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Abstract Software. More recently, by adopting a slightly differ-
Surface pasting is a hierarchical modeling techniquent definition of “surface pasting”, Biermann et &l [2]
capable of adding local details to tensor product Bextended the pasting ideas to multiresolution subdivision
spline surfaces without incurring significant computasurfaces.
tional costs. In this paper, we describe how the continuity Surface pasting is an approximation algorithm. While
conditions of this technique can be improved through thehis is the inherent factor that allows pasted features to be
use of least squares fitting and the application of somgriented arbitrarily, it means that the surfaces only meet
general B-spline continuity properties. More importantlywith approximateC® andC' continuity. As a result, al-
we address distortion issues inherent to the standard pagiough continuous joints can be reasonably approximated
ing technique by using an alternative mapping of the inwhen the feature has a sufficiently dense knot structure or
terior control points. when the pasting region on the base is relatively flat, con-
nuity issues arise when these conditions are violated. A
econd, more important problem with surface pasting is
the distortion that occurs in the feature surface when the
1 Introduction base has high curvature.

Spline curves and surfaces are used in many areas of"" thiS paper, we address these short-comings of the
computer graphics and computer aided geometric desigq{_lglnal surface pasting teChnlque_by proposing alternate
In particular, tensor product B-spline surfaces are Con.'r:,_chemes to place the control vertices of 'Fhe f.eature sur-
monly used in modeling and computer animation becaud@Ce- In particular, least squares approximation and B-
of their desirable properties such as compact represefP!in€ continuity principles adapted from cylindrical sur-
tation, local control of surface geometry, and adjustabl@ce,pasnn% [10] are used to more strongly enforce ap-
levels of internal and cross-boundary continuity. proximateC” and C" continuity, respectively. Further-
Despite its wide-spread acceptance, it is somewhat diffore; We show a new method for setting the remaining
ficult to add regions of local detail to tensor product gfeature control points to minimize distortions in its over-
spline surfaces. Traditional methods call for the inser"ilII shape.
tion of extra knots or the degree raising of the surfac% Previous Work
These methods erode the benefits of B-spline surfaces by
increasing the storage requirements and/or computatignl ~Standard Surface Pasting
costs. More importantly, they impose restrictions on thd he original surface pasting algorithm is a technique in
orientation and placement of the resulting features. ~ which afeaturesurface is attached tomsesurface via a
To address the problem of local details, Barghiel, Barchange of basis on each of the feature’s control vertices.
tels, and Forsey[1] introducesurface pastingan ex- Since we are modifying the feature control points, using
tension of hierarchical B-splines [7]), which was furthertensor product B-splines as the feature surface eases the
developed by othersl[4, 9.112]. This modeling techniqueasting process — the B-splines will maintain continuity
combines the performance and storage benefits of tenswithin the pasted feature with no effort on our part, and
product surfaces with the flexibility of arbitrary orienta-still allow for complex, piecewise polynomial features.
tion and placement of the features. These properties havbe form of the base surface is less important, although
attracted the attention of the modeling industry — supH we paste hierarchically then we would also want tensor
port for surface pasting is included in recent versions gfroduct B-splines as base surfaces for the same reason.
Houdini, a commercial animation tool by Side Effects Typically, a tensor product B-spline surfaSéu, v) is
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written as We now write the pasted featuﬂﬁf as
m+s—1 n+t—1 mas—1 ntt—1
S(u,v) = Z Z P jN{™ (w)Nj (v), S}(u,v) — Z Z (Sb(%/"%/')“‘

i=0 ;=0

i=0  j=0
where P; ; specifies the two-dimensional grid of con-

trol vertices, N;"(u) and N*(v) the m- and n-degree

B-spline basis functions defined over the knot vectors

[Ug, - . ., Uzt s—2] @Nd[vg, . .., Van 1t 2], respectively , ) _ o
ands andt the number of segments the tensor producthe vectors and 7= are the partial derivatives at
surface has in the andv directions, respectively. We So (T (I'; ;) ), andk =7 x 7.

will assume that the end knots of both knot vectors havg 2 [ imitations of Previous Schemes

full multiplicity. In standard surface pasting, the featuregne of the primary drawbacks of the standard surface

7+ dY T +d;jk) :
N[”(u)NJ"(U)

surfaceS(u, v) is re-expressed idiffuse representation
as

m+s—1 n+t—1

Spwo)= 3 30 (T +diy) NNy
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wherel'; ; is the three-dimension&@reville point
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anddﬂ,;,j is theGreville displacement
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— - Yy = z 1.
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where, 7, k is a basis for the feature space.
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Figure 1: Standard surface pasting

pasting algorithm is the often inadequate approximation
of continuity between the feature and the base. When
the base surface has high curvature, or when the feature
surface has a coarse knot structure, gaps may appear be-
tween the base and the pasted feature as illustrated in Fig-
ure[2. While this lack of>° continuity can be alleviated

o
y

Figure 2: C° discontinuity in standard surface pasting

by knot insertion this approach is far from ideal. The
extra knots introduced by knot insertion add additional
control vertices across the entire feature row-wise and/or
column-wise. This increases the data storage require-
ments of the feature, and more importantly, the larger
number of control vertices makes it more costly to paste
the feature.

In addition to theC? continuity issues, standard sur-
face pasting suffers from a lack ¢f' continuity. Al-
though restricting the boundary and second layer con-
trol points to have zero displacement vectors can partially

Figure[l shows a two-dimensional example of standam@medy this short-coming, the effectiveness of the result-
surface pasting. The featu®y is pasted onto the base ing C'' approximation is influenced by the curvature of

Sy by re-defining the origin of its control vertices andthe base surface. Furthermore, enforcing this practical
its associated local coordinate frame. Given an invertiblémitation means that the feature must have a rectangular
transformationT that maps the feature domain into thefootprint.
base domain, we map the Greville points in the feature By using quasi-interpolationto determine the loca-
domain into the base domain: tions of the feature’s boundary control vertices, Con-
rad [5, ®] improved theC® and C' approximations at
TTiy) = T((7,0)) the joints between the feature and the base. Unfortu-
= (7;,7;,0). nately, the underlying mathematics that drive his algo-
1Some definitions of B-splines add an extra knot at both ends of ead#thm are rather complex, and it is unclear whether the
knot vector. improved continuity can be maintained when the feature




possess a non-rectangular footprint. More importanthampling Methodology

quasi-interpolated pasting does not address the distorti@ince the least squares reconstruction of each boundary
issue that the standard algorithm faces. is independent of the others, we describe the reconstruc-

In the standard technique, the final shape of the pasté@n of a single boundary. Consider the boundary of the
feature is determined by a combination of its original untensor product feature surfacg along theu direction,
pasted shape and the shape of the base surface. Thisfl v = vo, and assume that the displacement vectors
lows the feature to adapt to the shape of the base, which@ng this boundary have zero lengths as required by the
one of the advantages of surface pasting. Unfortunatel?PprOX'matECO continuity condition in standard surface

if the base surface has a high curvature, the pasted feati@sting. To apply least squares reconstruction, we sample
may become grossly distorted. p points from the base surface along the desired bound-

ary between the base and feature surfaces. Note that if
the reconstructed curve is a B-spline of degresvith s
segments, then the least squares reconstruction procedure
requires thap > m + s — 1.

The new surface pasting scheme proposed here operate3o satisfy sampling requirements while adher-
on the control vertices of the feature surface using thréeg to the basic strategy of standard surface past-
methods, depending into what class each control vertég, we use the pointss (o, 7o), - - .,Sb(fy;nJrs,l,v(l)),

falls. The three different classes (illustrated in FigQre 4&nd5b(7°+71 %/)% o Sb(vm+s_2;wm+s_1 ,7(')) as curve

. 2 )
are the boundary .(black) controllpom.ts, the §econd I"’Wes%\mples. The first set of points are the pasted Greville
(gray) control points, and the interior (white) control

oints. The boundary control boints form the outer-moé%omts along the boundary of the feature. The second set
P ' y P are points on the base surface evaluated at the halfway

layer of control vertices in a tensor product_ B-spline sur; int between each pair of transformed Greville points.
face. In our new method, these control points are past .
0 summarize, the samples to be used are

onto the base surface using least squares approximation

3 Distortion-Minimizing and Continuity-Preserving
Surface Pasting

to provide an improved joint. To obtain a more accu- Qo = So(v0:7)
rateC' approximation, the second layer control vertices S
are pasted using a technique adapted from cylindrical sur- Q1 = Sb(%v Yo)
face pasting[[10]. Last but not least, the interior control Qs = Sb(’yi,’y(;)
points consists of the control vertices that do not belong o
to the previous two groups. They are pasted through an Qs = Sp(1322 )

affine transformatiorT';,,; that maps the control vertices
from the unpasted surface to the pasted region to preserve , ,
the shape of the unpasted feature. Qp1 = Sb(MQWmﬂfly ,y(;)

3.1 Obtaining Approximate C° Continuity Qp = Se(Vmie1:70):

To decrease th€? discontinuity between the feature andwherep = 2(m + s) — 3. By this choice ofp, we strike
base surfaces, we apply least squares B-spline curve &balance between accuracy and efficiency in the least
proximation to each of the feature surface’s four boundsquares reconstruction that produces the desired bound-
aries [3,[T1]. By sampling the base surface along thary curve of the feature surface. With the reconstruction,
boundaries where it meets the feature, we reconstruct B obtain an improved™ approximation at the joint be-
spline curves that closely approximate the joints betwedween the feature and the base.

the feature and the base; we will use these B-spline curvag commodating Non-Rectangular Footprints

as the boundary curves of our pasted feature. While the previous sampling methodology will produce

We use a B-spline least squares algorithm that interpgood C° approximations for a feature surface with zero
lates the first and last sample points; thus, each boundadisplacement vectors around its boundaries, it cannot ac-
curve reconstruction may proceed independently of theommodate features with non-rectangular footprints. To
others as long as the appropriate pairs of corner contrallow for features with non-rectangular boundaries, we
points are used as the first and last samples in the recanedified the pasting process to allow each boundary con-
structions. No other requirements between the differetitol point to lie at a location other than its correspond-
least squares fits are needed to guarantee that adjaciegt Greville point. We still restrict the feature’s unpasted
boundaries meet correctly at the corners of the pasted fdasundary control points to lie in the = 0 plane, but
ture. rather than insisting on a zero displacement vector, these



control points are allowed to have a non-vertical displacesbtained improved approximaté!' continuity between
ment vector. the feature and the base.

Specifically, before computing the sample points on Roughly speaking, for each boundary poiptof the
the base surface, we evaluate the unpasted feature surfégature with Greville poinf’p, we compute the cross-
at its boundary Greville points and the halfway pointdoundary (directional) derivative of the base surface at
as shown in Figurg] 3. Since no vertical displacemenﬂé’Q = T(Tq), giving ¢ = Dy Sb(F'Q), whered is the
cross-boundary direction of the feature domain as em-
bedded in the base domain. We then set the second layer
control pointP corresponding thé to lie on the rayQ, ¢.

Doy = 0=Qs The following discusses how we locate the control point
along this ray.
[ [ J [ OQ [ J [ [
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Figure 3: Evaluating the boundary points. Note that each case 2
boundary sample point (Q; is the image of a correspond- R®* % © © © @ e
ing boundary Greville or halfway point. e © 0 o0 o o e
case 3
[ ] @ 9] [©) (9} PO .R
are involved up to this point, the images of the boundary v
Greville and halfway points can still be treated as points RO S e
that lie on the 2D domain of the base surface. As such, u——m

they can be pasted onto the base surface and serve as the ) ) )
sample points for the least squares reconstruction of t@gure 4: Second layer control point calculation with ap-
boundary curve. proximate C ! continuity

Using the same example as before, the points of the

I res reconstruction are now : : P
east squares reconstruction are no We consider three cases, as illustrated in Figuire 4,

G (ST ALY, SY (e based on whether the second layer control point is in-
Qo = 5(5F(70:70): 55 (70:%)) fluenced by thes directional derivative (case 1), the

— Sy SE(Ttm ’ . SY(dtm ’ directional derivative (case 2), or both (case 3). In the
@ o572 %) f( z ) first case, we set the second layer control point to

Qp = 55T Omre1s ) S msei0) P=Q+or| Desiro) |

o ) o wherea;, is a scaling factor, anfl@|| is the unit vector
3.2 Obtaining Approximate C'* Continuity parallel tow. In the second case, we set the second layer
Earlier surface pasting methods achieved approximat@ntrol point to

C' continuity between the feature and base surfaces by

placing the first two (and sometimes three) layers of con- P=R+ ;- H Dz Sb(F/R)
trol points at their Greville points in the embedded do-

main. This method gives satisfactory results if one pemwheref, is a scaling factor. In the third case, we set the
forms a large amount of knot insertion in the feature sursecond layer control point to

face. To reduce the amount of knot insertion and still

)

have satisfactory continuity, we adapted& continuity P = o- (Q +ap - H Dy Sb(F/Q) H ) +
condition from cylindrical surface pasting{10]. This lat- ,
ter approach uses the fact that the partial derivatives at T (R + B - H Dz 54(I'R) H) ’

the boundary control points of the feature are completely ) i

determined by the location of the second layer contrdlhereo is defined to be

points. By pasting the second layer control points based |R—Tp|

on the cross-boundary derivatives of the base surface, we 7= IR—Tp|+Tp—Q|




with | | being the distance function, afig> being the un- Our construction of the affine transformati@y,,; con-
pasted Greville point of. The scaling factor is defined sists of a number of steps. The first step involves mapping
in a manner similar to, except thatQ) — I'p| is used as the two dimensional domain plane of the unpasted fea-
the numerator. Together,andr serve as weights to con- ture to a three dimensional plane that approximates the
trol the amount of influenc€ and R have on the final pasted boundary Greville points. This 3D plane is known
placement ofP. as thereference plan€also known as thdatum planen

The value ofa, is determined based on the distancanany CAD packages). Then, using the four pasted corner
between the boundary poi} andT p, and the overall boundary Greville points, we construct a local coordinate
density of the corresponding knot vector alangpecif- frame Fr. Using Frr, we map the interior control points

ically, we definex . to be to their transformed location in the pasted surface.
n The Reference Plane
ap=[l'p - Q- n+t—1" @) We create the reference plane to allow the pasted interior

) . ~control points to be defined in a manner similar to how the
wheren is the degree of the feature surface in théi-  pasted control points are defined relative to the domain
rection, and is the number of B-spline segments alon%|ane of the unpasted feature.

v. The first term in equatior{](1) reflects the spatial re- 14 gefine the plane, we first determine its normal vec-
lationship between the second layer control pdinand 5 py approximating the entire set of pasted bound-
its adjacent boundary poiiig. By taking this spatial re- 4ry Greville points using least squares three dimensional
lationship into account, the shape of the pasted feature jj;ne approximation. Then, we calculate a pdiht as

the region between the boundary and second layer contil centroid of the four pasted corner Greville points. The
points will be more appropriately _defmed. The fractlonab|ane is fixed in three space by substitutifig into the
term of equation[{1) scales the distance term to progregiane equation. This approach roughly captures the gen-
sively reduce the value of,, as the number of B-spline grg) orientation of the feature boundaries while loosely

segments increases. This pullscloser toQ and pre-  pjacing the plane close to the four pasted corner Greville
ventsP from being placed too close to the interior controlpoims_

points as the overall number of control vertices increases.

The value of3, is defined analogously. The Local Coordinate Frame Fr _
Once the reference plane has been calculated, its normal

3.3 Shape Preservation vector can be used as the frame basis vegior We
To preserve the original shape of the unpasted feature g use the four pasted corner boundary Greville points
much as possible during the pasting operation, we builg) getermine the remaining frame basis vectgfsand
an affine transformatio®’;,,; to map each interior control ij-. Observe that in the unpasted feature, these Greville
point from its unpasted location to a corresponding POShoints are aligned along the parametricand v direc-
tion in the pasted feature such that the spatial reIatiomronS, which are typically taken to be the orthonormal
ships between the interior control points are preserve@lame basis vectorg andy of the diffuse coordinate sys-
Figure[® illustrates the effect of tHE;,,; transformation. om. By a similar measure, the basis vectsrsand i,
can be calculated by taking the differences between the
appropriate pairs of pasted Greville points.

Given the four pasted corner boundary Greville points
Iy = Sb(:Y(l)’:Y;H»t—l)r Ty = S:b(’}/v/n-&-s_/hryv/l-&-t—l)’
Ly = Se(79,7), andTy = Sp(Vps—1:7)s the vec-
tor &, can be calculated as follows. Since the reference
plane only approximates the four pasted Greville points,
it is unlikely for the plane to coincide with any of the
pasted Greville points. By projecting the points onto the
reference plane along the plane’s normal vector, we get
the four pointd™ , I'* , '}, andI} . Since these points

ul? ~ ur?
. , . . . lie directly on the reference plane, the frame basis vector
Observe that in the figure, the spatial relationships be- y P
. . ! can be calculated as
tween the three interior control points are the same before
and afterT;,; operates on them. As a result, the overall Tp = H T2, — FZz” + HrfT — FZH
shape of the feature surface is better maintained after the

pasting operation. where||Z]|| is the unit vector in directior¥. Note that

Tint

Figure 5: Affine transformation T';,,;

)




Z, is calculated as the average of the two vectors thdt Results
correspond to the parametricdirection because these
two vectors are not necessarily parallel. By obtaining an
average between the two, the directional error contained
in Z, is reduced.
In a similar mannery, is calculated as

7o = || IT% = Thi + Ik, — 2 ||

AlthoughZ, andyj,- are orthogonal t@’. by construc- 1
tion, they are not necessarily orthogonal to each other. ) ] ] o
Without the#, andy, axes being perpendicular to eachfigure 6: Modified surface pasting with the application
other, theT;,,, transformation defined in the following °f C? and C* continuity constraints
section cannot preserve the spatial relationships between
the interior control points, thereby causing distortions ifFigure [ shows the result of pasting a parametrically
the pasted feature. To make the axes orthonormal, vedigned bicubic feature on a bicubic base using least
rotateZ, andy,. in opposite directions about. by the squares curve fitting for the boundaries and Hecon-
same amount such that all three vectors become orthogazuity conditions described in Sectign 3.2. Compared
nal to each other. to Figure[?, which shows the same feature pasted on the
same base using the standard technique, notice the re-

Applying the Affine Transformation T, o 9 ; " o
Before we applyT;,, to the interior control points of ducedC” discontinuity. Differences i@’ continuity be-
it tween the two figures are minimal because @eim-

the feature, we compute the centroid of the unpasted cor- : : I
. . provements were already incorporated in the earlier fig-
ner Greville points to serve as the reference paint;.

. ; ) . ure.
With the reference point defined;;,,; can be applied to . ) .

the interior control points by determining the spatial re}_ I_:lgureh[y lllustrates the dcapa;blllty of o?r boun_dr?ry-
lationship between each control vertex afigl ;, after itting scheme to accommodate feature surfaces with non-

which this relationship is re-expressed witly as the rectangular footprints. In the figures, a bicubic feature

reference point. Specifically, for each unpasted interio\'ryith three segments in each parametric direction is pasted
control pointP;.; of the feature surfacé;, let on a bicubic base, with their parametric directions dif-
1,7 1

fering by 45°. While the standard algorithm does not

prevent the feature from having non-linear boundaries
(Figure[Ta), huge gaps are left between the feature and
the base. By applying least squares approximation to the
boundaries as shown in Figure 7b, our modified scheme

-

0ij = Pij — Crey-

ThenP; ; can be pasted onto the base surfdgeia the
affine transformatiofT';,,; in the following manner:

. o ) o i
Tini(Pij) = Cr+c-0i maintains approxmaté’ continuity regardless of the
I S TN T shape of the footprint.
- T . N A 0y YT As a final example to illustrate the effectiveness of the
§- 05 Zr shape preservation property of thg,,; transformation,

consider pasting the cabin surface shown in Fidure 8a
onto the body surface shown in Figufe 8b. Figfre 8c
B shows the results of this operation performed using the
{Cres 7.4, 7} standard technique. Notice that since the standard pasting
3.4 Accounting for the Shape of the Base Surface  algorithm causes the feature surface to follow the shape
The affine transformatio;,,; preserves the shape of aof the base, the arches on either side of the body surface
feature surface by using a single local coordinate framave effectively caused the cabin surface to cave-in on it-
to determine the location of every interior control pointself. Furthermore, since the knot structure of the cabin
However, T, is not influenced by the underlying form surface is not dense enough relative to the base surface,
and orientation of the base surface on which the featutensightly gaps are formed around the arches where the
is pasted. To re-introduce some of the influence the ba&gature meets the base.

surface has on the pasted feature, the positions of the in-Figure[8d shows the results of pasting the cabin sur-
terior control points can be linearly interpolated betweeface onto the body surface vig;,,; pasting, least squares-
the coordinates given by the standard surface pasting ikted boundaries, and improved' conditions. In addi-
gorithm and those given by thB;,; transformation. tion to theC® continuity improvements, notice how the

wheres is a scalar, and? ;, ¢/ ;, andd; ; are the individ-

ual components of the displacement veaig,r relative to



(@) (b)

Figure 7: Feature with non-rectangular footprint pasted using the standard algorithm (a) and the least-squares fitted

boundaries scheme (b).
w0 g O
\
) (e)
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" g® ¢®
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Figure 8: The cabin surface (a) is pasted onto the body surface (b) via standard surface pasting (c) and T';,,; pasting
with least squares-fitted boundaries and improved C conditions (f). Pasting via 33% (e) and 66% (f) T, interpola-
tions with least squares-fitted boundaries and improved C'' constraints are shown.

EX X

Figure 9: Models created via T ;,,; surface pasting.



cabin surface retains most of its characteristic shape after
the pasting operation. [4]
Figures[Be and] 8f show the results of applying a 33-
and 66-percent linear interpolation, respectively, between
the standard technique and our modified scheme. Note
that the interpolation is applied only to the interior control
points of the feature. 5]

5 Conclusion

As one method to provide local details to tensor product
surfaces, this paper presented a new and refined proce-
dure based on surface pasting. The new method operates
on a given tensor product B-spline feature by dividing [6]
the surface’s control vertices into three distinct classes.
We applied least squares approximation to the bound-
ary control points of the feature to reconstruct the feature
boundaries such that the best possiifeapproximation

to the base is produced. To further ensure a smooth anfi7]
seamless-looking joint, approximatg' continuity con-
ditions were borrowed from cylindrical surface pasting
and adapted for use in tensor product surfaces to appro-
priately place the second layer control vertices of the fealg]
ture. Finally, shape preservation of the pasted feature was
achieved by defining a custom affine transformafityp,

that operates on the interior control points of the feature.
By preserving the spatial relationships between every in{9]
terior control vertex, little distortion is seen in the result-
ing pasted feature. If geometric influence from the base
surface is required, distortion can be re-introduced in a
controlled manner by linearly interpolating the positions

of the interior control points between the standard scherrr@o]
and the shape-preserving technique.
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