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Among geometric representation schemes, non-uniform rational B-splines (NURBS) have become an industry
standard mainly because they are a unified representation of both free-form shapes and standard analytic
shapes. The main drawback of tensor product NURBS, however, is that the surface patches are rectangular.
Consequently, the designer is forced to model multisided irregular shapes using degenerate patches with dete-
riorated inter-patch continuity. To compensate, explicit non-linear smoothness constraints must be enforced
within the underlying rational representation, thus increasing the complexity of the design task in general.

Triangular B-splines [1] have recently emerged as a promising CAGD tool. This is primarily because they
can represent complex non-rectangular shapes over arbitrary triangulated domains with low degree piecewise
polynomials that nonetheless maintain relatively high-order continuity. For instance, we can construct C'*
continuous surfaces with quadratic triangular B-splines, whereas C'! tensor-product splines must be at least
biquadratics. Triangular B-splines retain a considerable breadth of geometric coverage. They can express
smooth non-rectangular shape without degeneracy. They can also model discontinuities by varying the knot
distribution. They subsume Bernstein-Bezier triangles as a special case with n-fold knots. Moreover, any
piecewise polynomial can be represented as a linear combination of triangular B-splines [4]. Thus, triangular
B-splines can serve as the canonical representation of surfaces with irregular parametric domains.

In this paper, we propose triangular NURBS, the rational generalization of triangular B-splines, with
weights as extra degrees of freedom to increase the power of the modeling scheme. As in conventional NURBS,
fixing the weights to unity reduces the model to dynamic triangular B-splines. Using triangular NURBS, the
designer can overcome the limitations of tensor product NURBS. However, conventional geometric design
with triangular NURBS can be problematic for the following reasons:

e Normally the designer exercises geometric control by selecting knots and adjusting control points and
weights. Despite the variety of interaction devices, this “indirect” design process can be especially
laborious for triangular splines, because of the irregularity of control points and knot vectors.

e Relevant design requirements are shape oriented and not control point and weight oriented. Because of
the geometric “redundancy” of rational models, indirect shape refinement remains ad hoc and ambigu-
ous.

e Typical design requirements may be posed in both quantitative and qualitative terms. Therefore, it can
be very frustrating with indirect design to shape, say, a “fair” surface that approximates unstructured
3D data.

To ameliorate the indirect design process, we furthermore develop a physics-based generalization of trian-
gular NURBS using Lagrangian mechanics and finite elements. The new surface model, dynamic triangular
NURBS, combines the geometric features of triangular NURBS with the demonstrated conveniences of inter-
action within a physical dynamics framework. Some of the advantages of physics-based shape design are as
follows:

e Shape design is generally a time-varying process—a designer is often interested not only in the final
shape but also in the intermediate shape variation due to parameter changes. Since time is fundamental
to the physics-based formulation, dynamic models can continuously evolve control points and weights
in response to applied forces to produce meaningful shape variation.

e The behavior of the dynamic model is governed by physical laws. Through a computational physics
simulation, the model responds dynamically to applied simulated forces in a natural and predictable
way. Shapes can be sculpted interactively using a variety of force-based “tools.”

e Functional design requirements can be readily implemented as deformation (fairness) energies and ge-
ometric constraints. As a dynamic model reaches equilibrium, it acts as a nonlinear shape optimizer
subject to the imposed constraints.



e A physics-based framework based upon the rational geometric model permits appropriate weight values
to be determined automatically in accordance with various physical parameters and geometric require-
ments.

e The physical model is built upon a standard geometric foundation. While shape design may proceed in-
teractively or automatically at the physical level, existing geometric toolkits are concurrently applicable
at the geometric level.

Like dynamic tensor product NURBS (D-NURBS) [5], the control points and weights of the geometric
triangular NURBS become generalized (physical) coordinates in the dynamic model. We introduce time, mass,
and deformation energy into triangular NURBS and employ Lagrangian dynamics to formulate their motion
equations. We then use finite element analysis [2] to reduce these equations to efficient algorithms that can
be simulated using standard numerical methods [3]. Time is fundamental to the dynamic formulation, which
can continuously evolve the control points and weights in response to applied forces to produce physically
meaningful and intuitively predictable shape variation.

We have implemented interactive software for dynamic triangular B-splines (the special case with unit
weights) using iterative numerical methods. Our prototype software demonstrates the flexibility of the dy-
namic models across several applications, including interactive sculpting through forces and physical parame-
ters, the fitting of unstructured data, and solid rounding with geometric and physical constraints. Our results
indicate that dynamic triangular NURBS provide a systematic and unified approach for a variety of modeling
tasks.

Because NURBS have been incorporated into a number of industry standards such as IGES, PHIGS+,
openGL, and STEP, our research can serve as a basis for future work on physics-based or constraint-based
paradigms in well established CAGD methodologies. With the advent of high-performance graphics systems,
the physics-based framework is readily incorporated into commercial design systems to interactively model
and sculpt complex shapes in real-time.

References

[1] W. Dahmen, C. Micchelli, and H.-P. Seidel. Blossoming begets B-spline bases built better by B-patches.
Mathematics of Computation, 59(199):97-115, 1992.

[2] H. Kardestuncer. Finite Element Handbook. McGraw-Hill, New York, 1987.

[3] W. Press, B. Flanney, S. Teukolsky, and W. Verttering. Numerical Recipes: The Art of Scientific Com-
puting. Cambridge University Press, Cambridge, 1986.

[4] H.-P. Seidel. Representing piecewise polynomials as linear combinations of multivariate B-splines. In
T. Lyche and L.L. Schumaker, editors, Curves and Surfaces, pages 559-566. Academic Press, New York,
1992.

[5] D. Terzopoulos and H. Qin. Dynamic NURBS with geometric constraints for interactive sculpting. ACM
Transactions on Graphics, 13(2):103-136, 1994.

Hong Qin and Demetri Terzopoulos

Department of Computer Science

University of Toronto

10 King’s College Road, Toronto, Ontario, M5S 1A4
E-mail addresses: qin@cs.toronto.edu; dt@cs.toronto.edu





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


