilt University Press, Nashville, TN.ISBN 0-8265-xxxx-x.All rights of reprodution in any form reserved.
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Base Surface Composite SurfaceFig. 1. Pasting a feature on a base surfae.the manipulation on the entire surfae. Hierarhial B-splines allow multires-olution editing and maintain a high level of ontinuity, but the loal detailsan not be translated, rotated, or resized.Surfae pasting, developed by Bartels and Forsey [3℄, is a generalizationof hierarhial B-splines that allows the insertion of loal detail to a tensorprodut surfae without hanging the struture of the underlying surfae. Insurfae pasting, the area of loal detail is represented as a tensor produtsurfae, alled a feature. The feature is plaed on an existing surfae, alledthe base, to produe a omposite surfae. Additional features an be pastedhierarhially on the omposite surfae to reate more omplex omposite sur-faes. Surfae pasting has been integrated into Side E�ets' Houdini software,where it has been suessfully used for harater animation.Although surfae pasting is a hierarhial modelling method, the userinterfaes implemented for previous researh have onentrated on positioningthe features upon the base surfaes, and adjusting|i.e., translating, rotating,and resizing|the features one they have been pasted. In this paper, wepresent a tehnique for the diret manipulation of pasted surfaes that allowsthe user to edit the surfaes at any resolution in the hierarhy.x2. BakgroundA tensor produt B-spline surfae is a pieewise polynomial surfae that isde�ned by a grid of ontrol points fPi;jg and a set of basis funtions fNi;jg:S(u; v) = MXi=1 NXj=1Ni;j(u; v)Pi;j :Here Ni;j(u; v) = Nmi (u)Nnj (v), and the Nis and Njs are the degree m andn B-splines for the two parametri domain diretions. For a more detailedintrodution to B-splines, see any introdutory splines text, suh as Farin's [6℄.
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Fig. 2. Outer two layers of feature ontrol points loated at Greville points.The surfae pasting proess (illustrated in Figure 1) is a omputationallyinexpensive method for adding loal detail to tensor produt surfaes. First,the feature's domain is embedded into its range spae. Next, a loal oordi-nate frame Fi;j = fOi;j; ~ri;j ; ~si;j ;~ti;jg is onstruted for eah feature ontrolpoint Pi;j . The origin of the oordinate frame Oi;j is the embedded Grevillepoint orresponding to Pi;j . The vetors ~ri;j and ~si;j are the two parametridomain diretions for the feature and ~ti;j = ~ri;j � ~si;j . Eah feature ontrolpoint is represented as a displaement vetor ~di;j expressed relative to Fi;j bysubtrating Oi;j from Pi;j :~di;j = Pi;j �Oi;j = �i;j~ri;j + �i;j~si;j + i;j~ti;j :Next, the feature's domain is mapped into the base's domain. For eah fea-ture ontrol point, the orresponding Greville point is mapped into the base'sdomain. The base surfae is evaluated at this domain point to form a newloal oordinate frame F 0i;j = fO0i;j; ~r 0i;j ; ~s 0i;j ;~t 0i;jg. The ontrol point's neworigin on the base surfae is O0i;j ; the vetors ~r 0i;j and ~s 0i;j are the two partialderivatives at O0i;j, and ~t 0i;j = ~r 0i;j � ~s 0i;j . The feature ontrol point is plaedby expressing its displaement vetor relative this new loal oordinate frame:P 0i;j = O0i;j + ~d 0i;jwhere ~d 0i;j = �i;j~r 0i;j + �i;j~s 0i;j + i;j~t 0i;j : (1)To ensure that the boundary of the feature lies near the base surfae, weplae the �rst layer of the feature's ontrol points (the blak points of Figure 2)at the Greville points so they have zero displaement vetors. After pasting,these feature ontrol points will lie on the base surfae, and the boundary ofthe feature will lie near the base. By inserting knots into the feature surfae,the disontinuity between the feature and the base an be made as small asdesired.By plaing the seond layer of the feature's ontrol points (the grey pointsof Figure 2) at the Greville points, we ahieve an approximate C1 join betweenthe feature and the base. Conrad [5℄ gives a further disussion of ontinuityissues of pasted surfaes, and shows how to use quasi-interpolation to furtherredue both the C0 and C1 disontinuity between the feature and the base.



4 M. Ma, S. Mannx3. Diret Manipulation of Tensor Produt SurfaesTraditionally, B-spline urves and surfaes were manipulated by moving theirontrol points. This method is unintuitive and requires that the ontrol pointsbe displayed, thus inreasing the lutter on the sreen.Bartels and Beatty [2℄ developed a tehnique for the diret manipulationof spline urves in whih users ould pik any point on a urve, move it to anew loation, and have the shape of the urve hange appropriately. Theirmethod found a set of ontrol points that had maximal inuene over thepiked point. The amount that eah ontrol point moved was proportional toits inuene over the piked point.A number of researhers have investigated tehniques for the diret ma-nipulation of tensor produt surfaes. For example, Fowler proposed a methodfor diretly manipulating positions, normal vetors, and partial derivatives atany surfae point [8℄. He also found that the system of equations that mustbe solved to perform diret manipulation of tensor produt surfaes is under-determined.We have hosen to alulate new ontrol point loations using a gener-alization of Bartels and Beatty's urve manipulation tehnique [2℄ where theextra degrees of freedom are used to redue the overall hange in the positionof the surfae's ontrol points. We have extended and altered their method sothat it an be applied to the diret manipulation of tensor produt B-splinesurfaes.Given a surfae S(u; v) =PiPj Ni;j(u; v)Pi;j , suppose we want to movea surfae point S(u; v) by a vetor ��!�P , i.e., we want a surfae S0 suh thatS0(u; v) = S(u; v) +��!�P: (2)Then a blok of ontrol points that has the most inuene over the pikedsurfae point is found. For eah ontrol point Pi;j in this blok, we alulatea weight wi;j that is proportional to the ontrol point's ontribution to thesurfae point S(u; v): wi;j = Ni;j(u; v)Xk Xl �Nk;l(u; v)�2 ; (3)where the double summation is over the blok of ontrol points that we aremodifying. Eah of these ontrol points is updated asP 0i;j = Pi;j + wi;j��!�P: (4)The net result is for the vetor ��!�P to be distributed over the ontrol pointsof S so that when S0 is evaluated at (u; v), the sum of the wi;js weighted bythe basis funtions is 1.Bartels and Beatty showed that in the urve ase, moving the single mostinuential ontrol point produed unstable results. This instability ours



Multiresolution Editing of Pasted Surfaes 5
∆ P

F’

d’

d

P

P’Fig. 3. Updating a ontrol point's displaement vetor.beause there will be a point on the urve to the left of whih ontrol point Piwill have the most inuene, and to the right of whih ontrol point Pi+1 willhave the most inuene. Piking near this division an have markedly di�erentresults depending on whih side was piked. A minimum of two ontrol pointsmust be adjusted for their method to be stable.Just as we need to move two ontrol points in the urve ase, we needto move at least two ontrol points in eah of the two parametri domaindiretions to get a stable diret manipulation method for surfaes. We hoseto adjust a 2 � 2 blok of ontrol points sine this small blok size restritsthe loality of hange. A larger blok may be used to modify a larger area ofthe surfae. x4. Diret Manipulation of Pasted SurfaesWhen diretly manipulating pasted surfaes, we would like to edit any pointon the surfae, and to edit the surfae at any resolution in the hierarhyregardless of where in the hierarhy the seleted point lies. In this setion, webegin with a disussion of the extension of the diret manipulation tehniqueto the top level of the pasting hierarhy, i.e., the level in whih the seletedpoint lies, and then we desribe some problems with this simple approah. Inthe next setion, we will extend this method to solve these problems, whihwill allow us to edit the surfae at any resolution at or below the level of theseleted point.The basi tehnique for diretly manipulating tensor produt B-splinesurfaes arries over to pasted surfaes with only minor modi�ations. The�rst step is to update the ontrol points of the surfae we wish to modify usingdiret manipulation of a tensor produt surfae as desribed in x3. Then weupdate the displaement vetor ~di;j for eah ontrol point Pi;j .To realulate eah ontrol point's displaement vetor, the loal oor-dinate frame F 0i;j = fO0i;j ; ~r 0i;j ; ~s 0i;j ;~t 0i;jg on the base surfae must be reon-struted. The di�erene ~d 0i;j between the new ontrol point loation P 0i;j andthe origin of the oordinate frameO0i;j is found and expressed in terms of F 0i;j :~d 0i;j = �0i;j~r 0i;j + �0i;j~s 0i;j + 0i;j~t 0i;j :This gives a 3�3 system of equations to determine the new �0i;j , �0i;j , and 0i;jfor eah updated displaement vetor. After the new displaement vetors are
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Fig. 4. Example of distortion.alulated, the feature may be translated or the underlying surfae may behanged, and the results of the diret manipulation are preserved.In the remainder of this paper, we will talk about seleting a surfae pointS(u; v) and then manipulating points Si(u; v), i.e., points at other levels inthe pasting hierarhy with the same parameter values as the seleted point. Ine�et, we are manipulating Si at the image of (u; v) mapped into the domainof that surfae aording to the invertible domain transformations de�ned bythe surfae pasting operation.If we selet a point on one surfae in a pasting hierarhy, and move theseleted surfae's ontrol points using this diret manipulation tehnique, weoften get the results we want. However, simply using this basi diret manip-ulation tehnique on the omponent surfaes in a pasting hierarhy results inseveral problems. The �rst problem is that if we modify the boundary on-trol points of a surfae, then we may lose the desired approximate ontinuityproperties, i.e., the omposite surfae may stop looking smooth or the surfaemay detah from its underlying base. Thus, we need to �x the boundary andross boundary derivatives of the manipulated surfae by ensuring that thetwo outermost rings of the surfae's ontrol points (indiated in Figure 2) donot move.If the user attempts to move a surfae point whose most inuential 2� 2blok of ontrol points intersets the two outermost rings of ontrol points, weare faed with two hoies. We an disallow the diret manipulation, or wean �nd the losest blok that does not overlap the two outermost rings. Inthe latter ase, the ontrol points we would hange have less inuene on theseleted surfae point, and thus they must be displaed farther to move thepiked surfae point to its new loation. This an ause unsightly distortions,similar to those desribed by Bartels and Beatty [2℄, in the area of the surfaeover whih these alternative ontrol points have a higher inuene. Thesedistortions would likely onfuse the user sine the maximal hange in thesurfae would not our at the piked point. An example of suh a distortionan be seen in Figure 4. We hose to disallow diret manipulation of a pastedsurfae when the most inuential 2 � 2 blok of ontrol points intersets thetwo outermost rings of the surfae's ontrol points.



Multiresolution Editing of Pasted Surfaes 7A seond problem with this simple method for diretly manipulatingpasted surfaes ours when we try to edit at a di�erent level in the past-ing hierarhy than at the level ontaining the piked point. To truly edit thepasted surfae at any resolution, we need to be able to selet a point in aregion of high resolution, and have the diret manipulation hanges our ata lower level of resolution. One simple way to implement this type of ma-nipulation is to �nd the orresponding point Si(u; v) on a lower level surfaewhen the user selets the surfae point S(u; v), and to use the ��!�P vetor todiretly manipulate Si(u; v). We would then reapply Equation (1) to eahsurfae above Si to update the omposite surfae.Unfortunately, Equation (1) is not aounted for in the diret manipula-tion equations, and this method does not result in diret manipulation. Toahieve diret manipulation of the omposite surfae, we will have to makeadditional adjustments to the ontrol points of the surfaes between Si andS, as desribed in the next setion.x5. Diret Manipulation of Hierarhial Pasted SurfaesTo manipulate a pasted surfae at a lower resolution than the level at whihthe seleted point lies, we need to modify the diret manipulation method.A �rst idea is to derive for the pasting hierarhy formulas similar to Equa-tions (2), (3), and (4). When we expand Equation (2) for a pasted surfae,we get Xi;j Ni;j(u; v)�~d 00i;j +O00i;j� =Xi;j Ni;j(u; v)�~d 0i;j +O0i;j�+��!�P:To derive the diret manipulation equations, we need to expand ~d 00i;j (Equa-tion (1)) and O00i;j (an evaluation of the base surfae). Unfortunately, ~d 00i;jdepends upon the ontrol points of the base surfae in a non-linear manneras we see from Equation (1) and the formula for ~t 0i;j . Thus, this method ofdiret manipulation of a hierarhial pasted surfae is more expensive thanwe would like, and as we inrease the depth of the hierarhy, the equationsbeome more ompliated.As an alternative method, we hose to modify the ontrol points of mul-tiple surfaes in the hierarhy. While this method is not truly hierarhial, itapplies most of the hange to a single surfae, with other surfaes reeivingonly minor updates.The idea behind our method is to push the work down the pasting hier-arhy, make a large hange at the desired level, and then asend the hierarhymaking small adjustments as needed. Suppose we have a hierarhy of pastedsurfaes, S0; : : : ; SH , with S0 being the oarsest resolution. Given a pointS(u; v) = Sh(u; v) on a pasted surfae at resolution h, suppose we wish toedit at resolution r, with h � r. Our method desends the hierarhy of sur-faes under the piked point until we reah surfae Sr. We adjust Sr so thatSr(u; v) is moved by ��!�P . This auses Sr+1 to hange (giving a new sur-fae, S0r+1), although Sr+1(u; v) will not neessarily move by ��!�P . We now
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Fig. 5. Example of hierarhial diret manipulation.ompute the di�erene between the desired hange and the atual hange inSr+1, giving a orretion fator ��!�P 0 = ��!�P � [S0r+1(u; v) � Sr+1(u; v)℄. Then,we diretly manipulate S0r+1 by ��!�P 0, giving a new surfae S00r+1 suh thatS00r+1(u; v) = Sr+1(u; v) + ��!�P . Note that if Si(u; v) lies in the unmodi�ableregion of Si (area of the surfae where every point has a 2� 2 blok of ontrolpoints that intersets the surfae's two outermost rings of ontrol points), thenwe skip it. This proedure is repeated for eah surfae up the hierarhy untilSh is reahed.We illustrate our method for a urve in Figure 5, in whih a point on thetop surfae is seleted and the desired resolution level is the base level; theonstrution for surfaes is analogous. Initially, the user has hosen a pointC1(u) to manipulate and the amount ��!�P by whih to move the point. Indiagram (b), the point C0(u) is loated and moved by ��!�P . The shape of thebase hanges, resulting in the hange of the feature's shape and loation ofthe piked point, as shown in (). Sine C 01(u) is not at its desired position,a orretion fator is applied, giving C 001 (u). The last diagram shows theresulting omposite urve.Using our method, the user an selet any point on the surfae, anddiretly manipulate the surfae, with modi�ations ourring at or below thelevel in the hierarhy on whih the seleted point lies. However, if the userselets a point in the unmodi�able region of the top level surfae, then we donot allow the user to edit at the level of the seleted surfae, and only allowthe user to edit at lower levels in the hierarhy. This restrition prevents thetype of distortions disussed in x4.Figure 6 illustrates a sequene of events that ours when performinghierarhial diret manipulation on the omposite surfae. The seleted pointis loated on the smallest and lightest oloured surfae in the �rst image. Thedark oloured surfae(s) in the middle three images are a�eted in eah stageof the manipulation. In eah ase, the bottommost dark surfae undergoesthe greatest hange, while the other dark surfaes only have orretion fatorsapplied to them. The more surfaes that are dark oloured, the broader the



Multiresolution Editing of Pasted Surfaes 9hange in the omposite surfae. In the seond image, only the topmost surfaeis a�eted and the seleted point was moved to the right and down. In thenext image, two surfaes are a�eted and the seleted point was moved upand to the right. Three surfaes are a�eted and the seleted point is movedup and to the right in the fourth image. The last image shows the result ofthe manipulation.Our diret manipulation method provides the user with omplete feed-bak no matter what resolution level the user is editing. In ontrast, Forsey'shierarhial B-splines editor strips the upper levels of detail out of the displayas the user desends the hierarhy, making modelling more diÆult.x6. Conlusions and Future WorkSurfae pasting is a method for onstruting multiresolution surfaes byhierarhially omposing tensor produt B-spline surfaes. In this paper, wehave shown how to implement diret manipulation of pasted surfaes, allowingthe user to edit the omposite surfae at any level in the hierarhy, either atthe seleted level, or at a lower level.Our diret manipulation method is not truly hierarhial sine hangesare made to multiple resolution levels. However, empirial testing has shownthat the orretion fators applied to the higher level surfaes tend to bemuh smaller than the initial ��!�P assigned to the seleted resolution level.More researh is needed to determine if there are any limits on the size of theorretion fators as the pasting hierarhy is asended.An improvement to our hierarhial diret manipulation method wouldbe to allow the user to inrease the edit resolution for a piked point. Forexample, suppose there are n levels in the pasting hierarhy and the userwishes to manipulate the piked point at resolution n+1. Then a null surfaewith inreased ontrol point density ould be pasted under the piked point,and this new surfae, rather than the original one, is manipulated. The abilityto edit a surfae at a higher resolution would allow the user to add loal detailto a region without expliitly pasting a feature surfae.Aknowledgments. We would like to thank Rihard Bartels for his ontri-butions to this work. Finanial support was provided by NSERC and CITO.Referenes1. Barghiel, C., R. Bartels, and D. Forsey, Pasting Spline Surfaes, in Math-ematial Methods for Curves and Surfaes, Morten D�hlen, Tom Lyhe,Larry L. Shumaker (eds), Vanderbilt University Press, Nashville & Lon-don, 1995, 31-40.2. Bartels, R. and J. Beatty, A Tehnique for the Diret Manipulation ofSpline Curves, in Proeedings of Graphis Interfae '89, S. MaKay, E. M.Kidd (eds), Canadian Human-Computer Communiations Soiety, Lon-don ON, 1989, 33{39.



10 M. Ma, S. Mann
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