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Preface

The initial work in isogeometric analysis was motivated by the existing gap between the worlds
of finite element analysis (FEA) and computer-aided design (CAD); see Hughes et al., 2005.
As the number of people involved with isogeometric analysis from both the FEA and the CAD
communities has grown, this gap has become increasingly apparent to all involved. It is not
only a shortcoming of the current technology but of the entire engineering process. Indeed,
technological barriers are often easier to overcome than the inertia of the status quo. At this
early stage, one of the most important contributions of the research in isogeometric analysis
has been to initiate conversation between the design and analysis camps, and to begin to make
each side aware of the hurdles that the other faces, as well as what each has to offer. This book
is meant to be part of that dialogue.

What are we providing and for whom?

Isogeometric analysis seeks to unify the fields of CAD and FEA. In pursuing this end we
have found, with very few exceptions, that FEA people know very little about computational
geometry, and computational geometry people know very little about FEA. Our background
is in FEA. We have attempted to cross the divide and learn from and work with computational
geometers in order to orchestrate changes in CAD and FEA that will result in an agreed upon
isogeometric technology satisfactory to both constituencies. That being said, we are neophytes
in computational geometry so nothing fundamentally new on that topic will be found herein.
Our most immediate goals are to encourage computational analysts to learn about isogeometric
analysis and to begin to take advantage of it in their work. Specifically, we have attempted to
build upon a knowledge of finite element analysis and to indicate what is new and different
about isogeometric analysis. A background in finite element analysis at the level of Hughes,
2000 is ideal preparation for understanding this book. Most of the book, however, is sufficiently
self-contained as to not require that much finite element background. We wrote this book so
that the reader could learn how to do isogeometric analysis.

We wanted this book to be accessible, in fact, easy to read and learn from, but we did not
want to superficially gloss over important details to achieve simplicity. Although computational
mechanics has become a sophisticated and complex discipline, the essence of the finite element
method is quite simple and straightforward. The same may be said of isogeometric analysis,
and we endeavored to express this viewpoint in this book. Nevertheless, certain basics of
computational geometry need to be learned, and these are not part of the traditional training
and repertoire of finite element analysts. We have tried to present them in a clear and direct
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manner. We at least hope the book is simple enough that most motivated readers will be able
to learn the essential ideas.

We assumed that many readers would want to add isogeometric capabilities to existing finite
element computer programs, so we developed this theme right from the start. The early chapters
deal with the basic concepts, how to implement them, and how to handcraft isogeometric
models. The latter chapters attempt to demonstrate convincingly why one might want to do
s0. By explaining the details of Non-Uniform Rational B-Spline (NURBS) basis functions
and showing how their unique properties come to bear on a wide variety of applications, we
hope to motivate others to consider how their own research might benefit from these powerful
functions.

There are many computational geometry technologies that could serve as a basis for isoge-
ometric analysis. The reason for selecting NURBS as the initial basis is compelling: It is the
most widely used computational geometry technology in engineering design. Unfortunately,
at this stage of the game, an isogeometric modeling toolset is not available. We hope that
this void will be filled in the not-too-distant future and be made available to the community.
Research projects are already underway with this as one of the goals.

Although we present some applications of isogeometric analysis that have appeared previ-
ously in research papers, a conscious effort has been made to present material not in research
papers, in particular, detailed examples and data sets are presented that one needs to thor-
oughly understand to gain a working knowledge of the material. Another theme has been to
only show examples and applications that exhibit some unique feature of isogeometric analysis
not available in traditional finite element analysis. One might consider isogeometric analysis
as simply an expansion and powerful generalization of traditional finite element analysis.

Channeling developmentsin order to make them more relevant to
downstream engineering

We would like to help people on each side of the CAD/FEA divide to further the state of their
respective arts. By being aware of the their own place in the idea-to-product process, both the
geometer and analyst might strive to design technologies that are integrative and avoid creating
bottlenecks at any stage of the engineering process. We have no doubt that the futures of CAD
and FEA lie much closer together than do their pasts. The reader is invited to participate in the
effort to unify these fields.

Organization of the text

This book begins in Chapter 1 with an historical perspective on the fields of finite element
analysis and computer aided design. This provides a context from which the ideas throughout
the book have emerged. Additionally, we briefly point out some of the issues of isogeometric
analysis that seem to cause some confusion for researchers coming from a classical FEA
background. Each of these issues is discussed in detail within the body of the text, but it
may prove useful for the reader to be aware of them before embarking. We then introduce
Non-Uniform Rational B-Splines (NURBS) in Chapter 2, with an initial focus on geometric
design and the particular features that make this technology unique. A brief tutorial on the
construction of a NURBS geometry is included. Chapter 3 describes how computer aided
design technology can be used within an analysis framework. Particular attention is given



Preface xiii

to a detailed explanation of the Galerkin finite element method as this is the framework
within which the bulk of isogeometric analysis has been performed. Chapter 3 also includes a
discussion of how classical finite element software might be modified to create isogeometric
analysis software.

The bulk of the remainder of this book contains examples of the many different applications
to which isogeometric analysis has been applied. The specific choice of material is meant
to emphasize the interesting properties of NURBS basis functions and to display the unique
capabilities of an analysis framework built upon them. The examples increase in complexity
as the book progresses, loosely chronicling the evolution of the technology. For the most
part, linear problems are discussed before nonlinear problems, and static problems precede
time-dependent problems. Chapters 6 and 7 provide general discussions of time-dependent
problems and nonlinear problems, respectively. The reader unfamiliar with these topics may
want to review these chapters before proceeding to chapters on such applications. We attempt
to be quite thorough on the simpler examples, providing everything needed for an individual
just getting started to be able to perform a calculation. Contrastingly, there is a bias towards
brevity for the more complex problems. The treatment of examples from the forefront of
research is meant to highlight the specific features of isogeometric analysis upon which these
applications rely. Whenever details necessary to replicate the work are omitted, references to
the literature where those details may be found are included. Still, every effort is made to tie
the implementation used and the results obtained to the features of isogeometric analysis that
differ from classical finite elements.

Chapter 4 discusses linear elasticity, with a particular emphasis on the analysis of thin-walled
structures. Chapter 5 covers vibrations and wave propagation. Whereas the examples consid-
ered in Chapter 4 particularly benefit from the geometrical accuracy of isogeometric analysis,
the examples in Chapter 5 demonstrate the accuracy advantages NURBS have over classical
finite elements due to their increased smoothness. In Chapter 6 we move from static to dynamic
problems and discuss various time-integration techniques that are in common usage. Chapter 7
discusses the solution of nonlinear equations, and it expands on the discussion of Chapter 6
to address solving nonlinear, time-dependent problems by means of the generalized-«
method. Chapter 8 discusses one approach to addressing the locking phenomenon common in
the analysis of both linear and nonlinear nearly incompressible solids. Chapter 9 features many
examples from the field of computational fluid dynamics, ranging from the linear advection-
diffusion equation to turbulence. In all cases, smooth NURBS basis functions are shown to
achieve superior accuracy per degree-of-freedom than the classical FEA basis functions of
the same order. Chapter 9 also presents the variational multiscale method. Fluid-structure
interaction and fluids problems posed on moving domains are discussed in Chapter 10. Each
of these problems requires care in tracking the motion of the mesh and correctly formulating
the equations on the moving domain. Chapter 11 discusses partial differential equations in
which the highest order derivative is greater than two. A traditional variational treatment of
such problems requires the use of basis functions that are smoother than C°. This is frequently
difficult or impossible in a classical FEA setting, but is quite easy within isogeometric analy-
sis. Chapter 12 discusses polar forms, which offer an alternative mathematical description of
splines. The use of polar forms has been instrumental in the development of efficient algorithms
for the manipulation of spline objects. Lastly, Chapter 13 discusses the current state-of-the-
art in isogeometric analysis, as well as many promising directions for future work in the
subject.
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Additional resources

There are many places for the interested reader to seek more information about the topics
discussed in this book. Though an effort has been made to make this book as self-contained
as possible, it is not possible to address every topic in the full generality that it deserves.
For a more thorough discussion of NURBS we suggest starting with Rogers, 2001 and then
going on to Piegl and Tiller, 1997. The former is quite readable and features many historical
perspectives on NURBS and those whose work has led to their development; the latter is quite
comprehensive and served as an indispensable guide when we were developing our initial
software. Here is a list of geometry books we have found helpful, including the two already
mentioned. It is by no means complete, and we are still learning from them.

e Geometric Modeling with Splines: An Introduction, E. Cohen et al., 2001

e Curves and Surfaces for CAGD, A Practical Guide, Fifth Edition, G.E. Farin, 1999a

¢ NURBS Curves and Surfaces: from Projective Geometry to Practical Use, Second Edition,
G.E. Farin, 1999b

¢ Computational Conformal Geometry, Theory and Algorithms, X.D. Gu and S.-T. Yau, 2008

e The NURBSBook, L. Piegl and W. Tiller, 1997

» Bé&zier and B-Spline Techniques, H. Prautzsch, W. Boehm and M. Paluszny, 2002

e An Introduction to NURBS With Historical Perspective, D.F. Rogers, 2001

e Jline Functions: Basic Theory (third edition), L.L. Schumaker, 2007

For an introductory but thorough treatise on the finite element method, see Hughes, 2000.
We attempt as far as possible to be consistent with the notation of Hughes, 2000, which we will
make reference to many times throughout this book. The best source for information on the
many applications contained herein is in the research papers upon which much of the content is
based. Each chapter provides references to original journal articles, which frequently discuss
the topics in a great deal more depth, and with many more examples, than is possible here.

Notation

Aword of caution is in order. Notational conventions that are very illustrative in simple settings,
particularly when introducing a concept for the first time, frequently become unwieldy as things
become more complex. For this reason, we attempt to use the notation that provides the most
clarity in a given situation, though this choice is sometimes at odds with other usage. Whenever
there is the potential for confusion, the issue is addressed directly herein.

How work on isogeometric analysis began

Isogeometric analysis began when Tom Hughes was privy to a conversation concerning the
creation of finite element models from CAD representations. The gist of the conversation
expressed the theme that despite years of research into mesh generation, the model creation
problem was a significant bottleneck to the effective use of FEA and, for complex engineering
designs, the problem seemed to be getting worse. It appeared to Tom that if the situation was
that bad, the problem must either be very difficult or the research community was pursuing
a solution from the wrong perspective. After some study he concluded that the problem as
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posed was indeed very difficult, but not only was the research community pursuing it from the
wrong perspective, it was pursuing the wrong problem.

CAD and FEA grew up independently. Despite dealing with the same objects, engineering
designs, they represent them with entirely different geometrical constructs. This seemed to
be the fundamental problem. Tom hoped to replace this situation with a single, agreed upon,
geometrical description. He thought that he might be able to reconstitute analysis within
the geometric framework of CAD technologies. This seemed doable, but it also became
apparent that CAD representations would have to be enhanced. He was surprised to find
that newer technologies emanating from the computational geometry research literature were
actually moving in that direction and that some of these technologies were finding their
way into commercial products. The final piece of the puzzle, developing analysis suitable
trivariate parameterizations from surface representations, is an open problem but one that is
beginning to be addressed by the computational geometry community with new and promising
mathematical approaches. The confluence of all these activities is | sogeometric Analysis.
Through the combined efforts of the computational geometry and computational analysis
communities, we believe the potential of isogeometric analysis can be realized.

Work on isogeometric analysis began in earnest in 2003 almost a year after Tom Hughes
joined the University of Texas at Austin. He had received a research grant to pursue the topic,
but did not have a PhD student assigned to it. A then first-year graduate student, Austin Cottrell,
in the Computational and Applied Mathematics program in the Institute for Computational
Engineering and Sciences came to talk to Tom about research topics and possibly doing his
PhD under Tom’s supervision. Among other topics, Tom described to Austin his vision of this
as yet nameless new approach to analysis and geometry. After thinking things over, Austin
said he would like to pursue it and could get started in the summer of 2003. Tom gave Austin
a copy of Rogers’ book on NURBS.

As Austin was making progress with NURBS technology, another of Tom’s graduate stu-
dents, Yuri Bazilevs, started to interact with him on it, and the two of them implemented
the first NURBS based finite element codes. By the fall of 2003, linear problems were being
solved and good results were being obtained. It was around that time that the name “isoge-
ometric analysis” was coined. Rapid progress was being made developing the technology.
Before long, isogeometric analysis became an integral part of all work in Tom’s group. After
completing his PhD, Victor Calo also joined the effort, as did a number of other students,
post-docs, and visitors to the Institute, including Ido Akkerman, Laurenco Beirdo da Veiga,
David Benson, Thomas Elguedj, John Evans, Héctor Gbmez, Scott Lipton, Alessandro Reali,
Giancarlo Sangalli, Mike Scott, and Jessica Zhang. The effectiveness of the procedures and
the richness of the subject exceeded everyone’s expectations.

How this book waswritten

Discussions about writing a book occurred frequently during the course of the work. It was
decided that a good time to start would be after Austin and Yuri completed their PhDs. The
project began in earnest in September of 2007. The plan was to release Austin from all other
obligations and have him rough draft as much as possible, as quickly as possible, and then
he and Tom would begin to iterate on the drafts. Austin and Tom put together an outline and
set as a goal to be finished, or at least declare they were finished, by the end of July, 2008,
when Austin was scheduled to leave for New York City. Realizing this schedule might be a bit
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optimistic, it was intended that Yuri, who provided numerous results and helped in a variety
of ways throughout the project, would step in after Austin left and that he and Tom would
complete the project. Things more or less unfolded as planned.
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1

From CAD and FEA to
|sogeometric Analysis.
An Historical Perspective

1.1 Introduction
1.1.1 The need for isogeometric analysis

It may seem inconceivable to young engineers, but it was not long ago that computers were
nowhere to be seen in design offices. Designers worked at drawing boards and designs were
drawn with pencils on vellum or Mylar®. The design drawings were passed to stress analysts
and the interaction between designer and analyst was simple and direct. Times have changed.
Designers now generate CAD (Computer Aided Design) filesand these must be trandlated into
analysis-suitable geometries, meshed and input to large-scale finite element analysis (FEA)
codes. Thistask is far from trivial and for complex engineering designs is now estimated to
take over 80% of the overall analysistime, and engineering designs are becoming increasingly
more complex; see Figure 1.1. For example, presently, atypical automobile consists of about
3,000 parts, a fighter jet over 30,000, the Boeing 777 over 100,000, and a modern nuclear
submarineover 1,000,000. Engineering design and analysisare not separate endeavors. Design
of sophisticated engineering systems is based on a wide range of computational analysis and
simulation methods, such as structural mechanics, fluid dynamics, acoustics, electromagnetics,
heat transfer, etc. Design speaksto analysis, and analysis speaksto design. However, anaysis-
suitable modelsare not automatically created or readily meshed from CAD geometry. Although
not always appreciated in the academic analysis community, model generation is much more
involved than simply generating a mesh. There are many time consuming, preparatory steps
involved. And one mesh is no longer enough. According to Steve Gordon, Principal Engineer,
General Dynamics/ Electric Boat Corporation, “We find that today’s bottleneck in CAD-CAE
integration is not only automated mesh generation, it lieswith efficient creation of appropriate
‘simulation-specific’ geometry.” (In the commercial sector analysisis usualy referred to as
CAE, which stands for Computer Aided Engineering.) The anatomy of the process has been
studied by Ted Blacker, Manager of Simulation Sciences, Sandia National Laboratories. At
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Figure1l.1 Engineeringdesignsarebecomingincreasingly complex, making analysisatimeconsuming
and expensive endeavor. (Courtesy of General Dynamics/ Electric Boat Corporation).

Sandia, mesh generation accounts for about 20% of overall analysis time, whereas creation of
the analysis-suitable geometry requires about 60%, and only 20% of overall timeis actually
devoted to analysis per se; see Figure 1.2. The 80/20 modeling/analysis ratio seems to be a
very common industrial experience, and there is a strong desire to reverse it, but so far little
progress has been made, despite enormous effort to do so. The integration of CAD and FEA
has proven aformidable problem. It seems that fundamental changes must take place to fully
integrate engineering design and analysis processes.

Recent trendstaking placein engineering analysis and high-performance computing are also
demanding greater precision and tighter integration of the overall modeling-analysis process.
We note that a finite element mesh is only an approximation of the CAD geometry, which
we view as “exact.” This approximation can in many situations create errors in analytical
results. The following examples may be mentioned: Shell buckling analysis is very sensitive
to geometric imperfections (see Figure 1.3), boundary layer phenomena are sensitive to the
precise geometry of aerodynamic and hydrodynamic configurations (see Figures 1.4 and 1.5),
and dliding contact between bodies cannot be accurately represented without preci se geometric
descriptions (see Figure 1.6). The Babuska paradox (see Birkhoff and Lynch, 1987) is another
example of the pitfalls of polygonal approximationsto curved boundaries. Automatic adaptive
mesh refinement has not been as widely adopted in industry as one might assume from the
extensive academic literature, because mesh refinement requires access to the exact geometry
and thus seamless and automatic communication with CAD, which simply does not exist.
Without accurate geometry and mesh adaptivity, convergence and high-precision results are
impossible.
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Figure1.2 Estimation of the relative time costs of each component of the model generation and
analysis process at Sandia National Laboratories. Note that the process of building the model completely
dominates the time spent performing analysis. (Courtesy of Michael Hardwick and Robert Clay, Sandia
National Laboratories.).

Deficienciesin current engineering analysis procedures al so preclude successful application
of important pace-setting technol ogies, such asdesign optimization, verification and validation
(V&YV), uncertainty quantification (UQ), and petascal e computing.

Thebenefits of design optimization have beenlargely unavailableto industry. The bottleneck
isthat to do shape optimization the CAD geometry-to-mesh mapping needs to be automatic,
differentiable, and tightly integrated with the solver and optimizer. Thisis simply not the case
as meshes are disconnected from the CAD geometries from which they were generated.

V&YV requires error estimation and adaptivity, which in turn requires tight integration of
CAD, geometry, meshing, and anaysis. UQ requires simulations with numerous samples of
models needed to characterize probability distributions. Sampling puts a premium on the
ability to rapidly generate geometry models, meshes, and analyses, which again leads to the
need for tightly integrated geometry, meshing, and analysis.

The eraof petaflop computing ison the horizon. Parallelism keepsincreasing, but the largest
unstructured mesh simulations have stalled, because no one truly knows how to generate and
adapt massive meshes that keep up with increasing concurrency. To be ableto capitalize on the
eraof O(100,000) core parallel systems, CAD, geometry, meshing, analysis, adaptivity, and
visualization all haveto run in atightly integrated way, in parallel, and in a scalable fashion.
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Figure 1.3 Thin shell structures exhibit significant imperfection sensitivity. (a) Faceted geometry of
typica finite element meshes introduces geometric imperfections (adapted from Gee et al., 2005).
(b) Buckling of cylindrical shell with random geometric imperfections. The buckling load depends
significantly upon the magnitude of the imperfections (from Stanley, 1985).
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(b)

Figure 1.4 Isodensity contours of Galerkin/least-squares (GLS) discretization of Ringleb flow. (a)
I soparametric linear triangular element approximation: both solution and geometry are represented by
piecewise linear functions. (b) Super-isoparametric element approximation: solution is piecewise linear,
while geometry is piecewise quadratic. Smooth geometry avoids spurious entropy layers associated with
piecewise-linear geometric approximations (from Barth, 1998).

It is apparent that the way to break down the barriers between engineering design and
analysisisto reconstitute the entire process, but at the same time maintain compatibility with
existing practices. A fundamental step is to focus on one, and only one, geometric model,
which can be utilized directly as an analysis model, or from which geometrically precise
analysis models can be automatically built. This will require a change from classica finite
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Figure1l.5 The two-dimensiona Boussinesq equations. The x-component of velocity obtained using
552 triangles with fifth order polynomials on each triangle. On the left, the elements are straight-sided.
The spurious oscillations in the solution on the |eft are due to the use of straight-sided elements for the
geometric approximation. On the right, the cylinder is approximated by elementswith curved edges, and
the oscillations are eliminated (from Eskilsson and Sherwin, 2006).
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(a) Finite element analysis
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(a) Isogeometric analysis

Knots

Figure1.6 Sliding contact. (a) Faceted polynomial finite elements create problems in sliding contact
(see Laursen, 2002 and Wriggers, 2002). (b) NURBS geometries can attain the smoothness of real
bodies.

element analysis to an analysis procedure based on CAD representations. This concept is
referred to as Isogeometric Analysis, and it was introduced in Hughes et al., 2005. Since then
a number of additional papers have appeared (Bazilevs et al., 2006a, 2006b; Cottrell et al.,
2006, 2007; Zhang et al., 2007; Gomez et al., 2008).

Herearethereasonswhy thetime may beright to transform design and anal ysi stechnol ogies:
Initiatory investigations of the isogeometric concept have proven very successful. Backward
compatibility with existing design and analysis technologies is attainable. There is interest
in both the computational geometry and analysis communities to embark on isogeometric
research. Several mini-symposia and workshops at international meetings have been held and
several very large multi-institutional research projects have begun in Europe. In particular,
EXCITING — exact geometry simulation for optimized design of vehicles and vessels — is
a three year, six million dollar project focused on developing computational tools for the
optimized design of functional free-form surfaces, and the Integrated Computer Aided Design
and Analysis (ICADA) project is afive year, five million dollar initiative focused on bridging
the gap between design and analysis in industry through isogeometric analysis.

Thereisan inexorable march toward higher precision and greater reality. New technologies
are being introduced and adopted rapidly in design software to gain competitive advantage.
New and better analysis technologies can be built upon and influence these new CAD tech-
nologies. Engineering analysis can leverage these devel opments asa basis for theisogeometric
concept.
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Anyone who has lived the last 60 yearsis acutely aware of the profound changes that have
occurred due to the emergence of new technologies. History has demonstrated repeatedly
that statements to the effect that “people will not change” are false. An interesting example
of a paradigm shift concerns the slide rule, a mechanica device that dominated computing
for approximately 350 years. In the 20th century alone nearly 40 million slide rules were
produced throughout the world. The first transistorized electronic calculators emerged in the
early 1960s, with portable four-function models available by the end of the decade. The first
hand-held scientific calculator, Hewlett-Packard's HP35, became commercially available in
1972. Keuffel and Esser Co., the world's largest producer of slide rules, manufactured its last
dliderulein 1975, just 3 years later (see Stoll, 2006).

1.1.2 Computational geometry

There are a number of candidate computational geometry technologies that may be used in
isogeometric analysis. The most widely used in engineering design are NURBS (nhon-uniform
rational B-splines), the industry standard (see, Piegl and Tiller, 1997; Farin, 1999a, 1999b;
Cohen et al., 2001; Rogers, 2001). The major strengths of NURBS are that they are conve-
nient for free-form surface modeling, can exactly represent all conic sections, and therefore
circles, cylinders, spheres, ellipsoids, etc., and that there exist many efficient and numerically
stable algorithms to generate NURBS objects. They also possess useful mathematical prop-
erties, such as the ability to be refined through knot insertion, CP~1-continuity for pth-order
NURBS, and the variation diminishing and convex hull properties. NURBS are ubiquitous
in CAD systems, representing billions of dollars in development investment. One may argue
the merits of NURBS versus other computational geometry technologies, but their preemi-
nence in engineering design is indisputable. As such, they were the natural starting point for
isogeometric analysis and their use in an analysis setting is the focus of this book.

T-splines (Sederberg et al., 2003; Sederberg et al., 2004) are a recently developed forward
and backward generalization of NURBS technology. T-splines extend NURBS to permit local
refinement and coarsening, and are very robust in their ability to efficiently sew together
adjacent patches. Commercial T-spline plug-ins have been introduced in Maya and Rhino,
two NURBS-based design systems (see references T-Splines, Inc., 2008a and T-Splines, Inc.,
2008b). Initiatory investigations of T-splines in an isogeometric analysis context have been
undertaken by Bazilevs et al., 2009 and Dorfel et al., 2008. These works point to a promising
future for T-splines as an isogeometric technol ogy.

There are other computational geometry technologies that also warrant investigation as
a basis of isogeometric analysis. One is subdivision surfaces which use a limiting process
to define a smooth surface from a mesh of triangles or quadrilaterals (see, e.g., Warren
and Weimer, 2002; Peters and Reif, 2008). They have already been used in analysis of shell
structuresby Cirak et al ., 2000; Cirak and Ortiz, 2001, 2002. Theappeal of subdivision surfaces
is there is no restriction on the topology of the control grid. Like T-splines, they aso create
gap-free models. Most of the characters in Pixar animations are modeled using subdivision
surfaces. The CAD industry has not adopted subdivision surfaces very widely becausethey are
not compatible with NURBS. With billions of dollars of infrastructure invested in NURBS,
the financial cost would be prohibitive. Nevertheless, subdivision surfaces should play an
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important role in isogeometric technology. Subdivision solids have been studied by Bajgj
et al., 2002.

Other geometric technologies that may play arole in the future of isogeometric analysis
include Gordon patches (Gordon, 1969), Gregory patches (Gregory, 1983), S-patches (Loop
and DeRose, 1989), and A-patches (Bajgj et al., 1995). Provatidis hasrecently solved anumber
of problems using Coons patches (see Provatidis, 2009, and references therein). Others may
be invented specifically with the intent of fostering the isogeometric concept, namely, to use
the surface design model directly in analysis. Thiswould only suffice if analysis only requires
the surface geometry, such as in the stress or buckling analysis of a shell. In many cases, the
surface will enclose a volume and an analysis model will need to be created for the volume.
The basic problem is to develop a three-dimensional (trivariate) representation of the solid
in such away that the surface representation is preserved. Thisisfar from atrivial problem.
Surface differential and computational geometry and topology are now fairly well understood,
but the three-dimensional problem is still open (the Thurston conjecture characterizing its
solution remains to be proven, see Thurston, 1982, 1997). The hope is that through the use of
new technologies, such as, for example, Ricci flows and polycube splines (see Gu and Yau,
2008), progress will be forthcoming.

1.2 Theevolution of FEA basisfunctions

Solution of partia differential equations by the finite element method consists, roughly speak-
ing, of a variational formulation and trial and weighting function spaces defined by their
respective basis functions. These basis functions are defined in turn by finite elements, local
representations of the spaces. The elements are a non-overlapping decomposition of the prob-
lem domain into simple shapes (e.g., triangles, quadrilaterals, tetrahedra, hexahedra, etc.). In
the most widely used variational methods, thetrial and weighting functions are essentially the
same. Specificaly, the same elements are used in their construction. There are three ways to
improve afinite el ement method:

1 Improve the variational method. Sometimes this can be done in such away as to correct
a shortcoming in the finite elements for the problem under consideration, such as, for
example, through the use of selective integration (see Hughes, 2000). Another way isto
use an dternative variational formulation with improved properties, an example being
“stabilized methods.” See Brooks and Hughes, 1982; Hughes et al., 2004.

2 Improve the finite element spaces, that is, the elements themselves.

3 Improve both, that is, the variational method and the elements.

Our focus hereis on finite element spaces and ultimately how they perform in comparison
to spaces of functions built from NURBS, T-splines, etc. Consequently, we will give a brief
review of the historical milestonesin finite elements.

Typically, finite elements are defined in terms of interpolatory polynomials. The classi-
cal families of polynomials, especially the Lagrange and Hermite polynomials, are widely
utilized (see Hughes, 2000). These may be considered the historical antecedents of finite
elements.
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Figurel1.7 (continued)

Early publications in the engineering literature describing what is now known as the finite
element method were Argyris and Kelsay, 1960, which is a collection of articles by those
authors dating from 1954 and 1955, and Turner et al., 1956. The term “finite elements’ was
coined by Clough, 1960. However, the first finite element, the linear triangle, can be traced
all the way back to Courant, 1943. It is perhaps the simplest element and is till widely used
today. It isinteresting to note that the engineering finite element literature was unaware of this
reference until sometime in the late 1960s by which time the essential features of the finite
element method were well established. The linear tetrahedron appeared in Gallagher et al.,
1962. Through the use of triangular and tetrahedral coordinates (i.e., barycentric coordinates)
and the Pascal triangle and tetrahedron, it became a simple matter to generate C°-continuous
finite elementsfor straight-edged triangles and flat-surfaced tetrahedra. The bilinear quadrilat-
eral was developed by Taig, 1961, and it presaged the devel opment of isoparametric elements
(Irons, 1966; Zienkiewicz and Cheung, 1968), perhaps the most important concept in the
history of element technology.

The idea of isoparametric elements immediately generalized elements which could be
developed on a regular parent domain, such as a square, or a cube, to an element which
could take on a smoothly curved shape in physical space. Furthermore, it was applicable to
any element topology, including triangles, tetrahedra, etc. An essential feature was that the
spaces so constructed satisfied basic mathematical convergence criteria, aswell as physical at-
tributesin problems of mechanics, namely, the ability to represent al affine motions (i.e., rigid
trangl ations and rotations, uniform stretchings and shearings) exactly. Curved quadril ateral and
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hexahedral elements became popular in structural and solid mechanics applications. The clas-
sical isoparametric elements were developed using tensor-product constructs. Subsequently,
procedures were developed to circumvent the necessity of the tensor-product format. The
eight-node serendipity quadrilateral was an early noteworthy example (Zienkiewicz et al.,
1971). Thiseventually led to the variable-number-of-nodes concept (Zienkiewicz et al., 1970;
Taylor, 1972; see Hughes, 2000, chapter 3, for examples).

In practical applications computational efficiency is critical. In nonlinear dynamic ap-
plications low-order elements have played a dominant role. The constant pressure bilinear
quadrilateral element (Hughes and Allik, 1969; Nagtegaal et al., 1974; Hughes, 1977, 1980;
Malkus and Hughes, 1978) and its three-dimensional generalization, the constant pressure tri-
linear hexahedral element, have dominated nonlinear solid mechanical calculations. Effective
one-point integration quadrilateral bending elements (Hughes et al., 1977, 1978; Hughes and
Liu, 19813, 1981b; Flanagan and Belytschko, 1981; Belytschko and Tsay, 1983; Belytschko
et al., 1984) with scaled lumped rotatory inertia mass matrices (Hughes et al., 1978; Hughes,
2000) enabled automobile crash analysisto become astandard design tool. The cost of analysis
prior to these developments precluded its practical use.

A limitation of the isoparametric concept was that while it worked for CO-continuous
interpolation, it did not for C* or higher. There was a strong interest in the development of
C!-continuousinterpol ation schemes primarily because of the desireto construct thin plate and
shell elements for structural analysis. Thin bending elements require square-integrability of
generalized second derivatives and so C*-continuous elements constitute a suitable subspace.
Many researchers sought solutionsto this problem. Noteworthy successes were due to Clough
and Tocher, 1965; Argyris et al., 1968; Cowper et al., 1968; de Veubeke, 1968; Bell, 1969.
However, these elements were complicated to use and expensive, and interest moved to
different variational formulations to circumvent the need for C*-continuous basis functions.
Thisis an example where it was more convenient to adopt a different variational formulation
than construct appropriate discrete approximation subspaces for the original one. It should be
said, however, that the devel opment of effective Reissner-Mindlin bending el ements, requiring
only C°-continuity, was not without its own difficulties.

Mathematicians have played a prominent role in devising discrete approximation spaces
for certain classes of variational formulations. Noteworthy examples are due to Raviart and
Thomas, 1977, and Brezzi et al., 1985; see also Brezzi and Fortin, 1991, for Darcy flow (these
are referred to as H(div) elements) and Nedelec, 1980, Demkowicz, 2007, and Demkowicz
et al., 2008 for Maxwell’'s equations (these are referred to as H (curl) and H(div) & H(curl)
elements). The engineering and mathematicsliteraturesare also repletewith various alternative
variational formulations that enhance the performance of simple elements.

Another recent trend in basisfunction construction has been away from the classical concept
of an element decomposition. These approaches have come to be known as meshless methods
(Nayroleset al., 1992) and they have generated considerabl einterest. Noteworthy contributions
to meshless methods are the element-free Galerkin method of Belytschko et al., 1994, the
reproducing kernel particle method of Liu et al., 1995, the partition of unity method of Melenk
and Babuska, 1996, and the hp-clouds of Duarte and Oden, 1996. This is another subject
entirely, but we note that, as in the case of the finite element method, the link to CAD
geometry, at best, is tenuous (see, e.g., Sakurai, 2006). A timeline of FEA and meshless basis
function development is presented in Table 1.1
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Table1l.1 Timeline: Milestonesin FEA and meshless basis function development

1779 Lagrange polynomials

1864 Hermite polynomials

1943 Linear triangle

1960 Clough coins the name “finite elements’
1961 Bilinear quadrilateral

1962 Linear tetrahedron

1965-1968 C*-continuous triangles and quadrilaterals
1966 | soparametric elements

1968-1971 Variable-number-of-nodes elements
1977-1986 H (div), H(curl), and H(div) & H (curl) elements
1992-1996 Meshless methods

Another class of meshless methods that has enjoyed recent popularity is that of particle
methods. An early variant is so-called smoothed particle hydrodynamics (Gingold and Mon-
aghan, 1977). The particle finite element method of Ofate et al., 1996 utilizes geometric
reconstruction from particles combined with finite el ement remeshing strategies and thus has
features in common with meshless methods and classica finite element discretizations. The
discrete element method of Cundall and Strack, 1979 (see also Munjiza et al., 1995) likewise
combines ideas of particles and finite elements. These procedures have opened the way to
solution of very complex engineering problems that are beyond the scope of classical finite
element procedures.

It needs to be mentioned again that finite elements never faithfully replicate the CAD
geometry. It isawaysapiecewise polynomial approximation. In most casesinvolving complex
engineering designs, it has now become a much more formidable task to generate a finite
element model from the CAD geometry than to perform the analysis. This is the primary
motivation behind the development of the isogeometric concept.

1.3 Theevolution of CAD representations

It is generally agreed that present day CAD had its origins in the work of two French au-
tomotive engineers, Pierre Bézier of Renault and Paul de Faget de Casteljau of Citroén.
Bézier, 1966, 1967, and 1972 utilized the Bernstein polynomial basis (Bernstein, 1912) to
generate curves and surfaces. De Casteljau, 1959, developed similar ideas, but his work
was never published in the open literature. Although there seem to be earlier instances
of work utilizing splines, the term “spline” was introduced in the mathematical literature
by Schoenberg, 1946, whose work drew attention to the possibilities of spline approximations,
but the subject did not become active until the 1960s (see Curry and Schoenberg, 1966).
During the early years, the role of the Coons patch (Coons, 1967), based on the idea of
generalized Hermite interpolation (http://en.wikipedia.org/wiki/Hermite_interpolation), pre-
dominated but its influence faded subsequently in favor of the methods of Bézier and de
Casteljau. A number of fundamental contributions occurred during the 1970s beginning with
Reisenfeld's Ph.D. dissertation on B-splines (Riesenfeld, 1972). This was followed shortly
thereafter by Versprille'sPh.D. dissertation onrational B-splines, which havebecomeknown as
NURBS (Versprille, 1975).
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There are many efficient and numerically stable algorithms that have been developed to
manipulate B-splines, for example, the Cox—de Boor recursion (Cox, 1971; de Boor, 1972),
the de Boor agorithm (de Boor, 1978), the Odo algorithm (Cohen et al., 1980), polar forms
and blossoms (Ramshaw, 1987a; Ramshaw, 1989), etc.

Another major development in the 1970s was the pioneering work on subdivision surfaces
(Catmull and Clark, 1978; Doo and Sabin, 1978). Ed Catmull is the CEO of Pixar and Walt
Disney Animation Studios and Jim Clark was the founder of Silicon Graphics and Netscape.
The seminal ideas of subdivision are generally attributed to de Rham, 1956 and Chaikin,
1974. Other works of note are Lane and Riesenfeld, 1980, which isintimately linked to Bézier
and B-spline surfaces, and Loop, 1987, which is box spline based. Subdivision surfaces have
become popular in the field of animation. They generate smooth surfaces from quadrilateral
or triangular (Loop, 1987) surface meshes. For engineering design, NURBS are till the
dominant technology. Recent generalizations of NURBS-based technology that allow some
unstructuredness are T-splines (Sederberg et al., 2003, 2004). T-splines constitute a superset
of NURBS (i.e., every NURBS is a T-spline) and the local refinement properties of T-splines
facilitate solution of the gap/overlap problem of intersecting NURBS surfaces. A recent work
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Table1l.2 Timeline: Milestonesin CAD representations

1912 Bernstein polynomials

1946 Schoenberg coins the name “ spline’
1959 de Casteljau algorithm

1966-1972 Bézier curves and surfaces

1971, 1972 Cox-de Boor recursion

1972 B-splines

1975 NURBS

1978 Catmull-Clark and Doo—Sabin subdivision surfaces
1980 Oslo knot insertion algorithm

1987 Loop subdivision

1987, 1989 Polar forms, blossoms
1996—present Triangular and tetrahedral B-splines
2003 T-splines

shows how to replace trimmed NURBS surfaces with untrimmed T-splines (Sederberg et al.,
2008). Table 1.2 presents atimeline of important developmentsin CAD.

Other technologies of note include triangular and tetrahedral generalizations of B-splines
(see Lai and Schumaker, 2007).

Splines have also been used as a basis for solving variational problems (see, e.g., Schultz,
1973; Prenter 1975; Hollig 2003; Kwok et al., 2001), but these efforts have been dwarfed by
activity in finite element analysis. Spline finite elements were also developed in the (second)
Ph.D. thesis of Malcolm Sabin (Sabin, 1997).

It isinteresting to note that i soparametric elements developed in the 1960s are still the most
widely utilized elements in commercial FEA codes, and even in research activities in FEA.
Thisisin contrast to CAD in which fundamentally new technologies, such as T-splines, have
only recently been introduced. It seems very likely that this trend may continue, presenting
new opportunities to unify CAD and FEA.

Earlier attempts to integrate finite element analysis and computational geometry were
referred to as “physicaly-based modeling.” Severa researchers developed tools for free-
form geometric design based on mechanical principles (see, e.g., Celniker and Gossard, 1991,
Terzopoulosand Qin, 1994; Kagan et al., 1998; Volpin et al., 1999; Bronstein et al., 2008). For
example, rather than manipulating a B-spline surface by explicitly moving the control points,
the material properties of a thin metal shell are ascribed to the surface so that the geometry
may be deformed by applying fictitious forces wherever desired by the designer to “mold” the
surface into the desired configuration. This mechanical approach to geometrical modeling is
appealing in that the geometriesrespond in very intuitive ways. The difficulty isthat it requires
solving differential equations, frequently using an FEA-based approach, each timethe designer
modifies its shape. Many approaches to such modeling are inherently isogeometric. Those
who develop physically-based design systems and those who develop isogeometric analysis
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capabilities have many goals in common. The futures of these technologies are probably
linked.

1.4 Thingsyou need to get used to in order to under stand NURBS-based
isogeometric analysis

In FEA there is one notion of a mesh and one notion of an element, but an element has two
representations, one in the parent domain and one in the physical space. Elements are usually
defined by their nodal coordinates and the degrees-of-freedom are usually the values of the
basisfunctions at the nodes. Finite element basisfunctions are typically interpolatory and may
take on positive and negative values. Finite element basis functions are often referred to as
“interpolation functions,” of “shape functions.” See Hughes, 2000 for a discussion of the basic
concepts.

In NURBS, the basis functions are usually not interpolatory. There are two notions of
meshes, the control mesh? and the physical mesh. The control points define the control mesh,
and the control mesh interpolates the control points. The control mesh consists of multilinear
elements, in two dimensions they are bilinear quadrilateral elements, and in three dimensions
they are trilinear hexahedra. The control mesh does not conform to the actual geometry.
Rather, it is like a scaffold that controls the geometry. The control mesh has the look of a
typical finite element mesh of multilinear elements. The control variables are the degrees-of -
freedom and they are located at the control points. They may be thought of as “generalized
coordinates.” Control elements may be degenerated to more primitive shapes, such astriangles
and tetrahedra. The control mesh may also be severely distorted and even inverted to an extent,
whileat the sametime, for sufficiently smooth NURBS, the physical geometry may still remain
valid (in contrast with finite elements).

The physical mesh is a decomposition of the actual geometry. There are two notions of
elements in the physical mesh, the patch and the knot span. The patch may be thought of
as a macro-element or subdomain. Most geometries utilized for academic test cases can be
modeled with a single patch. Each patch has two representations, one in a parent domain
and one in physical space. In two-dimensional topologies, a patch is arectangle in the parent
domain representation. In three dimensionsit is a cuboid.

Each patch can be decomposed into knot spans. Knots are points, lines, and surfaces in
one-, two-, and three-dimensional topologies, respectively. Knot spans are bounded by knots.
These define element domainswhere basisfunctionsare smooth (i.e., C*). Acrossknots, basis
functions will be CP~™ where p is the degree® of the polynomia and m is the multiplicity
of the knot in question. Knot spans are convenient for numerical quadrature. They may be
thought of as micro-elements because they are the smallest entities we deal with. They aso
have representationsin both aparent domain and physical space. When we speak of “elements’
without further description, we usually mean knot spans.

There is one other very important notion that is a key to understanding NURBS, the index
space of a patch. It uniquely identifies each knot and discriminates among knots having
multiplicity greater than one.

See Table 1.3 for asummary of NURBS paraphernalia employed in isogeometric analysis.
A schematic illustration of the ideas is presented in Figure 1.9 for a NURBS surface in R3,
Detailed examples will be provided in subseguent chapters.



From CAD and FEA to Isogeometric Analysis

Physical
space

Integration is

A . [y
Physical mesh », performed on the
o Fa ', parent element
= w; N, (E)M;(n) \ A
a ™ i &:ﬂ = . J ‘ n
Em S 23 RJ( ) ZVV{J?N;(E;)MJ?(T]) * A
s g 13
= 5 0 >E —> >&
R R Parent
Now,oN, N element !
n
0 12 lg ’
n
Parameter !
space e
N
Knot vectors N,
E:{&pgza&aagmgséevé} s
={0,0,0 12 11 1} n,
H = {n,,M,M3M0 M Ne N7 Mg } n,
:{01 0,0 13 23 1 1 l} &1 Z’52 E_»s i4 <$::5 E.ve &

Index space

Figure 1.9 Schematic illustration of NURBS paraphernaliafor a one-patch surface model. Open knot
vectors and quadratic C-continuous basis functions are used. Complex multi-patch geometries may
be constructed by assembling control meshes as in standard finite element analysis. Also depicted are
Cl-quadratic (p = 2) basis functions determined by the knot vectors. Basis functions are multiplied by
control points and summed to construct geometrical objects, in this case a surface in R3. The procedure

used to define basis functions from knot vectors will be described in detail in Chapter 2.
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Table 1.3 NURBS paraphernaliain isogeometric analysis

Index Space

Control Mesh

Physical Mesh

Multilinear Control Elements

Patches

Knot Spans

Topology:

1D: Straight lines defined
by two consecutive control
points

2D: Bilinear quadrilaterals
defined by four control points

3D: Trilinear hexahedra
defined by eight control points

Patches: Images of rectan-
gular meshes in the parent
domain mapped into the ac-
tual geometry. Patches may
be thought of as macro-
elements or subdomains.

Topology:
1D: Curves
2D: Surfaces
3D: Volumes

Patches are decomposed
into knot spans, the small-
est notion of an element.

Topology of knots in the
parent domain:

1D: Points

2D: Lines

3D: Planes

Topology of knots in the
physical space:

1D: Points

2D: Curves

3D: Surfaces

Topology of knots spans,
i.e, “elements’:

1D: Curved segments con-
necting consecutive knots
2D: Curved quadrilaterals
bounded by four curves
3D: Curved hexahedra
bounded by six curved sur-
faces

Notes

1. Young engineers may not know what vellum and Mylar are. Vellum isatranslucent drafting
material made from cotton fiber. Mylar is the trade name of a translucent polyester film

used for drafting.

2. The control mesh isalso known asthe“ control net,” the “control lattice,” and curiously the
“control polygon” in the univariate case.
3. Thereisaterminology conflict between the geometry and analysis communities. Geometers
will say a cubic polynomial has degree 3 and order 4. In geometry, order equals degree
plus one. Analysts will say a cubic polynomial is order three, and use the terms order and

degree synonymously. Thisis the convention we adhere to.
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NURBS as a Pre-analysis
Tool: Geometric Design and
Mesh Generation

2.1 B-splines

NURBS are built from B-splines and so a discussion of B-splinesisanatural starting point for
their investigation. Unlikein standard finite element analysis, the B-spline parameter space is
local to patches rather than elements. That is, the parameter space in FEA (tellingly dubbed
the “reference element” or “parent element”) is mapped into a single element in the physical
space, and each element hasits own such mapping, asin Figure 2.1. Alternatively, the B-spline
mapping takes a patch of multiple elementsin the parameter space into the physical space, as
seenin Figure 2.2. Each element in the physical spaceistheimage of a corresponding element
in the parameter space, but the mapping itself is global to the whole patch, rather than to the
elements themselves. Patches play the role of subdomains within which element types and
material models are assumed to be uniform. Many simple domains can be represented by a
single patch.

2.1.1 Knot vectors

A knot vector in one dimension is a non-decreasing set of coordinates in the parameter
space, written E = {&1, &, ..., Enypr1), Where & € R is the ith knot, i is the knot index,
i=12,....,n+p+1 pisthepolynomia order, and n isthe number of basis functions
used to construct the B-spline curve. The knots partition the parameter space into elements.
Element boundariesin the physical space are simply theimages of knot linesunder the B-spline
mapping. See, again, Figure 2.2.

Note that the distinction between “elements’ and “patches’ may be thought of in two
different ways. In Kagan et al., 1998 and 2003, the patches themselves are referred to as
elements. This is not unreasonable as the parameter space is local to patches and a finite
element code must include a loop over the patches during assembly. As is clear from the
discussion thusfar, we take the aternate view that patches are subdomains comprised of many

Isogeometric Analysis: Toward Integration of CAD and FEA by J. A. Cottrell, T. J. R. Hughes, Y. Bazilevs
© 2009, John Wiley & Sons, Ltd
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Figure 2.1 Inclassicd finite element analysis, the parameter spaceislocal to individual el ements. Each
element has its own mapping from the reference element.

elements, namely the “knot spans.” This latter view seems more appropriate as, in our work,
numerical quadrature is usually carried out at the knot span level. Furthermore, in the case of
B-splines, thefunctions are piecewise polynomial swherethe different “ pieces’ join along knot
lines. In this way the functions are C* within an element. Lastly, surprisingly complicated
domains can be described by a single patch (e.g., al of the numerical examples in Hughes
et al., 2005). Describing such domains as being comprised of one element seems inconsi stent
with the traditional notion of what an element is.

Knot vectors may be uniform if the knots are equally spaced in the parameter space. If
they are unequally spaced, the knot vector is non-uniform. Knot values may be repeated, that
is, more than one knot may take on the same value. The multiplicities of knot values have
important implications for the properties of the basis. A knot vector is said to be open if its
first and last knot values appear p + 1 times. Open knot vectors are the standard in the CAD
literature. In one dimension, basisfunctionsformed from open knot vectorsareinterpolatory at
the ends of the parameter spaceinterval, [£1, &n4pt1], and at the corners of patchesin multiple
dimensions, but they are not, in general, interpolatory at interior knots. Thisisadistinguishing
feature between knots and “nodes’ in finite element analysis. A further consegquence of the use

Figure 2.2 The B-spline parameter spaceislocal to the entire patch. Internal knots partition the patch
into elements. A single B-spline map takes the patch from the parameter space to the physical space.
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of open knot vectors in multiple dimensions is that the boundary of a B-spline object with d
parametric dimensionsisitself a B-spline object of dimension d — 1. For example, each edge
of aB-spline surface isitself a B-spline curve.

2.1.2 Basis functions

With a knot vector in hand, the B-spline basis functions are defined recursively starting with
piecewise constants (p = 0) :

1 ifg <& <&,
Nio(§) = {O otherwise. ’ (22)

Forp=123,..., they are defined by

E—§ Sirpri—§&

N; = Ni p—
o) & p-a(8) F Eivpr1 —é&in1

i+p— &
Thisis referred to as the Cox—de Boor recursion formula (Cox, 1971; de Boor, 1972). The
results of applying (2.1) and (2.2) to a uniform knot vector are presented in Figure 2.3. For
B-spline functions with p = 0 and p = 1, we have the same result as for standard piecewise
constant and linear finite element functions, respectively. Quadratic B-spline basis functions,

Ni+1,p-1(8). (22

1 1
Nio N4
% 1 2 3 4 5 & % 1 2 3 4 5 &
1 1
Nz,o N2,1

0
0 1 2 3 4 5 ¢ % 1 2 3 4 5 ¢
1 1

N3,0 N3,1
G0 1 2 3 4 5 & O0 1 2 3 4 5 &

il N

1,2
% 1 2 3 4 5 &
al N
2,2

% 1 2 3 4 5 ¢

1,

% 1 2 3 4 5 &

Figure 2.3 Basisfunctions of order 0, 1, and 2 for uniform knot vector £ = {0, 1, 2, 3,4, .. .}.
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however, differ from their FEA counterparts. They are each identical but shifted relative to
each other, whereas the shape of a quadratic finite element function depends on whether it
correspondsto an internal node or an end node. This*homogeneous’ pattern continuesfor the
B-splines as we continue to higher-orders.

There are several important featuresto observein Figure 2.3 in addition to the homogeneity
of the functions. Thefirst isthat the basis constitutes a partition of unity, that is, V&,

>N =1 (23)
i=1

Also observe that each basis function is pointwise nonnegative over the entire domain, that is,
Ni p(€) > 0, V&. Thismeansthat all of the entries of amass matrix will be positive (see Chapter
6), which has implications for developing lumped mass schemes. The third major feature to
note is that each p'" order function has p — 1 continuous derivatives across the element
boundaries (i.e., across the knots). This feature has many extremely important implications
for the use of splines as a basis for analysis and is one of the most distinctive features of
isogeometric analysis. Lastly, the support of the B-spline functions of order pisaways p + 1
knot spans. Thus higher-order functions have support over much larger portions of the domain
than do classical FEA functions. It is a common misconception that this increasing support
of the functions leads to increased bandwidth in a numerical method. This simply is not the
case. Aswe seein Figure 2.4 for cubics, the total number of functions that any given function
shares support with (including itself) is 2p + 1 regardless of whether we are using an FEA
basis or B-splines.

(a) Standard cubic finite element basis functions with equally spaced nodes

(b) Cubic B-spline basis functions with equally spaced knots

Figure 2.4 Bandwidth comparison for FEA and B-spline functions. Regardless of whether we use the
CP FEA cubics or the C? B-spline cubics, the bandwidth of the resulting matrices will be 2p + 1 = 7.
In each case, the function in black has overlapping support with each of the functionsin red, aswell as
with itself.
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N | | NoA Mo

0 1 2 3 4.4 5
Figure 2.5 Quadratic basis functions for open, non-uniform knot vector & ={0,0,0, 1, 2, 3, 4,
4,5,5,5}.

The use of a non-uniform knot vector allows us to obtain much richer behavior than
is possible with a simple uniform one. A quadratic example is presented in Figure 2.5
for the open, non-uniform knot vector & = ({&, &, &3, &4, &5, &6, &7, &8, &9, £10, E11} =
{0,0,0,1,2,3,4,4,5,5, 5}. Note that the basis functions are interpolatory at the ends of
theinterval and also at £ = 4, the location of arepeated knot. At this repeated knot, only C°-
continuity is attained. Elsewhere, the functions are C*-continuous. In general, basis functions
of order p have p — m; continuous derivatives across knot &, where m; is the multiplicity of
the value of & in the knot vector. When the multiplicity of aknot valueis exactly p, the basis
isinterpolatory at that knot. When the multiplicity is p + 1, the basis becomes discontinuous
and the patch boundary is formed.

Thisrelationship between continuity and the multiplicity of the knotsis even more apparent
in Figure 2.6, in which we have a fourth order curve with differing levels of continuity at
every element boundary. At the first internal element boundary, & = 1, the knot value appears
only once in the knot vector, and so we have the maximum level of continuity possible:
CP~1 = C3. At each subsequent internal knot value, the multiplicity is increased by one, and
so the number of continuous derivativesis decreased by one. Note, as before, that when a knot

00000 1 22 333 4444 55555

Figure 2.6 Quartic (p=4) basis functions for an open, non-uniform knot vector E =
{0,0,0,0,0,1,2,2,3,3,3,4,4,4,4,5,5,5, 5, 5}. The continuity across an interior element boundary
isadirect result of the polynomial order and the multiplicity of the corresponding knot value.



24 Isogeometric Analysis: Toward Integration of CAD and FEA

valueis repeated p times, in thiscase at £ = 4, the C° basisis interpolatory. The basisis also
interpolatory at the boundary of the domain, where the open knot vector demands that the first
and last knot value be repeated p + 1 times. The result is “C~1”-continuity, that is, the basis
isfully discontinuous, naturally terminating the domain.

Observe that increasing the multiplicities of the knot values seems to have decreased the
support of some of the functions. This is not a contradiction with the trend we observed
previously as the support of each function N; ,, still beginsat knot & and ends at & 1 p41. That
is, the support of each function is till p + 1 knot spans, but some of those knot spans have
zero measure due to the repetition of knot values. Surprisingly, none of this has any effect on
the bandwidth.

2.1.2.1 Building functions from non-uniform knot vectors

To see how the repeated knot values come into play in the definition of the basis func-
tions, let us explicitly build the quadratic functions corresponding to knot vector & =
{£1, &2, &3, &4, &5, &6, €7} = {0, 0,0, 1, 2, 2, 2} by carefully applying (2.1) and (2.2) within each
knot span. Beginning withi = 1, we have that

_ )1 & <& <8

Nao(€) = {O otherwise. (24)
As & = & = 0, we observe that there exists no value of & suchthat 0 < & and &€ < 0, and
therefore Ny o(¢) = 0. There is no ambiguity in the definition; we need only interpret (2.1)
literally. Applying the samelogic to theremaining indices, wearrive at the following piecewise
constant functions:

N10(§) =0, (2.59)
N2,0(§) = 0, (2.5b)
Nso(§) = { é gtﬁeréwrsel (2.50)
Nao(8) = { pisEe2 (250)

We could proceed toi = 5andi = 6, but the corresponding functions, Ns , and Ng ,, would
be identically zero for al polynomial orders.

In Figure 2.7, we plot the functions of (2.58)—2.5d) in the index space, meaning that
we equally space al of the knots independent of their actual values. The constant functions
corresponding to “trivial” knot spans are aways identically zero.

We now build the linear functions, N; 1(¢), from these constant functions using (2.2). For
i =1, now with p = 1, we have

00—
Ny o0(§) + 5

Ny1(§) = 0—0

7 N2of6) )
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O0 0 0 1 2 2 2 £
1,

OO 0 0 1 2 2 2 £
l,

0 .

0 0 0 1 2 2 2 £
l,

O L L L J

0 0 0 1 2 2 2 £

Figure 2.7 Constant basis functions corresponding to E = {0, 0,0, 1, 2, 2, 2} plotted in the index
space.

Recognizing immediately that N1 o(§) = N2,0(§) = 0, wehaveonly to augment (2.1) and (2.2)
with the definition

0.

Thus, we havethat N; 1(§) = 0.
Asan additional example, consider i = 3. We have

§-0 2-¢
1

N31(§) = -— 0N3,o(§) + 51

Nao(£)

.1 0<&<1,
=§ 0 otherwise,

1 1<&<2
+ (2_5){0 otherwise,

§ 0<é¢<1,
=12-¢ 1<&<2 (2.8)
0 otherwise.

Performing the same steps for the remaining indices results in piecewise linear functions

Nz1(§) =0, (2.99)

1-¢§ 0=§<1

N21(§) = { 0 otherwise, (2.90)
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GO 0 0 1 2 2 2 3
1,

G L L L J

0 0 0 1 2 2 2 i3
1,

G0 0 0 2 2 2 i3
l,

G L L L J

0 0 0 1 2 2 2 i3

Figure 2.8 Linear basisfunctions correspondingto € = {0, 0, 0, 1, 2, 2, 2} plotted in the index space.

3 0<&<1,

N31(§) =12-§& 1<& <2,
0 otherwise.

_JE-1 1<¢£<2,

Na1(§) = {O otherwise.

shown in Figure 2.8.

(2.9c)

(2.9d)

Finaly, we may build the piecewise quadratic functions from these piecewise linears.

Taking, for example, i = 2, we have

-0 2_
N2 2(¢) = i_ ONz,l(E) + 2—(§)N3’1($)
_ . J@-8) 0=<é<1,
=§ 0 otherwise,
1 3 0 <&<1
+5@-§]@-8 1=£<2
0 otherwise,

3(2-¢)? 1<&<2
0 otherwise.

[é(l—$)+%(2—é)$ 0<§<1,

(2.10)
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Figure 2.9 Quadratic basis functions corresponding to £ = {0, 0,0, 1, 2, 2, 2} plotted in the index
space.

Completing the process for the remaining indices, we get the following functions (shown in
Figure 2.9):

_ 2
Mae) = {079 e (2112
E(L-§)+32-8¢& 0<&<1,
N22(8) = { 2 (2—¢)? 1<&<2 (2.11b)
0 otherwise,
1€2 0<é&<1,
Nz2(§) = { 3ER-6)+(2-8E-1) 1<f&<2 (2.11c)
0 otherwise,
_1\2
Ny2(£) = {((f 2 itﬁefwfsez (2.11d)

To get these results we have had to carefully add the different pieces of these piecewise
functions together, which is cumbersome. Fortunately, efficient algorithms exist for basis
function evaluation (see, e.q., Piegl and Tiller, 1997). Our purpose in stepping through the
equations so pedanticaly is to remove some of the mystery about the repeated knots. The
bottom line is that the equations make sense with repeated knots. The confusion comes from
a desire to associate knots with the nodes of classical FEA. We should resist this urge, and
understand the B-spline technology for what it is, not merely by analogy with things that are
aready familiar.
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2.1.2.2 Derivatives of B-spline basis functions

The derivatives of B-spline basis functions are efficiently represented in terms of B-spline
lower order bases. This should not be surprising in light of the recursive definition of the basis
in (2.1) and (2.2). For agiven polynomial order p and knot vector 2, the derivative of theit"
basis function is given by

d p
__.Ni
d& o) = Erp— &

We can generalize this to higher derivatives by ssmply differentiating each side of (2.12) to
get

p
Eivpri—é&in1

—— Nip-1(§) - Ni+1,p-1(8)- (212)

dk gk-1
gz M) = S.+pp : <m Ni,pl(g)>
dgk-1
- §i+p+1p— §iv1 (dk—lf N1, p—1(5;')) : (213)

Expanding (2.13) by means of (2.12) results in an expression purely in terms of lower order
functions Ni p_x, - .., Nk p—x. We have

k

ENi,p(E) (p k)' Zak j N|+1 p— k(g) (2-14)
with

apo = 1,
o = ak-1,0

’ Eivp—ksl— &
o) = Ok—1,j — Otk—1,j—1 =1 k-1

Eivprj—k+1—&ivj
—Ok—1 k-1

gk =

Eivpr1 — Eivk

The denominator of several of these coefficients can be zero in the presence of repeated knots.
Whenever this happens, the coefficient is defined to be zero. Efficient algorithms for these
calculations can be found in Piegl and Tiller, 1997.

2.1.3 B-spline geometries
2.1.3.1 B-spline curves

B-spline curves in RY are constructed by taking alinear combination of B-spline basis func-
tions, just asin classical FEA. The vector-valued coefficients of the basisfunctionsarereferred
to as control points. These are analogous to nodal coordinates in finite element analysis in
that they are the coefficients of the basis functions, but the non-interpolatory nature of the
basis does not lead to a concrete interpretation of the control point values. Given n basis
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N

(a) Curve and control points (b) Curve and mesh denoted by knot locations

Figure 2.10 B-spline, piecewise quadratic curve in R2. (a) Control point locations are denoted by e.
(b) The knots, which define a mesh by partitioning the curve into elements, are denoted by m. Basis
functions and knot vector asin Figure 2.5.

functions, N; p,i =1, 2,...,n, and corresponding control pointsB; ¢ RYi=12...,na
piecewise-polynomial B-spline curve is given by

CE) =) Nip()B:. (2.15)
i=1

Note that the index i in B; serves to identify the control point and is not a reference to one
of its d components. Piecewise linear interpolation of the control points gives the so-called
control polygon.

The example shown in Figure 2.10 is built from the quadratic basis functions considered in
Figure 2.5. The curveisinterpolatory at thefirst and last control points, a general feature of a
curve built from an open knot vector. Notethat it isalso interpolatory at the sixth control point.
Asdiscussed above, thisis dueto the fact that the multiplicity of the knot ¢ = 4 isequal to the
polynomial order. Note also that the curve istangent to the control polygon at thefirst, last, and
sixth control points. The curveis CP~! = C*-continuous everywhere except at the location of
the repeated knot, £ = 4, whereitis CP~? = CPcontinuous. Note the difference between the
control points, shown in Figure 2.10a, and the images of the knots, shown in Figure 2.10b. It
is the knots, mapped into the physical space, that partition the curve into elements.

An affine transformation of a B-spline curve is obtained by applying the transformation
directly to the control points. An affine transformation is a mapping ® : R® — R3 such that
for any vector x € R3,

d(X) = AX+V (2.16)

for some matrix A e R3*2 and vector v € R3. Affine transformations include translations,
rotations, scalings, and uniform stretchings and shearings. The ability to apply an affine
transformation to a curve by applying it directly to the control points turns out to be the
essential property for satisfying so-called “patch tests,” as discussed in Hughes et al., 2005.
This property is referred to as affine covariance?.
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Many properties of B-spline curves follow directly from the properties of their basis func-
tions. Both Rogers, 2001 and Piegl and Tiller, 1997 discuss many such properties in detail.
For example, B-spline curves of degree p have p — 1 continuous derivatives in the absence
of repeated knots or control points. In general, a curve will have at least as many continuous
derivatives across an element boundary as its basis functions have across the corresponding
knot value. Another property the curve inherits from its basis is that of locality. Due to the
compact support of the B-spline basis functions, moving a single control point can affect the
geometry of no more than p + 1 elements of the curve.

B-splines obey a strong convex hull property. The non-negativity and partition of unity
properties of the basis, combined with the compact support of the functions, lead to the fact
that a B-spline curve is completely contained within the convex hull defined by its control
points. For acurve of degree p, we define the convex hull asthe union of al of the convex hulls
formed by p + 1 successive control points. Figure 2.11 shows such convex hulls for p =1
through p = 5 for a given set of control points. Note, in particular, that the convex hull for a
piecewise linear curve isjust the control polygon itself. Figure 2.12 shows the corresponding
curvesthat weobtain by pairing these control pointswith thedifferent bases. Asthe polynomial
order increases, the curves become smoother and the effect of each individual control point is
diminished.

p=5

Figure 2.11 Convex hullsfor p = 1 through p = 5.
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A,
A

p=5

Figure 2.12 B-spline curvesfor p = 1 through p = 5 with the control polygon asin Figure 2.11.

B-spline curves also possess a variation diminishing property. No plane has more inter-
sections with the curve than it has with the control polygon. This property is particularly
striking when compared with the behavior of standard Lagrange polynomials. An exam-
ple is illustrated in Figure 2.13a where Lagrange polynomias of orders three, five, and
seven interpolate a discontinuity represented by eight data points in R2. Note that as the
order is increased, the amplitude of the oscillations also increases. B-splines behave very
differently when the data are viewed as control points. The variation diminishing property
leads the B-spline curves in Figure 2.13b to be monotone, a property that proves useful in
analysis.

A subtle, yet extremely important, point to recognize about Figure 2.13 is that, for a fixed
polynomial order, the Lagrange basis and the B-spline basiswe have used in this example span
exactly the same space. Thisis because we have used only one element and so we are dealing
directly with polynomials, not piecewise polynomials. The difference between the oscillatory
Figure 2.13a and the monotone Figure 2.13b is in whether we have interpreted the data as
nodes in the classical finite element sense, or as control points. It is the pointwise positivity
and the non-interpolatory nature of the B-spline basis that makes this latter interpretation
possible.

Aninteresting example of thelack of robustness of L agrange polynomialsisfoundin Farin,
1999a, which we recreate here. Figure 2.14 shows two attempts at the interpolation of the
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0.5

-0.5

(b)

Figure 2.13 (&) Lagrange interpolation oscillates when faced with discontinuous data. (b) NURBS
exhibit the variation diminishing property for the same data.

functionf() = (2cos(8), sin(@))" inafiniteprecision environment. First, 21 pointsare chosen
by sampling f(¢) at equal intervalsof 6 € [0, = /2]. Tothat initial data, random perturbations of
aprescribed magnitude are added to each point to simulate noisy data, and then interpolationis
performed using a Lagrange basiswith p = 20. In Figure 2.144a, the input data are accurate to
six decimal places, whereasin Figure 2.14b only four digits of accuracy are given. Clearly, the
resulting curves differ dramatically. Such fragility makes Lagrange polynomials exceedingly
uncommon in geometrical design software.

2.1.3.2 B-spline surfaces

Givenacontrol net {B; j},i =1,2,...,n,j =1,2,..., m, polynomial orders p and g, and
knot vectors E = {&1, &, ..., ntpt+1), @d H = {n1, n2, ..., myq+1}, @ tensor product B-
spline surface is defined by

n

SE. M =YY NipE)MjqmBi, (2.17)

i=1 j=1
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(@ (b)

Figure 2.14 Interpolation with Lagrange polynomials. (a) The pointsto be interpolated are accurate to
six digits after the decimal point. (b) The points to be interpolated are accurate to only four digits after
the decimal point.

where N; p(&) and M 4(n7) are univariate B-spline basis functions of order p and q, corre-
sponding to knot vectors E and H, respectively.

Many of the properties of a B-spline surface are the result of its tensor product nature.
The basis is pointwise nonnegative, and forms a partition of unity asV(&, n) € [£1, &ntpra] X

[n1. 77m+q+1],

n

Z Ni.p(E)Mj q(n) = (Z Ni,p@)) (Z Mj.q(’l)) =1 (2.18)
i=1 j=1

i=1 j=1

Thenumber of continuouspartial derivativesinagiven parametric direction may be determined
from the associated one-dimensional knot vector and polynomial order. The surface again
possesses the property of affine covariance and has astrong convex hull property. Interestingly,
thereis no known variation diminishing property for surfaces, though the convex hull property
precludes any two-dimensional analogues of the types of oscillations we saw in Figure 2.13a,
thus generalizing the result of Figure 2.13b to multiple dimensions.

Thelocal support of the basisfunctionsal so followsdirectly from the one-dimensional func-
tionsthat form them. The support of agiven bivariate function Ni,j;p,q(s, n) = Ni p(§)M; q(n)
isexactly [&, & 1 p+1] X [17], nj+q+1]- LEt usconsider aspecific example of abiquadratic (p =
g = 2) surface formed from knot vectors & = {0,0,0,0.5,1,1, 1}and H = {0, 0,0, 1, 1, 1},
with control points listed in Table 2.1, resulting in the control net and mesh shown in Figure
2.15. For this case, the support of Nl,l;z,z(g, n), is[&1, &4] X [n1, na]. Similarly, the support
of N372;2’2(%', n), for example, is [£3, &] x [n2, ns]. The support of each of these functions is
shown in the index space in Figure 2.16a. By equally spacing each of the knots in the plot,
it is easy to see exactly which knot spans each of the functions are supported in, includ-
ing where they overlap. Such a viewpoint is very useful when developing algorithms (see
Appendix A at the end of the book for a discussion of the index space and so-called “NURBS
coordinate” in the context of connectivity). Alternatively, we can present the sameinformation
in the parameter space, as in Figure 2.16b. Here, we have taken into account the actual knot
values. It isclear that we only have two nontrivial elements (elements with positive measure),
and therefore only two elements in which cal culations need to be performed during analysis.
Function N3 2.2 2(£, 7) has support in both of these elements, while Ny 122(£, 1) is only
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Table 2.1 Control points for
the biquadratic B-spline surface
depicted in Figure 2.15

j Bi

1 (0.0)
2 (—1,0)
3 (—2,0)
1 ©,1)
2 (-1,2)
3 (-2,2)
1 (1,1.5)
2 (1, 4)
3 (1,5)
1 (3,15)
2 (3, 4)
3 (3.5)

A BRARBRWWWNNNRPRPEP

supported in the leftmost element. Lastly, we can view these elements in the physical space,
as in Figure 2.16¢, which makes it clear which portions of the actual domain are influenced
by each of the basis functions.

In Figure 2.17 we have plotted the actual functions themselves in the physical space. Note
that NL 1:2.2(&, ) takes on positive values on two of the edges, and it is interpolatory in the
corner. Alternatively, Ng,z;z,z(s, n) isidentically zero on al of the edges. We could not have
explicitly told this from looking at the parameter space or the physical space pictures in

Control net Mesh

Figure 2.15 The control net and mesh for the biquadratic B-spline surface with E =
{0,0,0,05,1,1,1}andH ={0,0,0,1, 1, 1}.
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(a) Index space
nsznezl

n,=n,=0
E"l:E"Z:E":S: 0 &4: 0.5 é5:§6:§7: 1

(b) Parameter space

3.5)

(3,1.5)

(-2,0) (0,0)
(c) Physical space
Figure 2.16  Thethreeways of viewing aB-spline. (a) Theindex space. The support of Nl,l:Z,Z(%_v n)is
shownin red, while the support of N3 2.2 2(&, 7) isin blue. Theregionin which they overlapis purple. (b)
The parameter space. N3 2 2(§, 1) is supported in both elements, while Ny 1.2 2(¢, 1) is only supported

in one. (c) The physical space. Again, N3, 2(&, n) is supported in both elements, while Ny 1.2 (&, 1) is
only supported in one.

Figure 2.16b and Figure 2.16c. We could have determined this immediately, however, by
looking at the index space in Figure 2.16a.

2.1.3.3 B-spline solids

Tensor product B-spline solids are defined in anal ogous fashion to B-spline surfaces. Given a
control lattice? Bijxh,i=12....,nj=12....mk=12...,1, polynomia orders
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N1,1;z,z ) Na,z;z,z ()

Figure 2.17 Biquadratic functions Nl,l;z.z(g, n) and Ns,z;z,z(é, n) plotted in the physical space, from
two different angles.

p.gandr, and knot vectors E = {£1, &2, ..., &nipr1), H = {n1. 02, ..., Mmiqra}, and Z =
{¢1, 22, ..., Q4rs1), @aB-spline solid is defined by

n

m |
S(5.n.¢) = Z D0 T NLpEM] gLk (2)Bij (2.19)

i=1 j=l k=1

Thepropertiesof aB-splinesolidliketheoneshown in Figure 2.18 aretrivariate generalizations
of those for B-spline surfaces.

2.1.4 Refinement

One of the most interesting aspects of B-splines is the myriad of ways in which the basis
may be enriched while leaving the underlying geometry and its parameterization intact. To
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Figure 2.18 A simple B-spline solid.

fully recognize the many possibilities, we must first understand the subtle ways in which the
basic mechanisms of B-spline refinement differ from their finite element counterparts. These
differenceslead to morerichnessin the overall refinement space. In particular, not only do we
have control over the element size and the order of the basis, but we can control the continuity
of the basisaswell.

2.1.4.1 Knot insertion

The first mechanism by which one can enrich the basis is knot insertion.® Knots may be
inserted without changing a curve geometrically or parametrically. Given a knot vector

E ={&1,&, ..., &nrps1), We introduce the notion of an extended knot vector E = {£; =
&1, 8, ..., Enymip+1 = Entpt1), SUCh that E C E. As before, the new n + m basis functions
areformed by (2.1) and (2.2), now by applying them to the new knot vector 2. Thenew n +m
control points, B = {B1, By, ..., Bnim} ", areformed from linear combinations of the original
control points, B = {B1, By, ..., By}', by
B=TPB (2.20)
where
o_ |1 &€l &)

Tij = {0 otherwise (2.21)

and

T_q+1 _ §i+q - gj T-‘-‘ + §j+q+1 - §i+q T

= 9 for q=0,1,2....,p—1 (2.22)
Y Eivg—& " Ejygr1— i

ij+1

Knot valuesalready present intheknot vector may berepeated in thisway, thereby increasing
their multiplicity, but as described in Section 2.1.2, the continuity of the basiswill be reduced.
However, continuity of the curveispreserved by choosing thecontrol pointsasin (2.20)—2.22).

Anexampleof knotinsertionfor asimple, one-element, quadratic B-splinecurveispresented
inFigure2.19. Theknot vector of theoriginal curveisg = {0, 0, 0, 1, 1, 1}. Thecontrol points,
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=2=1{0,0,0,1,1,1} =2={0,0,0,.511,1}

1,
0.8f
0.6
0.4t
0.2
0

0 1

Original curve and control points Refined curve and control points

1 1
0.8 0.8t
0.6 0.6
0.4F 0.4t
0.2 0.2t
0 0

0 1 0 1

Original one element mesh Refined two element mesh

Original basis functions New basis functions

Figure 2.19 Knot insertion. Control points are denoted by e. The knots, which define a mesh by
partitioning the curve into elements, are denoted by m.
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£=1{0,0,0,1,2,3,4,4,5,5,5} ==10,0,0,.5,1,15,2,2.5,
3,35,4,4,45,5,5,5}

N

Original curve and control points Refined curve and control points
Original five element mesh Refined ten element mesh
1 1
0 0
0,0,0 1 2 3 4.4 555 00005 1 15 2 25 3 35 44 45555
Original basis functions New basis functions

Figure 2.20 Knot insertion. Control points are denoted by e. The knots, which define a mesh by
partitioning the curve into elements, are denoted by m. Each element has been evenly split in the
parametric domain.

mesh, and basis functions of the unrefined curve are shown on the left. A new knot is inserted
a & = 0.5. The new curve, shown on the right, is geometrically and parametrically identical
to the original curve, but the control points are changed, the mesh is partitioned, and the basis
isricher. Thereisone more control point, one more element, and one more basis function than
in the unrefined case. This process may be repeated to enrich the solution space by adding
more basis functions of the same order while leaving the curve unchanged. Figure 2.20 shows
the more advanced case of aglobal refinement of the curve from Figure 2.10.

Insertion of new knot values clearly has similarities with the classical h-refinement strategy
in finite element analysis asit splits existing elementsinto new ones. It differs, however, inthe
number of new functions that are created, as well as in the continuity of the basis across the
newly created element boundaries (CP~t inthiscase). To perfectly replicate h-refinement, one
would need to insert each of the new knot values p times so that the functionswill be C° across
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the new boundary. The alternative to inserting new knot values — increasing the multiplicity
of existing knot values to decrease the continuity of the basis without creating new elements—
does not have an analogue in FEA, as FEA meshes have C° element boundaries to begin with.
In this way, knot insertion is very closely related, but not identical to h-refinement. We will
revisit this idea below.

2.1.4.2 Order elevation

The second mechanism by which one can enrich the basisis order elevation (sometimes also
called “degree elevation”). As its name implies, the process involves raising the polynomial
order of the basis functions used to represent the geometry. Recalling from Section 2.1.1 that
thebasishas p — m; continuous derivatives across element boundaries, it is clear that when p
isincreased, m; must also be increased if we are to preserve the discontinuities in the various
derivatives already existing in the original curve. During order elevation, the multiplicity of
each knot value isincreased by one, but no new knot values are added. Aswith knot insertion,
neither the geometry nor the parameterization are changed.

The processfor order el evation begins by replicating existing knots until their multiplicity is
equal to the polynomial order, thus effectively subdividing the curve into many Bézier curves
by knot insertion (see Rogers, 2001 or Farin, 1999b for adiscussion of Bézier curves; we may
think of them as one-element B-spline curves). The next step is to elevate the order of the
polynomial on each of theseindividual segments. Lastly, excess knots are removed to combine
the segmentsinto one, order-elevated, B-spline curve. Several efficient algorithms exist which
combine the steps so as to minimize the computational cost of the process. For a thorough
treatment, see Piegl and Tiller, 1997.

An example of order elevation for a one-element curve is depicted in Figure 2.21. The
original control points, mesh, and quadratic basis functions, shown on the left, are the same
as considered in Figure 2.19. This time the multiplicity of the knots is increased by one but,
as stated above, no new knot values are added. For this simple case, the number of control
points and the number of basis functions each increase by one. The locations of the control
points change, but the elevated curve is geometrically and parametrically identical to the
original curve. There are now four cubic basis functions. Figure 2.22 shows this process on
the more complex example considered in Figure 2.20. The multiplicities of the knots have
been increased but no new elements created. Note that the locations of control points for these
order-elevated curves are different than those in the h-refinement examples (cf. Figures 2.19
and 2.20).

Order elevation clearly has much in common with the classical p-refinement strategy in
finite element analysis as it increases the polynomial order of the basis. The major difference
isthat p-refinement always begins with a basis that is C° everywhere, while order elevation
is compatible with any combination of continuities that exist in the unrefined B-spline mesh.
Thisflexibility leadsusto anew higher-order techniquethat is uniqueto isogeometric analysis.

2.1.4.3 k-refinement: higher order and higher continuity

Aswe have seen, the two primitive refinement operations for B-splines are knot insertion and
order elevation. Knot insertion is similar to h-refinement, but for it to be a perfect analogue
each new knot value would have to be inserted with multiplicity m; = p to ensure aC° basis
everywhere. Similarly, if we begin with a mesh in which all of the functions are aready C°
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Figure 2.21 Order elevation. Control points are denoted by e. The knots, which define a mesh by
partitioning the curve into elements, are denoted by m.

across element boundaries, order elevation coincides exactly with the traditional notion of
p-refinement. Knot insertion and order elevation, however, provide us with more to work with
than do the two standard notions of refinement.

Asmentioned above, we caninsert new knot valueswith multiplicities equal to oneto define
new elements across whose boundaries functions will be CP~1. We can also repeat existing
knot valuesto lower the continuity of the basis across existing element boundaries. This makes
knot insertion a more flexible process than simple h-refinement. Similarly, we have a more
flexible higher-order refinement as well. It stems from the fact that the processes of order
elevation and knot insertion do not commute. If a unique knot value, &, is inserted between
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£=1{0,0,0,1,2,3,4,4,5,5,5} £=1{0,0,0,0,1,1,2,2,
3,3,4,4,4,5,5,5,5}

~_

Original curve and control points Refined curve and control points
Original five element mesh Refined five element mesh
1 1
0 0
0,0,0 1 2 3 44 555 0,0,0,0 11 2,2 33 444 5555
Original basis functions New basis functions

Figure 2.22 Order elevation. Control points are denoted by e. The knots, which define a mesh by
partitioning the curve into elements, are denoted by m. Note the increased multiplicity of internal knots.
Thisis done to preserve discontinuities in the appropriate derivatives of the curve.

two distinct knot values in a curve of order p, the number of continuous derivatives of the
basis functions at & is p — 1. If we subsequently elevate the order to g, the multiplicity of
every distinct knot value (including the knot just inserted) is increased so that discontinuities
in the pth derivative of the basis are preserved. That is, the basis still has p — 1 continuous
derivatives at &, although the polynomial order isnow g. If, instead, we elevated the order of
theoriginal, coarsest curveto g and only theninserted the unique knot value ¢, the basiswould
have q — 1 continuous derivatives at £. We refer to this latter procedure as k-refinement. We
know of no analogous practice in standard finite element analysis.

It is important that we point out that this notion of k-refinement is not the same as the
“k-convergence” described in Kagan et al., 1998 in which the position of the knotsis altered.
It bears more in common with the “k-version finite element method” of Suranaet al., 2002 in
that k refersto continuity, but the motivations are different. The increased continuity in Surana
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et al., 2002 is required so that a least-sgquares finite element approach is possible. Such an
approach requires that the solution space have the same number of continuous derivatives as
found in the highest order derivative of the differential operator. Our motivations for using
basis functions of higher continuity are efficiency and robustness of the solution space in a
classical Galerkin finite element formulation of the problem (see Chapter 3).

The concept of k-refinement is potentially a superior approach to high-precision analysis
than p-refinement. Intraditional p-refinement thereisavery inhomogeneous structureto arrays
due to the different basis functions associated with surface, edge, vertex and interior nodes. In
addition, there is a proliferation in the number of nodes because C°-continuity is maintained
in the refinement process. In k-refinement, there is a homogeneous structure within patches
and growth in the number of control variablesis limited.

Consider aclassical p-refinement processsuch asisseenin Figures2.23b and 2.24a. Assume
the initial domain consists of one element and p + 1 basis functions (assuming an open knot

E=1{0,0,1,1} p=1
@

Knot insertion Order elevation
l 2
1 1
% 1/3 2/3 1 % 1
£=1{0,0,%,%,1,1} p=1 2={0,0,0,1,1,1}, p=2
(b) (c)

Figure 2.23 Whenrefining acoarse, low-order meshto createafine, higher-order mesh, onemay choose
between a p- or k-refinement strategy. Here we see the initial step for each case. (a) Base case of one
linear element. (b) Classic p-refinement approach: knot insertion is performed first to create many low-
order elements. Subsequent order elevation will preserve the C°-continuity across element boundaries.
(c) New k-refinement approach: order elevation is performed on the coarsest discretization. Subsequent
knot insertion will result in abasis which is CP~* across the newly created element boundaries. See the
results of p- and k-refinement for several different polynomial ordersin Figure 2.24.
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Figure 2.24 Three element, higher-order meshes for p- and k-refinement. (a) The p-refinement ap-
proach resultsin many functions that are C° across element boundaries. (b) In comparison, k-refinement
results in amuch smaller number of functions, each of which is CP~1 across element boundaries.
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vector), which we then refine by inserting new knot values until we have n — p elements
and n basis functions, all CP~1. We then perform order elevation, maintaining continuity at
the p — 1 level. This requires replicating each distinct knot value, adding a basis function
in each element and so increasing the total number of basis functionsby n — p to 2n — p.
After atotal of r order elevations of this type, we have (r + 1)n — r p basis functions, where
p is still the order of the original basis. This is seen to be a large number of functions when
one considers that in most cases of practical interest the number of elements will be quite
a bit larger than the order of the basis. For comparison, consider beginning with the same
one-element domain and proceeding by k-refinement, as in Figures 2.23c and 2.24b. That is,
order elevater times adding only one basis function at each refinement, then insert knots until
we have n — p elements as before. The final number of basis functionsisn + r, each having
r + p — 1 continuity. This amounts to an enormous savings as n + r is considerably smaller
than (r + 1)n — r p. Additionally, keep in mind that in d dimensions these numbers are raised
to the d power. Graphical comparisons are shown in Figure 2.25. Note that the mesh, defined
by the knot locations, is fixed and is the same for p- and k-refinements.

Observethat k-refinement, aswe have defined it, is not really “refinement” in the traditional
sense in that it does not lead to a sequence of nested spaces. Consider again the examples
of Figure 2.24. Aswe p-refine in Figure 2.24a from quadratics to quintics, each set of basis
functions is capable of representing every function that could be represented by any of the
bases of lower order. The space was being “enriched” as something is gained at each step, but
nothing is lost. Alternatively, the k-refinement process in Figure 2.24b does not possess this
property. This is obvious if we only consider the continuity. A general function of order p
has discontinuities in the pt" derivative, but every function of order p + 1 has p continuous
derivatives. Whilethe higher-order basesin this sequence have better approximation properties,
they cannot represent the same set of functions as the lower-order bases in the sequence. This
should not be seen asa shortcoming of the approach, but it isadifference between k-refinement
and the more traditional h- and p-refinements.

It is also important to note that “pure” k-refinement, where all functions maintain maximal
CP~1 continuity across element boundaries, is only possible if the coarsest mesh is comprised
of a single element. If the initial mesh places constraints on the continuity across certain
element boundaries, these constraints will exist on all meshes. In general, though some such
constraints will exist, the number of elements desired for analysis will be much higher than
the number needed for modeling the geometry. Refinements may be performed such that the
functions have p — 1 continuous derivatives across these new element boundaries and the
benefits of k-refinement will till be significant.

2.1.4.4 The hpk-refinement space

As we have shown, knot insertion and order elevation are the primitive operations by which
classical h- and p-refinements, as well as the new k-refinement, can be implemented. Recog-
nizing their flexibility as compared with classical refinement procedures makes feasible the
notion of an hpk-refinement space. Recalling that B-spline curves may have no more than
p — 1 continuous derivatives across an element boundary, the set of possible refinements may
be characterized as in Figure 2.26. Pure k-refinement keeps h fixed but increases the conti-
nuity along with the polynomial order, as in Figure 2.27a. Pure p-refinement increases the
polynomial order whilethe basis remains C°, asin Figure 2.27b. Increasing the multiplicity of



46 Isogeometric Analysis: Toward Integration of CAD and FEA

p-refinement k-refinement
(a)

X 105 x10°
15 ‘ 15

10 10

p-refinement k-refinement

(b)

x 10° ‘ x10°
15 . 15

10

0
100

p-refinement k-refinement

©

Figure 2.25 Comparison of control variable growth. (a) The one-dimensional casewithninitial control
points. (b) The two-dimensional case with n? initial control points. (c) The three-dimensional case with
n? initial control points.
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Figure 2.26 The hpk-space. The set of al alowable refinements is contained in the region shown in
green. Note that this region extends in the direction of the arrows.

existing knot values decreases the continuity without introducing new elements, asin Figure
2.27c. Inserting new knot values with a multiplicity of p results in classical h-refinement,
whereby new elements are introduced that have C° boundaries, shown in Figure 2.27d. In-
serting new knot values with amultiplicity of 1 decreases h without decreasing the minimum
continuity already found inthe mesh, asin Figure 2.27e. Considering all of the aforementioned
techniques resultsin amultitude of refinement options beyond simple h-, p- and k-refinement;
see Figure 2.27f.

2.2 Non-Uniform Rational B-Splines

The step from the non-rational B-splines that we have been discussing thus far to Non-
Uniform Rational B-Splines (NURBYS) is a significant one because we gain the ability to
exactly represent a wide array of objects that cannot be exactly represented by polynomials,
many of which are ubiquitous in engineering design. To best appreciate how to work with
NURBS entities we must understand them from both a geometric perspective and an algebraic
one. Theformer viewpoint gives usinsight and intuition that will proveinvaluablein designing
meshes, proving theorems, and a host of other activities related to isogeometric analysis. The
latter viewpoint is particularly useful in designing algorithms and creating software, and will
be the setting in which we most frequently work. Both are essential for cultivating a broad
understanding of NURBS technol ogy.

2.2.1 The geometric point of view

A NURBS entity in RY is obtained by the projective transformation of a B-spline entity in
RY+L |n particular, conic sections, such as circles and ellipses, can be exactly constructed
by projective transformations of piecewise quadratic curves — one of the defining features of
isogeometric analysis. A full discussion of projective geometry is beyond the scope of this
book, but a good introduction in the context of NURBS can be found in Farin, 1999b. For
our purposes, it suffices to consider the example illustrated in Figure 2.28 in which a circle
in R? is constructed from a piecewise quadratic B-spline curve in R®. The transformation is
applied by projecting every point in the curve onto the z = 1 plane by aray through the origin.
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Figure 2.27 The hpk-space. (a) In pure k-refinement, the locations of the element boundaries (and
thus element size, h) are fixed. As the polynomial order, p, isincreased, the continuity of the functions
across element boundaries, kK, is increased such that k = p — 1 at all levels of refinement. (b) In pure
p-refinement, the locations of the element boundaries (and thus element size, h) are fixed. As the
polynomial order, p, isincreased, the continuity of the functions across element boundaries is fixed at
k = Ofor al levels of refinement. () Repetition of existing knot values decreases the continuity across
the corresponding element boundary without creating new elements or changing the polynomial order.
The basis has p — m; continuous derivatives across knot &, where m; is the multiplicity of that knot
vaue. (d) If we insert new knot values with multiplicity of p, new elements are created and the basis
remains C° across al eement boundaries. In this way classical h-refinement is exactly replicated. (€)
Insertion of new knot valueswith amultiplicity of 1 resultsin asplitting of elements, and thus adecrease
in h (shown in the figure as an increasein h~1). The basis has p — 1 continuous derivatives across these
new element boundaries, and so the (possibly lower) minimum continuity already existing in the mesh
is unchanged, as is the polynomial order. (f) Combining knot insertion and order elevation in various
permutations allows us to traverse the entire allowable refinement space.
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We get the control points for the NURBS curve by performing exactly the same projective
transformation to the control points of the B-spline curve. In this context the B-spline, C* (§),
is celled the “projective curve” with its associated “projective control points” B, while
the terms “curve” and “control points’ are reserved for the NURBS objects C(£) and B;,
respectively.

With a given projective B-spline curve and its associated projective control pointsin hand,
the control points for the NURBS curve are obtained by the following relations:

(Bi)j =(Biw)j/u)i, J =1,...,d (2.23)
wi = (B{")a+1 (2.24)

where (B;); isthe | th component of the vector B; and w; is referred to as the it" weight. In
Figure 2.28a, the weights are the z-components of the projective control points. These values,
in general the d + 1 components of projective control points in R4+, are positive in most
applications of engineering interest. Wewill consider them to be positive throughout this book.
Dividing the projective control points by the weights is equivalent to applying the projective
transformation to them. We would like to apply the same transformation to every point in the
curve (e.g., for aprojective curve in R, we would like to divide every point in the curve by its

(b) Curves

Figure 2.28 A circle in R? constructed by the projective transformation of a piecewise quadratic
B-spline in R3. (a) Projective transformation of “projective control point” B} yields control point B;.
Weight w; is the z-component of B”. (b) Projective transformation of the B-spline curve C* (&) yields
the NURBS curve C(§).
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height). We accomplish this by defining the weighting function,
n
W(E) =) Nip(&)wi, (2.25)
i=1

where N; p(¢) is the standard B-spline basis function. In R®, W(¢) = z(£) isthe height of the
curve as afunction of the parameter £. We can now define the NURBS curve as

C©)  _
WE)

As C¥(&) and W(&) are both piecewise polynomial functions, the curve C() is a piecewise
rational function —within each element it is a polynomial divided by another polynomial. In
this NURBS setting, the two polynomials have the same order, and so we frequently refer to
the “order of the NURBS curve,” meaning that of the B-spline from which it was generated.
Phrases such as “a quadratic NURBS curve” are common and should be interpreted in this
sense.

In Figure 2.28Db, the B-spline curve clearly hasfour points of only C°-continuity. To achieve
this with quadratic functions, the knot values at these locations have multiplicities of two.
Now note that the circle itself has no obvious points of reduced continuity. This is not an
uncommon scenario. Frequently, the maximum level of continuity is restricted by the shape of
the projective curverather than the curveitself. For the example at hand, thereisno reasonable
way to construct a circle without some knots at which the continuity is C°, even though there
is nothing obvious about the circle itself to indicate it.

It isinteresting to observe that if one were to multiply all of the projective control points by
a constant (the simplest affine transformation of the projective curve), the resulting NURBS
curve would be unchanged. This is because each point of the projective curve would move
alongitsray through the origin, but not onto adifferent ray. To achieve an affinetransformation
of a NURBS object, we apply the affine transformation directly to its control points (as we
would hope), whileleaving the wei ghtsfixed. Though each weight is associated with aspecific
control point, it is important that we do not think of is as a component of the control point.
Thisis an easy mistake to make as most NURBS data structures will store the weight as the
fourth component of the array that stores its associated control point.

Though this projective geometric interpretation of the situation may seem daunting, rest
assured that we rarely explicitly use it in practice. We will build familiar objects, such as
cylinders or spheres in R3, from simple templates or by using CAD packages rather than
explicitly determining four-dimensional objectsthat yield the desired result under transforma-
tion. The main reason that it isimportant to understand the underlying nature of NURBSisto
recognize that everything that we have discussed thus far for B-splines still holds true. This
is due to the fact that NURBS are built directly from B-splines. In particular, one can refine
the NURBS objects by applying the desired combination of hpk-strategies to the projective
B-spline objects themsel ves.

(CE); =

.d. (2.26)

2.2.2 The algebraic point of view

Though the geometric viewpoint provides us with some intuition about the NURBS objects
we are working with and how they are constructed, it is the algebraic perspective that allows
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us to manipulate them most directly. Part of the power of B-splinesis the ability to intuitively
change their shape by adjusting the control points. We would like to manipulate NURBS in
exactly the same intuitive fashion. To do this, we need to construct a basis for the NURBS
space from knot vectors, and to build curves, surfaces, and solids from linear combinations of
basisfunctionsand control points. In thisway, everything that we have |earned about B-splines
will also be true of NURBS.

As we have seen above, the weighting function of (2.25) is a scalar, piecewise polynomial
function for the d + 1 component of the projective curve. From the geometric point of view,
we have used it to project a B-spline curve from R9+1 into RY. From the algebraic point of
view, it is more productive to use it to construct a basis for the NURBS space directly so
that we may build geometries and meshes in RY while remaining blissfully ignorant of the
projective geometry lurking behind the scenes. This NURBS basis is given by

Ni,p(§)wi Ni p(&)wi
PE) = — = £ : (2.27)
R WE) TN Ew
which is clearly a piecewise rational function. Using (2.27) in conjunction with the control
points of (2.23) leadsto an equation for aNURBS curve,

CE) =) RP(®)B:. (2.28)

i=1

that isformidentical to that for B-splines. In practice, wewill always use (2.28) and not (2.26),
although they are equivalent. Rational surfaces and solids are defined analogously in terms of
therational basis functions

Ni,p(§)Mj,q(nwi,j
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These rational basis functions bear much in common with their polynomial progenitors. In
particular, the continuity of the functions, as well as their support, follows directly from the
knot vectors exactly as before. The basis still constitutes apartition of unity, and it is pointwise
nonnegative. These properties taken together again result in a strong convex hull property for
the NURBS functions.

Note that the weights play an important role in defining the basis, but they are divorced
from any explicit geometric interpretation in this setting, and we are free to choose control
points independently from their associated weights. Also notethat if the weightsare all equal,
then RP(£) = N;. n(&) and the curve is again a polynomial. Thus, B-splines are a specia case
of NURBS.

RPA(E. n) = (2.29)

2.2.2.1 Derivatives of NURBS basis functions

As the NURBS basis functions are constructed from the B-spline basis functions, the
derivatives of rational functions will clearly depend on the derivatives of their non-rational



52 Isogeometric Analysis: Toward Integration of CAD and FEA

counterparts aswell. Simply applying the quotient rule to (2.27) yields

d oy 'W(é)Ni/,p(é) — W/(&)Ni p(8)
dg N B = WE) ’ (231
where N/ (£) = %Ni,p(g) and
W) = 3N (€. @)

i=1

In practice, thisis how we typically compute these derivatives. We have an efficient algorithm
for the derivatives of the non-rational basis (see Piegl and Tiller, 1997, chapter 3, pp. 91-100),
and we use it to compute those of the rational functions using the quotient rule.
An expression is also available for higher-order derivatives of NURBS basis functions.
Following Piegl and Tiller, 1997, let us simplify notation by defining
k
APE) = wi

dEF Ni p(¢), (nosumoni) (2.33)

where we do not sum on the repeated index, and let

dk

W(k)(g) = d%‘k

W(§). (2.34)
Higher-order derivatives of these rational functions may be expressed in terms of lower-order
derivatives as
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2.3 Multiple patches

In almost all practical circumstances, it will be necessary to describe domains with multiple
NURBSpatches. For example, if different material or physical modelsaretobeusedin different
parts of the domain, it might simplify thingsto describe these subdomains by different patches.
Also, if different subdomains are to be assembled in parallel on amultiple processor machine,
it isconvenient from the point of view of data structuresto not have asingle patch split between
different processors. Most common is the case where the domain simply differs topologically
from a cube. The tensor product structure of the parameter space of a patch makes it poorly
suited for representing complex, multiply connected domains. Such geometries can frequently
be handled quite simply by using multiple patches (see, e.g., Figure 2.29).

(2.35)

where
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Figure 2.29 Thebracket onthetopisexactly and concisely represented by five simple NURBS patches
(patch boundaries are shown in red, element boundaries in black). The patches match geometrically and
parametrically on the internal faces where they meet.

Remark

In the isogeometric concept, the geometry is exactly preserved as the mesh is refined. This
means that the precisefillet and holeradii in Figure 2.29 will be maintained during refinement.
The reader knowledgeable of elasticity theory will realize that the exact stress concentrations
induced by thefillet and hole radii will be attained upon convergence. This may be contrasted
with the case of finite element mesh refinement. The difficulty of meshing around sharp fillets
and small holes motivates removing these features, as shown in Figure 2.30, but this produces
entirely incorrect stress concentrations. That dueto the holesis eliminated, and the right-angle
replacing the fillet leads to infinite stresses. Feature removal is common practice in creating
FEA models. Results must be interpreted with extreme caution, because the solution can
change dramatically. An attractive property of isogeometric analysis is that small features,
such asfillets and holes, can be retained in the model.

Even in cases where a cube can be mapped into the desired object, doing so might introduce
such extreme mesh distortion and widely varying Jacobians within elements that analysis will
be adversely affected. Figure 2.31b (from Hughes et al., 2005) shows the amount of mesh
distortion needed to represent the shell with stiffener of Figure 2.31a with a single NURBS
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Figure 2.30 The removal of holes and fillets from the model facilitates the use of an automatic mesh
generator. The values of the stress, however, will be entirely incorrect. Moreover, automatic mesh
refinement may attempt to resolve the spurious stress singularity, resulting in a proliferation of degrees-
of-freedom near the reentrant corner.

patch. A mesh using multiple patches, shown in Figure 2.31c, exhibits far less distortion and
yields amuch more “natural” mesh.

2.4 Generating a NURBS mesh: a tutorial

To complete this chapter on NURBS geometry, it seems appropriate to step through one
simple, abeit nontrivial, example of actually generating a NURBS geometry from scratch.
Though mesh generators and CAD systems obviate some of the details of such an exercise,
getting one’s hands dirty at least once does provide some insight into what goes on under the
hood of such software. Understanding the details of such a process is the first step toward
being able to make sense of any problems that may arise, as well as toward expanding the
technology.

Let us attempt to build aNURBS model of the pipe with a90° elbow bend shown in Figure
2.32. The pipe has an inner radius of 1, outer radius of 2, and the circular bend of the elbow
has aradius of 3 aong the center-line of the pipe. This object is easily described by a single
NURBS patch. We will proceed by laying out a set of general steps for geometric design one
at atime, applying them to the modeling of this particular object as we go.
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Figure 2.31 Multiple patches usually produce better quality meshes (from Hughes et al., 2005).
(a) The dtiffened shell can be modeled using a single NURBS patch. (b) A detail of the stiffener
reveals that such a mapping produces severe mesh distortion that is unavoidable when using a single
patch. (c) Allowing the shell and the stiffener to be modeled by different patches creates a much more
natural mesh. The patch boundaries are shown in red. Analysis on this mesh will be described in Chapter
4. (d) Each of these unique patches has its own parameter space.
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Figure 2.32 A pipewith an elbow bend. This object lendsitself to a simple description using NURBS,
but it is completely outside of the space of standard finite element geometries.

2.4.1 Preliminary considerations

There are many ways to go about building a geometrical model from scratch. Each geometer
undoubtedly approaches the process in a different fashion. In our experience, it is fruitful to
begin by identifying some basic features before even starting to assign polynomial orders,
knot vectors, or control points. The major features to look for are;

1. Corners and other pointsto be interpolated

2. Edges and other lines of reduced continuity

3. Geometric primitives and lower-dimensional NURBS objects

4. Extrusions, surfaces of revolution, symmetries, or other tensor-product-like features

Starting at the beginning of the list, let us address each type of feature one at atime, and
look for them in Figure 2.32. Corners are a natural place to begin as the parameter spaceis a
cube (thereisno loss of generality in assuming it to be acube, as dividing an entire knot vector
by a constant does not change the resulting geometry in any way at al, and so we may always
normalize the knot vectors such that the parameter space is the unit cube). Additionaly, the
use of open knot vectors means that the basis will interpolate the corners, and so identifying
them can give usafew control pointsimmediately. Unfortunately, the pipein Figure 2.32 does
not possess any corners, and thisfirst step does not help for this example.

The next thing to look for is any place where the continuity is obviously decreased. The
most obvious thing would be a crease in the geometry, that is, a sharp edge other than the
image of one of the edges of the parametric cube. For the pipe example, no such creases exist.
The astute observer will note that there isadiscontinuity in the curvature where the cylindrical
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portion of the pipe meets the bend. The experienced NURBS practitioner will realize that this
will actually call for CO-continuity of the basis. Moreover, there will be additional continuity
restrictions in the circumferential direction aswell (recall Figure 2.28b). For our purposes, it
suffices to say that we do not see any creases. We will momentarily postpone the discussion
of the decreased continuity until after we have discussed circlesin more detail.

The third step is to identify simple objects that we aready know how to construct that may
be part of the overall geometry of interest. We can look for “geometrical primitives’ such as
polynomialsor conic sectionsthat we might havetemplatesfor. Recall that the use of open knot
vectors meansthat each face of the NURBS patch will actually beaNURBS surface, and each
edge of those surfacesisaNURBS curve. Thus we can be on the lookout for one-dimensional
objects that we may already know how to model. In this case, we clearly see the presence of
circular edgesin the pipe, and so we will need to know how to construct acircle.

Thelast stepisto look for placesin which aNURBS curve or surface has been swept along
a path defined by another NURBS curve. Such extrusions are very common in engineering
design, and identifying them makes the job of modeling much easier by effectively reducing a
three-dimensional problem into two problems of lower dimension. In the case at hand, we can
see that the annular cross section of the pipeis swept along a path to define the solid geometry.
That path is composed of a straight section (in the upper, cylindrical portion of the pipe) and
acircular section (in the elbow). By first calculating the control points for the annulus, then
those for the path along which it is to be swept, and finally sweeping the control points for the
annulus along the control polygon of the path, we will avoid alot of redundant work.

Foreshadowing the next chapter, it is best to keep in mind that we are generating a mesh to
be used in analysis, not just creating art. For thisreason it is prudent asafina preliminary step
to consider how to avoid excessive distortion of the elements in the geometry we are about
to create. Also, we may want to avoid creating a geometry that will have singularities in the
mapping, or in its inverse. These are only guidelines, not strict rules. For example, the mesh
in Figure 2.33 has a singularity in the inverse of the geometrical mapping along its axis, and
yet has been used in analysis without difficulty. One face of each of the elements adjacent to
the axis has been degenerated by placing multiple control points at the samelocation, and thus
many parameter values map to the same point in physical space. Such amapping is clearly not
invertible. Still, isogeometric fluid and fluid—structure interaction analyses of arterial blood
flow have been performed quite successfully on meshes topologically identical to this one
(seeBazilevset al., 2006b). Thisisdueto thefact that the quadrature points utilized never fall
on the singularity itself.

2.4.1.1 A template for a circle

A circle is one of the most common objects in engineering design. There are many ways to
construct circlesusing NURBS. Some of the more exotic techniques involve negative weights
or control points at infinity, neither of which are desirable for our purposes. The approach
shown here is one of the simplest. For a more thorough treatment, see Piegl and Tiller, 1997.

Arcsof lessthat 180° can be constructed from asingle quadratic NURBS element, as shown
in Figure 2.34. The use of the open knot vector E = {0, 0, 0, 1, 1, 1} means that the first and
last of the three elements in the basis will be interpolatory. Thus, the first and last control
points, B; and Bg, respectively, will lie at the endpoints of the desired arc. We select the
associated weights, w1 and ws, to be equal to one. The remaining control point lies at the
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Figure 2.33 Thegeometrical mapping of thissolid cylinder hasadegeneracy alongitsaxis. Thisresults
in asingularity in the inverse mapping. In practice, however, such meshes have been used successfully.

intersection of the tangent lines passing through the other two points (now we see why this
technique only works for arcs of less than 180°). Its weight, wo, is the cosine of half of the
angle subtended by the arc. That is, if /B;CB3 = 0, where C isthe center of the circle, then
wp = €03(6/2).

Arcsgreater than 180° may be constructed from multiple smaller arcs. These do not haveto
be separate patches entirely, but the basis must be no more than C°-continuous where the arcs

w,=w;=1
W, = €0s(6/2)

Figure 2.34 Tobuild acircular arc from quadratic NURBS, place thefirst and third control pointsat the
endpoints of the arc. The second control point is at the intersection of the tangent lines passing through
these control points. The first and third weights are equal to one, while the second weight is equal to the
cosine of half of the angle subtended by the arc. The associated knot vector is & = {0, 0,0, 1, 1, 1}.
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Figure 2.35 The NURBS mesh for a circle comprised of four 90° arcs. All of the control pointslie on
asqguare in which the circle isinscribed. Five of the control points (one repeated value) are on the circle
itself and have aweight of 1, whilethe remaining control points are at the corners of the square and have
aweight of %

meet. The reason for thisis best understood by referring back to Figure 2.28b. Thisis a case
where continuity is being restricted by the projective B-spline curve, not the actual geometry
we aretrying to create. The continuity inthe geometry is preserved by the appropriate selection
of the control points.

In Figure 2.35 we have created a complete circle from four 90° arcs. We could represent
each of the arcs using separate patches such as the one we have just created. This, however,
is inefficient as there would be redundant control points where the arcs meet. Instead of
having two control points at each of these locations, one from each patch, we can use asingle
patch with multiple elements and CO-continuity at each element boundary. In this case, thisis
accomplished using € = {0,0,0, 1,1, 2, 2, 3, 3, 4, 4, 4}. The resulting geometry is identical
to that in the multiple patch case, and the redundant control points are no longer present. Note
that we have closed the circle by placing thefirst and thelast control point at the samelocation®.

2.4.2 Selection of polynomial orders

Returning to the pipe geometry, the first thing to determine is what polynomial orders will be
needed. In general, we will want to use the lowest polynomial order possible in each of the
parametric directions. Analysis may frequently demand higher orders than geometric design
(e.g., higher-order functions may be needed to avoid locking in structural analysis), but it is
best to work with the lowest order possible during design. This will provide the widest array
of optionswhen it finally does become time for analysis.

For the pipe in Figure 2.32, we will definitely need at least quadratic NURBS in the
circumferential direction in order to replicate the circular features in the cross section. We
will make this the &-direction in the parametric space and set p = 2. Note that we have
no specia features that require modeling through the thickness of the pipe, the n-direction.
Linear functionswill suffice, and so q = 1. Lastly, wewill need quadratic NURBS in the axial
direction (the ¢ -direction in the parameter space) to model the circular geometry of the elbow,
making r = 2. These are the lowest orders that can be used, and so there is no ambiguity in
their selection.
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2.4.3 Sdlection of knot vectors

Determining the knot vector is not as difficult as it may at first appear. The decision will
be made by determining how many elements are necessary and what level of continuity is
required across each element boundary. Often, we can also gain insight from the templates
that we are using. For most purposes, integer knot values are perfectly sufficient. If a knot
vector in [0, 1] ispreferable for some reason, we may proceed by assigning integer values and
simply divide by the greatest value once we are finished, recalling that such an operation has
no bearing on the resulting geometry (nor does adding a constant).

For the pipe, the only geometry in the circumferential direction is circular. If we intend to
follow the template of the above section on circles and use four arcs of 90°, then we can use
the exact same knot vector used previoudly, thus € = {0,0,0,1, 1, 2,2, 3, 3, 4, 4, 4}.

In the n-direction, we have no features to model. Here we are only defining the thickness.
A singlelinear element will do, and so H = {0, 0, 1, 1}.

The ¢-direction requires abit more care. Asisrepresented schematically in Figure 2.36, we
may think of the whole pipe as being comprised of a cylindrical section adjoining an elbow.
Each of these requires only one element in the axial direction, and we have already determined
that the order of the NURBS basis will ber = 2. We could build the two objects separately
using 21 = {0,0,0, 1, 1, 1} for the cylinder and 2, = {1, 1, 1, 2, 2, 2} for the elbow. We do
not, however, want to use two distinct patches (each with identical control pointson the surface
where they meet). As we did with the circle above, we can avoid such redundancy and use
a single patch with two elements in this direction, with C%-continuity between them. The
appropriate knot vector inthiscaseis 2, = {0,0,0, 1, 1, 2, 2, 2}.

Figure 2.36 The pipe has two basic sections: a cylinder and an elbow. We must choose a knot vector
that respects both of these distinct pieces, while alowing us to join them into one geometrical object.
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Figure 2.37 Control points for theinner edge at the top of the pipe. Note that the weights (in blue) are
frequently stored as the fourth component of the control point that they are associated with, but we do
not consider them to be part of the control point itself.

2.4.4 Sdection of control points

Only now that al of the other pieces of the puzzle are in place are we ready to assign the
actual control points. The easiest place to start is normally the corners of an object as they
will be interpolated, but for the pipe example, we do not have any true corners. What we do
have is the template for a circle. More over, we know that the solid geometry is an extrusion
formed by a NURBS surface being swept along a NURBS curve. Thus, let us begin by using
the template to construct the surface to be extruded.

Knowing that the inner radius of the pipeis 1, we can directly apply the template of Figure
2.34 to obtain control points for the inner edge at the top of the pipe (at height z = 4), asin
Figure 2.37. Similarly, we can apply the template to the outer edge, whose radius we know to
be 2. As the through-thickness discretization consists of a single linear element, thisis all of
the information needed to represent the annular cross section, shown with in Figure 2.38.

To form the cylindrical portion of the pipe, we need only to sweep the annulus in a straight
line downward from the top, as in Figure 2.39. We accomplish this by sweeping its control
pointsin exactly the same way. We know the control points for the top surface, at z= 4. The
control points for the bottom of the cylindrical section will be identical, except withz = 1. If
we were using linear elements in the ¢-direction, this would be the whole story, but we are

(-2,2,4,1/qrt(2)) 0,24,1) (2,2,4,1sgrt(2))

ah

(-2,0,4,1) 4 (20,4,1)

\ j repeated

(-2,-2,4,1/qrt(2)) (0,-2,4,2) (2,-2,4,1/sqrt(2))

Figure 2.38 Theannular surface at the top of the pipe. The control pointsfor the outer edge are shown.
Note that the weights are the same asin Figure 2.37.
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Figure 2.39 We form the cylindrical portion of the pipe by sweeping the cross section straight down-
ward.

using quadratics (recall that quadratics were not necessary for this portion of the domain, but
they will be necessary when we get to the elbow). This means that we have an additional level
of control points between the top and bottom of the cylinder (each level corresponds to one of
the three basis functionsin the ¢ -direction of this element). Placing them directly between the
other two levels, at z = 2.5, leads to a linear parameterization of this part of the domain, and
so that iswhat we will do. The resulting control lattice is shown in Figure 2.40.

Figure 2.40 The control lattice for the cylindrical portion of the pipe. Note that there are three levels
of control points, one corresponding to each of the three quadratic NURBS functions in the ¢ -direction
of this element.
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Figure 2.41 The elbow of the pipe is obtained by extruding the annulus of Figure 2.38 aong the
circular arc of Figure 2.42.

The elbow portion of the pipe (Figure 2.41) is formed by sweeping the annulus of Figure
2.38 dlong a 90° circular arc. Aswe seein Figure 2.42, the control polygon for such a curve
makes an “L”, forming a right angle. The weight of the point at the corner, as we would
expect, is1/+/2. The construction of the control lattice for the elbow exhibits an outer product
structure wherein each point of the control net of the cross section follows the path of the
control polygon for a circle whose radius varies depending on where the control point is
relative to the axis of the pipe. Moreover, the first plane of control points is multiplied by
the weight of the first control point in the circular arc, the second level of control pointsis
multiplied by the weight of the second control point in the arc, and likewise with the third.
The result is shown in Figure 2.43.

Joining the cylinder and the elbow together, we get the control lattice for the entire pipe,
shown in Figure 2.44. The resulting eight element mesh, exactly encapsulating the pipe

w=1
1

Figure 2.42 A 90° circular arc with radiusr . The positions of the control points depend on the radius,
but the weights do not. Thisisjust aspecial case of the general template seen in Figure 2.34.
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Figure 2.43 The control lattice for the elbow is obtained by “extruding” the control net of the annulus
along the control polygon of the circular curve. The weights of the control pointsin blue are those of the
annulus, multiplied by the weight of the second control point of the circular curve, iz

Figure 2.44 The control lattice for the pipe.
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Figure 2.45 The mesh for the pipe consists of eight elements.

geometry, is shown in Figure 2.45. The control points, polynomial orders, and knot vectors
used in constructing this NURBS model of the pipe are all tabulated in Appendix 2.A at the
end of the chapter.

2.5 Notation

Now that we have introduced NURBS and seen that B-splines are smply a special case of
NURBS, and we have looked at curves, surface, and solids in several spatial dimensions, it
behooves us to consolidate our notation and terminology a bit. Henceforth, we will always
refer to “NURBS’ even when we may mean “B-splines,” as every B-splineis also aNURBS.
Additionally, we will simply write N(&) to refer to any basis function. It is to be understood
that this could be a univariate, bivariate, or trivariate, non-rational or rational basis function,
possibly comprised of a tensor-product of univariate functions of differing orders. We may
even suppress the explicit dependence on the parameter for the sake of brevity when it is
not needed. L astly, to avoid distinguishing between curves, surfaces, and solids, we will refer
generically to a point in the domain at parameter value & as x(¢). When the details of a
NURBS object under consideration are not stated or made obvious by the context, the reader
may always conclude that the discussion generalizes to all possible cases.

Some additional notation is also warranted. Let us denote the domain in the physical
space (i.e., the geometry) by Q. Similarly, let us denote the domain in the parameter space
by Q. Thus, x : @ — € is the geometrical mapping, taking points in the parameter space
and returning the corresponding points in the physical space. Unless otherwise specified, we
assume this mapping to beinvertible, and sox 1 : Q — € takes pointsin the physical domain
and identifies their corresponding parameter values.

Another point in need of elaboration is the definition of elements. We have already stated
that we consider elements to be the images of knot spans under the NURBS mapping. We
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will denote these knot spans in the parameter space by ¢, and their image in the physical
space as Q¢, whereerunsfrom 1, ..., ng, with ng being the total number of elementsin the
mesh. Confusion is possible when we consider the case of repeated knot values. In our current
implementations, we count every knot span, regardless of its measure, as an element. Thisis
the most convenient approach for the sake of bookkeeping and algorithm devel opment as the
support of basis functionsis aways well defined in terms of the elements when we count this
way (see Appendix A at the end of the book for an example). One could say that such an
approach counts the number of elements in the index space. Alternatively, it is equally valid
to consider only elements of positive measure, particularly if weintend to only use open knot
vectors. This would be equivalent to counting elements in the parameter space (or physical
space as the mapping is assumed invertible) instead of in the index space. It is usually more
intuitive and convenient to take this parameter space view. The reason is that the number of
elements can frequently be determined by simply looking at the mesh. This is the approach
we will take for the remainder of the text. In the end, either approach is equally valid as long
asit is consistent with the data structure being used. None of the discussion in this book will
be dependent upon one interpretation over another.

Lastly, let us refine the usage of indices. In future chapters, theindex i, aswell as j, k, and
I, will bereserved for components of vectorsin physical space, and as such will take on values
from1,...,d. Theindex A will be used to identify the basis functions. It istaken to run from
1, ..., nnp, where ny, isthe total number of basis functionsin the mesh®. The sameis true of
control points; again Aisused and againitrunsfrom1, ..., n,,, 8smay be expected since the
number of control pointsisequal to the number of basisfunctions. When additional indicesare
needed inthe samerole, theletters B, C, and D will be used. On each element, we can simplify
things by recognizing that only alimited number of basis functions, denoted by ne, will have
support on the element. For the NURBS basis, ne, is fixed and does not depend on the specific
element under consideration. Thus we will frequently identify basis functions, control points,
and control variables (see Chapter 3) on a given element €, not by their global index A, but
by alocal index a, which runsfrom 1, ..., ne,. When additional indices are needed in this
samerole, the letters b, ¢, and d will be used. This notation is in keeping with standard finite
element software data structures. For athorough discussion of the global and local indices, as
well as data structures for relating them on an element by element basis, see Chapter 3.

Appendix 2.A: Data for the bent pipe

The solid geometry for the pipe with an elbow bend featured in Section 2.4 uses atrivariate
NURBS basis. The three parametric directions, &, n, and ¢, correspond to the circumferential,
radial, and axial directions, respectively. The corresponding polynomia ordersand knot vectors
are givenin Table 2.A.1 and the control points are given in Table 2.A.2.

Table 2.A.1 Polynomial orders and knot vectors for the bent pipe

Direction Order Knot vector

£ p=2 £=1{0,0011,223,3,4,4,4
n qg=1 £2=1{0,011}

e r=2 £={0,0011,222
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Table 2.A.1 Control points for the bent pipe

=~

Bi 1k Bi 2k Wi 1k Wi 2.k
1 1 (1,0,4) (2,0,4) 1 1
1 2 (1,0,25) (2,0,25) 1 1
1 3 (1,0,1) (2,0,1) 1 1
1 4 (1,0, -1) (2,0,0) 1//2 1//2
1 5 (3.0,-1) (3,0,0) 1 1
2 1 1,1, 4) (2,2, 4) 1//2 1//2
2 2 (1,1,25) (2,2,25) 1//2 1//2
2 3 (1,11 (2,2,1) 1/V/2 1/4/2
2 4 1,1,-1) (2,2,0) 1/2 1/2
2 5 (3,1, -1) (3,2,0) 1//2 1//2
3 1 (0,1,4) (0,2, 4) 1 1
3 2 (0,1,2.5) (0,2,2.5) 1 1
3 3 (0,1,7) 0,2,1) 1 1
3 4 0,1, -2) 0,2,-2) 1//2 1/4/2
3 5 (3.1, -2 (3,2,-2) 1 1
4 1 (-1,1,4) (-2,2,4) 1//2 1//2
4 2 (-1,1,25) (—=2,2,25) 1/+/2 1//2
4 3 (-1,1,1) (-2,2,1) 1//2 1//2
4 4 (-1,1,-3) (=2,2,-4) 1/2 1/2
4 5 (3,1,-3 (3,2, -4 1/4/2 1//2
5 1 (-1,0,4) (-2,0,4) 1 1
5 2 (-1,0,2.5) (=2,0,2.5) 1 1
5 3 (-1,0,1) (-2,0,1) 1 1
5 4 (-1,0,-3) (=2,0, —4) 1//2 1//2
5 5 (3.0,-3) (3.0,-4) 1 1
6 1 (-1, -1,4) (-2,-2,4) 1/v/2 1/4/2
6 2 (-1, -1,25) (-2, —-2,25) 1//2 1//2
6 3 (-1,-1,1) (-2, -2,1) 1/V2 1/4/2
6 4 (-1, -1, -3) (-2, -2, —4) 1/2 1/2
6 5 (3, -1,-3) (3, -2, —4) 1//2 1//2
7 1 (0, -1,4) (0,-2,4) 1 1
7 2 (0, —1,2.5) (0, —2,2.5) 1 1
7 3 (0,-1,1) (0,-2,1) 1 1
7 4 0, -1, -2) (0, -2, -2) 1/42 1/V/2
7 5 (3, -1,-2 (3,—-2,-2) 1 1
8 1 1, -1, 4) (2, -2, 4) 1//2 1//2
8 2 1, —1,2.5) (2, —2,2.5) 1/V2 1/4/2
8 3 -1 (2,-2,1) 1/v2 1/v/2
8 4 @ -1,-1) (2,-2,0) 1/2 1/2
8 5 3, -1, -1) (3,-2,0) 1/V2 1/V2
9 1 (1,0,4) (2,0,4) 1 1
9 2 (1,0,25) (2,0,25) 1 1
9 3 (1,0,1) (2,0,1) 1 1
9 4 (1,0, -1) (2,0,0) 1/+/2 1/+/2
9 5 (3,0,-1) (3,0,0) 1 1
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Notes

1. Thisisfrequently referred to as “affine invariance” in the geometry literature

2. The terms control polygon, control net, and control lattice are precise in one, two, and
three dimensions, respectively. It is often our practice, however, to simplify the matter and
use the term control net regardless of the number of dimensions in which we are working.
Thiswill be the case throughout the book, except when there is a benefit in distinguishing
between the cases. All of these are equivalent to the term “ control mesh” introduced in the
previous chapter.

3. Inthe CAD literature “knot insertion” refers to inserting a single knot into a knot vector,
whereas*knot refinement” refersto inserting multiple knots simultaneously. Here, we make
no distinction and use “knot insertion” to refer to both cases.

4, Thisrepetition of control points could be removed by abandoning open knot vectorsin this
instance. Though thiswould be nice in theory, al of our current softwareis designed under
the assumption of open knot vectors.

5. The subscript np denotes “nodal points,” a term wholly inappropriate for isogeometric
analysis in which we do not have “nodes.” Its present usage is meant to keep the notation
consistent with that of the finite element text of Hughes, 2000.
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NURBS asaBasisfor Analysis.
Linear Problems

In the previous chapter we introduced NURBS in their natural setting. They have been a
mainstay of geometric design for many years due to their flexibility and precision. In this
chapter we bring them into the setting of analysis — an arena to which their unique prop-
erties are also ideally suited. As a basis for analysis, NURBS generalize and improve upon
the traditional piecewise polynomial basis functions, providing unprecedented accuracy and
robustness across a wide array of applications. The power of this combination of geometric
and analytic capabilitiesis at the very heart of isogeometric analysis. We will consider linear
problems in this chapter. Nonlinear problems will be discussed in Chapter 7.

3.1 The isoparametric concept

Theroot idea behind isogeometric analysisisthat the basis used to exactly model the geometry
will also serve as the basis for the solution space of the numerical method (Figure 3.1). This
notion of using the same basis for geometry and analysisis called the isoparametric concept,
anditisquitecommonin classical finite element analysis. Thefundamental difference between
this new concept of isogeometric analysis and the old concept of isoparametric finite element
analysisisthat, in classical FEA, the basis chosen to approximate the unknown solution fields
isthen used to approximate known geometry. |sogeometric analysis turnsthisidea around and
selects a basis capable of exactly representing the known geometry and uses it as a basis for
the fields we wish to approximate. In a sense, we are reversing the isoparametric arrow such
that it points from the geometry toward the solution space, rather than vice versa; see Figure
3.2. Thislogical shift allows usto utilize all of the information that we possess. Fortuitously,
wewill seethat the NURBS basis al so possesses many propertiesthat are quite desirable when
approximating solution fields independently of any geometrical considerations.
Therelianceof traditional FEA on polynomialsis, at least in part, because of their simplicity.
They are easy to program, easy to understand, easy to prove theorems with, and have well
known approximation properties. As long as they are used as the basis of the solution space,
convergence rates and other similar mathematical apparatus are reasonably straightforward
to obtain. This is not to say that proving theorems about other bases is impossible. On the
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Figure 3.1 The isoparametric concept links analysis with geometry. Traditional FEA has been slow
to acknowledge the power and importance of geometry — a sin isogeometric analysis avoids. The
Creation of Adam, Michelangelo, circa 1511, Fresco, 480 x 230 cm, Sistine Chapel, Vatican City
(http://en.wikipedia.org/wiki/Michelangel o).

contrary, it is the isoparametric concept itself that allows us to work confidently with more
exotic bases. Though precise results for non-polynomial bases do exist — for example, severa
theorems regarding convergence for NURBS based isogeometric analysis have already been
proved in Bazilevs et al., 2006a and are discussed in Appendix 3.B at the end of this chapter —
the most basic convergence requirements in many numerical methods are achieved by any
reasonably smooth isoparametric basis that is aso a partition of unity.

As seen, for example, in Hughes, 2000, sufficient conditions for a basic convergence proof
for awide class of problems are satisfied by abasisthat is

e C1 onthe element interiors,
¢ CY on the element boundaries,
e complete.

The requirements of C-continuity on the element interiors and CC-continuity on the ele-
ment boundaries are not at all restrictive. Most bases that we might consider are C* on the
element interiors and (with the exception of Discontinuous Galerkin methods) have at |east
CO-continuity on the element boundaries. The third condition, completeness, requires that, on
any given element €, the basis be capable of representing al linear functions. That is, given
abasis {N,}o=, for the solution space, completeness demands that there exist coefficients da

Classical FEA: Geometry —= Fields
imposed
on
Isogeometric Analysis: Geometry = Fields

Figure 3.2 Reversing the isoparametric arrow. Classica finite element analysis imposes its chosen
solution space onto the description of the geometry. 1sogeometric analysis begins with a basis capable
of representing the exact geometry and imposes it on the solution fields.
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such that, for arbitrary constants Cy, C1, C,, and Cs,

Nen
UM ge = Z Nada = Co + Cix + Coy + Caz. (3.1)

a=1

Thislast property is satisfied by any isoparametric basis that is also a partition of unity. To see
this, simply note that for each point x € Q€ there exists a parameter & such that

x(&) €n Xg
X(E) = 1 YE) 1 =D Nal€) {95 1 (32)

Z(é ) a=1 Z

a

where x¢, y&, and z5 are simply the components of the a" vector-valued coefficient defining
the geometry in element Q€ (these could be nodes, control points, etc., depending on the
specific basis being used). Asthe basisis a partition of unity, at that same point & we have

D Na(®) =1 (3.3)
a=1

Inserting (3.2) and (3.3) into (3.1) and solving for d yields
da = CO + C]_X;le + Czyae =+ ngg. (34)

Thus, the isoparametric concept and the partition of unity are enough to ensure
completeness. Moreover, they are vital to ensuring that isogeometric analysis will result
in convergent methods for many different choices of element technology, NURBS included.

3.1.1 Defining functions on the domain

Interpreting the N (£)’sas NURBS functions and thus recognizing {x¢, y¢, z2}T asthe compo-
nents of control point B,, we see that the geometrical mapping x : 2 — 2 is defined exactly
asin (3.2). We can build other functions over the entire parametric domain in similar fashion.
For example, let 0" : & — R be defined by

Nnp

") = ) Na(€)da. (35)
A=1

The coefficients d are called control variables. Aswith control points, the non-interpolatory
nature of the basis prevents strictly interpreting the control variables as we can do with nodal
valuesin FEA. We can definethe function over the domainin the physical spaceby considering
acomposition with the inverse of the geometrical mapping such that u" : @ — R isgiven by

uM = Mo x7 2. (3.6)
In practice, we will take advantage of the fact that the geometrical mapping is invertible, and
we will not distinguish between u" and G", writing u” to refer to the function regardiess of
which coordinates we are working in.
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The properties of the function u® follow from the basis, just as was the case with other
NURBS objects previously considered. The maximum level of continuity across an element
boundary, for example, is determined by the continuity of the basis across the corresponding
knot span. If thelevel of resolutionisinsufficient, the basismay berefined. Recall from Chapter
2 that such a refinement |eaves both the geometry and its parameterization unchanged. This
means that the geometrical mapping itself is unchanged. Thus refinement may proceed as
needed for analysis without regard for the geometry, which is exact from the coarsest mesh
onward.

3.2 Boundary value problems (BVPs)

Asan example of solving adifferential equation posed over the domain defined by aNURBS
geometry, let us consider Laplace’s equation. Thegoal isto find u : & — R such that

Au+ f =0 in Q, (3.79)
u=g on I'p, (3.7b)
Vu-n=h on I'y, (3.7¢)
Bu+Vu-n=r on g, (3.7d)

where Tp | JINUTr=T =092, 'p [\ I'n[Tr = &, and n is the unit outward normal
vector on 9Q2. Thefunctions f : @ — R,g:I'p > R, h: 'y > R,andr : 'r —> Rareadll
given, asis the constant 8. Equation (3.7) constitutes the strong form of the boundary value
problem (BVP). The boundary conditionsgivenin (3.7b), (3.7c¢), and (3.7d) represent the three
major types of boundary conditions oneis likely to encounter. These are Dirichlet conditions,
Neumann conditions, and Robin conditions, respectively. They will be discussed in detail in
Section 3.4.

For a sufficiently smooth domain, and under certain restrictions on g, h, and r, a unique
solution u satisfying (3.7) is known to exist, but an analytical expression will usualy be
impossible to obtain. However, we may seek an approximate solution of the form of (3.5).
We generically refer to techniques for doing so as numerical methods. Different numerical
methods are simply different techniques for finding da such that u" ~ u. Several different
numerical methods that could be implemented in an isogeometric analysis framework are
presented below.

3.3 Numerical methods

There are several classes of numerical methods that lend themselves to isogeometric analysis.
The primary one, Galerkin finite element analysis, is the approach that has been utilized for
most of the examples contained in subsequent chapters. The other techniquesto be described —
collocation, least-sgquares finite element analysis, and meshless methods — al can be imple-
mented using NURBS. In fact, a NURBS-based approach may have significant advantages
over some of the more traditional implementations of these numerical methods.
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3.3.1 Galerkin

In many circles, theterm “ Galerkin’'s method” isfor all intents and purposes synonymous with
finite element analysis. While FEA has grown considerably beyond the classical Galerkin
method itself, itsroots still liein the approach. Here we present the Bubnov—Galerkin' method
that underlies most of modern finite element analysis.

3.3.1.1 A weak form of the problem

The technique begins by defining a weak, or variational, counterpart of (3.7). To do so, we
need to characterize two classes of functions. Thefirst isto be composed of candidate, or trial
solutions. From the outset, these functions will be required to satisfy the Dirichlet boundary
condition of (3.7b), aswill be discussed in Section 3.4.

To define the trial and weighting spaces formally, let us first define the space of square
integrablefunctionson . Thisspace, called L(£2), is defined asthe collection of all functions
u: Q — R suchthat

/ u?dQ < +oo. (3.8)
Q

Let us consider a multi-index @ € N® where d is the number of spatial dimensions in the
space. Fora = {ay, ..., ag}, wedefine|a| = Z?:l ai. Wenow haveaconciseway to represent
derivative operators. Let D* = D{*D4? ... Dg, where D} = % So that certain expressions

to be employed in the formulation make sense, we shall requi're that the derivatives of the
trial solutions be square-integrable. Specifically, if u : @ — R isatrial solution, then we must
insist that

/ Vu .- vudQ < +oo. (3.9)
Q

Such afunction is said to be in the Sobolev space H1(2), which is characterized by
HY(Q) = (u|D%u € LX), |e| < 1}. (3.10)

We may now define the collection of trial solutions, denoted by S, as al of the functions
which have square-integrable derivatives and that also satisfy

Ulr, = 0. (3.12)
Thisiswritten as
S={ulueHY Q). ulr, =g}. (312

The second collection of functions in which we are interested is called the weighting
functions. This collection is very similar to the trial functions, except that we have the
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homogeneous counterpart of the Dirichlet boundary condition. That is, theweighting functions
are denoted by aset V defined by

V={w|we HYRQ), w|r, =0}. (3.13)

We may now obtain avariational statement of the BV P by multiplying (3.7a) by an arbitrary
test function w € V and integrating by parts, incorporating (3.7¢) and (3.7d) as needed. The
resulting weak form of the problem is now: Given f, g, h,andr, find u € S such that for al
wey

/Vw~VudQ+ﬂ wudF:/wfdQ+/ whdF+/ wrdl.  (3.14)
Q 'r Q I'n I'r

Note that al of the unknown information, namely u, is contained on the left-hand side of the
equation, while al of the given data, h and r, are contained on the right-hand side.

We now see why H () was the appropriate space in which to work. Despite the fact that
the strong form of the equation (3.7) required u to have well defined second derivatives, the
weak form from which the numerical method is built (3.14) only requires that first derivatives
be square-integrable.

Thisweak form may be rewritten as

a(w, u) = L(w) (3.15)
where
a(w, u) = /QVu) -vudQ + 8 A wudl, (3.16)
and
L(w) = / wf dQ +f whdrl’ —l—f wr dI. (3.17)
Q I'n Ir

A few properties of a(-, -) and L(-) are worth noting. The first is the symmetry of a(-, -). It
follows directly from its definition that a(w, u) = a(u, w). Also, a(-, -) isbilinear and L(-) is
linear. That is, for al constants C; and Co,

a(Ciu + Cov, w) = Cia(u, w) + Cra(v, w), (3.18)
L(Ciu + Cov) = CyL(u) + CoL(v). (3.19)

This concise notation, or variants thereof, is quite common in the finite element literature.
For problems other than the L aplace equation, the details vary, but the basic form remains. It
captures the essential mathematical features of the variational method (as well as suggesting
features of a finite element implementation) that are more general than the details of the
equation itself.

The solution to (3.14), or equivalently (3.15), is called aweak solution. Under appropriate
regularity assumptionsit can be shown that the weak solution and the strong solution of (3.7)
are equivalent; see Hughes, 2000.
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3.3.1.2 Galerkin’s method

Galerkin's method consists of constructing finite-dimensional approximations of S and V,
denoted S and V", respectively. Strictly speaking, these will be subsets such that

Shc s, (3.20)
V. (3.21)

Furthermore, these will be associated with subsets of the space spanned by the isoparametric
basis.

We can further characterize S" by recognizing that if we have a given function g € S"
such that g"|r, = g, then for every u" € S" there exists aunique v" € V" such that

u ="+ g" (3.22)
This clearly will not be possible for an arbitrary function g, but at present let us assume that
such a g" exists. Section 3.4 will discuss the general case at length.

We can now write a variational equation of the form of (3.15). The Galerkin form of the
problemis: Given g", h, andr, find u" = v" 4 g", where v" € V", such that for all w" in V"

a(w", u™) = L@w"). (3.23)
Recalling (3.22) and the bilinearity of a(-, -), we can rewrite (3.23) as
a(w", v") = L") — a@", g"). (3.24)

In this latter form, the unknown information is on the left-hand side, while everything on
the right-hand side is given, as before. (3.23) and (3.24) are sometimes referred to as the
Bubnov-Galerkin method.

Remark

A related method, the Petrov—Galerkin method, assumes a weighting space that is different
than V", that is, v" € V" but w" € V" % VM. The use of Petrov’s name seems to emanate
from Mikhlin, 1964. Boris Galerkin (see Figure 3.3) published his seminal paper in 1915 (see
http//en.wikipedia.org/wiki/Boris_Galerkin).

Figure 3.3 Boris Galerkin.



76 Isogeometric Analysis: Toward Integration of CAD and FEA

3.3.1.3 Matrix equations

The finite-dimensiona nature of the function spaces used in Galerkin’s method leads to a
coupled system of linear algebraic equations. Let the solution space consist of all linear
combinations of agiven set of NURBSfunctions N : Q— R,whereA=1,..., Nnp. Recall
that the support of the functionsis highly localized and that very few functions are non-zero
on the boundary of the domain. Without loss of generality, we may assume a numbering for
these functions such that there exists an integer neq < Npp Such that

Nalr, =0 VA=1,... ng. (3.25)
Thus, for al w" € V", there exist constantsca, A = 1, ... ., Neq Such that
Neq
w" =) " NaCa. (3.26)
A=1

Furthermore, the function g" (frequently called a “lifting”) is given similarly by coefficients
ga, A=1,...,Nyp. In practice, we will always choose g" suchthat g; = ... = On, = 0 8s
they have no effect onitsvalue on I'p, and so

Nnp

g"= Z Naga. (3.27)

A=ngg+1

Finally, recalling again (3.22), for any u" € S" there exist da, A =1, ..., N Such that

Neq Nnp Negq
uh = Z Nada + Z NgQgs = Z Nada + gh. (3.28)
A=1 B=neg+1 A=1

We may insert (3.26) and (3.28) into (3.24), and take advantage of linearity to obtain the
expression

Neg Neg
> ca (Z a(Na, Ng)ds — L(Na) + a(Na, gh)) =0. (3.29)
A=1 B=1
Asthe cp’s are arbitrary (recall that (3.29) isto hold for al w" € V), it follows that the term
in parentheses must vanish. Thus, for A=1, ..., ne,
Neq
> a(Na, Ng)dg = L(Na) — a(Na, g"). (3:30)
B=1
Proceeding to define
Kas = a(Na, Ng), (3.31)

Fa = L(Na) — a(Na, g", (3.32)
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and
K = [Kag], (3.33)
F = {Fal}, (3.34)
d = {da}, (3.35

for A, B =1..., ng, wecan rewrite (3.30) as the matrix problem
Kd =F. (3.36)

Due to the finite element method's historical origins in structural analysis, the following
terminology is frequently applied independently of the actual problem being solved

K = stiffness matrix,
F = force vector,

d = displacement vector.
Solving (3.36) for theda’sfor A=1,...,ne as
d=KF, (3.37)

and then inserting them back into (3.28) lets us finally write the solution u" as

Nnp

Neg
u"=> "Nada+ > Nags. (3.39)
A=1

B=neq+1

3.3.1.4 Assembling the system

It is important to note that K is a sparse matrix. This is aresult of the fact that the support
of each basis function is highly localized. Thus, for many combinations of A and B in the
Neq X Neq Olobal stiffness matrix, Kag = a(Na, Ng) = 0. We can take advantage of this fact
in order to reduce the amount of work necessary in building and solving the algebraic system.

If we look back at any of the pictures of basis functions from Chapter 2, we note that the
maximum number of functions with support on any given element is alwaysfixed by the order
of the polynomial. That is, for each element in the patch, the maximum number of functions
that are not identically equal to zero throughout the patch is the same regardless of which
element is under consideration. Let us denote this number of local shape functions by ne,.
Thus, if we were to build an ne, x ne, element stiffness matrix, k&, by posing the problem
over asingle element, this matrix would always be dense. The term local stiffness matrix is
also common, and we use it interchangeably.

The above approach is exactly the one we take in practice. The process of building the
global stiffness matrix and force vector is called assembly. Instead of looping through all of
the global shape functions, taking global integralsto build K one entry at atime, we will loop
through the elements, building element stiffness matrices as we go. Every entry of each of
these dense element stiffness matrices will then be added to the appropriate spot in the global
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stiffness matrix. In this way, we need not expend effort integrating functions over regionsin
which we know a priori that they are zero?.

This process is made simple by a connectivity array that links every local shape function
number to a global shape function number. Let us call the connectivity array IEN. For each
element number e from 1, ..., ng, and local function number a from 1, ..., ne, thereis a
global function number A from 1, ..., ng such that IEN(a, €) = A. That is, local function
N, of element Q€ and globa function Np are exactly the same. This alows us to build
the global stiffness matrix from a sequence of local ones. Similarly, the global force vector
F is assembled from the local force vectors F€. Along the way, we are only performing
integration on functions that are non-zero. See Appendix A at the end of the book for a
more detailed discussion of connectivity arrays. The assembly processis described in detail in
Hughes, 2000.

The actua integration is performed by Gaussian quadrature. Asseenin Figure 3.4, integrals
are pulled back, first onto the parametric domain and then onto a bi-unit parent element,
and integration is performed using a classical change of variables formulation. Having a-
ready denoted coordinates in the physical space by x and coordinates in the parameter space
by &, let us denote coordinates in the parent element by &. Similarly, we have aready de-
noted the element in the physical space by ©2° and in the parameter space by e, and so let
us denote the parent element by Q°. The mapping x : € —  from the parameter space to
the physical spaceisdefined in (3.2). We now introduce an affine mapping ¢ : ¢ — Q€ from
the parent element to the element in the parameter space. The pullback from the physical
space to the parent element, needed to perform quadrature, is achieved using the composition
of the inverses of the two mappings, asin Figure 3.4. At each quadrature point in the parent
element, we must evaluate the basis functions, their gradients, and the Jacobian determinant
of the pullback. This is done via a shape function routine®. The details of these compu-
tations, as well as pseudo-code for a shape function routine for NURBS, are contained in
Appendix 3.A at the end of this chapter. See Hughes, 2000, for additional details of numerical
integration.

Even though the NURBS functions are not necessarily polynomials, Gaussian quadrature
seems to be very effective for integrating them. We can use the same Gauss rule for a pt"
order NURBS function as one would use for a polynomial of the same order. Though this
approach to integration isonly approximate, it isimportant to note that integrating the classical
polynomial functions by quadrature on elements with curved sides is only an approximation
aswell.

Once Galerkin’s method has been applied and an approximation, u”, has been obtained, it
isfair to inquire asto just how good of an approximation it is. Results for classical FEA and
isogeometric analysis are discussed in Appendix 3.B at the end of this chapter. It turns out
that, for elliptic problems such as the one considered in this section, the solution is optimal in
avery natural sense; see chapter 4 of Hughes, 2000.

3.3.2 Collocation

A much simpler numerical method for approximating solutions to differential equations such
as(3.7) iscaled collocation. Its simplicity follows from the fact that the differential equation
isonly enforced at a discrete set of points, thus making evaluation and assembly much faster.
The trade-off for this simplicity is that it is much more difficult to perform error analysis of
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N

G

Figure 3.4 Integration is performed by Gaussian quadrature on one element at a time. The physical
element is pulled back first to the parametric domain through the geometrical mapping, then through a
second mapping, this one affine, to the parent element. Standard change of variables rules apply.

the method, particularly on general domains. However, its efficiency makes it an attractive
aternative to FEA.

A full treatment of collocation is beyond the scope of this book. Practitioners will find
this brief introduction woefully lacking as many collocation techniques are much more so-
phisticated than what we present. Our goal is to give a very simple introduction to how the
approach might be used in an isogeometric analysis setting, not to give a full representation
of the current state of the art.

The goal of collocation isto generate a solution that obeys the differential equation at a set
of discrete points called the collocation points. Thisis till an isoparametric method in that we
look for asolution in the space of functions spanned by the basis from which we have built the
geometry. That is, we will again look for a solution having the form of (3.28). For simplicity,
let usassumethat f =0, T'p =T andthus'y =T'gr = @.

In the simplest of all collocation methods, we will introduce a set of collocation points
¢a € Q2 at which to enforce the differential equation. The collocation problem issimply: Find
u" such that

AuM(za) = 0, (3.39)

for A=1, ..., ng. Note that, as with the Galerkin finite element case, we have built the
Dirichlet boundary condition directly into the solution space, and thus have no eguation
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explicitly pertaining to it as we did in the strong form of the equation (3.7). If we substitute
(3.28) into (3.39) and take advantage of the linearity of the Laplace operator, we may rewrite
the system as

Y ANg(ta)ds = —g"(za)- (3.40)

B=1

We may again recast the problem in the language of matrix algebra. To do so, we define

Kag = ANg(¢a) (341)
Fa=—0"(¢a) (342)
and
K = [Kag], (3.43)
F = {Fa}, (3.44)
d = {da}, (3.45)

for A, B=1..., ng. Now (3.40) may be rewritten as
Kd=F. (3.46)
If K is nonsingular, then (3.46) will have a unique solution
d=KIF, (3.47)

and u" will again be exactly asin (3.38). Whether or not we can invert the matrix depends on
the locations of the collocation points. The selection of these points is clearly not arbitrary.
It isimportant that the total number of collocation points be equal to the number of degrees-
of-freedom in the solution space, but if all ng of them were placed in a single element in
which only asmall fraction of the total number of basis functions were non-zero, many of the
columns of K would be filled with zeros.

While selecting the appropriate locations of the collocation points has been the topic of
much research, thereis afairly simple solution that seems to work for the NURBS functions.
It was first suggested for curve and surface interpolation in Lim, 1999, and appeared again
in the context of solving BVPs in Kwok et al., 2001. The idea is to associate each of the
Neq collocation points with one of the ne basis functions. Each ¢4 is placed at exactly the
location of the maximum of function Na, see Figure 3.5. Not only does this guarantee a
nonsingular matrix K, but its conditioning, as well as the smoothness of the results, compare
quite favorably with other methods. This simple approach is not perfect, however, as the
stability of the resulting system can still be a problem; see Kwok et al., 2001. Selection of
optimal collocation pointsis still an open problem.

Theonly issueremainingisthat of selecting theorder of NURBSfunctionstobeused. Linear
functions will clearly be insufficient as the second derivatives are required in the assembly
of the stiffness matrix. The second derivatives of the linear functions are all zero on element
interiors and are Dirac layers on the element boundaries. In such cases, the stiffness matrix
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Figure 3.5 For NURBS functions, one approach to the selection of the collocation points is to place
them at the maxima of the basis functions. Each of the collocation points, shown here as red triangles,
are located at parameter values at which a function achieves its maximum. The first and last function,
which have support on the boundary, are not included because they correspond to the lifting, g". That is,
we do not solve for their coefficients; they are given as ga’s. Ancther promising possibility is to locate
the collocation points at the Greville abscissae (see Farin, 1999a) as proposed by Johnson, 2005a, 2005b.

would be unusable. Quadratic functions could be used, aslong as the collocation points never
corresponded to knot val ues as the second derivatives would be undefined at the knots. Cubics
and higher are the best option. Not only could the collocation points be chosen at the knots if
necessary, but the continuous second derivative might make the the quality of the result less
sensitive to the location of the collocation points.

3.3.3 Least-squares

An approach that is similar in style to Galerkin FEA is the technique of least-squares finite
element analysis®. As opposed to multiplying the strong form of the equation (3.7) by a
weighting function and integrating, as we did in the Galerkin case, here we first apply the
differential operator to the weighting function itself before multiplying and integrating.

In defining the spaces of trial solutions and weighting functions, we must consider the
effect of the differential operator acting on the weighting function. The space H(Q2) was
sufficient for Galerkin finite elements because integrating by parts allowed us to shift one
of the derivatives off of the trial solution and onto the weighting function. In the case of
least-squares, the weighting function already has the same number of derivatives applied to it
asdoesthetrial solution, and so the integration by partswill not be performed. Thus, we must
require that the spaces have, not just square integrable first derivatives, but square integrable
second derivatives. The Sobolev space H?(2) isjust such a space. It is defined by

H2(Q) = {u|D%u € L3(Q), || < 2}. (3.48)
We define the trial solution space and weighting function spaces as
S={u|ueH¥Q),ulr, =0} (3.49)
and
V={w|w e HQ), wlr, =0}, (3.50)

respectively.
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Assuming again that I'p = I, the resulting weak problem for a least-squares approach is:
Findu € S such that for all w € V

/AwAudQ:/ Awf dQ. (3.52)
Q

Q

We write this using bilinear form a(-, -) as

a(w, u) = L(w), (3.52)
where
a(w,u):/ﬂAwAudQ, (353)
and
L(w):/QAwfdQ. (3.54)

Aswith Galerkin FEA, wewill seek anumerical solution by working with finitedimensional
subspaces S" ¢ S and V" ¢ V that are spanned by the NURBS basis. We assume that there
exists a lifting g" € SM such that g"|r, = g, and thus for every u" € S" we have a unique
decomposition u" = v" + g", where v" € V. Thus, the least-squares finite element problem
isnow: Find u" = v" 4+ g", where v" € V", such that for all w" e V"

a(w", v") = L") — a@", g"). (3.55)

From here we proceed exactly asin the Galerkin case to assemble and solve a matrix system
for the coefficients of the solution.

Recall that the solution and weighting spaces here are different than in the Galerkin case.
The need for square-integrable second derivatives demands the use of C*-continuous basis
functions. This is clearly not a problem for the NURBS basis, as long as the functions are
quadratic or higher order. However, at the interface between patches, constructed from open
knot vectors, there will only be C° continuity. Here the C* continuity can be enforced weakly
by employing the so-called “continuous/discontinuous Galerkin (CDG) method” of Engel
et al., 2002. See aso Hughes and Garikipati, 2004; Wells et al., 2006; Wells and Dung, 2007;
and Dung and Wells, 2008.

Proponents of the |least-squares approach assert several desirable features of the method,
many of which strike at topics that are beyond the scope of this book. At the very least, it is
worth mentioning that the resulting stiffness matrix is symmetric and positive definite in all
cases, Whereas for the Galerkin approach it depends on the differential operator being used.
(Note that in the example of the Laplace equation, both techniques result in a symmetric
positive definite matrix.) For a good overview of least-squares methods, see Bochev and
Gunzburger, 1998.
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3.3.4 Meshless methods

So called “element-free” or “mesh-free’ methods have generated a substantial amount of
research interest in recent years (see, eg., Nayroles et al., 1992; Belytschko et al., 1994; Liu
et al., 1995; Duarte and Oden, 1996; Melenk and Babuska, 1996), though they are as-of-yet
rarely seen in industrial practice. There are differences in the approaches that are taken and
the names that are used. Usually, the underlying numerical method is Galerkin finite element
analysis. What distinguishes the method is the rel ationship between the geometry, the basis of
the solution space, and the quadrature technique being used.

The basic concept of a meshless method is schematically depicted in Figure 3.6. Here the
geometry of the domain is typically represented by a boundary description. The basis for
the solution space has nothing to do with the geometric description, and hence this is not
an isoparametric approach. Here a set of radial basis functions is being generated by a set
of nodes scattered in an unstructured fashion throughout the domain. Lastly, a “background
cell structure” is used for the purposes of integration. Quadrature rules are applied on the
intersection of the cells with the domain.

In some ways this is the opposite approach to avoiding the problems of mesh generation
as that taken by isogeometric analysis. Rather than uniting the geometry with the solution
space as much as possi ble, meshless methods give them complete autonomy so that one might
be considered without the other. While attractive in theory, such an approach is not without
its problems. Sakurai, 2006, describes the difficulty of integration, the treatment of Dirichlet
boundary conditions, and the low computational efficiency as major drawbacks of the method,

* nodes

X

quadrature
. o points

Figure 3.6 Meshless methods separate the tasks of geometry representation, solution representation,
and quadrature. A boundary representation is used to describe the geometry. An unrelated basis is
introduced to represent the solution. In this case, we have used an unstructured distribution of nodes,
each with an associated radial basis function. The support of one such function is seen in red. In order
to integrate the functions, a background cell structure is often introduced, with quadrature points placed
within each cell.
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but goeson to say that “the greatest di sadvantage of [ meshless methods] caused by abandoning
elements is that the ability to define the geometry of the analysis object has been lost.” Of
coursg, thisis exactly the areain which isogeometric analysis shines. Still, meshless methods
are enjoying much popularity in the academic community and are worth being aware of .

Thereare at | east two spline-based techniquesin the literature that fall under the umbrella of
meshless methods. Thefirst isthat of Hollig, 2003, in which the background cells are simply
a B-spline mesh in the parameter space. A basisis generated from this grid, but it is not used
to define ageometrical mapping. Instead, an unrelated description of the geometry isimposed
directly in this parameter space, similar to that in Figure 3.6 (though B-spline functions
are used, instead of the radial basis functions shown). Once the boundary is identified, the
B-spline basis is augmented to construct so-called “weighted, extended B-splines’ or web-
splines, which are used as the basis of the solution space. Integration is performed using the
background cells, as described above.

A different approach, far more in keeping with the concept of isogeometric analysis, is
that of Natekar et al., 2004. They perform shape optimization (a true union of design and
analysis) usingaNURBS description of the geometry and solution space. Though quadratureis
performed on the knot spans, asin Section 3.3.1, rather than on some background cell structure,
the authors refer to this as ameshless method. The reason for this meshless designation seems
to be related to the nature of the constructive solid geometry approach they employ. In this
technique, the domain is defined by the unions and intersections of multiple, frequently
overlapping, NURBS patches. Thus, there are regions of the domain with multiple parametric
descriptions that must be reconciled. This complicates quadrature and prevents the technique
from being truly isoparametric in the traditional sense, though the same descriptions are
employed for both the geometry and the solution space.

We may also mention the recent work of Gonzalez et al ., 2008.

3.4 Boundary conditions

Turning our attention back to NURBS based isogeometric analysisin a Galerkin FEA setting,
let us take a closer look at the implementation of boundary conditions. The three major types
of boundary conditions are each represented in (3.7). They are Dirichlet conditions, Neumann
conditions, and Robin conditions, given in (3.7b), (3.7¢), and (3.7d), respectively. They each
present their own set of challenges.

3.4.1 Dirichlet boundary conditions

Dirichlet conditions as in (3.7b) are also known as “essential boundary conditions” This
reflects the fact that a standard variational statement of the problem, as in (3.15), requires
that these conditions be built directly into the solution space. That is, there is no placein the
Galerkin formulation of the problem in which to impose these conditions, and for that reason
we build them directly into the space.

In Section 3.3.1.2 we assumed that there existed a function g" € S" such that g"|r, = g,
and we referred to this function as alifting. In practice, this will frequently be the case, but
there will also often be instances in which a lifting is only an approximation of g. In either
case, we refer to this process of imposing the Dirichlet conditions by building them directly
into the space by means of a lifting as strong imposition of the boundary condition. The
alternative of weak imposition of the Dirichlet condition will also be discussed.
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3.4.1.1 Strongly imposed Dirichlet conditions

The case of g =0 is referred to as having “homogeneous Dirichlet conditions,” and it is
the most frequently encountered case in practice. Assuming g" is of the form of (3.27),
homogeneous boundary conditions are easily built into the solution space by letting ga = 0
for A=neq+ 1, ..., Ny —recall that we alwaysset gy, . .., On,, = O regardless of the value
of g asthey have no effect on the boundary. Similarly, if g isaconstant, the partition of unity
property of the basis ensures that we need only set the gn,, 11, - - - , Gn,, t0 that constant value.
Other functions that are in the NURBS space (e.g., linear functions) may be set by selecting
the control variables appropriately.

In many instances we will have no reason to believe that g actually exists in the NURBS
space, and so the lifting will only be an approximation g"|r, ~ g. In such a case, there are
several waysinwhich to proceed. Classical finite elementstypically interpolate g at the nodes.
In isogeometric analysis, we may interpolate g with the control points, but asthe basisitself is
non-interpolatory this may result in aslightly smeared g". It is still aviable option, frequently
yielding better results than FEA (recall Figure 2.13). If this approximation is unacceptable, a
better lifting may be found by running a curve or surface fitting algorithm to get, for example,
aleast-squares fit of the prescribed Dirichlet data. Either way, once alifting g" isfound, it is
built into the space and used as though it were exact.

3.4.1.2 Weakly imposed Dirichlet conditions

Anaternativeto thetraditional approach of using aliftingistoimposethe boundary conditions
weakly by adding terms to the variational equation to enforce them as Euler—Lagrange condi-
tions. This can be done regardless of whether or not an appropriate lifting exists. In Bazilevs
and Hughes, 2007, it was shown that weakly imposing boundary conditions in problems as-
sociated with boundary layer phenomena can help eliminate some of the spurious oscillations
encountered with traditional strongly imposed conditions.

Let the trial solution and weighting spaces both be H($2). Note that we do not enforce
wlg, = 0inthiscase. The weak form of (3.7a) that naturally arises from integration by parts
issimply

—/Vw-VudQ+/qu-ndF+/wfdQ:O. (3.56)
Q r Q

We will augment this equation by the addition of two extra terms, which together serve to
penalize errors in the enforcement of the boundary condition and to ensure that the method is
still optimally convergent. The resulting formulation is

—/Vw-VudQ+/qu~ndF+/wfdQ
Q r

Q

+/ y(Vw~n)(u—g)dI‘—|—/ hgw(u—g)dl“zo, (3.57)
I'p I'p 'e

where he is an element length scale, C isaconstant, and y = £1. A discussion of the proper
selection of he, C, and the sign of y is beyond the scope of the current discussion; for details
see Bazilevs and Hughes, 2007. Note that this formulation remains consistent, as the exact
solution u is also a solution to (3.57).
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Theresult of thisapproach isthat the boundary condition is never enforced exactly, although
the approximation will improve as the mesh is refined. This ability to satisfy the Dirichlet
boundary condition approximately can be a significant advantage if it alows for greater
accuracy on theinterior of the domain. This approach can also be employed to weakly enforce
solution compatibility between non-conforming portions of the mesh, aswe will seein severa
different settings throughout this book.

3.4.2 Neumann boundary conditions

Neumann boundary conditions of the form of (3.7¢) are frequently referred to as “natura
boundary conditions.” This is because of the way they automatically arise in the variational
statement of a problem. Let us assume for the moment that 'y = @ and that the Dirich-
let conditions are being strongly imposed. Multiplying by a test function and integrating
leads usto

O:/w(Au+f)d§2

Q

=—fVw~VudQ+/qu-ndF+fwfdQ
Q r Q

:—/Vw~VudQ+/ qu~ndF+/wf de (3.58)
Q I'n Q

where in the third line we have used the fact that the weighting space is defined such that
U)|[‘D =0.

The integration by parts has completely naturally introduced a boundary integral over I'y
that refers explicitly to the condition that we would like to impose. Using (3.7c) we simply
replace Vu - n with the value we are imposing, h, resulting in

—/Vw~VudQ+/whdF+fwf de=0. (3.59)
Q r Q

The effect is a weak imposition of the Neumann condition. That is, we only expect it to be
approximately satisfied. We do, however, expect the accuracy with which this condition is
satisfied to improve under refinement along with the accuracy of the solution on the interior
of the domain. Unlike the choice of weak imposition of Dirichlet conditions, the terms needed
to impose the Neumann condition originated from the variational formulation of the problem
itself. In the Dirichlet case, the terms had to be introduced somewhat artificially, though their
effect is similar.

3.4.3 Robin boundary conditions

Robin boundary conditions of the form of (3.7d) are very similar to Neumann conditions.
They are treated naturally, working from the second line of (3.58) as in the Neumann case.
For brevity, let us assume for the moment that I'y = @. We rearrange (3.7d) to obtain

Vu-n=r — Bu, (3.60)
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which we insert into (3.58) along with w|r, = Oto arrive at
—/Vw-VudQ+/wfdQ+/ wrdl' — 8 wudl =0. (3.61)
Q Q I'r 'r

Though we have replaced one expression involving the unknown u for another, we have
enforced the relationship between them weakly.

3.5 Multiple patches revisited
3.5.1 Local refinement

In Section 3 of Chapter 2 we discussed the need for modeling domains using multiple patches.
We always assume compatible discretizations for the geometry, meaning that on the coarsest
mesh, mappings and parameterizations on the adjoining patch faces areidentical. Each control
point on aface is in one-to-one correspondence with a control point from the adjoining face,
likewise for the control variables of the solution. In many instances, this relationship will be
preserved as we refine. To make the assembly of the stiffness matrices and force vectors as
simple as possible, the connectivity array will identify the equivalent local control variables
on each face with asingle control variable in the global array. By identifying them asasingle
entity for analysis purposes, we simplify the logic and decrease the total amount of work
needed. The result is that the two patches are joined as though they were one.

Identifying two control points at the samelocation in physical space as being asingle entity
is fairly trivial. Slightly subtler is what this implies for the basis functions. The situation is
shown in Figure 3.7. When two bases generated using open knot vectors are brought together,
the effect is indistinguishable from the case of one knot vector with a knot repeated p times,
aslong asthe coefficients of the two joining functions are the same. Thisis, of course, exactly
what we have assured by identifying the two control variables as one.

Figure 3.7 If two knot vectors formed from open knot vectors are brought together, they can be made
to act as one if the coefficients (i.e., control variables) of the two functions on their interface are always
equal to each other. The result is indistinguishable from the case of a single knot vector with a C°
boundary at the interface.
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@) (b)

Figure 3.8 (@) Globa refinement employing the continuous Galerkin method. (b) Local refinement
employing the discontinuous Galerkin method or constraint equations at the patch level. With constraint
equations, at least C°-continuity can be attained across patches, and higher-order continuity can be
achieved in certain casesif desired.

Another reason for using multiple patches is that it makes local refinement possible. The
situation is represented in Figure 3.8. Even with multiple patches, if we want the control
points of the two patches on their interface to be in one-to-one correspondence, we need
to have matching knot vectors. This means that refinements of one patch must necessarily
propagate from that patch to the next. If instead we are to allow knots to be inserted on one
side and not the other (i.e., local refinement), we may proceed as follows.

Consider the two B-spline® patches that meet on an interface, as shown in Figure 3.9. On
the coarsest mesh, we assume that the control points and knot vectors in the plane of the
face are identical on both patches, thus ensuring that the patches match geometrically and
parametrically on that shared face. Using superscripts 1 and 2 to identify the patch numbers, a
subscript f to denote control points on the face where the patches meet, and a subscript n to
denote control points not on that face, we may write the control points for Patches 1 and 2 as

Bl B2
Bl=( ") and B?=|(_1], (3.62)
(B%) (Bzf

B? = B!. (3.63)

respectively, where

Patch 1 Patch 2

Figure 3.9 The two patches share a common interface. On the coarsest mesh, their control points on
that interface are in one-to-one correspondence, trivially enforcing C° continuity.
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Patch 1 Patch 2

|

Master face Slave face

Figure 3.10 Patch 2 is refined by knot insertion and the one-to-one correspondence of the interface
control pointsislost. Constraint equations may be employed to ensure that continuity is maintained.

If we now refine the basis of Patch 2 by knot insertion (Figure 3.10), then we have the
following new set of control points for Patch 2:

Y N Tn O B2
B2=TB _<0 ﬂ) <Bzf , (3.64)

where T is the multi-dimensional generalization of the extension operator defined in (2.22).
Asbefore, itissparse and its values are entirely defined by the knot vectors and the polynomial
order. The block diagonal structure follows from the fact that we are using open knot vectors.
When open knot vectorsare used, each face of aNURBS solid isinfluenced only by the control
points on that face. Put simply, each face of the NURBS solid isa NURBS surface.

Combining (3.63) and (3.64), we see that C°-continuity of the geometry is maintained by
the relationship

B? = T(B}. (3.65)

Building on the approach of Kagan et al., 20035, it follows that for the solution space to
enforce the same continuity constraints, we need the control variables to obey precisely the

same relationship. Let
1 2
1__ Un 2 _ un
ut = <u%> and u-= (uzf) (3.66)

be the control variables on Patch 1 and the refined Patch 2, respectively. Then CC-continuity
of the solution across the interface between the patches may be maintained by enforcing the
constraint

u? = Tul. (3.67)

From an implementational point of view, thetwo patches may be assembled locally to create
the two local problems

Klu! = bt (3.68)
and

K2u? = b? (3.69)
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for the control points on either patch. Consistent with the partitioning of the control variables
in (3.66), we partition the stiffness matrices as

KY, Kt K2, K2
K! = (K;” KT) and K2 = (K;" K;*) : (3.70)
fn TN ff fn "M f

Before solving, we must assemble problems (3.68) and (3.69) into one globa problem
accounting for the behavior of both patches, as well as their interaction. We should have
three coupled blocks of equations: one corresponding to weighting functions with support in
Patch 1 that vanish on the face shared by the two patches, one corresponding to weighting
functions with support on either or both patches that do not vanish on the shared face, and one
corresponding to weighting functions with support on Patch 2 that vanish on the shared face.
We begin by expanding (3.68) using the partitioning of (3.70) to get

KiaUp + Kgeut = by (3.7
and
Ki,ut 4+ Kiuh = bl (3.72)

Inserting (3.67) into (3.69) and expanding yields
K2,uZ + K2, Trub = b? (3.73)
and
K2,u2 4+ K2, Trul =b3. (3.74)

Note that (3.71) is the block of equations corresponding to weighting functions in Patch
1 that vanish on the shared face. Similarly, (3.73) is the block of equations corresponding to
weighting functions in Patch 2 that vanish on the shared face. Now (3.72) and (3.74) both
correspond to weighting functions with support on the shared face and as such we would
like to add them together to get afinal expression for that block. Unfortunately, they contain
different numbers of equations. Thisis because we assembled the two patches independently.
We correctly generated the equations in (3.72) by testing against functions in the “master”
weighting space associated with Patch 1, but we generated the equations in (3.74) by testing
against al of the functionsin the larger “ slave” weighting space on Patch 2 without regard for
the constraint. The basis functions of the slave solution space on Patch 2 corresponding to the
shared face are restricted to act only in the linear combinations defined by T that result in
functions existing in the master sol ution space. So too must the functionsin the slaveweighting
space act only in such linear combinations asreplicate functionsin the master weighting space.
This constraint may be enforced by now premultiplying (3.74) by 'T'Tf, thus constraining the
weighting functions and reducing the number of equations to match that of (3.72):

TIKZ 2+ TIK2, Trul = TTb2. (3.75)
We may now express the global system comprised of (3.71), (3.73), and ((3.72)+(3.75)) as
Ku = b, (3.76)
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where
Krlm K%f 0
K = K%n (K#f +T¥K2ffo) T¥K2fn , (3.77)
0 Kﬁfo Kﬁn
Un
u=|ut], (3.78)
uj
and
by
b=|b}+Tib?]. (3.79)
b

We may recover u? via(3.67) after solving (3.76).

This approach ensures C°-continuity in the solution across the patch boundary when one
patch is aknot-refined version of the other patch on their common interface. Higher continuity
has also been implemented by applying similar constraint equations in the normal direction.
As long as the geometries are compatible, the patch boundary may be seen as the result of
inserting aknot into some “meta-patch” p + 1 times. It should be noted that these are strong,
exact constraints, not approximations. An approach that would allow for weak enforcement
of continuity, as well as allowing for local order elevation is to use discontinuous Galerkin
techniques at the patch level. That is, weakly enforce continuity of appropriate fluxes across
patch boundaries while strongly enforcing them across element boundaries within the patch.
See, for example, Cockburn, 2004 for an overview of the discontinuous Galerkin method.

3.5.2 Arbitrary topologies

Dueto the tensor product structure of B-splines and NURBS it might be assumed that isogeo-
metric analysis utilizing B-splinesand NURBS isrestricted to bl ock-structured discretizations
inwhich patches play therole of the blocks. Thisisnot the case. Thefull topological generality
of finite elements can be achieved by assuming the patches consist of single elements as the
following examplesillustrate.

CP Lagrange elements are widely used in finite element analysis. They are constructed from
tensor products of Lagrange interpolatory polynomials (see Hughes, 2000). A B-spline basis
of Bernstein polynomials can be constructed to produce C° elements with exactly the same
span. Such elements are called Bézier elements, and they are identical to B-spline patches
comprised of a single element. These Bézier elements possess all the usual properties of B-
splines, namely, the convex hull and variation diminishing properties in terms of the control
points. See Section 2.1.3 and Figure 2.13b in Chapter 2. The elements depicted in Figure 2.13b
arein fact Bézier elements. The construction of bivariate C° Bézier elementsisillustrated in
Figure 3.11 and typical basis functions are presented in Figure 3.12. It should be clear that by
using the concept of a patch consisting of one Bézier element, we can construct unstructured
meshes of isogeometric Bézier elements with completely arbitrary topology, just as in finite
element analysis. We need to define the data processing arraysin the usua way to achieve C°
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Figure 3.11 Construction of bivariate C° Bézier elements. The basis functions are the tensor products
of the one-dimensional basis functions illustrated. The spans of these elements are the same as for C°
Lagrange elements. The control points of the Bézier elements at the corners are interpolated but all
others are not, in contrast with Lagrange elements. One can transform Lagrange elements to Bézier
elements, and vice versa, through a simple linear transformation of the control points. (a) Four control
point bilinear Bézier element. This element is identical to the four-node bilinear Lagrange element. (b)
Nine control point biquadratic Bézier element. (c) Sixteen control point bicubic Bézier element. Notation
E=1{0Li=212...,2p+D),andH ={n;}, ] =1,2,...,2(p+ 1), are the knot vectors, where p
isthe polynomial order.

continuity (see Section 2.3 of Chapter 2 and Section 3.5.1 of this chapter). The span of Bézier
finite element spaces is identical to the span of C° Lagrange elements spaces, although their
basis functions are different. See Figure 3.13. It is important to observe that the ability to
assemble meshes of this type emanates from the nested loop structure that we advocate for
isogeometric analysis, which consists of an outer patch loop and an element loop within each
patch. A further outer loop can be used to define element groups (see the description of the
DLEARN program in Hughes, 2000) or substructures. See Figure 3.14.

Our intent in discussing the anal ogy between L agrange and Bézier elementsisto emphasize
anything that can be done with the former is still possible in an isogeometric setting, though
the flexibility of the NURBS technology allows for many more possihilities (two of the most
important being exact representations of conic sections and the use of CP~1-continuous basis
functions).

By using the element degeneration concept (see Hughes, 2000, chapter 3), avariety of other
element shapes, such as triangles, tetrahedra, wedges, and pyramids, can also be constructed.
Patches may even be viewed as unstructured by using T-spline discretizations (see Sederberg
et al., 2003, 2004). We may aso mention that smooth, spline-based triangles and tetrahedra
can also be directly constructed (Lai and Schumaker, 2007).

3.6 Comparing isogeometric analysis with classical finite
element analysis
We have seen that isogeometric analysis, in this case NURBS based Galerkin finite elements,

isquite similar in its structure to classical FEA. In short, the only difference isthe basis being
used. Of course, this“small” change has huge implications, many of which will be made clear
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Figure 3.12 (a) Bilinear Bézier element (identica to the standard bilinear element). There are four
corner basis functions. (b) Biquadratic Bézier element. There are four corner basis functions, four edge
basis functions, and one internal basis function. (¢) Bicubic Bézier element. There are four corner
elements, eight edge basis functions, and four internal basis functions.
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Bézier basis * Lagrange element basis
Span of Bézier _ Span of Lagrange
element basis - element basis

Figure 3.13 Relationships of Bézier and Lagrange basis functions and spans of basis functions.

in future chapters when we look at specific applications. In this section, we look at the major
similarities and differences between isogeometric analysis and FEA. It will be important
to bear these comparisons in mind as we examine the numerous examples throughout the
remainder of the book.

3.6.1 Code architecture

Let us first consider the architecture of a classical FEA code. The flowchart for a typical
example of such a piece of software is given in Figure 3.15. The program begins with the
data defining the boundary value problem, the mesh, and all of the geometrical data being
read from files. Once these data have been read, the connectivity information can be generated
(though sometimes this will be read in from an external file as well) and the memory is
alocated for all of the major global arrays, which are subsequently initialized to zero. Once
these preprocessing steps are completed, assembly of the system begins, following the process
described in Section 3.3.1.4. There is aloop through all of the elements in the mesh. Within
each element, the element stiffness matrix and element force vector are initialized, and then
the code enters a loop through the quadrature points. At each quadrature point, a routine is
called that will evaluate all of the basis functions and any necessary derivatives. It is helpful,
for the moment, to think of this routine as a black box. If we know the number of local basis
functions, it is not important what those functions are or how they are evaluated. It is only
important that we have aroutine from which we can obtain those values when they are needed.
With these values in hand, we proceed to build the local stiffness matrix and force vector.
After we have been through each quadrature point and fully assembled the local arrays, we

Element group or substructure
Patch loop
|: Element loop

Figure 3.14 Program architecture of the assembly algorithm in isogeometric analysis. The patch loop
does not have adirect analog in finite element anaysis, although it might be considered analogous to a
macro-element loop. If each patch consists of a single element, we have the assembly algorithm that is
standard in finite element analysis (see Hughes, 2000).
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output data and F*>F
A
Stop

Figure 3.15 Flowchart of aclassical finite element code. Such acode can be converted to asingle-patch
isogeometric analysis code by replacing the routines shown in green.

Read input
data

use the connectivity information to add their contributions to the global stiffness matrix and
force vector, and then move on to the next element. After al of the elements are assembled,
the global arrays are complete. We then solve the system, write the result to afile, postprocess,
and we are finished. See Hughes, 2000 for further details.

To convert an existing finite element code to a single-patch isogeometric analysis code, the
only portions of the code that require modification are the ones shown in green in Figure 3.15.
Clearly, theinput will change asthefile format will depend on the specific element technology
being used. The precise forms of the connectivity arrays and the global matrices also depend
on the basis. The structured nature of the NURBS mesh means that the IEN array (see Section
3.3.1.4) can be calculated automatically from the knot vectors and polynomial orders. Next,
the “black box” that evaluated the basis functions must be updated to evaluate the NURBS
functions. Thisis why we emphasized the modular nature of this routine previously: the type
of information about the basis that it provides to the routine that calsit is exactly the same,
but that information should now correspond to the NURBS basis. Lastly, the output must be
written, and the format of that output will be specific to the NURBS basis.
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3.6.1.1 A multiple patch code

A “multi-patch” isogeometric analysis code can be made to conform with the flowchart in
Figure 3.15. In practice, however, it makes more sense to consider the slight modification
shown in Figure 3.16. In this case, we begin by inputting enough global information to build
the global connectivities, as before. This information includes the polynomial orders and the
knot vectors for each of the patches, but it does not require the control points. We can save
time and memory by not reading the control points until they are needed. If local refinement

( start ) <Loop through patches >«

A
Read global Read patch
input data input data

v

A
. L Loop through elements’\ 4
Build connectivities and allocate on the current patch
global arrays ¢
A Ke=0 and F¢=0
K=0 and F=0 ¢

Loop through quadrature
points

!

Evaluate basis functions
and derivatives

v

Add contributions to
Keand F¢

v

Solve Kd=F

A 4 Assemble K¢—K

Write and Fe—>F
output data
A
Stop

Figure 3.16 Flowchart of a multi-patch isogeometric analysis code. The routines in green represent
differences from the single-patch code.
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has taken place, we must build the T matrices to be used in the enforcement of continuity, as
in Section 3.3. Again, the knot vectors and polynomial orders are all that is required. Global
arrays are allocated and initialized as before.

At this point the code enters a loop through the patches. The reason for making this loop
explicit isthat the control points defining the geometry are relevant to only one patch at atime.
We can input this information within the loop, reading only the information relevant to the
patch we are currently working with. We now loop through the elements on the current patch.
Everything then proceeds exactly as before until after the global systemis solved. Lastly, the
output is written to files, typically in aformat that makes it easy to identify control variables
with the patch that they correspond to, and so this routine will be specific to the multiple-patch
setting.

The only other potential source of complexity is if local refinement it to be applied, as
described in the previous section. This can either be implemented during assembly, or within
the solver. In either case, modifications of the appropriate routine will be required.

3.6.2 Smilarities and differences

Throughout our discussion of NURBS, we have made comparisons with classical FEA func-
tions and geometries. Some of the most notable differences are summarized in Table 3.1. The
first and most important difference is that isogeometric analysis employs the exact geometry
at al levels of discretization, whereas FEA uses piecewise polynomia approximations, even
for such common objects as conic sections. This geometric exactness not only affects the
accuracy of computed solutions, but even the analysis process as a whole as refinement re-
quires no external description of the geometry, unlike in FEA. The second striking difference
between the methodsisthat neither the control points nor the control variables of isogeometric
analysis are interpolated, unlike nodal points and nodal variables. This means that we cannot
strictly interpret these entities by themselves, but only in conjunction with the basis functions.
Solutions in both cases, however, are linear combinations of coefficients and basis functions,
and so hothing about the mathematical structure of the Galerkin method or itsimplementation
differs between the methods. Other mgjor differences relate to the properties possessed by the
bases; see Table 3.1.

Isogeometric analysis and classical FEA have many similarities aswell, afew of which are
summarized in Table 3.2. They are both isoparametric implementations of Galerkin’s method,
and as such they have avery similar code architecture. Both methods use compactly supported
basis functions, and the bandwidth of matrices corresponding to a given polynomial order
are the same for the two methods (recall Figure 2.4). Both bases obey the partition of unity
property and affine transformations are achieved by applying them directly to the vector valued
coefficients that define the geometry.

Appendix 3.A: Shape function routine

The shape function routine is one of the fundamental components of any finite element
code. Given an element number, e, and quadrature points on the parent element, (£1, &, &) =
(€, 7, 7) € [-1, 1]3, the shape function routine must evaluate each of the local basisfunctions
(i.e., each function with support in the element) at the given quadrature point, as well as any
required derivatives. Additionally, the Jacobian determinant of the mapping must be cal cul ated
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Table 3.1 Differences between NURBS based isogeometric analysis and finite element analysis

|sogeometric analysis Finite element analysis

Exact geometry Approximate geometry

Control points Nodal points

Control variables Nodal variables

Basis does not interpolate control points and variables Basis interpolates nodal points and variables

NURBS basis Polynomial basis

High, easily controlled continuity CO-continuity, always fixed

hpk-refinement space hp-refinement space

Pointwise positive basis Basis not necessarily positive

Convex hull property No convex hull property

Variation diminishing in the presence of discontinuous  Oscillatory in the presence of discontinuous
data data

inorder to performintegration. Inthisappendix, we give an example of ashapefunction routine
for aNURBS based isogeometric analysis code. It relies heavily on NURBS coordinates and
the IEN array. For athorough discussion of these concepts, see Appendix A at the end of the
book.

The shape function routine we present assumes the existence of another routine entitled
Bspline_basis_and_deriv that will calculate all of the relevant univariate B-spline basis func-
tionsand their parametric derivatives. For example, let element Q€ = [&, & 4] x [ i Mj+1] X
[¢k, ¢ks1]. For the&-direction, Bspline_basis_and_deriv will return avector of p + 1 function
values corresponding to the p + 1 functions that are nonzero on [, &,1]. Specificaly, the
first entry will be N;, the second N;,; and so forth; likewise for the vector of derivatives.
With these univariate, non-rational function values in hand, the trivariate, rational NURBS
functions, R are calculated using (2.30). The derivatives with respect to the parametric coordi-
nates, & are calculated by (2.31). To obtain derivatives with respect to the physical coordinates,

(X1, X2, X3) = (X, VY, 2), one must apply the chain rule in the form
R .
IR _ IR BA1)
9%; 3§j 9%

Table 3.2 Common features shared by
isogeometric analysis and finite element analysis

I sogeometric analysis and finite element analysis

| soparametric concept
Galerkin’s method

Code architecture
Compactly supported basis
Bandwidth of matrices
Partition of unity

Affine covariance

Patch tests are satisfied
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Thus, the gradient of the mapping, 0x/0é must be calculated, along with its inverse. The
mapping will be inverted using the externa inverse_Cramer routine that uses Cramer’s rule
to compute the inverse of a matrix.

Lastly, as the parts of the code that call this shape function routine will be performing the
numerical integration in the parent element, the Jacobian determinant of the mapping from the
parent element to the physical space, J must be calculated. It is given by

dx dx d&

dé|  |dEdE|

The actual determinant is calculated in the external routine determinant.
Our shape function routine is presented in Algorithms 1-3. For the sake of clarity, we have

divided the routine into three parts, though in practice they would usually al be within the

same function. Part I, in Algorithm 1, initializes al of the variablesto zero. Then the NURBS

coordinates are determined using the INC and |EN arrays. The parametric coordinates are then

calculated from the knot vectors and the parent element coordinates of the quadrature point.

For example, with Qe = [&, & 4] ¥ [7j, nj+1] % [¢k, Skval, and thus NURBS coordinates

(i, j, k), wecan calculate (£, n, ¢) € Q° from (€, 7, 7) € Q% as

E—&) (Gr—&)E+E+&))

(3A2)

E=&+(E+2) = 5 , (3A.3)
=+ G+ 1)('7J'+12— ni) _ ((j41— nj)ﬁ2+ (j+1+ 771))’ (3A4)
t =+ E+1) (§k+12— &) _ (o Ck)é“;- (Ske1 + é“k))_ (3A5)

Part 11, in Algorithm 2, cal cul ates the val ues of the basis functions and their derivativeswith
respect to the parametric coordinates. These calculations follow directly from the definitions
in Chapter 2. Part 111, in Algorithm 3, determines the derivatives with respect to the physical
coordinates. It does so by first calculating the gradient of the mapping, and then using it in
conjunction with the parametric derivatives of Algorithm 2 and the chain rule asin (3.A.1).
The Jacobian determinant is also calculated asin (3.A.2).
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Algorithm 1: Shape function routine: Part |

Data: The quadrature poi nts&, element number e, polynomial orders (p, q, and r), control
net B, knot vectors E, H, and Z, and connectivity arrays INC and |EN must be
included as inputs. The number of local shape functions ne, must also be given. Note
that the weights are stored as the fourth component of each control point.

Result: The vector of local shape functions R and an array of their derivatives dR_dx, and the

Jacobian determinant J will be returned.

/1 Initializations:

R[ nen] =0; /1 Array of trivariate NURBS basis functions
dR.dx[ nen] [ 3] =0; /1 Trivariate NURBS function derivatives

I w.r.t. physical coordinates
J=0; // Jacobi an det er mi nant

/1 Local variable initializations:

ni, nj, nk = 0; // NURBS coordi nat es
Xi, eta, zeta = O; /] Paranmetric coordinates
N p+1], Mqg+1], L[r+1] = 0; // Arrays of univariate B-spline
/1 basi s functions
dN.dxi [ p+1] = O0; /1 Univariate B-spline
dMdet a[ g+1] = O; /1 function derivatives wr.t.
dL_dzeta[r+1] = O; /1 appropri ate parametric coordi nates
dRdxi[nen][3] = O; /1 Trivariate NURBS function derivatives
I w.r.t. paranetric coordinates
dx_dxi[3][3] = O; /1 Derivative of physical coordinates
/1 w.r.t. parametric coordi nates
dxi dx[3][3] = 0; /'l I'nverse of dx_dxi
dxi dtildexi[3][3] = 0; /1 Derivative of parametric coordinates
/1 w. r.t. parent elenent coordinates
Jmat[3][3] = 0; /1 Jacobian nmatri x
i, j, k, aa, bb, cc = 0; /1 Loop counters
| oc.num = 0; /1 Local basis function counter
sumxi, sumeta, sumzeta, sumtot = 0; // Dummy suns for cal cul ating
I rational derivatives

/1 NURBS coordi nates; convention consistent with Algorithm?7

ni = INN[IEN[e][1]]1[1];
nj = INNLIEN[e][1]][2];
nk = INN[IEN[e][1]1[3];

/1 Calcul ate paranetric coordi nates from parent el ement coordi nates

I Knot vectors KV.Xi, KV_Eta, and KV_Zeta and
I parent el enent coordinates xi tilde, etatilde, zetatilde
I are given as input

xi = ((KVXi[ni+1]-KVXi[ni])*xi_tilde...
+ (KVXi [ni +1] +KVXi [ni])) / 2;
eta = ((KV_Eta[nj+1]-KV_Eta[nj])*etatilde...
. + (KV_Eta[nj+1] +KV_Eta[nj])) / 2;
zeta = ((KV_Zeta[ nk+1] - KV_Zeta[ nk])*zeta-tilde...
+ (KV_Zet a[ nk+1] +KV_Zeta[ nk])) / 2;
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Algorithm 2: Shape function routine: Part 11

/1 Calculate univariate B-spline functions using (2.1) and (2.2)

I and their derivatives using (2.12)

call Bspline_basis_andderiv(ni,p, KVXi; N, dN.dxi); [l xi-dir.
call Bspline_basis._and.deriv(nj,q, KV.Eta; M dMdeta); /] eta-dir.
call Bspline_basis_and.deriv(nk,r,KVZeta; L,dL.dzeta); /1 zeta-dir.

/! Build nunerators and denom nators
for k=0tor do

for j =0tog do

for i =0top do

| oc.num = | oc_numt+1; /1 Local basis function nunber

Rlloc.num = N p+1-i]*Mq+1-j]*L[r+1-K]...

* Blni-i][nj-j][nk-Kk][4]; /1 Function nunerator
sumtot = sumtot + R[loc_.nuni; /1 Function denom nat or
dRdxi [l occnum [1] = dNdxi[p+1]*M q+1-j]*L[r+1-K]...

* Blni-i][nj-jl[nk-K][4]; /] Derivative num
sumxi = sumxi + dRdxi[loc_nun[1]; /] Derivative denom
dRdxi [l oc.num [2] = N[ p+1l] *dMdeta[g+1-j]*L[r+1-Kk]...

* Blni-i][nj-jl[nk-K][4]; /] Derivative num
sumeta = sumeta + dRdxi[loc_.nuni[2]; // Derivative denom
dRdxi[loc.num [3] = Ndx[p+1l]*M g+1l-j]*dL.dzeta[r+1-K]...

* Blni-i][nj-jl[nk-K][4]; /] Derivative num
sumzeta = sumzeta + dRdxi[loc_.nun[1]; // Derivative denom

end
end

end

/1 Divide by denomi nators to conplete definitions of functions
/1 and derivatives w. r.t. parametric coordinates
for | oc.num= 1tonen do

Rl oc_.nuni = R I oc_nunj/sumtot;

dRdxi[loc.num [1] = (dRdxi[loc_.num[1] *sumtot. ..
... - Rloc.nunj*sumxi) / sumtot?
dRdxi[loc_.num [2] = (dRdxi[loc_nunj[2]*sumtot...
... - Rloc.nunj*sumeta) / sumtot?
dRdxi [l oc_.num [3] = (dRdxi[loc_nuni[3]*sumtot...
- Rl oc_num *sumzeta) / sumtot?

end
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Algorithm 3: Shape function routine: Part Il

/1 Gradient of mapping from paraneter space to physical space
| oc_num=0;

for k=0tor do

for j =0tog do

for i = 0top do

| oc_nun¥l oc_numt1;

for aa=1t03 do
for bb=1t03 do
dx_dxi[aa] [bb] = dx.dxi[aa][bb]...
+ B[ni-i]l[nj-j]l[nk-k][aa]*dRdxi[l oc_num [bb];
end
end

end
end

end

/1 Conpute inverse of gradient
call inverse Craner(dx.dxi; dxi_dx);

/1 Conpute derivatives of basis functions
/1 with respect to physical coordinates
for | oc.num= 1tonen do
for aa=1to3 do
for bb=1t03 do

dRdx[l oc_.nunj[aa] = dRdx[loc.nunm[aa]...

+ dRdxi [ | oc_nuni [ bb] *dxi _dx[ bb] [ aa] ;
end

end
end

/'l Gradient of mapping from parent elenent to paraneter space
dxi dtildexi[1][1] (KVXi[ni+1]-KVXi[ni])/2;

dxi dtildexi[2][2] (KVeta[nj+1]-KVeta[nj])/2;

dxi dtildexi[3][3] (KV_zet a[ nk+1] - KV_zet a[ nk] ) / 2;

for aa=1t03 do
for bb=1t03 do
for cc=1t03 do
Jmat[aa][bb] = J.mat[aa][bb]...
+ dx._dxi[aa] [cc] *dxi dtildexi[cc][bb];
end
end
end

/1 Conpute Jacobi an determ nant
call determ nant(J.mat; J);
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Appendix 3.B: Error estimates
FEA

Well established a priori approximation results exist for classical finite elements applied to
elliptic problems (see, for example, the classic text by Ciarlet, 1978). Recall from above that
a Sobolev space of order r isdefined by

H™(Q) = {u|D%u € L3(Q), |et| <r}. (3B.1)

The norm associated with H' (R2) is given by

lull? = Z / (D%u) - (D*u) dx. (3B.2)

<
lae|<r Q

In classical FEA, the fundamental error estimate for the elliptic boundary value problem,
expressed as a bound on the difference between the exact solution, u, and the FEA solution,
u", takes the form

lu—u"llm < CHJull, (3B.3)
where || - |m and | - ||, are the norms corresponding to Sobolev spaces H™(2) and H' (L),
respectively, h is a characteristic length scale related to the size of the elements in the mesh,
B =min(p+ 1—m,r —m)where p isthe polynomial order of the basis, and C is aconstant
that does not depend on u or h.

The term of interest in (3.B.3) is h?. The mesh parameter, h, can be defined in several
ways, with the specific definition affecting C. A fairly general definition is the diameter of
the smallest circle (in two dimensions) or sphere (in three dimensions) that is large enough to
circumscribe any element in the mesh. The order of convergence, 8, expresses how the error
changes under refinement of the mesh. In particular, if we use h-refinement to bisect each of
the elementsin the mesh (i.e., h isreplaced with h/2), we would expect the error to decrease
by afactor of (1/2)%.

NURBS

The extremely technical details of the process of obtaining a result analogous to (3.B.3) for
NURBS can befound in Bazilevs et al., 2006a. Here we present the basic ideas, but encourage
the interested reader to consult the original publication.

For classical FEA polynomials, the result in (3.B.3) is obtained by first establishing the
interpolation properties of the basis. Let I, be the projection operator from H™() into the
space spanned by the FEA basis. Then the optimal interpolate is the function

7" = Mmu (3.B.4)
such that

lu—7"m < llu=V"llm WW"eS", (3.B.5)



104 Isogeometric Analysis: Toward Integration of CAD and FEA

where S isthe finite element space. To establish just how good this optimal approximation is
(i.e., to determine how can ||u — n" || be bounded), we obtain a bound on each element, and
then sum over all of the elementsto get aglobal result. With this interpolation result in hand,
the second step in the process is to relate the result of the Galerkin finite element method,
u", to the optimal interpolate, n". In particular, it can be shown that the order of convergence
of the finite element solution is the same as for the optimal interpolate. Taken together, these
two results yield the the bound (3.B.3), which states that (up to aconstant) Galerkin’s method
gives us the optimal result.

When we seek an analogous result for NURBS, we face severa difficulties. Thefirst isthat
the approximation properties of this rational basis are harder to determine than are those of a
standard polynomial basis. In particular, note that the weights are determined by the geometry
and so are out of our control when we attempt to approximate a field over that geometry
and cannot be adjusted to improve the result. The second difficulty originates from the large
support of the spline functions. Standard interpolation estimates seek to find a best fit within
each element and then aggregate these results to obtain an approximation over the entire
domain. This is non-trivial with the spline functions because the support of each function
spans several elements, and so we cannot determine optimal values for the control variables
by looking at each element individually. The issue is further complicated by the possibility
of differing levels of continuity (and thus differing sizes of the the supports of the functions)
throughout the domain.

To overcome the fact that the basisis rational rather than polynomial, we first note that the
parameter space  can be considered to be the unit cube [0, 1]9. No generality is lost in this
assumption as dividing a knot vector by a constant or adding a constant does not change the
resulting physical domain in any way. Let us recall the definition of the rational basis from
Chapter 2:

R(5) = N\'A(;’;;;U' : (3B.6)
with
WE) =) Ni(§)wi. (3B.7)
i=1

The important thing to note is that the weighting function’, W(&), does not change as we
h-refine the mesh (it does not change under p-refinement either, though this is not the case
we are interested in at present). While both the weights and the basis functions change, they
do so in such a way as to leave W(¢) unatered. Similarly, the geometrical mapping from
the parameter space into the physical space, F : € — Q, does not change as we insert new
knot values. See Figure 3.B.1. It remains exactly the same at al levels of refinement. To take
advantage of this fact, we consider the function we wish to approximate, u : 2 — R, Asthe
geometrical mapping is one-to-one, we can pull this back to the parametric domain to define
0=uoF1:Q— R Lastly, we can lift the image of the function using the weighting
function to define &i = {W{, W} : © — R*™L. Recalling that we obtain the rational basis in
RY by a projective transformation (equivalent to dividing by W) of a B-spline basisin R+,
we seethat the ability of therational NURBS basisto approximate u on 2 isintimately related
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Figure 3.B.1 Aswe h-refine the mesh, the basis functions N; and weights w; change, but the geomet-
rical mapping F and the weighting function W are completely fixed at the coarsest level of discretization.
They do not change under refinement.
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to the ability of the underlying B-spline basis to approximate @i on . Thus we have reduced
the problem of understanding arational basis on a general domain to that of understanding a
polynomial basis on the unit cube.

The second hurdle is more technical. The fact that each function has support over many
elements and that the continuity across the various element boundaries can vary from one
boundary to the next greatly complicates matters compared with the classical case. Bazilevs
et al., 2006a address this difficulty by proving approximation results in so-caled “bent”
Sobolev spaces in which the continuity varies throughout the domain. They prove a sequence
of lemmas leading up to an approximation result that includes not only the norm in these bent
Sobolev spaces of the function u being approximated, but also the gradient of the mapping,
VF. Thislast term presents no problem because, as aready discussed, it does not change asthe
mesh is refined, and thus does not affect the rate of convergence. The resulting approximation
result is: Let k and | beinteger indicessuchthat 0 <k <| < p+ 1, andletu € H'(Q); then

Nel Ng |

2 2(1-k 23i-1) 2
Z |U - Hku|Hk(Qe) =< C Z he( )Z ||VF||Loo(F—l(Qe))|u|Hi(Qe)- (388)
e=1 e=1 i=0

The constant C depends on p and the shape (but not size) of the domain €2, as well as the
shape regularity of the mesh. The factors involving the gradient of the mapping render the
estimate dimensionally consistent.

Finally, with the approximation result of (3.B.8) in hand, establishing the manner in which
the isogeometric analysis solution, u, relates to the optimal interpolate, n", proceeds exactly
asin the classical case. Combining these results yields the desired result: The isogeometric
analysis solution obtained using NURBS of order p has the same order of convergence as
we would expect in a classical FEA setting using classical basis functions with a polyno-
mial order of p. This is an exceptionally strong result as it is independent of the order of
continuity that the mesh possesses. That is, bisecting al of the elements in an FEA mesh
(thus cutting the mesh parameter from h to h/2) requires the introduction of many more
degrees-of-freedom than does bisection of the same number of NURBS elements while
maintaining p — 1 continuity (see Section 2.1.4 of the previous Chapter). This means that
NURBS can converge at the same rate as FEA polynomials, while remaining much more
efficient.

Notes

1. The“Bubnov” in Bubnov—Galerkin signifies the fact that the weighting and trial functions
come from the same underlying space. Thisisin contrast to a Petrov—Galerkin method in
which the weighting and solution spaces may have little in common.

2. Thisprior knowledgeletsususeasparse storageformat for the global matrices. See Hughes,
2000.

3. Theterm “shape function” and “basis function” are often used interchangeably.

4. The term “least-squares’ refers to the nature of the formulation. There is no reason to
believe that the resulting solution will be aleast-squares fit of the unknown exact solution.
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5. Wewill discussthe B-spline case here, but itiscrucial to notethat if weweretouse NURBS
rather than B-splines, all of the relationships in this section must hold for the projective
control points and projective control variables.

6. In Kagan et al., 2003, asimilar approach was taken for B-spline surfaces. Here we extend
that to NURBS solids.

7. Do not confuse this use of the term “weighting function” with the unrelated use of the same
terminology in Galerkin’s method.






A
Linear Elasticity

As afirst example of an application of NURBS-based isogeometric analysis, let us consider
the problem of linear elasticity. Thisis a very classical subject with arich history, and it is
onethat is particularly well suited to examination by isogeometric analysis— not only for the
geometrical accuracy that it provides, but also for the high quality of the stressfields resulting
from the use of C*-continuous bases. We will restrict ourselves at present to the case of linear
elastostatics and equilibrium solutions.

Before examining the equations, let usintroduce some simplifying notation. First, the reader
isreminded that indicesi, j, k, and| takeonvalues1, ..., d, whered isthe number of spatial
dimensions. Unlike the previous chapter’s exampl e of the Laplace equation, in linear elasticity
the solution field will be vector-valued, with u; referring to the it" component of vector u.
Moreover, differentiation will bedenoted by acommaf(e.g., Ui j = Ui x; = dU;/0X;). Lastly,we
will employ asummation convention applyingtoi, j, k, andl, inwhich repeated indicesimply
summation (e.g., iNR3, Uj jj = Ui 11 + Uj 22 + Ui 33 = 92U; /X2 + 32ui/dy? + 92u;/922). We
will assume this convention to be in place for these four indices unless otherwise stated
throughout the remainder of the book.

In the case of a general nonsymmetric tensor, A = [Ajj], we use parentheses around the
indices to denote its symmetric part and square brackets around the indices to denote its
skew-symmetric part. Thus, Aij = Agj) + Ajij] where

_ Aij+Aji

2 b
Aii — Ay
Aij) = —Ajji) = ——5— > =, 4.2

(4.1)

Z
Il
=
Il

which isknown as the Euclidean decomposition. Note that if A isanonsymmetric tensor, and
B = [Bij] = [Bij)] isasymmetric tensor, then

AijBij = Agj) Bij, (43

which also has the corollary Ajij;Bij = 0. We will use these properties to reduce redundant
computations below.
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4.1 Formulating the equations of elastostatics

Let u; denote the displacement vector and let o = [0j;] denote the Cartesian components
of the Cauchy stress tensor. The infinitesimal strain tensor, € = [¢i;] is defined to be the
symmetric part of the displacement gradient,

Ui,j + Uji

. (4.4)

€ij =Uaj =

The constitutive law relating this strain tensor to the aforementioned stress tensor is the
generalized Hooke's law, given by

oij = CijkI€kl, (4.5)

where the c;jji’'s are elastic coefficients, which are given functions of x. If the cjji’s are
constant throughout the domain, the body is said to be “homogeneous.” The elastic coefficients
are assumed to satisfy several important properties. The first three,

Cijki = Cklij» (4.6)
Cijkl = Cjikl, 4.7)
Cijki = Cijlk, (4.8)

relate to symmetry, with (4.6) referred to as “major symmetry,” while (4.7) and (4.8) are
referred to as “minor symmetries.” The coefficients also satisfy positive-definiteness of the
form

Cijk Vijva > 0, (4.9
CijkVij¥u = 0 <= ij =0, (4.10)

for al symmetric ¢ (i.e., ¥ij = ¥ji). These properties, combined with appropriate displace-
ment boundary conditions, lead to the symmetry and positive-definiteness of the stiffness
matrix K. Furthermore, (4.7) implies the symmetry of the stress tensor o. From a physical
point of view, the symmetry of the stress tensor derives from the conservation of angular
momentum.

In the examplesin this chapter, we will assume that the body is homogeneous. Additionally,
we will assumeit isisotropic. That is, the elastic coefficients have the form

Cijki = A8ijdk + n(Sikdji + Sitdjk). (4.11)

where the Kronecker delta is defined by

1=,
bij = {0 otherwise. (4.12)
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Constants A and u are the Lamé parameters. These are frequently expressed in terms of the
Young’s modulus, E, and Poisson’s ratio, v, as

vE
P aeaa- 19
E
V=g (4.14)

4.1.1 Strong form

We can now formally state the strong form of the boundary value problem. Given f; : 2 — R,
g :I'p, > R,and h; : Ty, — R, findu; : € — R such that

gij,j + fi=0 inQ, (4.158)
ui=g; on I'p, (4.15b)
oijnj = h; on FNi, (4.15C)

where oi;j is defined in terms of u; by (4.4) and (4.5).

Due to the fact that the unknown is a vector, observe that (4.15b) and (4.15c) represent
generdizations of the Dirichlet and Neumann boundary conditions considered previously.
We are applying these conditions in each direction independently and thus I'p, | JT'y, =T
andI'p, 'y, =@ fori =1,...,d. Inthiscontext, gi and h; are referred to as “ prescribed
boundary displacements’ and “tractions,” respectively.

4.1.2 Weak form

Let us denote the trial solution space by S; and the weighting space by V. As before, each
uj € §; satisfies the Dirichlet condition u; = g; on I'p,, and each w; € V; satisfies wj =0
on I'p,. Proceeding as in Section 3.3.1 of Chapter 3, we multiply (4.158) by a weighting
function and integrate by partsto obtain avariational form of the problem: Given f; : @ — R,
g :I'p, > R,and h; : Ty, — R, findu; € S suchthat for al w; € V;

d
f w(i’j)aijdng Wi fidQ—l—Z f wih; dI" ). (4.16)
Q Q — \Uny,

Note that we have taken advantage of (4.3) in writing only the symmetric part of w; ; in the
first term. In the last term, we have explicitly written the sum for clarity and to emphasize the
fact that the domain of integration is actually changing for each of the d termsin the sum.
Aswedid in the previous chapter for the Laplace egquation, we can rewrite (4.16) in amore
concise form. Let S = {u|uj € Sj} and let V = {w|w; € V;}. The weak form of the problem
becomes: Givenf = {fj}, g = {gi}, and h = {h;}, findu € S such that foral w € V

a(w, u) = L(w), (4.17)
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where

a(w, U) = / w(i,j)cijklu(k,l) dQ, (4.18)
Q

d
L(W):/Qwi fio|sz+z</r wihidl“>. (4.19)
i=1 Ni

4.1.3 Galerkin’s method

To turn this weak statement of the problem into a system of algebraic equations, we again
apply Galerkin’smethod and work in finite-dimensional subspacesS" c S andV" ¢ V. These
subspaces are defined using the isoparametric NURBS basis, as before, but now with vector-
valued control variables. Let us assume that we have determined a lifting g" € S", where
97'Irp, = i, such that for all u" e 8" we have the decomposition

u = v 4 g, (4.20)

where V" € V", The Galerkin approximation of (4.17) is given by: find u" = v" +g" € 8"
such that for al w" € V"

a(w", v") = L(w") —aw", g"). (4.21)

We can make this more precise by definingn = {1, ..., nyp} to be the set containing the
indices of al of the functions in the NURBS basis that defines the geometry. Similarly, let
ng C n bethe set containing the indices of all of the basis functions that are non-zero on I', .
Thus we can write the it" component of u" € 8" as

ul= Y Nadia+ ) Negis= D Nadia+g/, (422)

Aen—ng; Beng, Aen—ny;

wheren — ng, denotes set subtraction. Equation (4.22) issimply the vector-valued generaliza-
tion of (3.28) from the previous chapter, with d; o being the ith component of control variable
da. Similarly, the it component of w" € V" is given by

wf = Y NaCia. (4.23)

Aen—nyg

We can now represent u" and w" by

h

u"=u'eg and w"

=w'e, (4.24)

0
0l (4.25)
1

where (in R%)
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Our goal is to use (4.24) with (4.22) and (4.23) in (4.21) to obtain a matrix formulation
of the problem. The extra complexity that we encounter due to the fact that the unknowns
are vector-valued is that the number of equations we must solve, neq, is much larger than the
number of functions, n,,. For ascalar problem, we used the connectivity array IEN to relate
alocal function number and an element number to a global basis function, and we had one
equation for each such global function. Now, we have d eguations for each global function.
Thus, weintroduce asecond level of connectivity through the |D array, which relates adegree-
of-freedom number i = 1, ..., d and aglobal function number A € n — nq and returns the
equation number P = ID(i, A). Furthermore, to go from an element e with local shapefunction
a and degree-of-freedom i, we can obtain the global equation number by composing ID and
IEN toobtain P = ID(i, IEN(a, €)). Because we will useit so frequently, it is most convenient
to define one final, three-dimensional connectivity array, LM, that incorporates both ID and
IEN, suchthat P = LM(i, a, e) = ID(i, IEN(a, €)).

We now build the matrix equation

Kd =F, (4.26)
where
K = [Kpol. (4.27)
d = {dg}. (4.28)
F = {Fp}, (4.29)
with
P=IDG{,A) and Q=ID(j,B), (4.30)
such that
Kpg = a(Na&;, Ngej), (4.30)
Fp = L(NaG). (4.32)
and
do = djs. (4.33)

4.1.4 Assembly

Recall that in the previous chapter we assembled the global system by looping — not through
the basis functions as a glance at the formulation might imply — but through the elements,
constructing local tiffness matrices and force vectors, which are then assembled into the
global system by means of the connectivity arrays. We have presented sufficient informa-
tion for such an approach to be implemented for linear elastostatics as well. In practice,
however, the specific structure of the problem can be exploited to reduce the computational
burden.



114 Isogeometric Analysis: Toward Integration of CAD and FEA

L et us define the strain vector for thecaseof d = 3 as

Uz
Uz 2
Uz 3
e(u) = ' . 4.34
) Up 3+ Uz2 ( )
Uzg+ U3
Ui+ Uz1

Note that, according to our previous notational convention, e = [¢;;] was a strain matrix. We
will no longer need this matrix explicitly, and consequently reserve e for the strain vector as
in (4.34). Let us now condense the fourth rank tensor of elastic coefficients into the matrix

Diy Dy Dz D Dis Dgs

D D2 D Dx Do
D3z Dzs Dss Dasg

D= , 4.35
Dss  Dss Dags (4.39)
Dss  Dsg
symmetric Des
where
Dijy = Ciju, (4.36)

with the indices are related as indicated in Table 4.1. With € and D in hand (committing the
same notational crime as with the strain vector) we define the stress vector to be

o =173 = De(u). (4.37)

Table4.1 For the elastic tensor, we collapse indices i
and j into |, and we collapsek and | into J. If we are
interested in the value of | in the first column, then we
read i from the second column and j from thethird. If,
instead, we seek J from the first column, then the
second column isto beread ask and the third as|

1)J

~.
~
byl
~
~
~

OO0 U DWNPRE
NP WEFEWNWNPE
P NP WONWWNPRE
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This is often referred to as the Voight notation. Note from (4.34) that we have removed the
factors of one-half from the shearing components (the terms containing cross-derivatives).
This has been accounted for in (4.37) as we now have one contribution from each shearing
term without any one-half, as opposed to two identical contributions from terms containing
the factor.

All of these new definitions allow us to rewrite (4.18) as

a(w, u)=/ﬂe(w)TDe(u)dQ. (4.38)

Furthermore, we can extend the notation by noting that

€(Na&) = Bae, (4.39)
where!
Na: O 0
0 Nao O
Ba=| 2 O Nas| (4.40)

0 Naz Naz
Na3 0 Na.1
Na2 Na1 0

Thus, we may rewrite the entries of the global stiffness matrix as
Kpg =€ / BADBg dQe;j, (4.41)
Q

where the indices are related by (4.30).

We will build the sparse global stiffness matrix and force vector by looping through the
elements and constructing dense local stiffness matrices and force vectors, which are then
assembled into the global system. With d spatial dimensions (i.e., degrees-of-freedom per
control variable) and ng, local shape functions, we calculate the entries to the local stiffness
matrix on element Q¢ as

ke, = ¢ /Q e BiDB,dQe;, (4.42)
where
p=d@-1)+i ad q=db-121)+]j. (4.43)

Similarly, the elements of the local force vector are given by

Qe I

d-Nen

Nahi dQ — > k&, 08, (4.44)
q=1

e
hi
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where I'f s the intersection of the boundary of the element with I',, and g5 = gq With
q= d(b — 1)+ jand Q = LM(], b, €). Of coursg, in practlcewecomputethe|ntegralsusmg
Gaussian quadrature.

The proliferation of indices can be ahit confusing at first. We have already introduced |EN,
which relates the local shape function numbers for a given element number to their corre-
sponding global shape function numbers, ID, which relates the global shape function number
and a degree-of-freedom number to a global equation number, and LM, which combines the
previous two to relate the element number, degree-of-freedom number, and local shape func-
tion number to the appropriate global equation number. Without defining any new array, we
have used (4.43) to connect the local shape function numberswith alocal equation number. In
practice, itiscommon to overload the LM array so that it can accommodate either two indices,
the element number and local equation number, or three indices, the element number, local
shape function number, and degree-of-freedom number, and return the local equation number
in both cases, such that

LM(p,e) = LM(i, a, e), (4.45)

with p asin (4.43). See Appendix A at the end of the book for a detailed discussion of these
data structures, and see Appendix 4.C for an element assembly routine.

4.2 Infinite plate with circular hole under constant in-plane tension

As stated in the introduction to this chapter, NURBS are particularly well suited to linear
elasticity. It is obvious that representing geometry accurately at all levels of discretization
should lead to improved accuracy across al meshes as compared with less geometrically
accurate methods. Furthermore, as we have seen, the standard formulation for linear elaticity
uses the displacements as the unknown degrees-of-freedom. In practice, however, it is often
the case that the quantity of interest is not the displacement but the stress. The stress is a
function of the gradient of the displacement, and so any approach using elements that are
only C° across element boundaries results in stress values being undefined at these element
boundaries. Alternatively, a C* NURBS basis results in unambiguous, continuous stresses
across element boundaries.

In this two-dimensional example, we present the NURBS-based isogeometric analysis of
a problem in solid mechanics having an exact solution: an infinite plate with a circular hole
under constant in-planetension at infinity. We will systematically explore h- and k-refinement.
The infinite plate is modeled by a finite quarter plate. The exact solution (Gould, 1999,
pp. 120-123),

T, R2 T R2 R4

o (r, 0) = ?X (1 - r_z) 2X <1 4— > + 3— ) c0s29, (4.46)
T RZ\ T R4

o0(r, 0) = ?X (1+ r_2> - EX (1 + 3r_4) cos 20, (4.47)

T R2 R4
ore(r, 0) = —EX <1 + 2r_2 — 37) sin26, (4.48)
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Exact traction
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Figure4.1 Elastic plate with acircular hole: problem definition.

where Ty is the magnitude of the applied stress for the infinite plate case, is applied as a
Neumann boundary condition at the boundary of thefinite quarter plate. The setupisillustrated
in Figure 4.1. R isthe radius of the hole, L is the edge length of the finite quarter plate, E is
Young's modulus, and v is Poisson’s ratio. A rational quadratic basis is the minimum order
capable of representing a circular hole. The coarsest mesh, E x H, is defined by the knot
vectors

g =1{0,0,0,05,1,1,1}, (4.49)
H =1{0,0,0,1,1,1}, (4.50)

The exact geometry is represented with only two elements, as shown in Figure 4.2a. The
corresponding control net is shown in Figure 4.2b. A repeated control point is responsible
for the upper left-hand corner.? This is not the only way to model the geometry, and may
not even be the most preferable. This choice allows C-continuity across all interior element
boundaries, but at the expense of having asingularity in theinverse of the geometrical mapping
at the corner where the control points are repeated. This singularity does not create problems
in the analysis, however, as we need never place a quadrature point at the location of the
singularity. The fact that we still get excellent results demonstrates the overall robustness of
thisbasis.

The first six meshes used in the analysis are shown in Figure 4.3. Contour plots of results
obtained on meshes 1, 4, and 7 are presented in Figure 4.4. The applied stressis Ty = 10 and
the contours show that the stress concentration of oyx = 30 at the edge of the hole (i.e., at
r = R, 0 = 3/2x) isobtained as the mesh is refined.

Convergenceresultsinthe L 2-norm of stressesareshownin Figure4.5. The cubic and quartic
NURBS are obtained by order elevation of the quadratic NURBS on the coarsest mesh. Since
the parameterization of the geometrical mapping does not change, the h-refinement algorithm
(knot insertion) generatesidentical meshesfor all polynomial orders. Asaresult, the continuity
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(a) Coarse mesh

Figure4.2 Mesh and control net for the elastic plate with circular hole. It is the knot values that

(b) Control net

®
4

define the elements, not the control net. Two control points at the same location create the upper-left
corner. Coalescing control points is analogous to the degenerated element concept. See Hughes, 2000,

chapter 3.
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Figure4.3 Elastic plate with circular hole. Meshes produced by h-refinement (knot insertion).
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Mesh 1

20

15

10

Mesh 7

Figure4.4 Contour plots of oy Obtained with quadratic NURBS. The applied stressis Ty = 10 and
the stress concentration isoyy = 30ar = R,0 = 3/2x.
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Figure 4.5 Error measured in the L2-norm of stress versus the largest element diameter found in the
mesh.
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of the basisis CP~* everywhere, except along the line which joins the center of the circular
edge with the upper left-hand corner of the domain (see Figure 4.2a). Along thisline, the basis
isC? asis dictated by the coarsest mesh (from which all of the others have been generated).
The mesh parameter, hpax, IS defined as the maximum distance, in physical space, between
diagonally opposite knot locations. As can be seen, the L2-convergence rates of stress for
quadratic, cubic, and quartic NURBS are approximately 2, 3, and 4, respectively. Thisisin
keeping with the analytical results of Bazilevset al., 2006a.

4.3 Thin-walled structures modeled as solids

Analysis of thin-walled structures presents several challenges beyond those found in their
more uniformly-dimensioned thick counterparts. They are notoriously sensitive to imperfec-
tions. Anyone who has crushed an aluminum can is familiar with the way in which a small
dent in its side greatly reduces the buckling load. When performing analysis of such struc-
tures, accurate geometrical representations are absolutely vital to obtaining accurate results.
Additionally, they are prone to boundary layer phenomena, locking, and a host of other obsta-
cles to obtaining accurate numerical solutions. In this section we examine several problems
involving thin-walled structures. We treat them as the three-dimensional solid objects that
they are, despite the fact that classical finite element analysis of such structures traditionally
employs surface-based shell elements. Our approach isin keeping with our overall philosophy
of geometrical exactness at al levels of discretization (though a NURBS based shell analysis
isavery promising approach as well — for an excellent comprehensive review of approaches
to shell modeling, see Bischoff et al., 2004). We see that, not only do NURBS accurately
represent the geometry, but they resolve solution features quite well, even on surprisingly
coarse discretizations. Convergence to analytical or benchmark solutions is observed in all
cases.

4.3.1 Thin cylindrical shell with fixed ends subjected to constant
internal pressure

The problem setup and aradia displacement profile for this problem are shown in Figure 4.6.
The fixed ends create boundary layers which are difficult to accurately capture with low
order finite element methods. The exact thin shell theory solution given in Timoshenko and
Woinowsky-Krieger, 1959, pp. 476-477, is obtained under the assumption of plane stress. For
the fully three-dimensional treatment of the problem with fixed-end conditions, we modify
the Timoshenko and Woinowsky-Krieger, 1959 solution to obtain

PR2
ux) = _E(l — CisinBx sinh Bx — C, cos Bx cosh Bx) (4.51)
X € (—=L/2,L/2),
Sina cosha — cosa sinha

= — - , 452
! sinha cosha + Sina cosa ( )
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Figure4.6 Thin cylindrical shell. Problem statement and displacement profile.

cosa sSinho + Sina cosha

= , 453
2 sinha cosha + Sina cosa (453)

= 1/4 =3

Et BL Et
= —_— . = —, D = T =<a» 454
p <4R2D> =7 12(1— 9 (459)

where
~ E

The geometry of the shell is shown in Figure 4.7. Note that the radius to thicknessratio is 100,
resulting in solid NURBS elements with avery high aspect ratio. A template for building such
geometriesis given in Appendix 4.B at the end of this chapter.

R =1 (midplane radius)
t=.01
L=5

Figure4.7 Thin cylindrical shell geometry.
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Figure4.8 Thin cylindrical shell surface meshes. Meshes 1-4.

The meshes are depicted in Figures 4.8 and 4.9. In Figure 4.8, note that we have biased the
mesh toward capturing theboundary layer by creating acoarse mesh with smaller elementsnear
thefixed ends. Subsequent uniform refinement resultsin ahigh percentage of thetotal elements
in the region containing the layer we wish to capture. This has been accomplished by defining
theinitial geometry using theknot vector Z = {0, 0, 0, 1, 1, 1}, with the corresponding control
points chosen such that the parameterization is linear in the axial direction. The knot values
{1/10, 1/3, 2/3, 9/10} were then inserted to define the elements of the coarsest mesh used for

0.8
0.6
0.4

0.2

0 0.5 1
@ (b)

Figure4.9 Thin cylindrical shell. (a) Quadratic basis functions through the thickness. (b) End view of
the coarse mesh (not to scal€).
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Figure4.10 Thin cylindrical shell. Meshes 2-5. Radial displacement contour plots.

analysis. All further refinements were performed by bisecting the elements (in the surface, not
through the thickness) via knot insertion.

The through-thickness mesh resolution for Mesh 1 is shown in Figure 4.9. Note that there
are two elements in the radia direction and four in the circumferential direction. As the
surface mesh is refined, the number of elements in the circumferential direction increases
accordingly. However, the number of elementsin theradial direction isfixed at two throughout
the refinement process. The functions employed for this problem are quadratic NURBS.
Their appearance in the radial, or through-thickness, direction is presented in Figure 4.9a.
Radial displacement contours are presented in Figure 4.10 for Meshes 2-5. Note that, for all
meshes, pointwise axisymmetric response is obtained. Note also the appearance of boundary
layers. The convergence of the radial displacement profile is shown in Figure 4.11. Mesh
1 is too coarse to represent the boundary layers and the plateau between them. Mesh 3
picks up the plateau, but the boundary layers are still not accurately captured. The Mesh
5 solution is indistinguishable from the exact shell theory solution. In the detail on the
right, the exact shell solution and Mesh 5 solution are seen to overlap in the boundary layer
region.

4.3.2 The shell obstacle course

The so-called “shell obstacle course” consists of three problems: the Scordelis-Lo
roof, the pinched hemisphere, and the pinched cylinder. These problems, and their rele-
vance to the assessment of shell analysis procedures, have been discussed extensively in the
literature. The problem descriptions presented in Figure 4.12 are adapted from Belytschko
et al., 1985. Two quadratic NURBS elements are employed in the through-thickness direction
(see Figure 4.9), whereas h-refinement and k-refinement are utilized for surface meshing.
Quadratic through quintic surface NURBS are employed in the convergence analysis of all
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Figure4.11 Thin cylindrical shell. Convergence of the radial displacement to the exact shell theory
solution. The Mesh 5 solution is indistinguishable from the exact solution.

cases. |n one case, the pinched hemisphere, a one-element surface solution, starting with ratio-
nal quadratics, the lowest-order NURBS capable of exactly representing spherical geometry,
and culminating with tenth-order NURBS, is used to assess convergence. This analysis has
the flavor of what are usually referred to as “ spectral methods,” which are higher-order accu-
rate procedures, typically utilized for performing detailed studies of geometrically simple but
physically complex phenomena, such as turbulence. (See Canuto et al., 1988 and Moin, 2001
for detailed descriptions and applications of spectral methods.) Convergence is assessed by
comparing the displacement of certain points in the shell with benchmark solutions presented
in Belytschko et al., 1985. Sample contour plots of the solutions for quadratic elements on the
finest meshes studied are presented in Figure 4.13. Note that in each case the contours are very
smooth.

4.3.2.1 Scordelis-L o roof

The Scordelis-Lo roof is subjected to gravity loading. The ends are supported by fixed di-
aphragms and the side edges are free (see Figure 4.12a). The vertical displacement of the
mid-point of the side edge is the quantity used to assess convergence. The second, fourth,
and sixth meshes used in the study are shown in Figure 4.14. These meshes have 2, 8, and
32 surface elements per side, respectively. Due to symmetry, only one quadrant is meshed.
Convergence of the displacement to the benchmark valueis shown in Figure 4.15. In al cases,
convergence is quite rapid. For the higher-order cases, namely, quartic and quintic, even one
element provides a very accurate solution.
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Figure4.12 Shell obstacle course. Problem descriptions and data.
4.3.2.2 Pinched hemisphere

In the pinched hemisphere, equal and opposite concentrated forces are applied at antipodal
points of the equator. The equator is otherwise considered to be free (see Figure 4.12b). The
control points, knot vectors, and polynomia orders for the coarsest mesh are tabulated in
Appendix 4.A at the end of this chapter. The second, fourth, and sixth meshes are shown in
Figure 4.16. Due to symmetry, only one quadrant is meshed. Convergence of the displacement
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(b) (©

Figure4.13 Shell obstacle course. (a) Scordelis-Lo roof in deformed configuration (scaling factor
of 200 used). Contours of displacement in the direction of the gravity load. (b) Pinched hemisphere
in deformed configuration (scaling factor of 33.3 used). Contours of displacement in the direction
of the inward directed point load. (c) Pinched cylinder in deformed configuration (scaling factor of
3 x 106 used). Contours of displacement in the direction of the point load. Notice the highly localized
displacement in the vicinity of the load.

at the location of the inward directed load is presented in Figure 4.17. The quadratic case
converges very slowly, which is not surprising as quadratic, fully-integrated, solid C° finite
elements are known to “lock” in shell analysis. Cubic solid C° finite elements also exhibit
locking in similar circumstances but in the present case cubic NURBS behave reasonably well.
Figure 4.18 presents convergence of the displacement for one surface element meshes. Notice
that the lowest-order mesheslock but eventually accurate results are obtained. One tenth-order
NURBS surface element is seen to provide an essentially exact result. To assess whether there
is any tendency to oscillate, displacement in the direction of the inward directed point load is
plotted for the single tenth-order NURBS surface element case in Figure 4.19. Asis evident,
the displacements are very smooth and monotone.
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Figure4.14 shell obstacle course. Scordelis-Lo roof meshes.
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Figure4.15 Shell obstacle course. Scordelis-Lo roof displacement convergence.
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Figure4.16 Shell obstacle course. Pinched hemisphere meshes
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Figure4.17 Shell obstacle course. Pinched hemisphere displacement convergence.
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Figure4.18 Shell obstacle course. Pinched hemisphere displacement convergence for one NURBS
surface element.

4.3.2.3 Pinched cylinder

The pinched cylinder is subjected to equal and opposite concentrated forces at its midspan (see
Figure 4.12c). The ends are supported by rigid diaphragms. This constraint results in highly
localized deformation under the loads (see Figure 4.13c). Only one octant of the cylinder is
used in the calculation due to symmetry. The second, fourth, and sixth meshes are shown in
Figure 4.20. Convergence of the displacement under the load is presented in Figure 4.21. The
NURBS elements converge to a very dightly softer solution than the benchmark solution.
This may be due to transverse shear effects. It iswell known that, aslong as the characteristic
surface element dimension is large compared with the thickness, formulations which permit
transverse shear deformations typically closely approximate formulations which satisfy the
Kirchhoff constraint (i.e., zero transverse shear strain). When thistrend reverses, that is, asthe
surface element dimension approaches zero, holding the thickness constant, the displacement

.

Figure4.19 Shell obstacle course. Pinched hemisphere displacement in the direction of the inward
directed point load for one surface element with p = 10.
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Figure4.20 Shell obstacle course. Pinched cylinder meshes.

under a concentrated load grows, and converges to infinity. (See Hughes and Franca, 1988 for
elaboration.)

Webelieve that two quadratic NURBS through the thickness are unnecessary for typical thin
shell analysis, unlesswarping of through-thickness sectionsisdeemed important. See Bischoff
etal., 2004. We performed sometestswith one quadratic NURBS through the thickness and the
resultswereindistinguishable when compared with the two-quadratic-NURBS case. However,
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Figure4.21 Shell obstacle course. Pinched cylinder displacement convergence.
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when we reduced to linear variation through the thickness, convergence to correct solutions
was not obtained. The classic shell theory hypothesis of invoking the plane stress condition
in the through-thickness direction is sufficient to correct the deficiency of linear through-
thickness displacement variation. Such a formulation may be competitive with traditional
shell element formulations which employ displacement and rotation degrees-of-freedom at a
reference surface. Using only displacement degrees-of-freedom (i.e., control variables) in the
NURBS case considerably simplifies shell analysis, especialy in nonlinear analysis wherein
rotations are no longer vectorial and additive but require a multiplicative group structure. A
further simplification is to use a NURBS surface and employ “rotationless’ formulations,
such as the one for plates described in Engel et al., 2002. In this reference a discontinuous
Galerkin formulation is proposed but al interface discontinuity (i.e., “jump”) terms in it
disappear if C*, or higher, continuity is satisfied. This is simply attained with NURBS but
very difficult to achieve in finite element analysis. Rotationless shell elements have recently
gained popularity in computational mechanics (e.g., Phaal and Calladine, 1992; Cirak et al.,
2000; Onate and Zarate, 2000). Theformulation of Engel et al., 2002 has al so been proposed as
being an appropriate basis for so-called “strain gradient theories.” These theories also require
C*-continuity, and NURBS would appear to be naturally suited to them. In Chapter 11, phase-
field model's are described and once again C -continuous basis functions are the natural choice.

4.3.3 Hyperboloidal shell

The hyperboloidal shell problem provides some insight into the role that the local control of
continuity can play in analysis. Thisis still an active area of research, but some preliminary
impressions emerge from examining this problem, as well as the stiffened shell problem of
the next section.

The domain is the thin-walled solid seen in Figure 4.22, whose mid-surface is defined by

xX24+22—-y?=1, ye[-11]. (4.56)

Figure4.22 The geometry of the hyperboloidal shell.
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The structure has a thickness of t = 0.001 in the direction normal to this mid-surface (all
distances are in meters). The loading is a smoothly varying pressure normal to the surface,

p(0) = pocos(20), (4.57)

with pp = 1.0 MPa. The top and bottom of the structure are fixed.

4.3.3.1 Mesh generation and implementation

Only aquarter of the structureis modeled dueto symmetry. The mid-surfaceisaconic section,
namely a hyperbola, extruded in a path defined by another conic section, acircle. Asrational
quadratic NURBS are capable of representing all conic sections, this hyperboloidal surface of
revolution can be represented exactly. However, the inner and outer surfaces of the structure
are defined as offsets of the mid-surface, shifted by +t/2 in the normal direction, and are not
conic sections. Moreover, they are not in the NURBS space, so the mesh will inherently be
an approximate geometry. Note, however, that it is the offset of the hyperbola which is not
represented exactly. In theradial direction, the offset of acircleisagain acircle and therefore
existsin the NURBS space. It is the radii of the circles denoting the inner and outer surfaces
of the structure at a given height y that are not exact.

The decision was made to use two quadratic elements through the thickness of the structure.
The knot value defining the boundary between the elements has a multiplicity equal to its
polynomial order, 2, thereby making the geometrically exact mid-surface a discernible entity
within the mesh —it isthe boundary between the inner and outer layers of elements. Knotsare
then inserted into the appropriate knot vectors to define the elements in the mid-surface of the
coarsest mesh. This mid-surface mesh isidentical for al polynomial orders.

Once the coarse mid-surface mesh is fixed, so too is the number of basis functions in the
axial direction. The offset curves that define the inner and outer surfaces of revolution must
now be interpolated. The number of points along each curve that may be interpolated is equal
to the number of basis functionsin the axial direction. Dueto the use of open knot vectors, the
number of functionsfor afixed mesh growswith p. Specificaly, for the chosen mesh there are
14 + p basis functions in the axial (i.e., y) direction. As aresult, 14 4+ p points, equispaced
in the parametric domain, are calculated along the hyperbola, then offset by +t/2 using the
analytically computed normals to the curve. These offset points are then interpolated using
CP~1 B-splines to create the approximate geometry. In this way, the quality of the overall
geometric approximation improves as the polynomial order increases, though the mid-surface
mesh is the same for all orders. The loading, however, does not differ asit is applied directly
to the mid-surface itself.

To completeMesh 1 for each polynomial order, knotsareinserted near thefixed endscreating
two rows of small elements in order to better resolve the boundary layer. The multiplicity of
these knotsis p, and so the basis functions are C° across these element boundaries, shown in
red in Figure 4.23a. As discussed in Chapter 2, we could have introduced the same number
of new degrees-of-freedom into the region by creating many small elements, each having
p — 1 continuous derivatives across their boundaries. Instead we have chosen fewer elements
with lower continuity. The motivation for introducing these C° mesh-lines is that previous
experience hasindicated that doing so helpsto prevent the behavior in the layer from polluting
results elsewhere in the domain. The main reason for this is that introducing a C° mesh-line
resultsin localizing the support of the basis functions and thereby decreasing the coupling of
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(a) Mesh 1 (b) Mesh 2 (c) Mesh 3

Figure4.23 (a) Mesh 1. Basisfunctionshave p — 1 continuous derivatives across blue element bound-
aries. They are only C° across red element boundaries. (b) Mesh 2. The second mesh is generated by
uniform h-refinement of Mesh 1. The basisis C P~ across the new element boundaries. (¢) Mesh 3. The
third mesh is generated by uniform h-refinement of Mesh 2. Again, the basis is CP~! across the new
element boundaries.

functionswithintheboundary layer to functionsoutside of theboundary layer (seeFigure4.24).
Theresultiscrisper layersand more compact representationsof theglobal solution, particularly
on coarse meshes.®

Meshes 2 and 3, seen in Figures 4.23b and 4.23c, respectively, are the result of subsequent
uniform h-refinements. The basis is C P~ across the element boundaries introduced through
these refinements. The geometry and parameterization remain unchanged, and so Mesh 1 fixes
the geometry for each polynomial order. In this way, the analysis is an h-method, repeated
for several different polynomial orders, rather than a p-method repeated for several meshes.
Recall, however, that the mid-surface meshesfor Mesh 1, Mesh 2 and Mesh 3 areindependent
of the polynomial order. This was done in an effort to make the results from one polynomial
order to the next as comparable as possible.

4.3.3.2 Results

The numbers of degrees-of-freedom and the numerically computed volume are reported in
Table 4.2. The potential energy for each mesh, as well as the limit ash — 0 estimated using
Richardson extrapolation, is reported in Table 4.3. Plots of the deformed geometry as seen
from two different angles are shown in Figure 4.25. The displacement has been amplified by
a factor of 10 to make it more visible. Due to the sinusoidal character of the loading, the
deformed structure has “compression lobes’ and “expansion lobes.” In both cases, the largest
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Figure4.24 Example boundary layer meshes. Both meshes have the same number of basis functions.
(a) Only one of the seven basis functions has support both inside the layer (¢ < 0.1) and outside of the
layer (¢ > 0.1). (b) Three of the seven basis functions have support both inside and outside of the layer.
This may not be visually apparent, but the red basis function is non-zero for £ < 0.1.

gradients of the solution are contained in thin layers near the fixed ends of the structure. Plots
of the radial displacement at a compression lobe are shown in Figure 4.26 and Figure 4.27.
In these plots, results for each of the polynomial orders on Mesh 3 are shown. While the
quadratics are far from converged, and cubics seem to be showing signs of the geometry error,
the quartics and quintics lie practically on top of each other.

After thisinitial study was completed, a second study was performed using the maximum
continuity possible. The shell geometries were identical to those presented above, as were the
meshes outside of the boundary layer region. The width of the boundary layer portion of the
mesh was kept the same as well, but instead of two rows of elements with C° boundaries,
asin theinitial study, many rows of elements with CP~! boundaries were used (the number
of rows depended on the polynomial order and was chosen so as to equate the number
of degrees-of-freedom in each mesh of this study with the equivalent mesh in the previous

Table4.2 Mesh data. Here p denotes the polynomial order in the plane of the surface,
while g isthe polynomial order through the thickness. The exact volume of the shell is
1597530 * 1072 m®

p,q Mesh 1 DOF Mesh 2 DOF Mesh 3 DOF Volume of shell

2,2 2160 6300 21060 1597535 10~2m?
3,2 3045 7755 23655 1597527 » 1072m?
4,2 4080 9360 26400 1597530 « 1072m?
52 5265 11115 29295 1597530 « 10~2m?
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Table4.3 Potential energy. Estimated limit calculated using Richardson extrapolation

P, q Mesh 1 Mesh 2 Mesh 3 Estimated limit
2,2 —4.668902 —4.751145 —4.796779 —4.799821
3,2 —4.783082 —4.794395 —4.801991 —4.802112
4,2 —4.787948 —4.795994 —4.799878 —4.799893
52 —4.791334 —4.798373 —4.799941 —4.,799942

* 1072MNm * 1072MNm * 1072MNm * 107°MNm

Figure4.25 The deformed configuration viewed from two different angles. Compression lobes are
visible where the loading is directed inward. Expansion lobes are visible where the loading is directed
outward.
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Figure4.26 Compression lobe. Radia displacement versus height.
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Figure4.27 Compression lobe. Detail of radial displacement versus height.

study). Asexpected, the results on coarser meshes are always better for the case with decreased
continuity. As the meshes are refined, this performance gap narrows, and eventually the trend
reverses. See, for example, the results for quintic meshes in Table 4.4. As stated previoudly,
we conclude that the use of functions with the maximum continuity possible at the given
polynomial order will be more efficient asymptotically whenever the exact solution is smooth.
On coarser meshes, however, reducing the continuity and therefore decreasing the support of
the basis functions may result in a more accurate solution.

4.3.4 Hemispherical shell with a stiffener

The hemispherical shell with a stiffener problem (see Figure 4.28) was modeled with asingle
NURBS patch in Hughes et al., 2005. As was shown in Section 2.3 of Chapter 2, use of a
single patch leads to substantial distortion of the elements for this problem. While it speaks
well of the overall robustness of the method that accurate resultswere still obtained, efficiency

Table4.4 Comparison of the potential energy errorsin the two approachesto
boundary layer meshing, p = 5. Though the coarse mesh favors the C° boundary layer
treatment, smooth functions prove to be more accurate once the meshes are sufficiently
fine. The reference solution used in the error calculation is the estimated limit for the
quintic case from the previous table

Mesh 1 Mesh 2 Mesh 3

CO Boundary layer 0.1804% 0.0337% 0.0011%
CP-1 Boundary layer 0.3379% 0.0206% 0.0007%
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Figure4.28 Hemispherical shell with stiffener. Problem description from Rank et al., 2005.

clearly suffered. We wish to compare with the original results of Rank et al., 2005, who used a
trunk space p-refinement strategy. Such an approach does not use the full tensor product space
of basis functions, but the much smaller trunk space, just large enough to ensure the optimal
convergence rate at a given polynomial order (see Szabo et al., 2004 for a discussion of the
trunk space and the p-method in general). As NURBS necessarily have an underlying tensor
product structure, at least on patches, an analogous isogeometric analysis approach exploiting
the trunk space has not been attempted thus far.

Despite the tensor product structure of NURBS, k-refinement presents the possibility of
improved efficiency. In fact, k-refinement, in conjunction with the use of multiple patches to
create better quality meshes, and the use of local refinement as described in Section 3.5.1
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of Chapter 3 to avoid placing functions in regions where they are not needed, enables the
NURBS based approach to show an accuracy per degree-of-freedom comparable to the results
presented in Rank et al., 2005; see Figures 4.31-4.34.

Aswe have seen several times now, if agiven mesh of higher-order and high continuity does
not achieve the level of accuracy desired, one can add more degrees-of-freedom by inserting a
knot in one of the parametric directions. The number of new degrees-of-freedom isexactly the
same regardless of whether a new knot value is inserted (creating new elements by splitting
existing ones), or whether an existing knot value is repested (creating no new elements, but
decreasing the continuity of the basis across the corresponding element boundaries). While a
rigorous analysis of the two approaches has not yet been performed, in the present results it
seems clear that in regions where the solution is very smooth (such asin the shell, areasonable
distance away from the stiffener), inserting anew knot, and thus more functions that maintain
high continuity, was the more beneficial refinement. In the vicinity of a singularity (such as
near the reentrant corner where the shell meets the stiffener and the stress is singular), it is
more beneficial to repeat an existing knot value, decreasing the continuity of the basis and
simultaneously decreasing the support of the basis functions in the physical space. Both of
these effects help localize the singularity and prevent it from polluting the results elsewhere
in the domain® (recall Figure 4.24).

The meshes for the multiple-patch treatment of the stiffened shell are shown in Figures 4.29
and 4.30. The locally refined, k-method meshes are seen in Figure 4.30a. In Figure 4.30b,
we see the case where fewer elements are used. A k-type refinement is used everywhere
except at the knot lines marked in red. The multiplicities of these knots were increased with
the polynomial order such that the basis remained C° across them. The results for this mesh
are labeled “Local k*-ref” to indicate that the k-refinement paradigm was atered near the
singularity. The displacements are plotted versus the number of degrees-of-freedom for points
A and B in Figures 4.31 and 4.32. The calculated von Mises stresses are plotted versus the
number of degrees-of-freedom in Figures 4.33 and 4.34. The trunk space p-method results

Figure4.29 Hemispherical shell with stiffener. The coarse mesh may be refined in multiple ways.
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(a) Local k-refinement (b) Local K*-refinement

Figure4.30 Hemispherical shell with stiffener. () A k-refinement approach with CP~ continuity
across element boundaries. Many small elements are used to get awell-resolved solution. (b) Functions
are C° across the element boundariesin red, CP~* elsewhere. Fewer elements are needed than in (). In
both cases, the basisis C° across patch boundaries, shown in black, and local refinement isimplemented
at the patch level.

from Rank et al., 2005 are plotted for comparison. For displacements, the single patch results
from Hughes et al., 2005 are plotted as well.

In each of the problems in this section, we treated thin-walled geometries quite successfully
with solid, trivariate discretizations. The last two problems, the hyperboloidal shell and the
hemispherical shell with a ring stiffener, provided the opportunity to study the effects of
smoothness of basis functionsin the vicinity of singularities. For the hyperboloidal shell, we
reduced smoothnesslocally in thevicinity of the boundary layer. In the case of coarse meshes,
this improved accuracy, whereas for finer meshes the pure k-method was more accurate. In
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Figure4.31 Hemispherical shell with stiffener. The displacement at point A is plotted versus the total
number of degrees-of-freedom.

the case of the stiffened shell, we employed a multi-patch approach with local refinement and
again compared smooth discretizations within the patches with ones in which continuity was
reduced to CP in the vicinity of the singularity. We found this latter approach led to more
rapid convergence. The reason for this seems to be that basis functions having support in the
vicinity of thesingularity tend to propagate information away from the singularity. The support
of smooth k-method basis functions is greater than the support of the same order p-method

x 10
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1.1t o
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0.8t, .
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Figure4.32 Hemispherical shell with stiffener. The displacement at point B is plotted versus the total
number of degrees-of-freedom.
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Figure 4.33 Hemispherical shell with stiffener. The von Mises stress at point A is plotted versus the
total number of degrees-of-freedom.

functions when there are approximately the same numbers of degrees-of-freedom. Asaresult,
the errors created by the singularitiestend to propagate further for the smoother basisfunctions
of the k-method. By judiciously locating afew surfaces of reduced continuity, the “pollution”
created by the singularities seemed to be more locally confined. However, it does not seem to
be a black and white issue, but rather to depend strongly on the nature of the exact solution.
Further studies need to be performed to assess the trade-offs in awider variety of problems.
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Figure4.34 Hemispherical shell with stiffener. The von Mises stress at point B is plotted versus the
total number of degrees-of-freedom.
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Appendix 4.A: Geometrical data for the hemispherical shell

The mesh for the hemispherical shell is a quintessential example of a geometry that
we can model quite simply with NURBS, but that is completely outside the space of piecewise
polynomial geometriesrealizableinaclassical finite element setting. Here we present the same
geometrical data as used for the hemispherical shell in the shell obstacle course. We model a
quarter of the domain, applying symmetry boundary conditions where appropriate (see Fig-
ure 4.12b). The coarsest possible mesh has only one element, which is rational quadratic in
the two curved directions of the face and linear through the thickness. The & and » coordinates
will map onto the latitude and longitude lines. We have p = q = 2,

£=1{0,001,1,1}, (4A.1)
and
H =1{0,0,0,1,1,1}. (4.A.2)
Finally, through the thickness we haver = 1 and
Z=10,0,1,1}. (4.A.3)

The control points are tabulated in Table 4.A.1. Note that the radius of the mid-surface is
R = 10 and the thicknessist = 0.04.

Before performing analysis, we performed k-refinement in the ¢ -direction. First we order
elevatetor = 2, and then insert anew knot at ¢ = 0.5. From there, further refinements were
made and results compiled. See Section 4.3.2.

Appendix 4.B: Geometrical data for a cylindrical pipe

Another frequently occurring shape in engineering design is the cylinder. As with the other
examples from the shell obstacle course, we modeled the cylindrical shell as a solid using

Table4.A.1 Control pointsfor the hemispherical shell

i Bij1 Bij. Wij1  Wij2
11 (9.98, 0, 0) (10.02, 0, 0) 1 1

1 2 (9.980,9.98) (10.02, 0, 10.02) 1/v2 1/4/2
1 3 (0,0, 9.98) (0, 0, 10.02) 1 1

2 1  (9.989.98,0) (10.02, 10.02, 0) 1/v2 1/42
2 2 (998998998 (10.02,10.02,10.02) 1/2  1/2
2 3 (0,0,9.98) (0, 0, 10.02) 1/V2 1/42
3 1 (0,9.98,0) (0, 10.02, 0) 1 1

3 2 (0,9.989.98) (0, 10.02, 10.02) 1/v2 1/4/2
3 3

(0,0, 9.99) (0,0, 10.02) 1 1
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trivariate elements. Here, we will provide a template for such a geometry, but one with more
uniform proportions. Transforming the resulting cylindrical pipe into one with any desired
proportionsis a simple task. Chapter 2, and the geometry tutorial of Section 2.4 in particular,
should provide the necessary details.

We let the &-direction in the parameter space correspond to the #-direction in cylindrical
coordinates. The n-direction will align with the radial direction, while the ¢-direction will
correspond to the z-axis. The corresponding polynomial orders will be p =2, q =1, and
r = 1, respectively. For the knot vectors we have

£=1{0,0,0112233,4,4,4), (4.B.1)
H ={0,0,1, 1}, (4.B.2)
Z=1{0,0,1,1}. (4.B.3)

Note that we specified the polynomia orders and knot vectors without specifying the
dimensions of the object yet. This is natural as knot vectors in which the knots are in-
tegers are very simple to deal with. To determine the control points, however, we must
know the dimensions of the cylindrical pipe. Let us consider a pipe with an inner radius
of 1, an outer radius of 2, and a height of 5. The necessary control points are tabulated in
Table4.B.1.

Table4.B.1 Control pointsfor acylinder

i K Bi 1k Bi 2k Wi, 1k Wi 2k
(1,0,0) (2,0,0) 1 1
(1,0,5) (2,0,5) 1 1
(1,1,0 (2,2,0) 1/4/2 1/v/2
(1,1,5) (2,2,5) 1/3/2 1/3/2
(0,1,0) (0,2,0) 1 1
(0,1,5) (0,2,5) 1 1
(-1,1,0 (-2,2,0) 1/3/2 1/3/2
(-1,1,5) (=2,2,5) 1//2 1/+/2
(-1,0,0) (=2,0,0) 1 1

(-1,0,5) (-2,0,5) 1 1
(-1,-1,0) (-2, -2,0) 1/V/2 1/3/2
(-1, -1,5) (-2, -2,5) 1//2 1//2

1 1

(0,-1,0) (0,-2,0)

(0, —1,5) (0,—2,5) 1 1
(1, -1,0) (2, -2,0) 1//2 1//2
(1, —1,5) (2, -2, 5) 1/4/2 1/4/2
(1,0,0) (2,0,0) 1 1

O©C OO NN UMD WWNDNEREPRE
NEFENEFENEPEPENENEPENENENEDNPRE

(1,0,5) (2,0,5) 1 1
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Appendix 4.C: Element assembly routine

In Appendix 3.A at the end of the previous chapter we presented pseudo-code for a shape
function routine that would consume an element number and a quadrature point in the parent
element, and would return the basis functions, their derivatives with respect to the physical
coordinates, and the Jacobian determinant of the mapping, all evaluated at the image of the
quadrature point inthe physical domain. Though thiswasdivided into three separate algorithms
for the sake of clarity, let us assume that we have one single function, Shape_function,
that performs the task in its entirety. In this appendix, we will use that function to build
and assemble® the local stiffness matrices and load vectors required for the analysis of a
homogeneous linear elastic solid.

The approach that we will take is to loop through the elements and within each element to
loop through the quadrature points. At each point we will evaluate basis functions and their
derivatives, and add the appropriate contributions to the local stiffness matrix and load vector.
When all of the quadrature points have been traversed within a given element, these local
contributions will be assembled into the global system by means of the Assembly function
(not shown) which will utilize the IEN and ID (or, analogoudly, LM) arrays discussed in
Appendix A at the end of this book. As the solution field is vector-valued for the case of
three spatial dimensions, the local stiffness matrix is stored as ane, x nNey, x 9 array and the
local load vector isstored asane, x 3 array. Assembly will use the connectivity information
to map the local degrees-of-freedom to the appropriate globa equation numbers. We will
assume that the treatment of Dirichlet boundary conditions will be handled appropriately
therein.

Algorithm 4 contains the aforementioned loops through the elements and quadrature
points. The contributions to the local stiffness matrix and local load vector are computed
in Build_K_local and Build_F_local, shown in Algorithms 5 and 6, respectively. For sim-
plicity, we will assume that the Young's modulus, Poisson ratio, and body load are uniform
throughout the domain. We use the Young's modulus and Poisson ratio to construct the Lamé
parameters asin (4.13) and (4.14). We also assume that the same set of quadrature pointsin
the parent element are appropriate for all physical elements. Lastly, note that the definition
that we have used for an element, the span between the knots, allows for the possibility of
elementswhich are of zero measure in the parameter space. This happens whenever continuity
has been decreased by knot replication. As a result, we will check to see if the element has
positive measure before attempting to integrate over it.
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Algorithm 4: Element assembly

Data: All of the geometrical, connectivity, material and load data must be input, as well as
the quadrature points and weights.

Result: The global stiffness matrix and global load vector will be assembled.

// Lamé parameters:
lambda = nuP*EY / ((1-0+nu_P)*(1.0+2.0*E.Y));
mu = EY / (2.0*(1.0+nu_P));

// Element Loop:
for e=1tonel do
// NURBS coordinates; convention consistent with Algorithm 7

ni = INN[IEN[e][111[1];
nj = INNLIEN[e][1]1]1[2];
nk = INN[IEN[e][111[3];

// Check if element has zero measure
if (KVXi[ni+1] == KV.Xi[ni]) or (KV_.Eta[nj+1] == KV_Eta[nj]) or
(KV_Zeta[nk+1] == KV_Zeta[nk])

then
\ CYCLE; // Jump to end of loop and proceed with next element
end
K_local[nen][nen][9] = 0.0; // Local stiffness matrix
F_local[nen][3] = 0.0; // Local load vector

for 1= 1to NQUAD do
for j=1to NQUAD do
for k= 1to NQUAD do

// gp is the vector of NQUAD quadrature points
call Shape_function(gp[il.gpli]l.9p[k].R,dR.dx,J);

// Combine quadrature weights with Jacobian
Jmod = J*gw[i]*gwli]*gwlk];

call Build.K_local(dR.dx,Jmod, lambda,mu,K_local);

// Fb is the body load vector
call Build_F_local(R,Jmod,Fb,F_local);

end

end
end

call Assembly(K_local,F_local);
end
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Algorithm 5: Bui | d_K_I ocal

Data: The derivatives of the basis functions, modified Jacobian, material parameters A and w,
and current local stiffness matrix must be given as inputs.

Result: Thelocal stiffness matrix is updated.

for aa= 1tonen do

for bb= 1to nen do

// Contributions to the diagonal

K_Local[aa][bb][1] = K.Local[aal[bb][1] + (
(lambda + 2.0*mu)*dR_dx[aa][1]*dR-dx[bb][1] +
mu*(dR_dx[aa][2]1*dR_dx[bb][2] + dR.dx[aa]l[3]1*dR-dx[bb]1[3]1)
)*Jmod;

K_Local[aa][bb][5] = K-Local[aa][bb][5] + (
(lambda + 2.0*mu)*dR_dx[aa][2]*dR_dx[bb][2] +
mu*(dR_dx[aa][1]*dR_dx[bb][1] + dR._dx[aa][3]*dR_.dx[bb][3])
)*Jmod;

K_Local[aa][bb][9] = K.Local[aa][bb][9] + (
(lambda + 2.0*mu)*dR_dx[aa][3]*dR.dx[bb][3] +
mu*(dR_dx[aa][1]1*dR_dx[bb][1] + dR.dx[aa]l[2]*dR-dx[bb]1[2])
)*Jmod;

// Contributions to the off-diagonal entries

K_Local[aa][bb][2] = K.Local[aal[bb]l[2] + (
lambda*dR_dx[aa][1]*dR._dx[bb][2] +
mu*dR_dx[aa] [2]*dR-dx[bb][1] )*Jmod;

K_Local[aa][bb][3] = K.Local[aa][bb][3]
lambda*dR_dx[aa] [1]*dR_dx[bb][3] +
mu*dR_dx[aa] [3]*dR_dx[bb][1] )*Jmod;

K_Local[aa][bb][4] = K.Local[aa][bb][4]
lambda*dR_dx[aa] [2]*dR_dx[bb][1] +
mu*dR_dx[aa][1]1*dR_dx[bb][2] )*JImod;

K_Local[aa][bb][6]1 = K._Local[aal[bb][6]
lambda*dR_dx[aa] [2]*dR_-dx[bb][3] +
mu*dR_dx[aa] [3]1*dR_dx[bb][2] )*Jmod;

K_Local[aa][bb][7] = K.Local[aa][bb][7]
lambda*dR_dx[aa][3]*dR.dx[bb][1] +
mu*dR_dx[aa][1]1*dR_dx[bb][3]1 )*JImod;

K_Local[aa][bb][8] = K._Local[aa][bb][8]
lambda*dR_dx[aa] [3]*dR-dx[bb][2] +
mu*dR_dx[aa] [2]*dR_dx[bb][3] )*Jmod;

+
~

+
~

+
~

+
~

+
~

end

end
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Algorithm 6: Bui | d_F_l ocal
Data: The basis functions, modified Jacobian, body load, and current local load vector must

be given asinputs.

Result: Thelocal load vector is updated.

for aa= 1to nen do

// Fb is the body load vector

F_local[aa][1] = F_local[aa][1] + Fb[1]*R[aa]*JImod;
F_local[aa][2] F_local[aa][2] + Fb[2]*R[aa]*JImod;
F_local[aa][3] F_local[aa][3] + Fb[3]*R[aa]*Jmod;

end

Notes

1

Do not confuse the symbol B4 (i.e., the strain-displacement matrix) with one of the control
points used to define the geometry. There are but a finite number of letters in the al phabet,
and the use of B in this context is the standard in the literature.

. Codlescing adjacent control points reduces continuity by one order. Coalescing p — 1

adjacent control points for NURBS of order p reduces continuity to C°.

. Note that we would expect a very fine mesh (e.g., one with all of the elements the size

of those in the boundary layer) comprised of highly continuous functions to represent the
solution more efficiently than aclassical p-method on a per degree-of-freedom basis. On a
coarse mesh, however, the efficiency of the method is degraded if alarge percentage of the
functions have support in both very small and very large elements. Thisissueisinvestigated
in more detail in Section 4.3.4.

. This is reminiscent of the heuristic notion that an hp-method should use large elements

with higher-order in smooth regions and small elements of lower-order near singularities.
Coupling this with control over the continuity across elements opens the door to the
possibility of an hpk-method.

. Here“build” refersto the act of performing the integrals necessary to compute the entries

of the local stiffness matrix and load vector, while “assemble” refers to taking these local
objects and adding their contributionsto their global counterparts.






5

Vibrations and Wave Propagation*

The study of structural vibrations or, more specifically, of eigenvalue problems alows us
to examine in more detail the approximation properties of the smooth NURBS functions
independently of any geometrical considerations. In general, spectrum analysis is the term
applied to the study of how numerically computed natural frequencies, !, compare with the
analytically computed natural frequencies, w,. Wewill seethat, for agiven number of degrees-
of-freedom and bandwidth, the use of NURBS results in dramatically improved accuracy in
spectral calculations over classical finite elements analysis.

5.1 Longitudinal vibrationsof an elastic rod

L et us begin by considering one of the simplest vibrational model problemsin one dimension:
the longitudinal vibrations of an elastic rod. If we consider thedomain Q = (0, L) C R, there
isno longer an issue of geometrical accuracy. We will begin by taking the mapping from the
parameter space to the physical space to be the identity mapping (equivalently, we can think
of this as simply working in the parameter space). As demonstrated by Cottrell et al., 2006,
we will see that this is not necessarily the best choice. FEA basis functions and NURBS!
are equally capable of representing this domain exactly, and so the quality of the results will
depend entirely on the approximation properties of the basis.

5.1.1 Formulating the problem

To understand the formulation of the eigenproblem representing the longitudinal vibrations
of a“fixed—fixed” elastic rod, let us begin by considering the elastodynamics equation from
whichit isderived (elastodynamicswill be discussed in moredetail in Chapter 6). The behavior
of the rod, which is assumed to move only in the longitudinal direction, is governed by the
eguations of linear elasticity combined with Newton’s second law, resulting in

(Eux)x —pui =0 in Qx(0,T), (5.1a)
u=0 on I x(0,T), (5.1b)

* Many of the resultsin this chapter were originally obtained in Cottrell et al., 2006 and Hughes et al., 2008a

Isogeometric Analysis: Toward Integration of CAD and FEA by J. A. Cottrell, T. J. R. Hughes, Y. Bazilevs
© 2009, John Wiley & Sons, Ltd
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where @ = (0, L), p : (0, L) — R isthe density per unit length of therod, E : (0, L) — Ris
Young's modulus, and the “fixed—fixed” condition (5.1b) ensures that the ends of the rod do
not move. For an actual dynamics problem, we would need to augment (5.1) with appropriate
initial conditions of the form

u(x, 0) = up(x), (5.2
u.(X, 0) = vo(X). (5.3

At present, however, we are not interested in the transient behavior of the rod. Instead, we are
interested in the natural frequencies and modes in which the rod vibrates. We obtain these by
separation of variables. In adight abuse of notation, we assume u(x, t) to have the form

u(x, t) = u(x)e't, (5.4)

where u(x) isafunction of only the spatia variable, x, whilei = 4/—1, and w is the natura
frequency. Inserting (5.4) into (5.1a) and dividing by the common exponential term resultsin
the eigenproblem we are seeking:

(Euy)x + @?ou=0 in Q, (5.53)
u=0 on T. (5.5b)

Equation (5.5) constitutes an eigenproblem for the rod. The nontrivial solutions are count-
ably infinite. Thatis, fork = 1, 2, ..., oo, thereisaneigenvalue Ax = (wx)? and corresponding
eigenfunction u) satisfying (5.5). Furthermore, 0 < A1 < 1> < ..., and the eigenfunctions
are orthogonal. Though the eigenfunctions are only defined up to a multiplicative constant, we
can remove the arbitrariness by augmenting the orthogonality condition to include normality.
That is, we can demand that the eigenfunctions all obey the property

L
/ Uy pUq) dx = Okl - (5.6)
0

Following the now familiar process, we multiply (5.5a) by atest function w and integrate by
parts to obtain the weak form of the equation: Find all eigenpairs {u, A},u € S, A = w? € RY,
such that foral w € V

a(w, u) — w*(w, pu) = 0, (5.7)
where
L
a(w,u) = /w,XEu_X dx, (5.8
0

L
(w, pu) = | wopudx. (5.9
/
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Note that, due to the homogeneous boundary conditions, S =V = H}(0,L) ={u e
H(0, L)|u(0) = u(L) = 0}.

The Galerkin formulation is obtained by restricting ourselves to finite-dimensional sub-
spacesS" ¢ Sintheusual way. That is, w and u in (5.7) will be replaced by finite dimensional
approximations w" and u” of the form

Neq Neq
w" = "Nada and u" =" Ngcs. (5.10)
A=1 B=1

respectively. The resulting eigenpairs will contain approximations of both natural modes u?k)

and the natural frequencies wf!. The problem becomes: Find al »" € R* and u" e S" such
that for all w" e V"

a(w", u") — (@")?(w", pu") =0, (5.11)
Substituting the shape-function expansions for w" and u" in (5.11) gives rise to a matrix
eigenvalue problem: Find natura frequency a)L‘ € R* and eigenvector Wy, k=1,..., Neg,
such that
(K = (@f)®M) ¥y = 0, (5.12)
where
K = [Kas], (5.13)
M = [Mag]. (5.14)
with
Kas = a(Na, Ng), (5.15)
Mag = (Na, oNg), (5.16)

and ¥ isthe vector of control variables corresponding to u?k). The orthonormality condition,
(5.6), can be expressed as

UMW, = §y. (5.17)

Asinthe previous chapter, werefer toK asthestiffness matrix. The new object, M, isthemass
matrix. Noting that o > 0, and that the NURBS basis functions are pointwise non-negative,
we see from (5.9) that every entry in the mass matrix is also non-negative. This claim cannot
be made for standard finite elements.

5.1.2 Resultss NURBSvs. FEA

Let us consider the case where p, E, and L are each taken to be 1. Analyticaly, (5.58) can
be solved to obtain w, = nz forn=1, ..., co. We can assess the quality of the numerical
method by comparing the ratio of the computed modes, of!, with the analytical result. That
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is, (0 /wn) = 1 indicates that the numerical frequency isidentical to the analytical resuilt. In
practice, the discrete frequencies will always obey the relationship

wn <o) for n=1,...,Neg, (5.18)

and so we expect the ratio (! /wn) to be greater than 1 (see, e.g., Strang and Fix, 1973), with
larger values indicating decreased accuracy.

5.1.2.1 Initial results

Note that linear NURBS are identical to linear finite element functions, so let us begin the
comparison with quadratic functions. We compare C*-continuous quadratic NURBSfunctions
with the classical C°-continuous quadratic finite elements. The results are shown in Figure
5.1, where we have plotted the normalized frequency resuilts, wfl /wn, versus the mode number,
n, normalized by the total number of degrees-of-freedom, N = neg = 999.

Figure 5.1 illustrates the superior behavior of NURBS basis functions compared with finite
elements. In this case, the finite element results depict a so-called acoustical branch for
n/N < 0.5 and an optical branch for n/N > 0.5 (see Brillouin, 1953). This branching is due
to the fact that there are two distinct types of difference equations for the finite elements:
those corresponding to the end-point nodes at element boundaries, and those corresponding
to mid-point nodes on element interiors; see Figure 5.2. The acoustical branch corresponds to
modes in which the neighboring end- and mid-point nodes oscillate in phase with each other,
and the optical branch modes are the modes in which they are out of phase?. Alternatively,
the quadratic NURBS difference equations are al identical (recall Figure 2.3), and no such

13 T T T T T T T T T
—— quadratic FEM
125 .
—— quadratic NURBS
12f
{=4
~ 115}
£ o
11f
1.05
1 L L 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

n/N

Figure5.1 Fixed-fixed rod. Normalized discrete spectra using quadratic finite elements and NURBS.
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Figure5.2 Nodal finite element basisfunctionsfor the quadratic p-method. Note the two distinct types
of functions corresponding to end-nodes and mid-nodes. These lead to two distinct difference equations
corresponding to the end-point nodes at element boundaries and the mid-point nodesin element interiors.

branching takes place. Observe that the NURBS are more accurate throughout the entire
spectrum, not just in the upper half after the branching of the FEA spectrum.

The results of Figure 5.1 were obtained numerically. One could also have obtained these
results by analytically solving the discrete equations, as will be seen in Section 5.1.3.

The same eigenvalue analysis can be performed using higher-order NURBS basisfunctions.
Theresulting spectraare presented in Figure 5.3; theanalyseswerecarried out using N = 1000
degrees-of-freedom.

Increasing the order, p, of the basis functions, increases accuracy. Increasing p also results
in the appearance of strange frequencies at the very end of the spectrum (see Figure 5.3),

1.07
— quadratic
1.06 q -
— cubic
— quartic
1051 | — quintic
— 1.04
1.03 1
1.02
1.01p
1 ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

n/N

Figure5.3 Fixed—fixed rod. Normalized discrete spectrausing different order NURBS basis functions.
Outliers appear in the very thin band on the right end of the spectrum.
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Figure5.4 Fixed-fixed rod. Last normalized frequenciesfor p =2, ..., 10.

referred to as “outlier frequencies,” whose number and magnitude increase with p. In Figure
5.4, this behavior is highlighted by plotting the last computed frequenciesfor p = 2, ..., 10.
To understand the outliers, recall the branching of the FEA spectrum seenin Figure 5.1. There
are only two distinct equations in the discrete system, corresponding to element middle and
end nodes, and this gives rise to the two branches. In the case of NURBS, as N — oo, all
but a finite number of equations are the same, as seen in Figure 5.5. Those associated with
the open knot vectors, at the ends of the domain, are different and are responsible for the
outliers. The outliers constitute a discrete optical branch. The typical equation for afunction

1.5 T
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0.2

0.3
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0.7
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0.9 1

Figure5.5 Basis functions for the quadratic NURBS. Note that the number of non-standard basis
functions depends on the polynomial order, but not on the total number of elementsin the domain.
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on theinterior of the domain gives rise to the continuous acoustic branch, as has been verified
analytically; see Cottrell et al., 2006. In finite element analysis, the frequencies associated
with the optical branch are regarded asinaccurate and, obviously, the sameistruefor NURBS.
In many applications, these frequencies are in a sense harmless. They can be ignored in
vibration analysis and their participation in transient response can be suppressed through the
use of dissipative, implicit time integration algorithms (see, e.g., Hilber et al., 1977; Hilber
and Hughes, 1978; Miranda et al., 1989; Chung and Hulbert, 1993; Hughes, 2000). However,
they would be detrimental in explicit transient analysis because the frequencies of the highest
modes are grossly overestimated and stability would necessitate an unacceptably small time
step. See Hughes, 2000, chapter 9. It will be shown in the next section how to completely
eliminate the outliers by a reparameterization of the isogeometric mapping. Obviously, the
greater the number of outliers, the less efficient is the discrete approximation, and in this
situation FEA is at a severe disadvantage compared with NURBS.

5.1.2.2 Linear and nonlinear parameterizations

The most natural way to define a basis and geometrical mapping is to begin with a single
linear element with one control point at each end. The parameterization of such adomainis, of
courseg, linear. Asthe polynomial order is elevated and knots are inserted, the parameterization
remains linear (i.e., constant Jacobian determinant), though the spacing of the control points
will not be linear. In Cottrell et al., 2006 it has been shown that when studying structural
vibrations, anonlinear parameterization such that the control pointsare uniformly spaced gives
better results. In Figure 5.6, we show the one-dimensional distribution of 21 control points
obtained for the two cases using cubic NURBS (top), along with plots of the corresponding
parameterization x = x(&) (middle) and Jacobian J(§) = Mdé@ (bottom). Subsequently, we
will refer to this choice, in which control points are uniformly distributed, as “nonlinear
parameterization,” in contrast with the linear parameterization.

5.1.2.3 Higher-order results

Let us proceed to higher orders, now using the nonlinear parameterization of the domain.
Figure 5.7 shows a comparison of k- and p-method numerical spectrafor p=1,...,4 (we
recall that for p = 1 the two methods coincide). Here, the superiority of the isogeometric
approach is evident, as one can see that optical branches of spectradiverge with p for classical
CP finite elements. This negative result shows that even higher-order finite elements have no
approximability for higher modes in vibration analysis, and possibly explains the fragility of
higher-order finite element methods in nonlinear and dynamic applications in which higher
modes necessarily participate. |n contrast, the entire NURBS spectrum convergesfor all modes.
This dramatic result is al the more compelling when we recall that the result is independent
of the geometry in this one-dimensional setting. Results such as these can be understood
from a more fundamental functional analysis perspective through the notion of Kolmogorov
n-widths. See Appendix 5.A.

5.1.3 Analytically computing the discrete spectrum

Thusfar, wehavelooked at numerical results. We can, however, compute spectraby analytically
solving the discrete system. Beginning with the variational form (assuming unit coefficients),
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Figure5.6 One-dimensional case: linear versus nonlinear parameterization determined by uniformly-
spaced control points (cubic NURBS, 21 control points). Top: distribution of control points; black
dots correspond to linear parameterization control points and red asterisks to uniformly-spaced control
points. Middle: Plot of the parameterizations of the two cases. Bottom: Plot of the Jacobians for the two

cases.
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Figure5.7 Longitudinal vibrationsof an elastic rod. Comparison of k-method and p-method numerical
spectra.

we have
f wu ¢ dQ + f wxUxdQ2 =0. (5.19)
Q Q
Letting
w = Na(X) (5.20)
and
u = ug(t)Ng(x), (5.21)

with the Na’s being the quadratic B-splines used above, we can analytically perform the
integration in (5.19) to obtain the stencil

h
120 (a2 + 260ia_1 + 660 A + 260a41 + Uay2)
(5.22)

1
~&h (Ua—2 +2Ua_1 — BUA + 2Up41 + Uay2) =0,

where we use the double-dot to denote differentiation of the coefficient with respect to time.
We can compactly rewrite (5.22) as

h2
o5 %Ua— Bua=0, (5.23)
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where o and 8 are operators defined by
aXa = Xa—2 + 26Xa—1 + 66Xa + 26Xa+1 + Xat2,
(5.24)
BXA = Xa—2 + 2Xa-1 — BXa + 2Xa 41 + Xat2.
We assume the time varying control point to have the form
ua(t) = éaq(t), (5.25)

where ¢ 5 isaconstant coefficient depending only on the control point, A, and q(t) isafunction
of time that is the same for each control point. Substituting this expression into (5.23) and

hh 2
adding and subtracting 20 aup leadsto
i+ M) (h)? —0 5.26
(@ + (@")0) 55 apa — (55— ada+ Béa)d = O. (5.26)
The satisfaction of (5.26) is achieved by selecting ¢ o and g such that
4+ (@")?q=0 (5.27)
and
(@"h)?
( 20 ¢ + B)pa = 0. (5.28)

Assuming a solution for (5.28) of the form (for fixed—fixed boundary conditions)
¢a = Csin(Awh), o =nm, (5.29)
(5.28) can be rewritten as
(@"h)?
20

Recalling the definitionsof « and 8 givenin (5.24), and thetrigonometricidentity sin(a & b) =
sin(a) cos(b) & sin(b) cos(a), it requires only a small amount of algebraic manipulation to
obtain

( @ + B)sin(Awh) = 0. (5.30)

(@"h)?
20

(16 + 13 cos(wh) + cos?(wh)) — (2 — cos(wh) — cos?(wh)) = 0, (5.31)

h
which can be solved for w—, giving:
w

—= (5.32)

®" 1 [20(2 - cos(wh) — cos’(wh))
16 + 13 cos(wh) + cos?(wh)’

Equation (5.32) is the analytical expression for the normalized discrete spectrum using
quadratic NURBS basis functions. Analogous cal culations can be performed for higher-order
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approximations. The expression for cubic NURBS is:

(5.33)

®w  oh

o' 1 [42(16 — 3cos(wh) — 12 cos*(wh) — cos*(wh))
w 272 + 297 cos(wh) + 60 cos?(wh) + cosi(wh)’

For large N, these curves are indistinguishable from the numerical results plotted in Figure
5.7.

5.1.4 Lumped mass approaches

The mass matrix as we have defined it in (5.16) leads to the so-called “consistent mass
matrix” —an appropriate nameasitisthedefinition that followsfromthevariational formulation
and leads to optimal order estimates. In a world of unlimited computational resources, this
is what we would normally use. There are circumstances, however, in which computational
savings can be achieved by using a diagonal mass matrix that approximates the consistent
mass. Such a lumped mass matrix can be inverted trivially by taking the reciprocal of each
of its diagonal entries, leading to rapid equation solving. These savings can be even more
compelling for time-dependent problems in which the system must be solved many times.
In fact, lumped-mass, “explicit” procedures are the fundamental technology in large-scale
automobile crash simulation programs and many metal forming applications.

The name “lumped mass’ refers to the fact that all of the mass ends up in one spot: the
diagonal of the matrix. There are several techniques for obtaining lumped masses. One of the
most common approaches is the row-sum technique in which the elements of each row are
summed together and lumped on the diagonal. That is

< [[,pNadQ A=B,
Mag = {0 AZB. (5.34)

To see that thisisindeed a row-sum, note that

Neq Neg
prNANBdszzprA (Z NB> dQ:/pNAdQ, (5.35)
B=1 2

B=1¢ Q

where the last equality follows from the partition of unity property of the basis.

For NURBS, the pointwise positivity of the basis functions ensures that all entriesin a
row-sum lumped mass matrix will be positive. Thisis clearly desirable as the consistent mass
matrix is positive-definite, and so we would like the lumped mass matrix to be as well. On
the other hand, higher-order CP finite elements can produce zero or negative lumped masses,
which is unacceptable in engineering analysis (see Hughes, 2000, chapter 7).

5.1.4.1 Order of accuracy using row-sum lumped mass

In amanner identical to the approach of Section 5.1.3, the order of accuracy of lumped mass
can be obtained analytically. Employing linearly parameterized quadratic NURBS, we derive

wh

— = i\/ g (2 — cos(wh) — cos?(wh)), (5.36)
whY 3

@
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Figure5.8 Rod problem and row-sum lumped mass. Analytica versus numerical discrete spectra
computed using quadratic and cubic NURBS.

while with cubic NURBS we obtain

R
Y | = (16— 3cos(wh) — 12 cos2(wh) — cos¥(wh)). (5.37)
o owhY 15

Inthese cases, theanal ytical expressionsdo not reproduce the behavior of the numerical spectra
(which displays some branching), but the two approaches do correspond in the low-frequency
part of the spectrum before the slope discontinuity, as shown in Figure 5.8. Thisistherelevant

part as far as order of accuracy is concerned. So, by means of Taylor expansions, we obtain,
for quadratic NURBS,

" (wh)?
Z ~1— : (5.38)
w 8

while for cubic NURBS we get
" (wh)?
—~1- (5.39)
w 6

Asisevident from Figure 5.8, by increasing the order p, higher-order accuracy isnot achieved.
For row-sum lumped mass, it is always equal to 2. Finally, Figures 5.9 and 5.10 confirm the
validity of expressions (5.38) and (5.39), respectively, for low frequencies.

5.1.4.2 A Petrov-Galerkin approach to masslumping

There is an alternative approach to mass lumping which has some theoretical appeal, but has
not yet been investigated thoroughly. Using the techniques described in Schumaker, 2007, we
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Figure5.9 Rod problem and row-sum lumped mass. Normalized discrete spectrum using quadratic
NURBS compared with 1 — (wh)?/8 for low frequencies.

can construct alocally supported dual basis, {N}, to agiven B-spline basis, {Na}, such that

/ N:Np dQ2 = 8. (5.40)
Q

In general, constructing a basis such that (5.40) holds is not difficult at all. In fact, it can
be done from a linear combination of the spline functions themselves just by setting up and

—numerical, p=3

---1-(wh)%/6
0.75¢
0.7 1 1 1 1 1 1 J
0 005 01 015 02 025 03 035

n/N

Figure5.10 Rod problem and row-sum lumped mass. Normalized discrete spectrum using cubic
NURBS compared with 1 — (wh)?/6 for low frequencies.
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Figure5.11 Fixed—fixed rod spectra computed with dual mass lumping and row-sum mass lumping,
for quadratic and cubic NURBS elements. Consistent classical finite element results are shown for
comparison.

solving asimplelinear system. Such an approach, however, leads to a globally supported dual
basis. The power of the construction of Schumaker, 2007 isthat N3 and Na have exactly the
same support.

A locally supported dual basis opens the possibility of a Petrov—Galerkin method where the
solution space is spanned by the spline basis, but the weighting space is spanned by the dual
basis. Thiswould lead to aconsistent mass matrix that isnaturally diagonal . Figure5.11, shows
the analytically computed spectra for this dual lumping approach, as well as the analytical
resultsfor row-sum lumping asareference. Not only are the dua -lumping results dramatically
better, they also improve as the order increases. Notably, the dual lumped cubic NURBS are
competitive with both consistent quadratic and cubic classical finite element approaches.

The use of a fully-integrated stiffness matrix might lead one to expect the order of con-
vergence to increase with p, rather than reaching a plateau as with the row-sum technique.
Unfortunately, this is not the case. The dual basis we have constructed is incomplete (not
even constant functions can be represented) and so standard error estimates do not apply. In
fact, it is not clear that the word “convergence’ is really appropriate in this setting. It can
be said, however, that al four of the curves in Figure 5.11 have second-order accuracy. The
improved results for dual lumping as the order increases are aresult of reduced coefficientsin
the Taylor-expansion of the solution, not higher-order accuracy. In particular, for quadratics
we have

L 17 ohp? 5.41
—~ 14 e (h)” (5:41)
while for cubics we have

"

O R M ) (5.42)
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That is, the second order coefficient for quadratics is approximately 0.1204, while for cubics
it is approximately —0.0282.

Aside from the lack of completeness of the dual basis, another downside of this approach
is that the dual basis is very difficult to construct. The expressions are non-intuitive and do
not lend themselves easily to recursive algorithmic definitions as is the case for B-splines.
Also, the dual basisisonly piecewise continuous, containing jump discontinuities. Worse still,
these discontinuities do not align with the element boundaries (i.e., the knots), meaning that
standard quadrature procedures would be inappropriate. Figure 5.12a shows the function N3

2.57

N
T

1.5¢

[N
T

0.5f

TA-1 A A+1 A+2 A+3 A+4
(@ NA(¥)

1.5r

O.SA
0

A-1 A A+l A+2 A+3 A+4

(b) Na(x)

Figure5.12 (a) The C~dual function N;(x). Note that the discontinuities do not occur at the knots.
(b) The associated C* quadratic B-spline function Na(X).
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corresponding to the quadratic spline function N shown in Figure 5.12b. For further details
of the construction of dual bases, see Schumaker, 2007.

We believe that the subject of lumped mass matrices and NURBS deserves further attention.
It still may be possible to develop methods that have higher-order accuracy.

An additional consequence of the wei ghting functions being discontinuousisthat we cannot
integrate by parts. That is, the stiffness matrix for the rod problem is given by

., 9°Ng
K aB :/NAWdQ. (5.43)
Q

Interestingly, the resulting stiffness matrix remains symmetric in the cases considered.

5.2 Rotation-free analysis of the transverse vibrations of a
Bernoulli—Euler beam

We now consider the transverse vibrations of a simply-supported, unit length Bernoulli—Euler
beam. Such abeam isthe one-dimensional anal ogue of the Poisson—Kirchhoff platein that the
formulation assumes that there are zero transverse shear strains during bending of the beam
(see Section 5.4).

For the Bernoulli—Euler beam, the natural frequencies and modes, assuming unit material
and cross-sectional parameters, are governed by:

Usoxx —@2U=0 in Q,
u=0 on T, (5.44)

uyxx == 0 on F,
where @ = (0, 1), I’ = a2 = {0, 1}. The analytical frequencies are given by
wn = ()%, withn=1,2,3, ... (5.45)

The numerical experiments and resultsfor the Bernoulli—Euler beam problem are analogous
to the ones reported for the rod. The nonlinear parameterization described earlier is utilized.
Note that the classical beam finite element employed to solve problem (5.44) is a two-node
Hermite cubic element (see Figure 5.13). Figure 5.14 presents the discrete spectra obtained
using different order finite element and NURBS basis functions. The Hermite FEA functions
arealways C?, whilethe NURBS are CP~1. The degrees-of-freedom for the Hermite elements
are displacement and slope (i.e, rotation) at each node, whereas the control variables for the
NURBS elements are simply displacements. These latter elements are “rotation-free” Again,
k-refinement results are dramatically better on a per degree-of-freedom basis.

In the case of arotation-free beam with zero slope boundary condition, one needs to use
Lagrange multiplier and/or penalty methods to enforce the boundary condition. See Hughes
et al., 2008afor details.
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Figure5.13 Classical Hermite cubic functions. The blue functions are interpolatory at the nodes, at
which they always have aslope of zero. Conversely, thefunctionsin red alwaystake avalue of zero at the
nodes, but their slopes areinterpolatory there. This meansthat Dirichlet conditions relating to slope may
be easily implemented strongly. Unfortunately, having two types of functions still leads to a branching
of the spectrum, as with the rod.

5.3 Transversevibrations of an elastic membrane

We present some numerical experiments for the transverse vibrations of an elastic membrane.
First, we consider the two-dimensional counterpart of the linear versus nonlinear parameteri-
zation discussion of Section 5.1.

25 T T T T T T T T T

— NURBS, p=3
— NURBS, p=5
— NURBS, p=7 FEM
— FEM, p=3
2t | — FEM, p=5 1
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1.5r
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l L L
0 0.1 0.2 0.3 0.4
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[
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Figure5.14 Simply-supported beam. Normalized discrete spectrafor higher-order finite elements and
NURBS.
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5.3.1 Linear and nonlinear parameterizations revisited

As we have seen previously, when higher-order functions are used with open knot vectors,
a linear, even spacing of the control points does not result in a linear parameterization of
the domain. Again, the reason for this is that the functions near the beginning and end of
the domain are not identical to those in the interior and so they result in adjustments to the
control point positions when alinearly parameterized domain is being order-elevated. We can
see this for two dimensions in Figure 5.15 for the case of a square domain obtained using
p = q = 4, where p and q are the orders of the basis functionsin the & and » (i.e, x and y)
directions, and 11 x 11 control points. We show the control points and mesh for both the linear
and nonlinear parameterizations. Asbefore, numerical experimentsindicate that the nonlinear
parameterization gives rise to better spectral properties by eliminating the outlier frequencies.
The reader with a background in finite elements may find these notions alien. However, it
is important to deal with them in order to gain an understanding of B-splines and NURBS
methodologies.

5.3.2 Formulation and results

The membrane under consideration is an idedlization of the elastic behavior of a materia
with zero thickness. Mathematically, the equations are similar to the one-dimensional rod in
Section 5.1. The equation for the axial displacement of the rod is the same as the equation for
the transverse displacement of a string with the string tension replacing the Young's modulus.
The string is the one-dimensional analogue of the membrane. The natural frequencies and
modes, assuming unit tension, density and edge length, are governed by:

Au(X, y) + 0?u(x,y) =0 in Q= (0,1) x (0, 1),

(5.46)

ux,y)=0 on I =9%Q.

The exact natural frequencies are (see, e.g., Meirovitch, 1967):
om =m7vMmE+nZmn=123... (5.47)

The conversion of (5.46) into its weak, finite-dimensional counterpart proceeds in the
usual way, as does the subsequent assembly into a system of algebraic equations. As we
have seen for second-order systems, H(Q) is the appropriate setting for the problem, and
so the finite-dimensional subspaces S" = V" do not require higher-order continuity; C° is
sufficient. This meansthat a straight—forward application of Galerkin’s method appliesto both
the isogeometric approach and the FEA approach. Any difference in the quality of the results
is again due to the properties of the basis.

Figure 5.16 reports the numerical spectra obtained using 70x70 degrees-of-freedom. The
results exhibit similarities to the 1D cases and the superiority of the isogeometric approach is
also clear. Again, for higher frequencies, finite element spectra seem to diverge with p.
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Figure5.15 Two-dimensional case: linear versusnonlinear parameterization determined by uniformly-
spaced control points (p = q =4, 11 x 11 control points). Top: control net (left) and mesh (right)
obtained employing the linear parameterization, both plotted on the physical domain. Middle: uniform
mesh on the parametric domain. Bottom: control net (left) and mesh (right) obtained employing the
nonlinear parameterization, both plotted on the physical domain.



168 Isogeometric Analysis: Toward Integration of CAD and FEA

—— p—method, p=0=3
19+ | — p-method, p=g=4
18l | — E—method, p=0g=5
“| | — k-method, p=0=3
17t | — k-method, p=g=4
_16l |— k-method, p=g=5
§ 15}
g 14t
1.3}
12t
11t
10701 02 03 04 05 06 07 08 09 1
n/N
11 :
1.09 | — p—method, p=0=3
—— p—method, p=0=4
1.08r | E—method, p=0=5
1071 | — k-method, p=0=3 |
'l | — k-method, p=0=4
. 106t | — k—method, p=g=5 |
§ 1.05
5 104
1.03
1.02
1.01

10 005 01 015 02 025 03 035 04 045 05

n/N
Figure5.16 Transverse vibrations of an elastic membrane. Comparison of k-method and p-method
numerical spectra. Top: entire spectrum. Bottom: detail of the first half of the spectrum. The oscillations
in the spectra are due to the mismatches between the numerically obtained frequencies and analytical
frequencies. If the exact correspondence is found, the discrete spectra becomes smooth, but it is very

difficult to find the correct correspondence. The details of the problem are discussed in Hughes et al.,
20083, along with atwo-dimensional example in which the correct correspondence is known.

5.4 Rotation-free analysis of thetransversevibrations of a
Poisson—Kirchhoff plate

We consider thetransversevibrationsof asimply-supported, square plate governed by Poisson—
Kirchhoff plate theory, atwo-dimensional analogue of the Bernoulli—Euler beam problem. We
do not show any FEA resultsfor this problem, largely because C? discretizationsin more than
one dimension are difficult to construct in classical ways. Alternatively, the smooth NURBS
bases are easy to construct, and they perform quite well.
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Figure5.17 The Kirchhoff hypothesis states that straight fibers normal to the mid-surface prior to
deformation remain straight and remain normal to the mid-surface after deformation.

Let Q@ ¢ R? denote the mid-surface area of a plate of thickness t. The kinematic behavior
of the plate is defined by the transverse displacement of the mid-surface, u = u(x) for x € Q.
We consider the rotation of fibers normal to the mid-surface to be equal to the slope of the
mid-surface. Thus, normal fibers remain normal throughout the deformation of the plate,
resulting in zero transverse shear strain; see Figure 5.17. Thisisthe Kirchhoff hypothesis. The
transverse displacement is the dependent variable of the theory and all other quantities are
derived fromit.

The full derivation of the Poisson—Kirchhoff theory is outside the scope of this book, but it
can be shown that vibration analysis of such aplate reducesto abiharmonic problem (hencethe
need for continuous derivatives). The natural frequencies and modes, assuming unit flexural
stiffness, density and edge length, are governed by:

A(Au(x, y)) —0?ux,y) =0 in =(0,1)x (0, 1),

(5.48)
ux,y)=0 on I =032,
for which the exact natural frequencies (see, e.g., Meirovitch, 1967) are:
om = 72(Mm?+n?),mn=1,23... (5.49)

As we have noted, the NURBS formulation results in a rotation-free approach, as was the
case for the Bernoulli—Euler beam. The numerical results are similar to the ones obtained for
the elastic membrane. Figure 5.18 shows the spectra obtained employing a uniformly-spaced
control net.

5.5 Vibrationsof a clamped thin circular plate using three-dimensional
solid elements

It has been shown in Chapter 4 that higher-order, three-dimensional NURBS elements could be
effectively utilized in the analysis of thin structures. In this section we consider the vibrations
of aclamped, thin circular plate modeled as athree-dimensional solid. A coarse mesh, but one
capable of exactly representing the geometry, is utilized and the order of the basisfunctionsis
increased by way of k-refinement.
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Figure5.18 Poisson—Kirchhoff plate. Normalized discrete spectra using a uniformly-spaced 90 x 90
control net corresponding to the nonlinear parameterization of Figure 5.15.

5.5.1 Formulating the problem

The exact Poisson—Kirchhoff solution for this problem, given, for example, in Meirovitch,

1967, is
5 72 |D

3

where R isthe radius of the plate, t is the thickness, D = > isthe flexural stiffness

12(1—v
(E and v are Young's modulus and Poisson’s ratio, respectiv(ely) an()j p isthe density (mass
per unit volume). For the first three frequencies, the values of the coefficients Cyy, are Coy =
1.015, Cy; = 1.468 and Cp, = 2.007. The data for the problem are presented in Table 5.1.
Note that, because the radius to thickness ratio is 100, the plate may be considered thin, and
the results of Poisson—Kirchhoff theory may be considered valid.

In practice, however, we model the plate as athree-dimensional solid. We begin with the un-
forced equations of linear elastodynamics (these will be discussed in more detail in Chapter 6)

pUji =0ojkk 1IN x(0,T), (5.51a)
uj=g; onIp x(0,T), (5.51b)
oiknk =hj on I'y; x (0, T). (5.51c)
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Table5.1 Clamped circular
plate. Geometric and material

parameters

R 2[m]

t .02 [m]

E 30-105 [K N/m?]
v 0.2

o 2.320[K Ns/m?]

Aswas the case with the rod, if we were interested in actually solving (5.51) for the transient
behavior, we would need to augment these equations with initial conditions

ux,0) = up(x) in €, (5.52)
ui(x,0) =wvo(x) in Q. (5.53)
At present, however, our goal is to pursue the same path for the one-dimensional problems

and obtain an eigenproblem. We separate variables, assuming u to have the form (committing
the same notational crime as with the rod)

uj(x, t) = uj (e, (5.54)
where we refer to individual components of u using the letter j, reservingi in this context for
the imaginary uniti = +/1.

Inserting (5.54) into (5.51), multiplying by weighting function w, and integrating by parts
leads to the weak form

a(w, u) — w?(w, pu) = 0, (5.55)

where
(w, pu) = / oW - udx, (5.56)
Q

and a(-, -) isasin (4.18).

We proceed, via Galerkin’s method, to obtain matrix equations by inserting the shape-
function expansions for w" and u" into (5.55) to obtain the matrix eigenvalue problem: Find
natural frequency w;g € R* and eigenvector Wy such that

(K = (@f)®M) ¥y = 0, (5.57)
where

K = [Kpg. (558)
M = [Mpgl, (5.59)
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and

Kpq = a(Na&, Ngej), (5.60)
and

Mpq = 8ij(Na,oNg), (5.61)
with P = ID(i, A) and Q = ID(j, B).

5.5.2 Resaults

For this geometry we no longer have the luxury of evenly spacing the control pointsin order
to tweak the parameterization. The mesh used is topologically identical to that of the solid
cylinder of Figure 2.33. Though the dimensionsand number of elementsaredifferent, they both
have a degeneracy along the axis of the cylindrical geometry (note that the thin circular plate
isindeed a solid cylinder with avery short “length,” that is, thickness) due to the coalescence
of many control points to the same point in physical space. This relationship is enforced
during assembly by mapping the j ™" degree-of-freedom for each of the corresponding control
variables to a single equation number.

The initial control net consists of 9 x 4 x 3 control points in the 6, r, and z directions,
respectively, and quadratic approximations in all three parametric directions. Figure 5.19
shows the mesh, consisting of eight elements within a single patch. The numerical results
are compared with the exact solution in Table 5.2, where p, g, and r are the orders of
the basis functions in the circumferential, radial, and vertical directions, respectively. Figure
5.20 shows the first three eigenmodes (computed using p =4, q = 5, r = 2), which are in
qualitative agreement with the ones depicted in Meirovitch, 1967. The relative errors (i.e.,
(0" — w)/w) for these cases are, respectively, 0.0054, 0.00027, and 0.0012. It isimportant to
note that the first and third modes exhibit pointwise radial symmetry.

5.6 The NASA aluminum testbed cylinder

As afina example of isogeometric analysis applied to structural vibrations we consider the
NASA aluminum testbed cylinder (ATC). The ATC is a structure inspired by the features of
an airplane fuselage which is used by NASA to validate many of the modeling tools involved
in the analysis and prediction of interior aircraft noise. It represents an application of isogeo-
metric analysisto a“real world” geometry found in the aerospace industry, demonstrating the

Figure5.19 Clamped circular plate. Mesh of eight solid elements.
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Table5.2 Clamped circular plate. Numerical
results compared with the exact solution

P g r owonlrad/s] wulrad/s] we[rad/s]
2 2 2 138.133 1648.800 2052.440
2 3 2 56.702 267.765 276.684
3 3 2 56.051 126.684 232.788
3 4 2 54.284 124.417 212.451
4 4 2 54.284 113.209 212.451
4 5 2 54,153 112.700 210.840

exact 53.863 112.670 210.597

feasibility of constructing exact geometrical models of complicated objects, as well as the
usage of NURBS on large-scale problems. More importantly, it demonstrates the profound
increase in geometrical modeling capability in simply going from linear or quadratic poly-
nomials to quadratic NURBS. While higher-order basis functions may be very interesting in
analysis, for the geometry it seems to be a fork in the road. It is one of the major accom-
plishments of isogeometric research up to this point. A thorough discussion of thisexampleis
contained in Cottrell et al., 2006.

The ATC is shown in Figures 5.21a and 5.22a. An isogeometric model (see Figures 5.21b
and 5.22b) was constructed from design drawings. There are three distinct memberscomposing
the frame: nineidentical main ribs; twenty-four identical prismatic stringers, and two end ribs.
Every geometrical feature of the design drawingsis exactly represented in the model. Figures
5.23-5.25 show some of the geometrical details. These features are exactly preserved through
all levels of refinement.

Thedownsideto the complicated geometry isthat, asin the previous example of the clamped
plate, we can no longer easily control the parameterization in an effort to eliminate outlier
frequencies. Nevertheless, the results obtained compare favorably with the experimental values
measured in the laboratory (asreported in Grosveld et al., 2002 and Buehrle et al., 2001). The
formulation for the problem is exactly that of Section 5.5.

Numerical results for the frame and skin assembly are presented in Figure 5.26, along
with the experimental data. The mesh consisted of 228,936 rational quadratic elements and
2,219,184 degrees-of-freedom. One could reduce the number of degrees-of-freedom signif-
icantly by exploiting rotational symmetry and modeling only 1/24 of the frame assembly
(as others have done, see Couchman et al., 2003), but part of the goa of this work was to
demonstrate the feasibility of modeling an entire rea structure of engineering interest using
isoparametric NURBS elements, and so no such simplifications were employed.

5.7 Wave propagation

The classical equation governing wave propagation is

1d2u

- - _ =0, 5.62
c dt2 (562)
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Eigenmode corresponding 1oy,

LEigenmode corresponding to

Eigenmode corresponding 10wy,

Figure5.20 Thelowest three computed eigenmodes of the clamped circular plate.

where ¢ is the wave propagation speed. Particular solutions of (5.62) are plane waves of
frequency w travelinginthedirection n at speed ¢, which can be expressed asthetime-harmonic
wavetrain

u(x,t) = Re (Agkmxen) (5.63)

wherek = w/cisthewave-number, w isthe angular frequency, and A isacomplex amplitude.
The wavelength (with units of length) is defined by A = 2r/k, while the dual measure of
period (with units of time) isdefinedby T = 27 /w.
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(b)

Figure5.21 NASA aluminum testbed cylinder (ATC). (a) Frame and skin assembly of the actual ATC.
Note that the exterior pegs and rings visible on the skin are part of the measuring apparatus and not part
of the ATC itself. (b) The isogeometric model of the frame and skin assembly.

Assuming time-harmonic solutions, as we did for vibrations, we insert
u(x, t) = €“tu(x), (5.64)
into (5.62) reducing the linear wave equation to the Helmholtz equation

Au+Kk?u =0, (5.65)
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Figure5.22 NASA ATC. (a) Frame assembly of actual ATC. (b) The isogeometric model of the frame
assembly.



Vibrations and Wave Propagation 177

Typical 15° segment

Figure5.23 NASA ATC. Isogeometric model of the mainrib.

Figure5.24 NASA ATC. Stringer—main-rib junction. The gaps between the stringers and main ribs,
visible in the figure, are afeature of the exact geometry.
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Figure5.25 NASA ATC. Stringer—end-rib junction.

whose solutionsin R" are linear combinations of plane waves in space

u(x) = €knx, (5.66)
The difference between the Helmholtz equation and the equation of free vibration (e.g.,

equation (5.46)) is that in the former case k? is known, whereas in the latter case »? is
unknown and must be determined as part of the solution of the eigenproblem.

5.7.1 Dispersion analysis

We proceed to apply Galerkin’s method to the Helmholtz equation. After discretization, (5.65)
givesrise to the matrix egquation

(K —k®M)d =0, (5.67)

where d = {da} isthe vector of coefficients defining discrete solution u" via

u"(x) = > Na(X)da. (5.68)

250r
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Figure5.26 NASA ATC. Comparison of numerical and experimental frequency results for the frame
and skin assembly.
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) N'=2m /K" o
A= 2m /K

— exact wave
o discrete wave

Figure5.27 Different exact and numerical wave-numbers produce waves with different wavelengths.

The numerical solution of (5.67) is a linear combination of plane waves having numerical
wave-number k"', where, in general, k" £ k.

Thus, discrete and exact waves have different wavelengths, 27 /k" and 27 /k (see Figure
5.27).

The fundamental issue, which is addressed by dispersion analysis, is to determine how
close the discrete wave-number k" isto its continuous counterpart k.

5.7.2 Duality principle

There is a symmetry between the vibration problems considered previously and the current
wave propagation problem (see Hughes et al., 2008a). Compare (5.67) with (5.57) and notice
the form of the equations. They are identical under the substitution " <> k. Furthermore, if
we exchange » and k" aswell, we achieve aduality between spectrum analysis and dispersion
analysisin the domain where k" isreal.

If we consider the longitudinal vibrations of an elastic rod with unit material properties,
as in Section 5.1, modeled using quadratic NURBS, we get the results seen in Figure 5.28
where we have plotted »"/w versus the mode number n normalized by the total number of
modes N (this is the same curve plotted for quadratic NURBS in Figure 5.7). Similarly, if
we consider the one-dimensional Helmholtz equation using the same quadratic NURBS basis
and plot k/k" versus n/N, we again obtain exactly the curve seen in Figure 5.28. Thisis no
accident. The duality principal isindependent of the choice of basis used. We can reinterpret
spectrum analysisasdispersion analysis, and vice-versa. The conclusion to bedrawnisthat the
excellent behavior of the NURBS basisin vibration analysis carries over to wave propagation,
where superior results are again obtai ned.

Despite the similarities, there are subtle differences between spectrum and dispersion anal-
ysisthat are of note, particularly for higher-order elements. Thefirst isthe existence of “outlier
frequencies’ in spectrum analysis such aswe saw in Section 5.1.2. The second isthe existence
of complex wave-numbers, which lead to spurious evanescent waves in dispersion anaysis.
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Figure5.28 Unified dispersion and spectrum analysis for C*-continuous quadratic approximation.

The non-zero imaginary part of k"h produces an amplitude modulation of the discrete solu-
tionswhich is an unphysical feature of the numerical solution. See Hughes et al., 2008afor a
thorough discussion of the topic.

Appendix 5.A: Kolmogorov n-widths

The approximation result (3.B.8) is a basic tool for proving convergence of NURBS to the
solution of partial differential equations with h-refined meshes (see Bazilevs et al., 2006a
for examples). Note that the continuity of the basis functions does not explicitly appear in
(3.B.8). Consequently, the order of convergence in (3.B.8) depends only on the order of
the basis functions employed. However, the results of eigenvalue calculations indicate that
there is a dramatic difference between C°- and C*-continuous p'"-order basis functions (see,
eg., Figures 5.7 and 5.14). In Figures 5.7 and 5.14, as p is increased, the upper part of the
spectrum diverges for C-continuous classical finite elements whereas it converges for CP~1-
continuous NURBS (i.e., B-splinesin this case). This phenomenon is not revealed by standard
approximation theory results of the form (3.B.8). Consequently, we much conclude that there
isalot of information hiding in the so-called “constant” C in (3.B.8).

It would be desirable to devel op a mathematical framework that revealed behavior like that
seen in Figures 5.7 and 5.14 from the outset. The concept of Kolmogorov n-widths seems to
hold the potential to do so. A sketch of some of the main ideas follows: Let X be a normed,
linear space, equipped with norm || - ||x. In the cases of primary interest here, X would be a
Sobolev space. Let X, be an n-dimensional subspace of X. Assume we wish to approximate a
givenx € A C X, where Aisasubset of X, withamember x, € X,. We define the distance
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Figure5.A.1 The point x} isthe closest approximation in X, to x with respect to the norm || - || x.

between x and X, as

E(X, Xn; X) = inf X = Xallx, (BAD

where inf stands for infimum (see Figure 5.A.1). If there exists an x;* such that
X = X3 lIx = E(X, Xa; X) (5.A.2)

then x! is called the best approximation of x (Figure 5.A.1).

Now we assume we are interested in approximating all x € A. For each x € A, the best we
candoisexpressed by (5.A.2). The question wewish to have answered is, for which x € Ado
we get the worst best-approximation? In other words, for which x € Aisinfy cx, X — Xnllx
the largest? The ideais to anticipate situations such as those depicted in Figures 5.7 and 5.14.
The worst best-approximation is obtained by computing the supremum of (5.A.2) over all
X € A; we define the deviation, or “sup-inf,” as

E(A, Xp; X) =sup inf ||X — XplIx. (5.A.3)

XeA Xn€Xn

See Figure 5.A.2 for a schematic illustration. Sup-inf’s are useful for comparing the approx-
imation quality of different finite element subspaces, such as C° and CP~* splines, but prior
to that we might ask what is the best n-dimensional subspace for approximating A? Thisis
given by the Kolmogorov n-width, or “inf-sup-inf,” namely,

dn(A, X) = inf sup inf ||X — Xa|lx (5.A9)
XnCX  xeAXn€Xn
dim X,=n
= inf  E(A, Xu; X). (5.A.5)
XpcX

dim Xp=n
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X

Figure5.A.2 The distance between subspaces X, and A is determined by the “worst-case scenario.”
That is, if the distance between point x* € A and its best approximation x* € X, is the supremum over
all such best-fit pairs, then ||x* — x*||x defines the distance between X, and A.

If there exists an X, such that
E(A, Xn; X) = dn(A, X), (5.A.6)

then X, iscalled an optimal n-dimensional subspace. Inthis case, we can definethe optimality
ratio, that is, the sup-inf divided by the inf-sup-inf, for agiven X:

E(A, Xn; X)

A(A, Xn; X) = (A, X)

(5.A.7)

To illustrate how one might use this measure for comparing spaces, consider the following
example of a uniform mesh on the unit interval [0, 1]. Let X = H*(0, 1) denote the Sobolev
space of (Lebesgue) square-integrable functions with square-integrable derivatives. L et

A= B%0,1) = {x|x € H%(0, 1), Ix|Ix < 1}, (5.A.8)

where H5(0, 1) is the Sobolev space of functions having five square-integrable derivatives.
B®(0, 1) is referred to as the unit ball in H5(0, 1) in the H(0, 1)-topology. A comparison
of optimality ratios for quartic C° and C2 splines is shown in Figure 5.A.3. Note that as
n increases, the optimality ratio of the C3 case approaches 1. Apparently, the C3 case is
converging toward an optimal subspace. In contrast, in the C° case, the optimality ratio
converges to approximately 5.5, indicating that for each n there is at least one member of
B5(0, 1) that is much more poorly approximated by C° splines than C2 splines. This result
seems to be qualitatively consistent with what we saw in Figures 5.7 and 5.14. Smooth spline
bases, that is the k-method, exhibit better behavior than classical C° elements. For further
results and methodology used to compute them, see Evans et al., 2009.
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Figure5.A.3 The optimality ratio for approximating the H® unit ball in H! using quartic (p = 4)
elements. As the number of degrees-of-freedom increases, the optimality ratio of C° FEA functions
diverges, while the optimality ratio of C3-continuous splines converges toward 1.

Remark

Andrei Kolmogorov (1903-1987) was one of the most important mathematicians of the 20th
century. See Figure 5.A.4. In addition to n-widths, he made fundamental contributions to tur-
bulence (e.g., the Kolmogorov inertial spectrum), classical mechanics (e.g., the Kolmogorov—
Arnold-Moser theorem), and many other areas. He is perhaps best known for his work in
probability theory (e.g., the Kolmogorov axioms), laying the foundation for the modern treat-

ment of the subject.

Figure5.A.4 Andrei Kolmogorov
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Notes

1. Inthissimple domain, the NURBS reduce to the special case of B-splines.

2. The names “acoustical” branch and “optical” branch originate from the study of a one-
dimensiona lattice of sodium and chlorine ions vibrating longitudinally. The theoretical
values of the natural frequencies when the sodium oscillates in phase with the chlorine
are near the range of audible frequencies, and so were dubbed “acoustical,” while the
theoretical frequencies for the two elements to vibrate out of phase are much higher, near
the spectrum of visible light, hence the name “optical
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Time-Dependent Problems

As we move from static and eigenvalue problems and begin to approximate the transient
behavior of systems, we must employ sometype of timeintegration procedure. Theliteratureis
repletewith different approaches, many of which have been designed with aspecific application
in mind. Most of these techniques can either be described as semi-discrete methods or space—
time methods. We introduce simple versions of both in this chapter, using the application of
elastodynamics as our motivating example.

6.1 Elastodynamics

Elastodynamics is the study of the transient behavior of elastic solids. The developments in
this chapter generalize those of Chapter 4 by augmenting the static linear elasticity equations.
Whereasin the static case we sought an equilibrium solution in which al forceswere balanced,
we now consider the case where the forces are imbalanced, and this drives the acceleration of
the object by Newton’'s second law. For elaboration on the notation and constitutive laws, see
Chapter 4.

The strong form of the initial/boundary-value problem is

pUig =0+ fi in Qx(0,T) (6.19)
u=g on Ip x(0T) (6.1b)
gijnj=h; on Ty x(0,T) (6.1¢)
Ui(x,0) =ug(x) xe (6.1d)
Ut(x,0) =Ug(x) xe (6.1e)
(6.1f)
where
fi:Qx(0T)—>R (6.2)
g:I'p x(O0,T)—R (6.3)
hi:'ny, x(O,T) > R (6.9)

Isogeometric Analysis: Toward Integration of CAD and FEA by J. A. Cottrell, T. J. R. Hughes, Y. Bazilevs
© 2009, John Wiley & Sons, Ltd
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are prescribed data, the given initial displacement and velocity are given by

Ugi : Q — R, (6.5)
and

Ug i Q — R, (6.6)
respectively, and the density p : 2 — R™ isalso specified.

6.2 Semi-discrete methods

The term semi-discrete refers to the fact we discretize space using a Galerkin finite element
scheme, and formulate the problem as though the time were continuous. In particular, we will
represent the solution as alinear combination of basis functionsthat depend only on space and
coefficients that depend upon time. We begin by constructing the weak form. Let us define the
space of trial solutions as

St = {u(-, DU (x, t) = gi(x, 1), x € Tp,, u(-, t) € HY(Q)}. (6.7)

This definition varies as a function of time because the boundary conditions can evolve in
time. The weighting space V has no time dependence at all.

The weak formulation is now obtained exactly as in the static case. We multiply by a test
function and integrate by parts. We assume the Dirichlet data are built directly into the tria
solution space, whilethe Neumann dataareincorporated naturally; see Chapter 3. The problem
statement is: Given f, g, h, ug, and Ug, find u(t) € S; such that for al w € ¥V

(W, p) + a(w, u) = L(w), (6.8)
(w, pu(0)) = (w, puo), (6.9)
(w, pu(0)) = (w, plo), (6.10)

where a(-, -) and L(-) are defined as in (4.18) and (4.19), respectively. Note that, in keeping
with the semi-discrete approach, we have only integrated with respect to space, leaving time
untouched.

6.2.1 Matrix formulation

Proceeding to discretize in space, leaving time continuous, we follow the familiar Galerkin
approach. Defining finite-dimensional subspaces Sf' ¢ S; and V' € V that are spanned by
the isoparametric basis, we seek a solution of the form u" = v + g" € SP, withv" € V" and
g" € SN, such that for all wh € V"

(Wh’ pvh) + a(Wh’ Vh) = L(Wh) - a(Whv gh) - (Wh’ pgh)’ (611)
(W", pv"(0)) = (W", puo) — (W", g"(0)) , (6.12)
(W", pU"(0)) = (W", ptg) — (W", pg"(0)) . (6.13)
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Representing v" by
o= Y Na@dia(t) (6.14)
Aen—ngqg
allows usto apply the usua arguments and arrive at a matrix problem. Let
M = [Mpq], (6.15)
K = [Kpal. (6.16)
F={Fe(t)}, (6.17)
d(t) = {do(t)}, (6.18)
do = {dog}, (6.19)
do = {doo}, (6.20)
where, with P = ID(i, A) and Q = ID(j, B), we have defined
MpQ = (NAei, pNBej) = 5;] / NApNB dae, (6.21)
Q
KPQ = a(Naej, NBej)» (6.22)
Fp = L(Naei) — a(Naei. g") — (Nagi, pd"). (6.23)
L et us define the intermediate vectors
dop = (Naéi, p(uo — g"), (6.24)
dop = (Naei. p(ilo — §"). (6.25)

and denote the Q, P entry of the inverse of the mass matrix, M, by M(S}:,, and thus define

dog = Mééaop,
doo = Mé%,&op.
We can then rewrite (6.11)—(6.13) as a matrix problem,
Md(t) + Kd(t) = F(t), te (0, T)
d(0) = do
d(0) = do.

Thisisasystem of ordinary differential equations (ODE) for the coefficients dp(t).

6.2.2 Viscous damping

In structural dynamics we often work with systems of the form

Md + Cd + Kd = F,

(6.26)
(6.27)

(6.28)
(6.29)
(6.30)

(6.31)
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where C is the viscous damping matrix. It is often convenient or appropriate to assume that
the damping has one part that is proportional to the mass and another that is proportiona to
the stiffness. If we augment (6.1a) to read

pUi ¢ + apUiy = aij,j + fi, (6.32)

and modify the generalized Hooke's law to
0ij = Cijii (Ug1y + bug,y), (6.33)
where a and b are parameters, then the form of C in (6.31) isthe Rayleigh damping matrix:
C =aM+ bK. (6.34)

The effect of the viscous damping matrix is also felt in modifying the forces due to prescribed
displacement boundary conditions. Specifically, we replace the forcing vector by

Fp = right-hand side of (6.23) — (Naei, ag") — a (Naei, bg") (6.35)
where P = ID(i, A).

6.2.3 Predictor/multicorrector Newmark algorithms

There are many techniquesfor solving semi-discrete systems of theform (6.31). Many of them
are discussed in Hughes, 2000. Here we focus on an important class of methods known asthe
predictor/multicorrector Newmark algorithm. We define a step size, At and iterate within
each time step, n, in order to find any1 ~ d(thy1), Vi1 =~ d(thr1), and dnga & d(thy1). At the
beginning of each time step, we set the iteration counter toi = 0 and enter a predictor phase
where we initialize the approximations as

Ay = dnya, (6.36)
Vi1 = Vit (6.37)
a1 = &1, (6.38)

where dp1, Vny1, and &n.1 can be chosen in a variety of ways, but they must be consistent
with the Newmark formulas, that is,

~ At)? x
dny1 = dn + Atv, + ( 2) ((1—2B)an + 288n+1), (6.39)

where At isthetime step, and g and y are parameters. Typica choices of the predictors used
in practice are as follows:
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Constant displacement predictor

an+l = dn (6-41)
~ 1 1-28)
any1 = _ﬂAtV“ — 25 an (6.42)
Vn.1 defined by (6.40) (6.43)
Constant velocity predictor
\7n+1 = Vn (644)
~ 1-
ant1 = —( y)an (6.45)
14
dn1 defined by (6.39) (6.46)
Zero acceleration predictor
dh1=0 (6.47)
Vnt1 = Vn + At(1— y)an (6.48)
(At)?

an+l = dn + Atv, +

> (1-2B8)an (6.49)
The constant displacement predictor is often preferred in nonlinear solid mechanics, especially
inproblemsinvolvinglarge deformationsand contact. The constant vel ocity predictor isusually
preferred in problems of fluid mechanics and fluid—structure interaction. The zero acceleration
predictor is often used in linear analysis, the situation under consideration here. Obviously,
there are many other possibilities.

We use these values to compute aresidual as

AF. = Fni1 — Mpgaalh, 1 — CopaVhyg — Knpadh, g (6.50)
We then use this residual to calculate a correction to the acceleration term by solving
M*Aa= AF,,, (6.51)

where M* depends on the exact method being used. For example, we frequently take M* to
have the form

M* = M + y AtC + B(At)?K. (6.52)

The particular choices of the parameters 8 and ¢ determine the properties of the method; for
example, 28 > y > 1/2 achieves unconditiona stability and y = 1/2 attains second-order
accuracy. B ~

Another popular choice is M* = M, where M is the lumped mass matrix (see Chapter 5,
Section 5.1.4). In this case, the solution of (6.51) istrivial. This is referred to as an explicit
algorithm because no coupled system of equations needs to be solved to advance the solution.
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All other cases are referred to as implicit. See Hughes, 2000 for a discussion and stability
analysis of implicit and explicit algorithms.

Regardless of the choice of M*, once we have used it to calculate Aa we enter a corrector
phase in which we update the solution, viz.,

at =al,, + Aa, (6.53)
Vnii = Vo1 +yAtAa, (6.54)
dth =di,, + B(At)?Aa. (6.55)

We then check theresidual for convergence. If || AFinJrlII < €| AF2, , || for some predetermined
tolerance €, we move on to the next time step. If not, we increment the iteration counter i by
1 and return to (6.50) and repeat the process. In linear analysis, in exact precision, with (6.52)
used to define M*, AF. ., =0, i = 1. However, if the precision of the solution of the linear
algebraic system in (6.51) is only approximate, as is often the case in practice, additional
iterations may need to be performed. Of course, iteration is the rule in nonlinear analysis,
which we will discussin the next chapter.

The derivation of (6.50)—(6.55) follows from requiring that the correctors satisfy (6.31) and
the Newmark formulas:

Mai,t3 + Cvitg + Kdi = Fsa, (6.56)

i+1 (At)? i1
i1 = On + At + — (1 - 2B)an + 28a,1}), (6.57)
VL = vy + AL (1 - p)an + yalth) . (6.58)

We assume (6.57) and (6.58) hold for thei'" iterates as well:

i (At)z i
Uiy =t + Atvn + — (L—2B)an + 28a;,,), (6.59)
Vhi1 = Vo + At (1= y)an + yah,,) . (6.60)

Subtracting (6.59) and (6.60) from (6.57) and (6.58), respectively, yields (6.53)—6.55); (6.50)—
(6.52) are obtained by substituting (6.53)—6.55) into (6.56).

The predictor/multicorrector Newmark algorithm is summarized in the flow chart of
Figure 6.1.

6.2.3.1 Remarks

1. The classical Newmark algorithm (Newmark, 1959) consists of the Newmark formulas,
(6.39) and (6.40), and

Many1 + CViyg + Kdngr = Fpga. (6.61)

Itisaspecia case of the predictor/multicorrector version in which M* is defined by (6.52)
and only oneiteration is used to obtain dp 1, Vni1, and a,.1. The predictor/multicorrector
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d;+1 =d,
V;+1 =V
A =85

A
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ai=a,+ha =i
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Figure 6.1 Flow chart for the predictor/multicorrector Newmark algorithm. This process takes place
within each time step n.

Newmark algorithm was introduced by Hughes et al., 1979 in order to unify the treatment
of implicit and explicit algorithms, develop a second-order accurate explicit procedure for
fluid dynamic applications, and serve as aframework for implicit—explicit mesh partitions.
See Hughes et al., 1979 and Hughes, 2000 for further details.

2. Nathan Newmark (1910-1981) was a world famous applied mechanician and earthquake
engineer. He was al so a pioneer in el ectronic computation. The computing laboratory at the
University of Illinois, Urbana-Champaign, is named in his honor. See Figure 6.2.

6.3 Space-time finite elements

Unlike the semi-discrete approach, in aspace—time finite element method we discretize both
space and time. We create a basis in space-time by taking a tensor product of the basis with
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Figure 6.2 Nathan Newmark. (Courtesy of the University of Illinois archives.)

which we have described the geometry and a one-dimensional basis in the “time-direction.”
Thus, we define a space-time domain Q = © x (0, T) with boundary 9Q = P U Q2 x {0} U
Q x {T},whereP =T x (O, T)isreferredto asthelateral boundary (see Figure6.3). Clearly,
adding another dimension to the mesh greatly increases the amount of data that will need to
be stored, as well as the number of floating point operations that will be required to solve the
problem. We attempt to minimize this inflated problem size by partitioning the domain into a
sequence of space-time slabs Qn = @ x (tn, thy1), 8 Seen in Figure 6.3, where the basis is
discontinuous across the slab boundaries in the time-direction. This allows us to solve only
one dlab at a time, frequently with each slab having only one element in the time-direction.
We take the initial conditions on each slab to be the result at the end of the previous slab,
which we enforce weakly as in a discontinuous Galerkin (DG) method. Thisis equivalent to
weakly enforcing continuity of the solution across each slab boundary. Though this approach
resultsin solutionsthat are discontinuous across the slab boundaries, the cost of solving for the
solution on each slab Q,, one at atime, and repeating this N times, is much less than solving
just one time on the entire space-time domain Q.

In the semi-discrete case we assumed the basis functions only depended on space, and the
coefficients depended upon time. In the space-time setting, the coefficients are constants and
the basis functions depend on both space and time. That is

wl(X, 1) = > Na(X, t)Cia, (6.62)
A

and

ui(x.t) = > Na(x, t)djs. (6.63)
B
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1
N

QcR’x R p

Figure 6.3 Space-time domain (left) and slicing into space-time slabs (right).

The basis functions N, may be standard finite element or NURBS basis functions defined on
the slab. In d space dimensions, the basis functions are d + 1-dimensional.

As the solution is now discontinuous, at each slab interface we must distinguish between
the solution coming from the “lower slab” and that coming from the “upper dab”. We do
this with superscripts “+” and “—" such that u"(t") is the solution at time t, corresponding
to dab Qn_1 = 2 x (th_1, tn), and uh(t;f) is the solution at time t, corresponding to slab
Qn = 2 x (ty, th1). We obtain aweak form of (6.1) by multiplying by aweighting function
and integrating over the entire slab Q. The integration in time gives us the opportunity to
imposetheinitial condition on the bottom of theslab naturally by replacing the unknown u ()
with the known condition that we would like to impose, namely, u"(t;"). This is completely
analogous to the imposition of Neumann data on the boundary, which should be familiar by
now. The resulting Galerkin problem is: find u" e S such that for all w" € V

an(W", u") = La(w"), (6.64)

where

an(wh,uh):/ wihpuithJer wg o) (u") dQ

+ / wf' (7)ol () dQ2
Q

+ /Q wi [, Eei; (U(t))) e, (6.65)
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and
Ln(wh)=/ w! fidQ+/u')ihhidP
Qn 7
+ [aheeut)ds
4 /Q Wl (6o (U"(E)) 42, (6.66)
with

i (") = Cijie (U
= CijiU(kl)- (6.67)

The Neumann boundary of the slabisdenoted Z,, = 'y x (tn, thy1). See Chapter 4 for further
details.
Assuming the N are C*-continuous on the slab, the Euler—L agrange form of (6.64) is

02/ u),h (puih—o'ij,j(uh)— fi) dQ

—/wih (hi — aij(uMn;) dP

Zn
+ / w (D)o [ul(ta)] d
Q

+/Qwih(tn+) [0}, U (ta))] d<2, (6.68)
where the temporal jump operator is defined by

[w(tn)] = w(ty) — w(ty). (6.69)

and n; is the j'" component of the outward unit normal vector to T'y. The first term in
(6.68) weakly enforces the differential equation within slab Q,. The second term weakly
enforces the Neumann boundary condition. The third and fourth terms are responsible for the
continuity of the velocity and stress divergence, respectively, across the slab boundary at t,.
The weak form treats the values at t, emanating from slab Q,,_; as known data and weakly
enforces them asinitial conditions on the problem for dlab Q,,. The effect isto “pendize’ the
discontinuous approximations of these continuous functions by adding terms to the residual
that are proportional to the jumpsin the numerical solution. Such an approach is consistent in
the sense that the exact solution, u, that satisfies (6.1) will also satisfy (6.68).

On each dab, we use (6.64) to form amatrix problem, which we can solve for the solution
within the slab. That solution provides the initial conditions we need for the next slab, and
the process continues. This is a very intellectually satisfying approach, and potentially very
accurate, but it can be costly as well. The best approach to time integration, semi-discrete or
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space-time, depends on the demands of the application under consideration. Both methods are
firmly established in the literature, with semi-discrete methods more common in practice —for
historical reasonsif no other. For additional details, see Hughes and Hulbert, 1988 and Hulbert
and Hughes, 1990. Explicit discontinuous Gal erkin space-time methods, in which calcul ations
can proceed on an element-by-element basis, have been developed by Abedi et al., 2005. See
also French 1993, 1998; and French and Peterson, 1996.
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Nonlinear |sogeometric Analysis

In Chapter 3 we discussed many approaches to the isogeometric analysis of linear differential
equations. In particular, we discussed the magjor components of a NURBS based Galerkin
finite element approach. In this chapter, we will expand our investigations to the nonlinear
regime. We begin with a brief discussion of the Newton—Raphson method for solving non-
linear algebraic equations. Subsequently, guided by the simple but illustrative example of
nonlinear heat conduction in one dimension, we will discuss the isogeometric analysis of
nonlinear differential equationsin a Galerkin setting.

7.1 The Newton—Raphson method

The simplest and best known technique for solving nonlinear algebraic equations is the
Newton—Raphson method. Itisaniterative approachto finding rootsbased on Taylor’ stheorem.
In one dimension, suppose that we are trying to find a root x* of a differentiable, nonlinear
function F(x). Beginning withi = 0, wewill construct a sequence of approximations x' such
that x' — x* and F(x*) = 0. At any step i, we know that x* = x' + Ax' for some unknown
Ax'. Though we cannot find Ax' exactly, we can use a Taylor expansion of F to find an
approximation. We have that

0= F(x*) = F(x' 4+ Ax')

= Fy+ O ( LGOI +0((Ax'))
~ F(x )+dz(x) Ax' (7.2)
Rearranging, we get
i dF(x') - [
AX' ~ — <T> F(x'). (7.2)
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FOO)

F(x)

FOO)

F({)=0

Figure7.1 An exampleiteration path with the Newton—Raphson method.

If F were linear, this equation would be exact and we would have x* = x' + Ax'. For the
nonlinear case, we take

X1 =x' + Ax! (7.3)

and repeat the process. We will continue to iterate until F(x') < ¢|F (x%)| for some predeter-
mined tolerance e. When that threshold is reached, we take x' ~ x*.

Thisprocessisdepictedin Figure7.1. Thederivatived F (x')/dx isthe slope of theline that
is tangent to the curve at x'. We determine x'+* by following this tangent line until it crosses
the x-axis.

7.2 Isogeometric analysis of nonlinear differential equations

In the previous chapters, we used Galerkin's method to turn each linear differential equation
into a system of linear algebraic equations. Now we will use the same approach to turn
nonlinear differential equations into a system of nonlinear algebraic equations. This system
can then be solved using the Newton—Raphson approach. In order to make these devel opments
concrete, let us consider an example.

7.2.1 Nonlinear heat conduction

Consider the one-dimensional domain € = (0, 1). Assuming the boundary conditions are
comprised of a fixed temperature imposed at x = 1 and a heat flux boundary condition
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specified at x = 0, the strong form of the nonlinear heat conduction problem iswritten as

gx=T1 in (7.49)

u(l) =g, (7.4b)
—(=1)q(0) = h, (7.4c)
q(u, ux, X) = —k(u, X)u x. (7.4d)

The second negative sign in (7.4c) reflects the fact that the outward unit normal at x = 0 is
n = —1. The constitutive equation (7.4d) contains the nonlinearity that makes this problem
fundamentally different to those considered thus far. The thermal conductivity « depends not
only on space, but on the temperature u as well. This congtitutive equation is the nonlinear
Fourier law of heat conduction.

Let us multiply (7.4a) by atest function and integrate by parts to obtain a weak form: Find
ueS ={uju(d) =g}suchthatforal w e V = {w|w(l) = 0}

n(w;u) = L(w), (7.5)
where
1
n(w;u) =/w,xfc(u,x)u,xdx (7.6)
0
and
1
L(w) = / wf dx + w(O)h. (7.7)

0

Note that the treatment of both the Dirichlet condition (7.4b) and the Neumann condition
(7.4c) isidentical to the way such conditions were treated in the linear case.

7.2.2 Applying the Newton—Raphson method
Let us proceed formally and attempt to apply the Newton—Raphson method to solve (7.5).
Recall that Newton—Raphson is a root-finding method. For this example, the function that we
want to drive to zero isthe residual of the equation, defined by
R(w;u) = n(w;u) — L(w). (7.8)
Our goal isto find u* such that
R(w;u*)=0 Vw e V. (7.9)

Asin Section 7.1, we will proceed iteratively, beginning with some initial trial solution ul,
and constructing a sequence u' such that u' — u*. In analogy with (7.2), we seek to solve an
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equation of the form

- - I _1 -
“AU' = — (_dR(w, u )) R(w;u'),” (7.10)
du
so that we might update the solution as
utt =ul + AU, (7.12)

and check to seeif |R(w;u't1)| < €||R(w;ub)|.

At aglancethis approach might appear straightforward enough, but things are not assimple
asthey seem. Note that u isnot just ascalar aswas x in Section 7.1; it isafunction. Thus, we
must be very careful about the meaning of terms such as“(dR/du)~1” Also, we are dealing
with a weak formulation. We must respect the fact that (7.9) is to hold for all w € V, not
necessarily any conceivable w. These issues are beyond the scope of this book. However, the
use of the Galerkin finite element formulation allows usto work in afinite-dimensional setting
where everything takes on a tangible meaning.

7.2.3 Nonlinear finite element analysis

Returning to an isoparametric setting, we assume that

Neg

u" =" Ngds. (7.12)
B=1

where N refersto the basisfunctions used to represent the geometry. To simplify the notation,
let us drop the superscript h from the trial and weighting functions.

Asu isuniquely defined by specifying each of itsneq coefficients, theindependent variables
are the coefficients dg, and it is on them that we must iterate. We begin by choosing some
initial vector of coefficients d°. There are various techniques for doing so, but in many cases
taking d° = Oissufficient. Thusat any iteration i we havetrial solutionu' that we obtain from
inserting d' into (7.12). Aswewant R(w; u*) = Ofor al w € V, wemust be ableto choose the
weighting function to be any one of the basis functions. Thus, in analogy with (7.1), Taylor’'s
theorem leads us to

0 = R(Na;dgNc)
= R(Na; d& N + AdENC)

dR(Na;diNg)
adg

IR(Na;u’) i
T) Adi, (7.13)

~ R(Na;dgNe) + Adj;

= R(NA;Ui)‘I‘(
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where we sum on repeated indices, as usual, and we have dropped the h superscript on u', that

is, u' isthei'" iterate of u". Solving for Ad}; we have

ciyy L
AdE:-(m> R(Na; u).

adg
We define
AR(Na;uh)
dadg
_ 3n(Na;u')
© 3dg

1 .
arc(u', ;
= / NA,XMNBUIX dx
au '

KIAB =

0

1
+f NA,XK(Uia X)Npg x dX,
0

and

Rl = R(Na;u') = n(Na;u') — L(Na).

Thus, with

K' = [Khgl,
R = (R},
Ad' = {Ad}),

we can rewrite (7.14) as amatrix equation,

Ad = — (K)'R.

(7.14)

(7.15)

(7.16)

(7.17)
(7.18)
(7.19)

(7.20)

Wecall K' the consistent tangent matrix because it plays the same role in multiple dimen-
sions that was played by the slope d F/dx in the one-dimensional case of (7.2). We assemble
K' and the residual vector R' by looping through the elements and using quadrature to build
local tangent matrices and local residua vectors, which we then assembleinto aglobal system
just as we did for linear problems. The only difference is that we must repeat this process
multiple times as we converge toward a solution, rather than being ableto reach it in asingle

step.

Figure 7.2 shows a flow chart for the Newton—Raphson agorithm. Note that if we are
solving a time dependent problem, then this whole process must be performed within each
time step. There are many variants of this basic method, most of which are aimed at improving
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i=0, di=0

Ki=0 and R'=0

v

Assemble K' and R!
by looping through
elements, as in the

' i=i+1
linear case

Test for
Co_nvergence
(IR < &||RO
?

Figure7.2 Flow chart for the Newton—Raphson method in afinite element setting.

the computational efficiency of the approach. One may choose not to recompute the tangent at
every step, or to approximate the tangent in some way.* Other variations on the basic approach
include choosing d+! = d' + o Ad' wherea # 1. It may also be prudent to initialize to some
value other than d® = 0. For instance, in atime dependent problem, it might make more sense
to initialize to the solution at the previous time step, as described in the previous chapter. The
basic structure, however, will follow Figure 7.2.

7.3 Nonlinear timeintegration: The generalized-« method

In this section we present atime integration agorithm for semi-discrete nonlinear equations.
The method is the generalized-o method proposed by Chung and Hulbert, 1993 for the
equations of structural dynamics, and extended to the equations of fluid mechanics by Jansen
et al., 1999. Thisis the approach used in al of the nonlinear time-dependent calculations in
this book.
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Consider an abstract, time dependent, nonlinear problem for the vector-valued function
u(x, t). We can write the variational form of the problem as

n(w; u, u, i) = L(w), (7.21)

where we have madeit clear the solution, u, and itsfirst and second time derivatives, U and U,
respectively, can appear explicitly in the semilinear form n. We may think of (7.21) astheweak
form of the nonlinear equations of motion and u the displacement, for definiteness. However,
there are other possible interpretations. Following a semi-discrete approach as in Chapter 6,
let the vector of control variables, U, depend on time such that

u(x, t) = Ug(t)Ng(x). (7.22)

Let U and U denote the first and second time derivatives, respectively, of U. Thus, we can
define the residua vector as

R(U, U, U) = {Rp}, (7.23)
where P = ID(A, i) and
Rp = n(Nag;u", u", ") — L(Nae). (7.24)
In the time-discrete case, we will adopt the notation of Chapter 6 and replace U, U, and U with
d, v, and a, respectively.

The generalized-a time integration algorithm is stated as follows: given (d,, vn, a,), find
(dn+1: Vn+lu an+11 dn+af ’ Vn+af ’ an+0(m)1 &JCh thaI

R(dntays Vitars @ntey) = O, (7.25)
Onte; = dn + @ (dnt1 — dn), (7.26)
Vitar = Vo + @t (Vat1 — Vn), (7.27)
Bntan = @ + am(@ns1 — @), (7.28)
Vi1 = Vo + At((1 — y)an + yania), (7.29)
(At

dny1 = dn + Atvy + (1-2B)an + 2Bans1).  (7.30)

2

where At = t,,1 — t, isthetime step, « ¢, am, y, and B arerea-valued parameters that define
the method and are selected to ensure second-order accuracy and unconditional stability. For
a second-order linear ordinary differential equation system with constant coefficients, Chung
and Hulbert, 1993 showed that second-order accuracy is attained if

1
y=35—atam, (7.31)

and

B= %(1 —af +om), (7.32)
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while unconditional stability requires

NI =

(7.33)

Om = of =

Results (7.31) and (7.33) were also shown by Jansen et al., 1999 to hold true for afirst-order
linear ordinary differential equation system with constant coefficients. Condition (7.32) only
pertains to the second-order case. In the case of afirst-order system, d plays no role. In order
to have strict control over high-frequency damping, e, and « s are parameterized by oo, the
spectral radius of the amplification matrix at infinitely large time step. Optimal high-frequency
damping occurs when all the eigenvalues of the amplification matrix take on the same value,
namely p. In this case, for the second-order system, Chung and Hulbert, 1993 derive

2_ o
of = = Poo, (7.34)
1+ 0%

1

1+ pS°

while for the first-order system Jansen et al., 1999 give

. 1,3-p]

wl = 2 (2L, (7.35)
271+ px

Olj _—1

f= T
1+ poo

where superscripts distinguish the quantities coming from two different methods. The above
equations show that for the same values of p, (that is, pS, = pd.) thereis amismatch between
of, and on?. This inconsistency may be eliminated by setting p, = pl, = 1, the case of
zero high-frequency damping corresponding to the mid-point rule, but thisis not sufficiently
robust for nonlinear calculations. In the examples considered in the following chapters, the
expressions (7.35) have been used, making thefluid part of the problem optimally damped, and
thus the eigenval ues of the amplification matrix for a second-order linear ordinary differential
equation system at infinitely large time step are given by an expression obtained in Chung and
Hulbert, 1993:

. ~1+(@h—al) “1+@h-a)) 1
lim A ={ ; T ; 71— —j}. (7.36)
At=eo 14 (am —af) 1+ (em —oaf) o

Substituting (7.35) into (7.36), we obtain

—1-3p), —1-3p}
lim A = { Poc Pos

i ’ 5_p(io}' (737)
st T 3L 3k ol
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The first two eigenvalues are different from —pio, but it is a simple matter to show that they
are monotone decreasing functions of p, and

1 —1-3pk
= |—p| <1 Vjpl|<1. (7.39)
37 3+p

This, in turn, impliesthat the spectral radius of the amplification matrix never exceeds unity in
magnitude and no instabilities are incurred for a second-order system. Note that this choice of
parameters maintains second-order accuracy and unconditional stability because conditions
(7.31)—(7.33) still hold true.

To solve the nonlinear system of equations (7.25)—(7.30), we employ a Newton—Raphson
method, which can be viewed as a two-phase predictor—multicorrector algorithm. Asin the
case considered in the previous chapter, there are various possibilities for the predictors. We
shall assume the case of the constant velocity predictor:

Predictor phase. Set

V0,1 = Vo, (7.39)
-1
2= Pa, (7.40)
0 At2

The superscript 0 is the iteration index. Note that the predictor is consistent with the
generalized-a equations (7.29)—(7.30), which are identical to the Newmark formulas.

Multicorrector phase. Repeat the following stepsfori = 0,1, 2, ..., imax, Or until con-
vergence is achieved.

1. Evaluate iterates at the intermediate time levels as

dh o, = dn + o (dh,y —dn) (7.42)
Vo, = Vo Far (Vi — Vi) (7.43)
&0 = 80 + om (@), — an) (7.44)

2. Use the intermediate solutions to assembl e the residuals of the continuity and momentum
equations and the corresponding matrices in the linear system

dr!

RI
darwl

n+1s (7.45)

where

R:Prl - R(dn+0tf ’ n+a1 ’ anJram) (746)
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and

dR' dR - -

o = m(d;+af,v'r]+m,a;+am). (7.47)
Theexplicit calculation of thetotal derivativedR /da, 1 isdescribed below. Solvethislinear
system to a specified tolerance. Various direct and iterative strategies can be employed. In
nonlinear applications the preconditioned GMRES algorithm has enjoyed widespread use
(see Saad and Schultz, 1986).

3. Having solved the linear system, update the iterates as

affi=a ., +Aa (7.48)
Vit = Vi, +yAtaa (7.49)
ditt =d_, + B(At)?Aa (7.50)

This processis summarized in Figure 7.3.
Note that (7.45) is the nonlinear analogue of (6.51) in the previous chapter. Defining

dR!
M* = , (7.51)
dany1
(7.45) may be rewritten as
M*Aa=-Rl,;. (7.52)

Dropping the indices and recalling (7.46), repeated application of the chain rule yields
dR _ 0R 0aniy,
dany1 B 081, Oany1
R Vnia, Vit
OVnta; OVni1 08ni1

R 9dniq, 9dniq

. 7.53
00n41o; 00ny1 d8ny1 ( )
Using (7.26)—(7.30), we obtain
M* = anM + a1y AtC + at S(AL)%K, (7.54)
where
oR
M = (7.55)
aan+am
R
C= (7.56)
8Vn+af
R
K=_0 (7.57)

8dl’lJrOtf )



Nonlinear |sogeometric Analysis 207

( Start )

A
Predictor
i=0
Vin+1 = Vn
P _(r=9
&y =———a,
i At)* i
dn+l = dn + AtVn + %((l_ 2ﬁ)a'n + Zﬁaml)
£< =i+l |<—
A
d..,, =d,+a,(d),~d,) _ Corector
Vi =V o (VL -V, Bz =By A2
e Vot M) o ey yatsa
anﬂxm = an+l +am(an+1 - an) di+11 — di 1+ﬁ(At)2 Aa
. ) ) ) n+ n+
I:alrl+l = R(d:‘\ﬂzf' vln-fo' a'ln+zxm)
Test no
v |Rln+1 S{-"|Rg+1
dR' ;
Aa= _Rln+1 ’)
dan+1

Figure 7.3 Flow chart of the algorithm for the generalized-« method. This process takes place within
each time step.

In the specia case of am = o = 1, thisis the analogue of definition (6.52) for the linear
case, and the generalized-o« method becomes simply a nonlinear Newmark algorithm.

Remark

The progenitor of the generalized-o method was the HHT-o method (Hilber et al., 1977). The
problem facing time integration of finite element models in the 1970's was the fact that the
higher-frequency modes were totally inaccurate, representing artifacts of discretization rather
than accurate modal behavior of the partial differential equations being discretized. It became
apparent that the higher-frequency modal components needed to be suppressed because they
were completely spurious. Thiswas accepted at the time as a by-product of discretization and
something that had to be lived with. (The results presented in Figures 5.7 and 5.14 illustrate
that there are now other and better discretization procedures than the classical C° p-method
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finite elements.) Given the presence of these undesirable modes, it was attempted to develop
time integration a gorithms which eliminated their participation.

The first individual to recognize this was E. L. Wilson, a professor at the University of
Cdlifornia at Berkeley who, starting with the Newmark method, developed the Wilson-6
method. It was realized that the Newmark method was incapable of suppressing higher-modal
components without deleteriously affecting accuracy in the well-represented lower modes
(see Hughes, 2000, chapter 9, for a detailed analysis of the technical problems). Wilson
developed a procedure which attenuated the response of the spurious higher modes, and at the
same time retained quite good accuracy. Unfortunately, this achievement was marred by an
unforeseen problem, atendency for the discrete solution to wildly overshoot the exact solution
when the loading was very abrupt, such as, for example, in the cases of blast loading and
impact between deformable bodies.

The effort leading to the HHT-« algorithm was similarly inspired, but it also became a
conscious design requirement that the “overshoot problem” would be mitigated. Thiswas the
achievement of HHT-« and it was immediately adopted as a default algorithm in the com-
mercial nonlinear finite element analysis code Abagus, now marketed by Dassault Systemes
(http://www.3ds.com), the world's largest CAD company. Shortly thereafter, a variation on
the theme appeared; the Bossak-a method of Wood et al., 1980. The Bossak-o method never
caught on, perhaps because its accuracy and stability properties were somewhat inferior to the
HHT-o method.

A number of years elapsed before the generalized-« appeared. This method was a simple
combination of the HHT-« and Bossak-a methods, but the important result was that superior
properties to both constituent methods could be attained through their combination. This was
the main contribution of Chung and Hulbert, 1993, who performed an incisive analysis. It all
seems rather simple in retrospect, but one can view the HHT-a method as the inclusion of the
parameter « ¢ in the generalized-« agorithm and Bossak-« as the inclusion of the ap,.

Asthings stand right now, the generalized-o method isenjoying increased usagein software.
Up until thistime, HHT-o hasreceived the bulk of attention. The original paper of Hilber et al.,
1977 is presently the most cited paper in the history of the international journal Earthquake

Figure7.4 David Hilbert. Figure7.5 Hans-Martin Hilber.
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Engineering and Structural Dynamics. A subsequent paper refined understanding of the behav-
ior of the method (Hilber and Hughes, 1978). Nonlinear aspects and a predictor/multicorrector
generalization were described in Mirandaet al., 1989.

Despite the numerous citations the original HHT-o paper has received, it seemed to vanish
from sight for many years. It turned out that the citations were being mistakenly attributed
in the Citation Index to a senior author named “Hilbert,” not Hilber. This error is perhaps
understandable because Hilbert, that is David Hilbert (see Figure 7.4), is one of the most
famous names in the history of mathematics. Eventually the error was corrected and the
attribution was made to the actual senior author, Hans-Martin Hilber (see Figure 7.5). Hilber,
after receiving his Ph.D. from the University of California at Berkeley, pursued a professional
career at the engineering firm RIB in southern Germany.

Note

1. While there is some flexibility in the definition of the tangent matrix, the residual vector
must be accurate at each iteration for convergence of the method to be achieved.






8

Nearly Incompressible Solids

The problems of linear elastostatics and elastodynamics that we encountered in Chapters 4
and 6, respectively, were implicitly assuming compressible materials. Such problems can be
relatively simple to formulate and solve. For parameter values corresponding to many common
metals, a straightforward application of Galerkin’s method with your element of choice can
yield a reasonable solution (though accuracy may depend on an accurate description of the
geometry, as we discussed). For other materials, such as rubber, the problems can become
much more difficult. Rubber is highly deformable when sheared, but relatively stiff with
respect to pressure forces. As a result, rubber is described as a nearly incompressible material.
As we discuss in the next section, the reason this presents such a difficulty is that in the limit
of incompressibility, the Poisson’s ratio, v, goes to 1/2, and thus the Lamé parameter

vE

M= T a— 2y

(8.1)

appearing in the standard formulation tends toward infinity, and the problem becomes ill-posed
in the limit. Even before the incompressible limit is reached, the discrete system resulting from
a finite element approach can become quite ill-conditioned. “Locking” occurs and standard
elements have difficulty or fail entirely. This is also a challenge in nonlinear problems such as
modeling the elastic-plastic response of metals or undrained soils, where nearly incompressible
behavior is prevalent. A full discussion of the early experiences and development of effective
methodologies for these problems in the linear setting is presented in Hughes, 2000, chapter 4.

It would seem at this stage of the development of finite element technology that higher-
order approaches would play an important role in nonlinear structural mechanics, but this is
not the case. Nonlinear finite element structural analysis is dominated by the use of low-order
“displacement” elements that are specially designed to avoid volumetric or incompressible
locking. The only higher-order approach that claims any success is the p-method, in which the
polynomial order within elements is increased on a fixed mesh (see Szabo and Babuska, 1991
and Szabo et al., 2004). Though is seems that for standard higher-order C°-continuous finite
elements, volumetric locking is alleviated as the element polynomial order is increased, there
is evidence that the accuracy of the solution at any fixed polynomial order is far from optimal.
In addition, numerical experience indicates standard higher-order elements are much more
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“fragile” than low-order elements. This lack of robustness is particularly apparent in nonlinear
dynamic analysis of structures involving contact and impact, and subject to high wave number
inputs, such as blast waves. We have already seen some evidence of this in the context of
structural vibrations in Chapter 5 where it was revealed that the higher modes produced by
the p-method diverge with p. That is, whereas formal accuracy is increased, the improvement
is confined to lower modes, while at the same time the higher modes get worse as p increases.
This may help to explain why robustness decreases with p in the classical setting.

As we have seen, isogeometric analysis offers a promising alternative to the pitfalls of
classical p-refinement. It has been shown that k-refined meshes behave entirely differently
than standard finite element methods with respect to higher modal components. In fact, in
some cases all discrete modes converge to exact ones and nearly spectral accuracy is achieved.
To us, this suggests that robust and higher-order accurate finite element methods applicable
to nonlinear structural analysis may be a possibility. Initiatory steps have been taken in this
direction by Elgued;j et al., 2008.

We also must deal with the locking problem in both small- and finite-deformation regimes.
The most general and practically useful approach is by way of a pure displacement formula-
tion (i.e, no pressure degrees-of-freedom) as is generally employed in large-scale structural
analysis programs (see, e.g., Livermore Software Technology Corporation, 2007 and Maker,
1995). In order to achieve good behavior, it is imperative to use some form of “projection”
to reduce the number of volumetric constraints. This is absolutely essential for lower-order
elements, and very important for higher-order elements as well (as we will see). The B scheme
(see Hughes, 1977) is a formalism that utilizes projection, and here we discuss a family of
higher-order B schemes as developed in the work of Elguedj et al., 2008.

The large-deformation counterpart of such B approaches involve projection of the deforma-
tion gradient, a so-called F scheme, involving a product decomposition into volumetric and
deviatoric factors. Again following Elguedj et al ., 2008, we will present the F formulation based
on a modified minimum potential energy principle. The basics of the method are presented,
with the interested reader encouraged to seek the details in the original paper. We also present
several numerical calculations on quasi-static, small- and large-deformation test problems.

Remark
Note that other approaches to the locking problem are possible, even some rooted in isoge-
ometric analysis. In particular, the stream function approach of Auricchio et al., 2007 takes
advantage of the higher-order continuity of NURBS-based isogeometric analysis to obtain a
divergence free (i.e., incompressible) displacement field from the differentiation of a potential.
8.1 B formulation for linear elasticity using NURBS
As we saw in Chapter 4, the boundary value problem of compressible elasticity for a body Q
is given by:
Givenf:Q — R% g:Ty— R andh:Th — R find u: @ — R® such that:
dive +f=0 in Q, (8.2)
u=g onTyg, (8.3)
o-n=h on 'y, (8.4)
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where n is the exterior unit normal on ", the boundary of 2, g is the prescribed displacement
on I'y and h is the prescribed traction on I', which together form the boundary I' = I'y U T'g
of @, and f is the body force. The stress tensor o is defined in terms of the strain tensor & by
the generalized Hooke’s law:

1 1 /0u; du;
=Vu=(Vu+vul)org; ==(—+—], 8.5
€ 2( + ) i 2 <8Xj + 9X%; ( )
o = C:€0rojj = Gjkéx (8.6)

In the compressible isotropic linear elastic case, Hooke’s law can be expressed in terms of
the Lamé parameters A and u by:

Cijk = ASijdk + u(Sikdji + 8idjk), (8.7)
Oij = AUk kSij + 2ueij, (8.8)
where
2 E
A e (8.9)

Ta—2) Pty

and v is Poisson’s ratio and E is Young’s modulus, as in Chapter 4.

As mentioned in the introduction to this chapter, as v — %, A approaches infinity, that
is, there is a singular limit in the stress—strain relation. The value v = % thus represents
incompressibility. The constitutive equation needs to be modified in this case to

oij = —P&ij + 2ueij, (8.10)

where p, the hydrostatic pressure, is determined as part of the solution of the boundary value
problem. As p represents an additional unknown, the kinematic condition of incompressibility
must be introduced as an additional equation:

divu =uxk =0 in Q, (8.11)

leading to a mixed method. In the nearly incompressible case, however, the ratio A/ is large
but not infinite. The compressible theory applies, but some modifications in the discrete case
are warranted to help alleviate the propensity for mesh locking.

8.1.1 Anintuitive look at mesh locking

To understand mesh locking and why it occurs as incompressibility is approached, it is enough
to consider a very simple situation. Figure 8.1a shows a mesh comprised of two linear,
triangular elements in which the displacements of three of the four nodes are fixed to be zero
due to homogeneous Dirichlet boundary conditions. We assume plane strain conditions, that
is there is no strain in the out-of-plane direction (e.g., e33 = 0). Only the fourth node (shown
in red) is permitted to move.

Now let us assume that the material is incompressible. This means that (8.11) is satisfied
pointwise. By integrating (8.11) over the volume of each element, we conclude that the
volume remains unchanged after deformation. By virtue of the plane strain constraint, this in
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Figure8.1 Incompressible linear elasticity. (a) A mesh comprised of two linear, triangular elements.
The top and left sides are fixed due to homogeneous Dirichlet boundary conditions. (b) The boundary
condition on element | constrains the red node to only move in the vertical direction if area is to
be conserved. (c) The boundary condition on element Il constrains the red node to only move in the
horizontal direction if area is to be conserved. Taken together, these constraints dictate that the position
of the node must be fixed, and both elements are completely “locked.” (d) If the two elements in the
lower left-hand corner lock, as in (a)—(c), this effectively places a Dirichlet condition on the neighboring
elements, which in turn lock as well. The effect propagates, and the entire mesh locks, admitting no
displacement at all.
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turn means that the area remains unchanged. For element I, this means that the unconstrained
node can only move in the vertical direction and must have zero displacement in the horizontal
direction, as in Figure 8.1b. For element 11, the situation is reversed. The base of the element is
fixed and so the height must also be fixed if the element is to preserve its area. Thus, element |1
admits only horizontal displacements and not vertical displacements, as in Figure 8.1c. Taken
together, the two-element mesh admits no displacements at all and so it is completely “locked.”

Considering the much larger mesh of Figure 8.1d, the above argument clearly applies
to the elements in the lower left-hand corner of the mesh. Once it is determined that they
locked, the fixed fourth node acts as a homogeneous Dirichlet condition for the neighboring
elements. The same argument extends to them, and they lock as well. The behavior spreads,
and no deformation is possible at all. The mesh is fully locked, and any numerical results are
meaningless.

If we consider the nearly incompressible case, the same logic dictates that the deformations
of the linear elements must be very small. If, alternatively, we had a mesh of very high
polynomial order elements, then deformations would be possible in which the sides of the
elements do not remain straight. In such a case, much larger deformations could take place
while the material remains almost incompressible. This is the intuition behind the fact that
higher-order elements are less prone to locking.

Heuristically, when the number of constraints placed on an element is large relative to
its number of degrees-of-freedom, there is very little for it to do other than lock. Thus,
avoidance of locking can be achieved by increasing the ratio of the number of degrees-of-
freedom to the number of constraints. The B method is a procedure for achieving this objective.

Remark
In the case of plane stress, that is when the out-of-plane stress o33 = 0, there is no locking
problem. The reason for this is that, from (8.8), 0 = A(e11 + €22 + €33) + 2133, and, therefore

—A
= 8.12
£33 = T o (622 + €33) (8.12)
Using this result in (8.8) yields
Oup = 5»8},},5(1,3 + 2ueqp, (8.13)

where «, 8, and y range over 1 and 2, and

21
A42u

A= (8.14)

In this case, as . — 0o, A — 2y and there is no singularity in the stress—strain relation.

8.1.2 Strain projection and the B method

The strain projection approach, referred to as the B method, was introduced by Hughes, 1980.
The main idea in the strain projection approach is to additively split the strain tensor into its
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deviatoric and dilatational (i.e., volumetric) parts
e(u) = &®(u) + e%'(u), (8.15)

where

dil 19uk

eil(u) = %(divu)l or & (u) = ga—Xkaij, (8.16)

and | is the identity tensor.

To achieve an effective formulation in the nearly incompressible case, the dilatational part
is replaced by an “improved” dilatational contribution (i.e., a projected one), using a linear
projection operator

efu) = 7 (). (8.17)
In terms of B, the strain-displacement matrix introduced in Chapter 4 is replaced by
B = B% + B9, (8.18)
with
B =B — B! (8.19)

The effect of this new definition is to lower the number of volumetric constraints, mitigating
the tendency to lock.

8.1.3 B, the projection operator, and NURBS

The use of the B method within isogeometric analysis requires further investigation into the

choices of the projection operator and the associated space onto which the projection will be

performed. Since the technique has been applied mostly to piecewise bilinear and trilinear

finite elements, and we want to make intensive use of the properties of high-order k-refined

NURBS, these topics need to be studied without any assumption on the order of approximation.
In the discrete case, we have

u"() =Y uANAX), (8.20)
A=1
likewise
w(x) = Y WANAX), (8.21)
A=1

where N are the NURBS basis functions and u” and w” are the associated control variables.
Note that we have temporarily shifted to the convention of making Aa superscript for notational
clarity in what follows.

In developing the B method for higher-order finite elements and NURBS, we need to
define the linear projection operator and the spaces upon which to project the dilatational
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strain. Throughout, we use the L2 projection of the strains. For the spaces, we define the
following procedure: assume the displacement space is given. We shall refer to it as Qp, that
is quadrilateral, or hexahedral, elements of order p. The continuity of Q, elements within
a patch can be any order k from 0 to p — 1. We are particularly interested in elements of
maximal continuity, namely, CP~1. As we have throughout, we assume an open knot vector
construction so that only C° continuity is attained across patch interfaces. The basis functions
for the projected dilatational strain are taken to be one order lower, and usually one order
of continuity lower, namely the space Qp_1, of continuity CP~2. The only exception occurs
when p > 2, but there are lines or surfaces of C° continuity within a patch. In this situation,
the projected space is also taken to be C° continuous across those lines or surfaces.

There is nothing fundamental about this choice for the space onto which we project, but
it is a particularly convenient one from the point of view of implementation. The goal is to
project onto a space that is coarser in some way than the solution space. The current choice of
spaces is not even nested, but the lower-order NURBS space onto which we project does have
fewer degrees-of-freedom than its k-refined counterpart that is used for the solution space.
The decreased degrees-of-freedom and the lower polynomial order of this space renders it
sufficiently coarse relative to the solution space. The validity of the choice is argued in Elgued]
et al., 2008 and supported by the numerical results obtained.

As an example of what this construction produces, consider the displacement space Q;.
This is the space of bilinear quadrilaterals, or trilinear hexahedra, and is C° continuous
across element boundaries (which correspond to knots in this case). The space for projected
dilatational strain is then Qg, of continuity class C ™1, that is, piecewise constants. This element
becomes the classical mean dilatational element (see Hughes and Allik, 1969; Nagtegaal et al .,
1974; Hughes, 2000) referred to, herein, as Q1/Qo.

In constructing the Q,/Q,—_1 spaces, open knot vectors are employed on each patch. Tensor
product constructs are utilized so we focus on the situation in each direction separately. We
need to specify the order of the space and the knot vector. We begin with the displacement
space, assumed to be of order p > 1. The knot vector, denoted Ep, is assumed to have the
following form,

8p=1{0.0.....0. &ini. 1.1, .... 1}, (8.22)
p+1 copies p+1 copies

where, for simplicity, we have assumed the initial and final knots are located at 0 and 1,
respectively. Ein; denotes the vector of internal knots. The case we are primarily concerned
with at present is each internal knot having multiplicity 1 which results in maximal smoothness
of continuity class CP~* on each patch. The corresponding knot vector for the projected space,
denoted E,_4, is given by

Ep1=1{0.0,....0, Bip. 11,....1}. (8.23)

p copies p copies

The order of the projected space is taken to be p — 1 > 0. The span of the projected space is
precisely the span of the derivatives of all functions in the displacement space. An example
of the spaces Qp/Qp-1, P =1, 2, 3, in the general case, for a one-dimensional patch of four
elements, is given in Figure 8.2. We see that CP~1/CP~2 continuity is achieved in all cases.
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Qp Qp-l
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Figure8.2 Basis functions Q,/Qp-1, p =1, 2, 3, for a one-dimensional patch of four elements. All
cases attain continuity CP~1/CP~2,

The exception to the general case occurs when there are lines or surfaces of only C°
continuity within a patch, as mentioned previously. Let us assume that Ei,; has one or more
knots having multiplicity p, signifying C° continuity. Then, in the space E,_1, Eint needs to
be replaced with Eint, Which is identical to Ejy except for the knots having multiplicity p;
in Ein these knots have multiplicity p — 1, preserving C° continuity of the projected space
within each patch. An example of the spaces Q,/Qp-1, P = 2, 3, with a point of C° continuity
inside the patch, is given in Figure 8.3. Only C° continuity is achieved across the repeated
knot £ = 0.75, and CP~1/CP~2 continuity is achieved elsewhere on the patch interior.

Qp Qp—l

1 1
0.8 0.8
0.6 0.6
p=2 0.4 0.4
0.2 0.2

0 0 €

0,00 0.25 0.5 075,075 1,11 0,0 0.25 05 0.75 11
1 1
0.8 0.8
0.6 0.6
P=3 04 04
0.2 0.2
0 0

0,0,0,0 0.25 05 0750750751111 0,00 0.25 0.5 075,075 1,11

Figure8.3 Basis functions Q,/Qp-1, P = 2, 3, with a point of C° continuity within the patch, for a
one-dimensional patch of four elements. All cases attain continuity CP~%/CP~2, except at the repeated
knot £ = 0.75 where the continuity is only C°.
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Let us denote the basis functions in the parameter space as {N*}, and the basis in the
physical space as {N*}, such that

NA = NAox?, (8.24)

where x : Q — € is the geometrical mapping, defined via control points {x*} as

x(§) =Y NAEXA (8.25)
A

Using the same geometrical mapping, we construct the “tilde basis” {N*}, which corresponds
to the projection space, by

2
2
>
@]
x
A

(8.26)

where {lfl} is the lower orger NURBS basis built on the same parametric domain. As described

previously, we take the Na’s to be one order lower than the NA’s to reduce the number of
incompressibility constraints.

Note that, even in the case of lowest-order elements (i.e., bilinear and trilinear), we still use
the exact geometrical mapping. This means the lowest-order elements are isogeometric and
precisely fit curved boundaries. We believe that Barth, 1998 was the first to use this approach,
and to demonstrate its effectiveness in compressible fluid calculations.

In the discrete case, (8.17) becomes:

_d”(uh) = Z NA |J s (827)
where
gl i
8= My (Ng. &ff' (), = M;é/g Ngefj' (uMde, (8.28)
B=1
that is
i n BNC
el = Z ZNAM;éf NBaTdQ ug sij, (8.29)
A.B=1C—1 Q k

and M is the “mass” matrix of the tilde basis, namely
Mag = (Na, Ng),, =/ NaNgd<. (8.30)
Q
In summary, the procedure corresponds to L? projection of sd" onto the {N} basis.

8.1.3.1 Implementational aspects

We consider aspects of solving the global matrix system in this section.
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For an isotropic homogeneous linear elastic material, with Hooke’s law given by (8.8), the
discrete version of the bilinear form is given by:

n

E_I(Wh, Uh) = Z (wiA/g; N"?‘Cijm N,FdQ UkB

AB=1
1 i
+3 (3% +2u) > wf (N?, Ne)Mc5 (N, N) ukB), (8.31)
C.D=1
where
A 2
Gk =M<5ik3j| +5i|51k—§5ij5kl>- (8.32)

Due to the inverse of M, the second term in (8.31) increases the population of the stiffness
matrix on each patch for p > 2. Note, as we always assume use of patches constructed with
open knot vectors, the displacement field is continuous across patch interfaces, but no smoother.
Consequently, the tilde basis will be discontinuous across patches and M~ will be uncoupled
from patch to patch. Nevertheless, if we use a direct solver to solve the global equation system,
we need to account for increased coupling of the equations due to M —* on each patch. There are
at least two ways to circumvent the effect of the increased coupling. One is to use an iterative
strategy that does not require the assembly of the stiffness matrix, such as conjugate gradients,
to solve the global problem. Within each conjugate gradient iteration, a direct solver can be
used to evaluate M~ patch-wise, retaining its sparse band-profile structure. This procedure
can be used to solve very large problems. It has been used extensively in these calculations and
found it to be very efficient. A second possibility is to replace M with a diagonal, or “lumped”
approximation. This would only need to be done in the left-hand-side matrix, and so would
be interpreted as a “preconditioner,” see Saad, 2003. In this case, the band-profile structure
of the preconditioner would be only slightly larger than for the system constructed without
projection. Using the consistent M on the right-hand-side would ensure the full accuracy of
the projection procedure. Convergence would require one or more iterations, but this involves
only a forward reduction and back substitution for each additional iteration with an existing
factorized array when employing a direct solver.

8.1.4 Infinite plate with circular hole under in-plane tension

Let us consider a plane-strain infinite plate with a hole under tension. This problem has been
studied previously in Chapter 4 assuming an isotropic compressible linear elastic medium.
It is interesting from the geometrical point of view because quadratic NURBS can exactly
represent the circular hole and the existence of an analytical solution allows us to focus on the
convergence rates that the proposed method can attain without geometrical approximation. In
the nearly incompressible regime, this problem has not been studied extensively. Some results
in the incompressible limit using meshless methods can be found in Huerta and Fernandez-
Mendez, 2001 and Dolbow and Belytschko, 1999. The infinite plate is modeled by a quarter
plate. The geometry, loading, boundary conditions and parameters are shown in Figure 4.1.
The exact solution is given by (4.46)—(4.48). The value for v was chosen to be 0.49999, very
close to the incompressible limit, in order to study the convergence of the B isogeometric
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Figure8.4 Plate with a circular hole. Convergence curves in the relative L2 norm of stress with and
without B for various NURBS orders obtained from k-refinement.

analysis for that case. A rational quadratic basis is the minimum order capable of representing
the exact geometry. The sequence of meshes used for the convergence study is the same as
that used in the compressible case; see Figure 4.3 in Chapter 4.

We define the relative error as the error normalized by the corresponding value of the exact
solution. Convergence results for the relative error in the L2 norm of stress are shown in
Figure 8.4. The cubic and quartic NURBS are obtained from k-refinement of the coarsest
quadratic mesh. The mesh parameter h is defined as the maximum distance, in the physical
space, between diagonally opposite knot locations. As can be seen, the B method obtains
good convergence rates with relatively coarse meshes. Note that the standard displacement
based formulation performs relatively poorly and needs comparatively fine meshes to attain
convergence rates equivalent to what is obtained with the B formulation. Even when seemingly
optimal asymptotic rates of convergence are attained in the case of the standard Q, elements,
the error is four orders of magnitude greater than for the corresponding projected Qp/Qp-1
elements. This result clearly shows that optimal rate of convergence is not the only issue to be
considered.

8.2 F formulation for nonlinear elasticity
8.2.1 Constitutive equations

The central idea of this approach is, as done in the geometrically linear case, to split the
tensor that measures the deformation into its deviatoric (volume preserving) and volumetric-
dilatational parts. In the finite deformation case, the deformation gradient F is the relevant
tensor, and, contrary to the small deformation case, the split is multiplicative rather than
additive. This multiplicative decomposition has been exploited previously by Flory, 1961%;
Hughes etal., 1975; Simo et al ., 1985; Simo and Taylor, 1991 (within a three field Hu-Washizu
principle); and more recently by de Souza Neto et al., 1996, 2005 in an alternative F approach.
The work presented here shares features with these techniques. The intent is for it to be a simple
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pure displacement formulation, but having greater generality and a more rigorous theoretical
base than previous approaches.
The multiplicative split of the deformation gradient is written

F — pilpdev, (8.33)
where
detF = J = detF®" and detF® =1, (8.34)
which leads to:
FO = J7'3F and F = J'73I. (8.35)

A modified deformation gradient F is defined in terms of the deviatoric part of the defor-
mation gradient F% and a modified dilatational part of the deformation gradient F4':

I_: — IEdiIFdev’ (8_36)
where
Fil = 7 (FU) = 7 (3V3) = 31731, (8.37)

with 7 a linear projection operator identical to the one proposed previously for the linear case.
Combining (8.35)—(8.37) results in the projected deformation gradient, F:

F=aF, (8.38)

o= (W) / (313). (8.39)

The examples will assume hyperelastic homogeneous material behavior for which there
exists a free-energy function? W that depends on the Cauchy—Green tensor C = FTF and from
which the second Piola—Kirchhoff stress tensor is derived as:

v (C)
S=2———". 8.40
5C (8.40)
The standard additive decomposition of W (see, e.g., Simo and Hughes, 1998) into a volumetric
part depending only on J and an isochoric part is used:

w(J,C) = wil() + v, C). (8.41)

A full derivation of the variational formulation incorporating F in this nonlinear setting is
beyond the scope of this book. Please see Elguedj et al., 2008 for details.

8.2.2 Pinched torus

This example again exploits the ability of NURBS to exactly represent conic sections. It
consists of the pinching of a toroidal solid, and is similar to an example proposed in Chavan
et al., 2007.
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Figure8.5 Pinched torus: geometry, quarter mesh, loading, and boundary conditions.

The geometry, loading, boundary conditions, and mesh are shown in Figure 8.5, and the
material parameters are given in Table 8.1. The material model used is Neo-Hookean following
the additive decomposition of the stored energy function given in (8.41). The isochoric and
volumetric parts of W are (see, e.g., Simo and Hughes, 1998):

W(J,C) =U(J) + w(J723C) (8.42)
u@) = %K (%(JZ —1)—In J) (8.43)
wi0(J=23C) = %M (37%3r[C] - 3) (8.44)

where « is the bulk modulus and u the shear modulus. Due to symmetry conditions, only one
quarter of the structure is considered, with the corresponding symmetry boundary conditions
applied. The quarter mesh with 4 x 16 x 2 elements (that is 4 elements in the “large” circum-
ferential direction, 16 elements in the “small” circumferential direction and 2 elements in the
radial direction) shown in Figure 8.5 with quadratic and cubic NURBS is used.

Table8.1 Pinched torus: material properties
and boundary conditions

Shear modulus u 5.67 MPa

Bulk modulus « 2.8333 10° MPa
Inner radius r 8m

Outer radius R 10m

Reference pressure po 0.195 MPa
BCinplanex =0 Uy =
BCinplaney =0 uy =0

BCinplanez=0 u,=0
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Figure8.6 Pinched torus: Cauchy stress tensor components (a) oxx and (b) o, on the deformed
configuration with and without F for C-quadratic functions and C2-cubic functions.
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The oxx and o, components of the Cauchy stress tensor plotted on the final deformed
configuration with and without F for C!-quadratic and C2-cubic functions are shown in
Figure 8.6. The differences on the final deformed configurations show that Q, without F
suffers locking. Although F Q,/Q; and Qs without F look similar, we can see that F Q3/ Q>
improves the result considerably. The stress contours for the component oy, of the Cauchy
stress tensor shows typical oscillations due to locking for Q, without F. These oscillations are
not observed in the three other cases for this component. However, we can see on the bottom
part of Figure 8.6 that oscillations are present for both quadratic and cubic meshes without F
for the component o, of the Cauchy stress tensor. Note that, for both components and both
orders of approximation, the results with F do not present such oscillations: the stresses are
smooth and very similar for Q,/Q; and Q3/ Q.

A number of additional examples have been solved in Elguedj et al., 2008.

Notes

1. Paul Flory (1910-1985) received the Nobel Prize in chemistry in 1974 “for his fundamental
work, both theoretical and experimental, in the physical chemistry of macromolecules.”
2. The free-energy function is also called the stored energy or strain energy function.
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Fluids

Many of the biggest challenges in computational mechanics are encountered when trying to
model the behavior of fluids. Thisisin part due to the wide range of scales present in such
problems, and also to the fact that these scales frequently interact with each other in complex
ways. Failure to properly represent these interactions can result in inaccurate and/or unstable
calculations. The keys to success when performing computational fluids analysis are accuracy
and robustness. These attributes may or may not be possessed by the methods and functions
used to approximate solutions. NURBS are functions that satisfy both of these criteria and
seem to be an ideal basis for fluid mechanical applications. Methods are another matter. Both
will be discussed in this chapter.

9.1 Dispersion analysis

Fluids problems typically feature a combination of advective and diffusive behavior. Let us
begin by considering the spectral properties of NURBS applied to the limit cases of pure
advection and pure diffusion, in order to assess their accuracy. Compared with standard FEA,
NURBS exhibit superior resultsin both regimes, suggesting that NURBS might deliver better
quality results when applied to more general fluid dynamics applications. Thiswill indeed be
demonstrated throughout the chapter.

9.1.1 Pure advection: the first-order wave equation

To determine the performance of NURBS applied to flow problems, which by their very
definition contai n advective phenomena, anatural starting point isthefirst-order wave equation,
or pure advection. Here we compare analytic solutions to the discrete equations arrived at by
finite element and NURBS treatments of the problem.

A linear dispersive system is one that admits solutions of the form (see Whitham, 1974)

¢ = acos(kx — wt), (9.1)

where the frequency w isareal function of the wavenumber k, with the specific form of w(k)
being determined by the system. If the phase speed w(k)/k depends on k, rather than being a
constant, the system is said to be “dispersive.” For the first-order wave eguation posed on an
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infinite domain, namely,

3 o
T + Ca_x =0, forxe (—o0,+00), (9.2

the frequency o = kc, and thus any dispersion in a numerical solution is artificial. Every
Fourier mode should travel to the right at speed ¢ (hence the name “ pure advection”), and any
deviations from this constant velocity are artifacts of the numerics.

Theinfinite domain is modeled by a finite domain with periodic boundary conditions. The
effect of this approximation is moot as the local support of the basis functions localizes the
analysis. For both finite elements and NURBS, a solution of the form

Nnp

¢ = palt)Na(X), (9.3

A=1

is sought. In the case where N, is a standard finite element basis function, its coefficient ¢
is associated with the value of the function at the node xa, whereas for the non-interpolatory
NURBS basis, ¢ isacontrol variable.

A stencil is arrived at in a manner that is somewhat analogous to the vibration analysis of
Chapter 5. For either finite elements or NURBS, (9.3) is substituted into (9.2), multiplied by
basis function N, and integrated to obtain

Nnp

L .
|| NA Y (GeNe + caNg)dx =0, 04)

B=1

where the superposed dot denotes differentiation with respect to t, and the prime superscript
denotes differentiation with respect to x. The integration is performed analytically to obtain
a single equation, rather than assembling a matrix system numerically as done in previous
chapters. Solving this equation provides important analytical information about the numerical
method.

Linear finite elements and linear NURBS are identical, so the quadratic caseisinvestigated
first. Assuming a uniform mesh with element length h and that the Np’s are C! quadratic
NURBS functions (actually, B-splines in this simple scenario), the integration in (9.4) is
performed yielding

1 . . . . .
@@A—z + 26¢a-1 + 660 + 260 a+1 + PAL2)
c

*2an

(—#a—2—10¢pa 1 + 10pat1 + Ppat2) = 0. (9.5)
Asin Vichnevetsky and Bowles, 1982, ¢ is expressed as

¢A — ei (khAhfwt)’ (96)
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where k" is the discrete wave number, an approximation to k = w/c, and i = +/—1. Substi-
tuting thisinto (9.5) and simplifying yields

—j ) . ) !
—128" (€2 4 266717 1 66 + 2667 + €2%)
c . . . .
+%(—e‘2'9 —10e7'? + 10€? + %) = 0, (9.7)

where 6 = k"h. Rearranging and recalling that (€ + e1%)/2 = cosa and (€% — e71%)/2i =
Sina resultsin

5c . .
w(cos20 + 26 cosH + 33) — F(smze 4+ 10sing) = 0. (9.8)

Finally, solving for k/k" = w"/w gives

k  5(10sin6 +sin20)
k'~ 6(33+ 26cosf + cos26)’

(9.9)

For the classical quadratic finite element, the situation is more complicated as the basis
function N can take on two forms. If Na corresponds to an end node (i.e., A odd), then
performing the integration in (9.4) resultsin

1 . . . . .
E(_¢A72 +2¢p1+ 8pa+ 20a41 — dat2)+

Par1—Pa-1  Pat2—Pa2
2c h —u ah =0. (9.20)

For the case where N, is associated with a center node (i.e., A even), performing the same
stepsyields

Pari— b1 _ 0. (9.11)

1 . . .
1_0(¢A—1 + 8pa+ par1) +C o

Following Gresho and Sani, 1998, let

1+ (-A n ,31 — (_1)Ai|ei(khAh—wt).
2

(9.12)

oat) = [ 5

Substituting (9.12) into (9.11), solving the latter for g and using that result in (9.10), yields*

k  —2sin20 + /(1 — cos20)(19 — cos29)
kh 6(3 — cos20)

See Gresho and Sani, 1998 for adiscussion on selecting “+” or “—" in (9.13).

Plots of the phase error k/k" = »"/w for these two quadratic cases, as well as C? cubic
NURBS and linears, are shown in Figure 9.1 (see Section 5.7.2 of Chapter 5 for adiscussion
of the duality between the dispersion analysis of k/k" and the spectrum analysis of o"/w).
We see that the quadratic finite elements actually overshoot the exact solution for part of the

. (9.13)
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Figure9.1 The first-order wave equation. Phase errors versus non-dimensional wave numbers. Com-
parison of linear and quadratic finite elements, C* quadratic NURBS, and C? cubic NURBS.

domain whereas the NURBS solution is considerably more accurate. The cubic NURBS are
better still. For afixed wavenumber, the error in the phase speed goes as O(h*) for C° quadratic
finite elements and as O(h®) for the C! quadratic NURBS. In general, the error is O(h?P)
for classical CO finite elements of order p, p > 1, and O(h?P*2) for CP~1 NURBS of order
p, p > 1 (see Vichnevetsky and Bowles, 1982). Note, this acknowledges the fact that linear
finite elements, that is, p = 1, are superconvergent, in that they achieve O(h%) phase error
(see Gresho and Sani, 1998). These resultsillustrate the superiority of NURBS over classical
finite elements for advective processes governed by the first-order wave equation.

9.1.2 Purediffusion: the heat equation

Thebehavior of NURBSappliedto purely diffusive phenomenamay be determined by studying
the heat equation:

9 92
3—‘? = Ka—x(z, forx € (—o0, +00), (9.14)

and proceeding as in the case of the first-order wave equation. Thistime ¢4 iswritten
¢A — e(i k" Ah—at) ) (915)

The dispersion analysisis performed for finite elements and NURBS using basis functions of
order p = 2 through p = 4. For completeness, the solution using linear elementsis shown as
well, though for linear elements there is no difference between finite elements and NURBS.
Results are presented in Figure 9.2.

The superior behavior of NURBS basis functions compared with finite elements is once
again evident. In this case, the finite element results depict an accurate acoustical branch and
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Figure9.2 The heat equation. Phase errors versus non-dimensional wave numbers. Comparison of
classical CP-continuous finite elements and NURBS for p = 1 to 4.

inaccurate optical branches (see Brillouin, 1953, and Chapter 5). It isvery important to observe
thetrendsin Figure 9.2. For finite elements, the optical branchesdivergeas p isincreased. That
is, the errorsin the higher wave numbers become greater as p isincreased. On the other hand,
for NURBS, the entire spectrum converges as p isincreased. These opposite trends are likely
very important in applications in which the entire discrete spectrum participates significantly
in the solution. These results demonstrate the superiority of NURBS over classica finite
elements for diffusive processes governed by the heat equation. The combination of results
for advective and diffusive processes suggests that NURBS may be capable of attaining better
accuracy than classical finite elementsin representing turbulence, as will be demonstrated in
Section 9.4.

Figure 9.2 may look familiar. To machine precision, it is exactly the same as Figure 5.7,
obtained numerically in Chapter 5 for the longitudinal vibrations of an elastic rod. The fact
that these two distinct types of phenomenalead to identical results may be understood from the
duality of spectral and dispersion analyses described in Chapter 5. In both cases, the behavior
of NURBS and FEA functions applied to second-order spatial derivative operators in one
dimension were examined.

9.2 Thevariational multiscale (VM S) method

In the introduction to this chapter, we mentioned the instabilities that can arise due to the
failure of a numerical method to represent all of the scales present in a problem. In a
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finite-dimensional setting, it is simply impossible to capture al of the features of a sys-
tem, and that which is missing can, for certain classes of problems, have a deleterious effect
on the ability to accurately model the scales that are otherwise within reach. The framework
in which to understand and address these issues is the variational multiscale (VMS) method?.
VMS deserves to be the topic of abook unto itself, and only the surface of thisrich and active
areaof research will be scratched. For further information, see Hughes et al., 2004 and Hughes
and Sangalli, 2007. However, an attempt will be made to provide a brief explanation of its
motivations so that the formul ations employed in the fluids exampl es throughout the remainder
of the chapter may be better understood.

9.2.1 Numerical example: linear advection—diffusion

Though we will discuss the advection—diffusion equation in more detail in Section 9.3, let us
present an example to motivate the VMS framework. We model the advection and diffusion
of concentrationu : Q — [0, 1] of aspeciesin an incompressible fluid by

a-vu—V.-(kvu)=f in @ (9.1639)
u=g on Ip (9.16h)
—Vu-n=h on Ty (9.16¢)

where the (divergence-free) velocity field is a = a(x), k is the diffusivity tensor, f is a
source term, and g and h are prescribed Dirichlet and Neumann boundary data, respectively.
Specifically, consider the two-dimensional problem setup shown in Figure 9.3, where Q isthe
bi-unit square [0, 1] x [0, 1].

Let # =tan(2), and note that ||al| = 1. Whether the problem is more “advection-
dominated,” or “diffusion-dominated” depends on the size of «. When it is advection-
dominated, boundary layers near the outflow boundaries are expected, along with an internal

Boundary layers

Internal layer
/4< 0
u=0 u=0

a=(cos0,sinB)
[k]” :KSU

u=1

Figure 9.3 Advection skew to mesh. Problem description and data.
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layer aligned with the flow direction. In more diffusion-dominated cases, al such features are
expected to be “smeared,” with no large gradients or sharp layers.

It turns out that the important parameter in the Galerkin method is the element Péclet
number, «, defined as

o i

P
where h is the edge-length of an element. Clearly, the element Péclet number is a non-
dimensional measure of the competition between advective and diffusive effects on the length
scale of the mesh. When « is greater than 1 (less than 1, respectively) the situation isreferred
to as advection-dominated (diffusion-dominated, respectively).

Figure 9.4 shows two results for this problem on a 20 x 20 mesh of linear elements using
aclassical Galerkin's method approach. In Figure 9.4a, the diffusion (k = 1072, in this case)
isnot drastically out of proportion with the magnitude of the advective velocity. The element
Péclet number is o = 1(0.05)/(2(0.01)) = 0.25, and a very reasonable looking solution with
good accuracy throughout the domain is obtained. Similar accuracy would be expected if
K« were to grow, even if it were to completely dominate. In Figure 9.4b, the diffusivity has
been decreased (k = 10~3 and so @ = 1(0.05)/(2(0.001)) = 25) and the advection dominates.
Oscillatory behavior polluting the solution throughout the domain is observed. This result is
completely inaccurate, and the values of concentration below zero and above one do not even
make physical sense. This oscillatory behavior is a manifestation of “instability,” referred to
previously. This is an example of the fact that when the features of the solution to certain
classes of problems fall significantly below the resolution of the mesh that is being used,
Galerkin's method becomes unstable and exhibits spurious oscillations. They have been the
bane of many finite element researchers and the topic of thousands of papers over the years.
Oneinterpretation of the cause of the instabilitiesis the failure to account for the effect of the
scales that are too small to be represented explicitly with the basis employed.

(9.17)

9.2.2 The Green’s operator

In an effort to grasp the salient issues, the following problem for an abstract linear operator £
may be considered,

Lu=Tf in Q (9.183)
u=b on T, (9.18b)

where we have changed the notation for the Dirichlet condition in order to reserve the letter
g for further duty below. We can re-express (9.18) in a variational form as: Findu e S =V
such that, forall w € V

a(w, u) = L(w), (9.19)
where

a(w, u) = (w, Lu), (9.20)
Lw) = (w, f), (9.21)
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0 0
(a) Diffusion-dominated

—

0 0
(b) Advection-dominated

Figure9.4 Advection—diffusion. (a) For « = 1071, diffusion isin balance with the advection, and the
Galerkin solution is reasonable. (b) For x = 10~3 advection dominates, spurious oscillations emerge,
and the solution is completely unacceptable.

and
(w, U) = f w)U(X) dx. 9.22)
Q

We have used S and V to denote the trial and weighting spaces, as in previous chapters.
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Analytically, we can think of solving (9.18) by means of aglobal Green’s operator, G, such
that

u=gf. (9.23)

Frequently, we will represent this global Green’s operator by the classical Green’s function,
g: Q2 x Q — R,suchthat

ut) = [ gx. )19 x. (9.24)

The problem used to define g is
L9, y) =d(x—y) X yeQ, (9.25a)
gx,y)=0 xeT, (9.25b)

where §(x —v) is the Dirac delta distribution and £* is the adjoint of operator £, as defined
by the relationship

(L*w,u) = (w, Lu) Yu,w e S. (9.26)

If we had an expression for g, we would have no need for anumerical method, but its existence
isatool that we can use to gain understanding of the problem.

9.2.3 A multiscale decomposition

Rather than pursuing an expression for the global Green’s function (which might be very
difficult to find), let us instead consider a direct sum decomposition of the solution space &
into afinite dimensional subspace S that we will refer to as the “ coarse-scale space,” and an
infinite dimensional subspace &', called the “fine-scale space,” such that

S=5Sas. (9.27)
Thus, for al u € S, we have a unique decomposition
u=u+u, (9.28)

withue Sandu € §'. B

In practice, we will identify S with S, the space spanned by the NURBS or FEA basis,
and we will think of S’ as being comprised of the remaining subgrid scales that the basisis
incapable of representing. Schematically, the idea is represented in Figure 9.5. At this point,
however, we have not provided enough information to make the decomposition (9.28) unique.
We have not stated how the coarse scales will fit the exact solution. For example, u could
interpolate u at a discrete set of points, or be a best fit in the L2 or H* norms. To remove any
ambiguity, we introduce alinear projector P : S — S such that

o= 7Pu, (9.29)



236 Isogeometric Analysis: Toward Integration of CAD and FEA

0 1 2 3 4 5
(@) u= u+ u', the exact solution

0 1 2 3 4 5
(b) u, the coarse-scale solution

0 1 2 3 4 5
(c) u', the fine-scale solution

Figure9.5 A multiscale decomposition of afunction u into its coarse-scale component U, given here
by piecewise linear interpolation, and its fine-scale component u’ = u — U, which is the component of u
that the linear basis is incapable of representing.
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and thus
U=u—-Uu=(Z-P)u="Pu, (9.30)

where P’ =7 — P.

The importance of this projector cannot be overstated. Saying that u is a finite element
approximation of u does not tell us anything about the manner in which they are related, even
when the basis has been clearly specified. It is the specific choice of projector that closes the
loop and determines the type of optimality with which we hope to fit the exact solution. It is
also crucia to note that it is not u or u’ but u that we will seek to approximate with the finite
element solution, u". The godl is for u" to be the optimal approximation possible given the
choice of basis, where optimality is defined by (9.29). Of course, by itsvery definition u exists
in the discrete space, but the challengeisto find it.

9.2.4 The variational multiscale formulation

We insert (9.28) into (9.19), and consider the analogous splitting for the weighting function,
w = w + w'. Rearranging, taking advantage of linearity, and recalling that (9.19) holdsfor all
w € V leads us to two separate problems,

a(w,u) +a(w,u) =L(w) Ywe, (9.31)
and
a(w,u) = L) —a(w’,u) vw eV. (9.32)
If u” was known, the coarse-scale problem, (9.31), would be an exact, finite-dimensional
problem for the coarse-scale solution, u. That is, recalling that U € S and therefore can be
represented by a linear combination of basis functions, we could set up a matrix equation in
the standard way and solve numerically to obtain a u that would satisfy (9.29). Unfortunately,
we are not given u’. We might hope to solve the fine-scale problem, (9.32), in order to obtain
it, but this problem is infinite-dimensional.

Formally, we can think of the solution u’ to (9.32) as being given by a fine-scale Green’s
operator, G’, analogously to (9.23), such that

u =G'R(u), (9.33)
where R/, the residual® of the coarse scales projected onto the fine scales, satisfies
(w', R() = L(w) —a(',u) Vuw' eV (9.34)

Moreover, as in the global case, we may think of G’ as being represented by a fine-scale
Green'sfunctiong’ : Q@ x € — R such that

u(y) = /Q g/(x, )R (@(x)) dx. (9.35)
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Clearly, the exact form of G’ must be dependent upon the projector P. It was shown by Hughes
and Sangalli, 2007 to depend upon the global Green'sfunction G aswell, and to take the form

G'=G—gP" (PGPT) ' Pg. (9.36)

Though expression (9.36) isquite elegant, for it to be of practical use we need an expression
for G. Of course, if we had that, we would have no need for G’, or for a numerical method in
the first place, as we could simply solve for u directly asin (9.23). Though intractable, this
multiscale formulation has still given us quite a bit of insight into the nature of the fine-scale
solution. In particular, (9.32), (9.33), and (9.35) all tell usthat the fine scales are driven by the
residual of the coarse scales. This corresponds to the intuitive notion that the more accurately
U approximates u, the smaller u’ should become. Additionally, (9.36) informs us as to exactly
how the choice of the projector affects the fine scales.

With the projector specified, u and u’ are well defined entities with an exact mathematical
definition. It is the task of the variational multiscale method to obtain a numerical expression
uM ~ U such that (9.29) is approximately satisfied. As we have aready noted, u" and U both
existinthe same space S; weare simply trying to devise anumerical method that will select the
member of thisspacethat satisfiesthe optimality condition. Thisisavery activeareaof research
and there are many techniques in the literature. They al hinge upon using what analytical
knowledge we do possess of u’, or more generaly, of (9.32), such that we may approximate
the interaction of the fine and coarse scales that appears in the coarse-scale problem (9.32).
Namely, obtaining a quality approximation u" ~ U depends upon approximating the term
a(w, u’) that appears in the coarse-scale problem. Such modeling of this interaction between
the fine and coarse scales will be pointed out where it arises in the applications considered
throughout the remainder of this chapter.

9.2.5 Reconciling Galerkin’s method with VMS

Examining (9.31), itisobviousthat Galerkin’smethod isprecisely equivalent to the assumption
that U = 0. Whether we are able to reach alevel of resolution that is fine enough to make this
approximation reasonable depends on the detail s of the specific problem under investigation,
and it may not be obvious until calculations are performed. Given how completely unusable
results such as those in Figure 9.4b can be, it is reasonable to ask why Galerkin’s method
has enjoyed the success that it has. The answer is that, though it was not conceived with
this goal in mind, Galerkin's method is optimal in a very natural sense when applied to the
symmetric elliptic problems that dominated the early days of the development of the finite
element method.

Inthe caseswherethebilinear formissymmetric (e.g., the Laplace equation, linear el asticity,
etc.), this bilinear form is also an inner product on the solution space®. As such, it induces a
norm (frequently called the “energy norm” in solids applications), given by

lullg = a(u, u). (9.37)

Asthisnormisnaturally induced by theweak form of the problemweare attempting to solve,
it isan appropriate norm in which to seek optimality of the solution. The optimality condition
could be expressed as a projector, as in Section 9.2.3, or we can simply seek to minimize
the error between the exact solution u and finite-dimensiona solution u = 2”311 ugNg in
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the energy norm. We are trying to find the 0 € S such that a(u — U, u — ) = a(u’, u) is
minimized. Setting the derivative with respect to the coefficients equal to zero, we have that
for A=1,..., ng

0= - [au-i&u—a)

dup
- %A [a(u, u) — 2a(u, u) + a(u, u)]
= [ai—Aa(u, u) — 283—Aa(l1 u) + aai—A(lI G)]
= —2a(Na, u) + 2a(Na, 0)
= —2a(Na, u —0). (9.38)

Dividing by —2 and substituting u’ = u — u, we obtain
a(Na,u)=0, A=1 ..., ng, (9.39)

and thus the fine-scale solution u’ is orthogonal to the entire coarse-scale space with respect
to the inner product a(-, -). This means that, despite the fact that u’ # 0O, the interaction of
the fine scales with the coarse scales, a(w, U’), is equal to zero. Thus, the implicit Galerkin
assumption that u’ = O isfalse, but it inadvertently leads to the correct formulation when the
bilinear form is symmetric. Failure to appreciate the subtlety of this “two wrongs make a
right” coincidence is the reason Galerkin's method has had its vociferous adherents, even for
the classes of problems in which this coincidence no longer holds.

When the bilinear form is no longer symmetric, as is the case in the mgjority of fluids
problems, it does not constitute an inner product and therefore does not induce a natural norm
for the problem. In these cases, if we seek optimality with respect to any reasonable norm,
we find that a(w, u’) # 0. If we do not account for thisterm in one fashion or another, we are
inevitably left with an ad hoc, inaccurate method, and we must accustom ourselves to results
such as Figure 9.4b.

9.3 Advection—diffusion equation

Turning our attention from theoretical devel opments back towards applications, et usconsider
the advection—diffusion equation. This equation is frequently the starting point for researchin
fluids as many of the difficulties encountered in more complicated nonlinear systems, such as
the Navier-Stokes equations, also appear in this simple linear setting (recall Figure 9.4). This
is a model problem, but a rich one. We will begin by formulating the problem, then take a
brief aside to introduce streamline upwind/Petrov—Galerkin (SUPG) stabilization, and finally
turn our attention to the behavior of NURBS on the two-dimensional problem setup described
previously in Figure 9.3.
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9.3.1 Formulating the problem

We begin with the strong form of the advection—diffusion equation asin (9.16). As usua, we
multiply by atest function and integrate to obtain the weak form

a(w, u) = L(w), (9.40)
where
a(w, u) = _/va - (au — «kVu) d§2+/F wua-ndl’ +/F whdTl, (9.41)
and
L(w) = /wa dQ. (9.42)

9.3.2 The streamline upwind/Petrov—Galerkin (SUPG) method

Many years before the theoretical framework of the variational multiscale method explained
the origins of the spurious oscillations that plagued fluids cal culations, researchers devel oped
techniques that were designed to suppress the oscillations while attempting to minimize any
negative impact on the overall accuracy of the solution. Though these approaches lacked a
complete theoretical grounding, alot of practical progress was made. The most successful of
these classical stabilized methodsis the streamline upwind/Petrov—Galerkin method (SUPG).
The motivations behind the development of SUPG are found in the original archival journal
paper on the subject, Brooks and Hughes, 1982. In the first paper on VMS (Hughes, 1995) it
was seen that SUPG and VMS are equivalent in the very special case of advection—diffusion
in one dimension with piecewise linear basis functions and a piecewise constant forcing
function. They diverge somewhat in other, more complicated cases, but SUPG remains an
effective method that has enjoyed wide popularity in both academic and commercia settings.
L et us denote the set of element interiors Q™ ¢ Q. Thisissimply the domainwith all of the
element boundaries removed. SUPG augments the Galerkin form of the advection—diffusion
equation with an additional term, applied only on Q'™, such that we are tasked with solving

a(w", u") + (Law", T(LU" — £)) e = L(w"), (9.43)

ant
where Lo, w" = a- Vw" isthe advective part of the operator acting on the weighting function,
and t isastabilization parameter.

We can understand some of the effectiveness of this method by comparing it with VMS.
First, note that (without realizing it) SUPG is implicitly approximating the fine-scale field
U’ by the stabilization parameter times the residual of the coarse scales. Consider (9.33) and
(9.35), which tell usthat u” isgiven by anintegral operator acting on the residual of the coarse
scales projected into the fine-scale space. We can approximate this by an algebraic operator
acting directly on the residual of the numerical solution. That is

G'R(U) ~ tRUM), (9.44)
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where R(u") = f — £u", and so
u ~t(f —Luh (9.45)

Selection of an appropriate T in various situations has been the subject of much research, but
for advection—diffusion we will use the original formulation from Brooks and Hughes, 1982.
If we temporarily assume homogeneous boundary conditions, then

a(w, u) = (w, Lu) = (L*w, u), (9.46)
where the adjoint operator £* is given by
LY = —Layv + Lt = —a-V —kA. (9.47)

Recall, however, that in the advection-dominated cases we have ||ajlh >> «. In such cases,
Lgife has negligible effect and £L* ~ — L3, Combining this with (9.45) we see that the SUPG
stabilization term is a reasonable approximation of the multiscale interaction term of VMS;

(Lavw", T(LU" = 1)) ~ a(w, U). (9.48)

Qint
Thus, despite the fact that such an interpretation was only available more than a decade after
SUPG's initia introduction, we can now see why it has been such an effective method. (The
relationship between SUPG and VMS has been clarified in Hughes and Sangalli, 2007).

Remark
For comprehensive treatments of stabilized and variational multiscale methods, see Hughes
et al., 2004.

9.3.3 Numerical example: advection—diffusion in two dimensions, revisited

Isogeometric analysis is fundamentally a higher-order approach and one might not expect
good behavior in situations with unresolved interior and boundary layers. Recalling Figure
2.13 from Chapter 2, we remark that oscillations in polynomial-based finite element methods
tend to become more pronounced as polynomial order isincreased. Thisisthereason that most
practical fluids formulations employ lower-order, typically constant and linear, interpolation
of flow variables. However, the variation diminishing property of the Dirichlet boundary
condition specification, plus the notion of k-refinement, leads to some remarkable results in
the case of NURBS.

Let us again consider the problem setup we saw in Figure 9.3. The global Péclet number,
Pe = al /x = 10°6. When this number is greater than one, advection dominates and diffusion
isonly important in very small layers. In the present case, diffusion isimportant in a region
of thickness O(Pe~1InPe) in the outflow boundary layers and O(Pe~/2InPe) in the internal
layer (see Wahlbin, 1991, pp. 468). In all calculations the mesh is uniform, consisting of a
20 x 20 grid of square elements, with element side length h = 1/20 = 0.05. Refinement is
performed by the k-method, and solutions from p = 1 to p = 12 are calculated. In all cases,
the standard SUPG formulationisused with T = h,/(2a), where h, isthe element lengthinthe
direction of the flow velocity which, in the present case, is simply, hy = h/max{cosé, siné}.
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Figure9.6 They-coordinate of the control pointsalong theleft edge of the domain. (a) Odd polynomial
orders. (b) Even polynomial orders.

The boundary condition is set by specifying the control variables. On the top and right
edges of the domain, all control variables are set to 0 and the boundary condition is exactly
satisfied along these edges. On the bottom, the control variable corresponding to the lower
right-hand corner is set to 0 and the remainder are set to 1. The result is that the boundary
valueisidenticaly 1 up to the last element in which it smoothly decreasesto O at the corner.
The left-hand-side boundary is more interesting. If we think of the control variables as control
pointsin R3 defining the surface plot of the solution, where the x and y coordinates have been
fixed by the two-dimensional geometrical mapping and are no longer to be chosen by the user,
then what we have done along the left side of the domain isto set the z-component (our actual
control variable) equal to 1 for each control point that fallsin the interval [0, 0.2], and equal
to 0 if it falsin [0.2, 1]. The locations of the control points are shown in Figure 9.6. Note
the clustering of points near the edges of the domain. This is necessary to maintain a linear
parameterization of the domain despite the use of open knot vectors. The resulting boundary
conditionsare shown in Figure 9.7. For p = 1, theboundary condition isinterpolated, whereas

Figure 9.7 Dirichlet boundary conditions al ong the left edge of the domain. () Odd polynomial orders.
(b) Even polynomial orders.
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for p > 1 it isfit to the control variables in monotone fashion as the variation diminishing
property of B-splines prevents the curve from over- and undershooting. We wish to emphasize
that k-refinement produces non-nested sol ution spaces, which prevents us from having exactly
the same boundary condition at each stage of the refinement process. As a result of this
technique, the discontinuity “smears” about the location 0.2. For odd polynomial orders with
p < 9, acontrol point fallsdirectly on 0.2, whereas for even polynomial orders one does not
(seeFigure 9.6). When p islarger than 9, the aforementioned clustering of control points seen
in Figure 9.6 spreads sufficiently to disrupt this pattern.

We wish to assess the ability of NURBS to deal with unresolved boundary and interior
layers. We present theresultsford = 45°forp=1, p=5, p=8,and p = 12inFigure 9.8.
(See Hughes et al., 2005 for a more complete discussion and additional results.) Two views
are presented for each p, one in which the plotting routine sampled the solution with a 100 x
100 grid of uniformly distributed pointsand onein which it issampled witha21 x 21 uniform
grid. In the former case the plot is Phong shaded, and in the latter it is represented by bilinear
interpolation on each element and the element edges are drawn. The philosophy behind the
dual views isthat the 100 x 100 grid plots are a more faithful rendering of the higher-order
cases, whereasthe 21 x 21 point piecewise bilinear interpolates are the type of plotsthat have
appeared in numerous research articles over the years and these may be more easily visualy
compared with resultsin the literature.

For p = 1, there are noticeable oscillations. This demonstrates that classica stabilized
methods alone are unable to achieve accurate solutions in advection—dominated cases with
unresolved layers. As one examines the results, it is clear that they improve as p increases
and are converging toward monotone results with quite sharp layers. One might have expected
that oscillations would increase with increasing p but this is not the case. Thisis certainly
due in part to monotone treatment of the boundary condition, but it is apparent that the high
continuity of the basis obtained through k-refinement plays an essential role. The conclusion
to be drawn is that higher-order NURBS functions are both accurate and robust, even in the
presence of unresolved features.

9.4 Turbulence

The difficulty of stabilizing a numerical method in the presence of under-resolved features
is even greater for nonlinear problems. Not only can the types of spurious oscillations that
we saw with advection—diffusion affect the accuracy of the solution, but we must worry
about convergence of the nonlinear solver aswell. In this section, we examine incompressible
turbulence — a highly nonlinear application that is characterized by rich behavior through an
exceptionally wide range of scales. Success in capturing the character of the solution relies on
two key components: abasis capable of accurately representing both large and small scalesand
aformulation that encapsulates the effect of the scalesthat are simply beyond reach. NURBS-
based isogeometric analysis, paired with the variational multiscale method, provides both.
Much of the traditional research in turbulence has focused on understanding fundamental
physical behavior of the system through numerical simulations that have typically made use
of very simple geometries and high-order spectral or compact finite difference methods (see,
eg., Lee 1992; Moin, 2001). The underlying function spaces utilized in spectral methods
are of high continuity (C in the cases of Fourier series and global polynomials). While such
approaches are capable of accuracy across many scales, they are exceedingly restrictive in the
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08 06

11

Figure 9.8 Advection skew to the mesh, 6 = 45°. The mesh is 20 x 20 in al cases. Top to bottom:
resultsfor p=1, p=5, p = 8,and p = 12. Left: plot with 100 x 100 sampling points, Phong shaded.
Right: plot with 21 x 21 sampling points.
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types of geometriesthat can be considered. Turbulent flows, however, are also of great interest
in general geometry industrial applications. These are typically computed using finite volume
and finite element methods, which employ low-order approximation functionsthat are at most
CO-continuous. Clearly, this as an opportunity for isogeometric analysisto bridge these worlds
by combining geometrical flexibility with the ability to use functions of higher-order and
higher-continuity. In this section, however, we will restrict ourselves to simple geometriesin
an effort to isolate the effects of continuity and compare how smooth C*-continuous quadratic
NURBS functions perform as compared with their C°-continuous quadratic counterparts.

9.4.1 Incompressible Navier—Stokes equations

The incompressible Navier—Stokes equations can be expressed in terms of the linear momen-
tum equations and incompressibility constraint given by

d .
8—‘:+v.(u®u)+Vp—v.(2vau)—f=o in Q, (9.49)
V-u=0 in Q, (9.50)
where
S 1 T
Viu = E(Vu +Vvu'), (9.512)

f isthe force (per unit mass), v isthe kinematic viscosity, u isthe velocity vector, and p isthe
pressure divided by the density.

Note that one may use the incompressibility constraint to simplify the momentum equation
as

au

8,[Jru-VquVp—vAu—f:O in Q. (9.52)

We assume for simplicity of presentation that u =0on " and [, p(t)dQ2 =0forallt e
(O, T). Following the standard approach, we seek to recast (9.49) asavariational formulation.
Let V denote both the trial solution and weighting function spaces, which are assumed to
be the same. Multiplication by a test function and integration lead to a weak form of the
incompressible Navier—Stokes equations: Find U = {u, p} € V suchthat YW = {w, q} € V,

a(W; U) = L(W) (9.53)
where
a(W;U) = (W, z—;J)Q —(Vw,u® U)o +(9, V- U)o
—(V-w, p)g + (V3w, 20V°u), (9.54)
and

L(W) = (w, f)q. (9.55)
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Note that a(- ; -) isno longer a bilinear form. The semicolon is used to denote the fact that
it is linear with respect to the weighting function, to the left of the semicolon, but nonlinear
with respect to the solution.

9.4.2 Multiscale residual-based formulation of the incompressible
Navier—Stokes equations employing the advective form

Asin Section 9.2, we consider a multiscale direct-sum decomposition of V into coarse-scale
and fine-scale subspaces, V"' = V and V', respectively,

y=V'gV, (9.56)

where we have assumed from the outset that the coarse-scale space is given by the span of
the basis functions to be used in the calculations. Again, to obtain a unique decomposition
in (9.56), we require the aid of alinear projection operator P, that gives U" = PU € V" and
U= -P)UeV fromagvenU € V.

Following the VM S methodol ogy, we restrict the weighting spaceto V" in (9.53) in order to
obtain afinite-dimensional problem for the coarse scal es. Employing the direct-sum decompo-
sition (9.56) for the solution space yields the coarse-scale equation: Find UM = {u", p"} € V!
such that YW = {wh, q"} e VN,

a(W"; UM +U) = L(wh). (9.57)

We now see the manner in which the large scales depend on U’ = {u’, p’}, but the coupling is
more complex than for advection—diffusion due to the nonlinearity of a(- ; -) with respect to
its second argument.

Expanding and rearranging (9.57), the problem hasbecome: Find U" € V", suchthat YW" ¢
wh,
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Q
|
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5./

— (v ueu),+(@" Vv u),
Vow' pl)g + (VW 20VEU') = 0 (9.58)

> ot
2007 have demonstrated that it is beneficia to incgrporate this effect in modeling the fine
scales. The term (szh, ZVSu’) o May be omitted by selecting a projector that enforces the
orthogonality of the coarse and fine scalesin the semi-norm induced by thisterm (see Hughes
and Sangalli, 2007).

We make the simplifying assumption that (Wh E’—”) = 0. Note, however, that Codinaet al.,
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Let us elaborate on the convective terms in (9.58). Assuming incompressibility of the
velocity field, namely, V - (u" 4+ u’) = 0, we compute:

—(vw" u"@u"), — (VW' u" @ u'),
— (v U @u"), — (VW u e Uu),
— (VW u" ® (U + u)),,
— (Vo ueu"), — (VW' u eu),
=(w", (u" +u) - vu"),
— (V" v @u"), — (VW' u e u), (9.59)

As previously, we model the fine scales by a scaling parameter multiplying the residual of
the coarse scales, see Bazilevs et al., 2007a:

U ~ tR(U"), (9.60)

wheret isa4 x 4 matrix (in three spatial dimensions) and R(U") isa4 x 1 vector that collects
momentum and continuity residuals of the Navier—Stokes equations,

R(U") = {ry ", p"), re@")’, (9.61)
in which
u" h h h h
ry@u”, p)—f———u -Vu' = Vp'+vAuT, (9.62)
re =—-v.u" (9.63)

With x = {xl} 1 denoting the coordinates of element Q° in physical space &= {é;‘.}I 1
denoting the coord| nates of element Q€ in parametric space, and § & }I _1 denoting the
coordinates of the parent element, Q¢ (recall Figure 3.4 in Chapter 3), we assume x = x(g)
¢ — Q° to be a continuously differentiable map with a continuously differentiable inverse.
We define T asfollows:

T =di ag(rM, ™, TM>» 'l.'c), (964)
where
4
= (st u". Gu" + CV3G : G) Y2, (9.65)
e =(g-vo) L, (9.66)

G isasecond rank metric tensor given by

g

ax ax’

(9.67)
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and g is avector obtained from the column sums of % ax .

9= {g)
d 85
g = ;(a_x) i (9.68)

Asan example of 9& /dx, consider the case when the e ement under consideration is a cube
with edge length h. The parent element is scaled such that 9& /dx = 2h~I, where | is the
identity matrix. See Bazilevs et al., 2007afor further details.

The definition of 7y in (9.65) isinspired by the theory of stabilized methods for advection—
diffusion—reaction systems (see, e.g., Hughes and Mallet, 1986; Shakib et al., 1991). The
definition of ¢ comes from the small-scale Shur complement operator for the pressure. In the
definition of 7y (9.65), C, is a positive constant, independent of the mesh size, that derives
from an element-wise inverse estimate (see, e.g., Johnson, 1987; Ern and Guermond, 2004).

Combining equations (9.58)—9.60), we obtain the discrete formulation: Find U" € V", such
that YW" € V",

)

+

+ (W, (U = Tvrm) - VU, 4+ (0" VU,

—(V-w", p"), + (VoW", 20vEu), — (W, f)

(UM vw" +va", turm) g, + (VoW eV -u)

—(VW ,TMI'Mm ®TMrM)Q =0. (9.69)

9.4.3 Turbulent channel flow

To examine the effects of continuity, we examine aturbulent channel flow at Reynolds number
Re, = 590 based on thefriction velocity and the channel half-width (for resultsat Re, = 180
and Re, = 590 on a coarser mesh, see Akkerman et al., 2008). To assess the accuracy of the
calculations, comparison is made with the direct numerical simulation (DNS) of Moser et al.,
1999.

The computational domain for this problem is a rectangular box, and the flow is driven by
a constant pressure gradient in the stream-wise direction. Periodic boundary conditions are
imposed in the stream-wise and span-wise directions, commonly referred to as homogeneous
directions. A no-dlip boundary condition is applied at the walls. This no-slip boundary condi-
tionisenforced strongly, that is, the discrete vel ocity is set to zero at the walls. An aternative
approach isto enforce Dirichlet boundary conditions weakly. As discussed in Chapter 3, this
isaccomplished by appropriately augmenting the semi-discrete equations (9.69) by terms that
enforce the no-dlip condition weakly (see Bazilevs and Hughes, 2007; Bazilevs et al., 2007b,
2008b for additional details). Though not employed in the computations presented herein,
weak enforcement of Dirichlet boundary conditions is an extremely powerful technique that
should be considered in many application areas.

The domain size is 2, 2, and 4/3r in the stream-wise, wall-normal, and span-wise di-
rections, respectively. The corresponding DNS computation was carried out on a domain of
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Figure 9.9 Basis functions employed in homogeneous directions. Periodic boundary conditions are
imposed by associating each function that is non-zero on one of the boundaries of the computational
domain (denoted by the gray vertical lines) with a function that is non-zero on the opposite boundary.
For example, afunction drawn in red that is non-zero at the left boundary will be given exactly the same
control variables and the red function at the right boundary, thus treating them as one unique function
within the code.

the same size with 128 x 129 x 128 spectral functions in the stream-wise, wall-normal and
span-wise direction, respectively.

Computationswere carried out employing C°- and C*-continuous quadratic discretizations,
keeping the number of degrees of freedom nearly the same in both cases. For the C° case a
mesh of 32° elementswas used, which gave 64 x 65 x 64 basisfunctionsin the discrete space,
whereas for the C! case amesh of 642 elements was employed, which led to a discrete space
comprised of 64 x 66 x 64 basis functions (the open knot vector construction is responsible
for the extrabasis function in the wall-normal direction). Figures 9.9aand 9.9b show thetypes
of functions used in the stream-wise and span-wise direction for the C° and C* calculations,
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respectively (for the sake of visual clarity, fewer elements are shown than were used in the
computation). Periodic boundary conditions are enforced by ensuring that the coefficient
(control variable) multiplying any function with support at one edge of the computational
domain isidentical to the coefficient of an appropriate function on the opposite edge of the
computational domain. This ensures that the analysis code treats them as one single function.
Notethat inthe C* case, the functions are chosen such that continuity at the periodic boundary
is not degraded.> The mesh is non-uniform in the wall-normal direction (not shown), with
smaller elements placed near the boundary for increased resolution. The C° basisis analogous
to that of Figure 9.9a, but stretched toward the wall. For the C* case, open knot vectors are
employed and the same stretching is employed.

The semi-discrete equations (9.69) are advanced in time using the generalized-o method
(see Chung and Hulbert, 1993; Jansen et al., 1999). We use meshes that are stretched in
the wall-normal direction according to a hyperbolic function to cluster points near the wall.
Moreover, in the definition of Ty (9.65) we set C, to 36.

30

C) P2 64x65x64 -------
25 | C~ P” 64x66x64 -------- -

DNS
20
X 15
10
5
0 1 1
1 10 100
y+
(a) Mean stream-wise velocity
6 T T T T T
C? P2 64x65x64 -------
1 P 64x65x 4
51 C" P” 64x66x64 <<+ T
DNS ——
4
5 3

y+
(b) Stream-wise velocity fluctuations

Figure9.10 Turbulent channel flow at Re, = 590 computed on a 64° element mesh. Comparison of
CP- versus C*-continuous discretizations.
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Numerical results are reported in the form of statistics of the mean velocity and root-
mean-square velocity fluctuations. The statistics were computed by sampling the velocity
field at the mesh knots and averaging the solution in time as well as in the homogeneous
directions. The meshes were chosen such that the number of degrees-of-freedom for both
quadratic discretizations are approximately the same. All computational results are presented
in non-dimensional wall units.

Figure 9.10aillustrates that the mean flow obtained with the C-continuous discretization is
quite abit more accurate. The stream-wise velocity fluctuationsin Figure 9.10b are al so better
in the case of C quadratics. This confirms the intuition gleaned in Section 9.1: the smooth
NURBS functions appear more accurate per degree-of-freedom than their C° counterparts
when applied to systems with advective and diffusive phenomena taking place across a wide
range of scales.

Notes

1. Notethat if wehad considered C° quadratic NURBSinstead of C° quadratic finite elements,
the stencil would have been different, but the results for k/ k" would be exactly the same.
Thisis because C° NURBS basis functions are different from the classical finite element
basis functions, but the space they span is exactly the same.

2. The letters “VMS’ stand for Variational MultiScale. Some researchers also refer to the
Variational Multiscale Method by the abbreviation “VMM.”

3. The sign associated with the residual is a matter of preference. Sometakeittobe f — Lu,
while others use Lu — f. Here, we use the former, but use care when consulting the
literature.

4. Recall that after we define alift that satisfies the Dirichlet conditions, the terms involving
that lift are moved to the right hand side of the equation and treated as data. From that point
on, both the weighting functions and the solutions that we seek are zero on the Dirichlet
boundary. Thus it makes sense to speak of the solution and weighting spaces as being
identical.

5. In practice, this can be accomplished using open knot vectors by restricting the basis to
act only in linear combinations that reproduce C*-periodic behavior. This technique is
completely analogous to the approach to local refinement discussed in Chapter 3, Section
3.5.1. The appropriate restriction is given by treating the C~* basis at the boundary as the
result of repeatedly replicating aknot in aC* basis, and making the degrees-of-freedom of
the finer C~* basis slaves to those of the coarser C* bass.
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Fluid-Structure Interaction and
Fluids on Moving Domains

In fluid—structure interaction (FSI), both the fluid and the structural equations emanate from
conservation laws posed on moving domains (note that the very movement of the domains is
a result of the structure and the fluid interacting with each other). There are many ways to
write these laws, for example, on the material, referential, and current/physical domain. As
a result, various discretization techniques exist for FSI, including but not limited to arbitrary
Lagrangian—Eulerian (ALE), space—time, and particle FEM (PFEM) approaches. Each of these
approaches has advantages and disadvantages depending on the application. In this section
we will focus on the ALE formulation. See Bazilevs et al., 2008a and references therein for
additional details.

There are two main classes of solution algorithms for ALE formulations of fluid—structure
interaction, staggered and monolithic. In the staggered approaches, the solid and fluid equations
are solved in uncoupled fashion. Typically, the motion of the solid defines the geometry of
the fluid domain. This can create problems in certain situations (see Bazilevs et al., 2008a
for elaboration). The advantage of the staggered approach is that one can combine existing,
independently developed solid and fluid computer programs. The drawback is that the passing
of information from one code to another can lead to time-stepping instabilities or, in the case
when iteration is utilized, lack of convergence of iterates. Many examples of these phenomena
have been reported, and various special “fixes” have been proposed. Monolithic procedures
endeavor to solve the fluid—-structure interaction system in fully-coupled fashion. This results
in a large system of equations compared with the staggered approach. The benefit is improved
numerical stability and more rapid convergence of iterates. This is the approach described
herein. For further information, see Bazilevs et al., 2008a.

10.1 The arbitrary Lagrangian—-Eulerian (ALE) formulation

The structure is treated as a nonlinear elastic solid in the Lagrangian description governed by
the equations of elastodynamics. By “Lagrangian description” we mean that the geometrical
mapping of the solid domain moves with the material such that each parametric coordinate
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refers to the same solid particle throughout its deformation. This is the most utilized approach
in structural analysis, and is the one adopted previously in Chapter 8, Section 8.2.

We shall assume the fluid to be viscous and incompressible, governed by the incompressible
Navier-Stokes equations. Heretofore we have treated fluids problems in an Eulerian setting.
That is, the mesh remained fixed in the region of interest while the particles of the fluid flowed
through it. We would like to again use an Eulerian description of the fluid domain in the FSI
calculations, but we also seek to maintain a compatible discretization with the solid domain,
in which the mesh is moving with the material. This is accomplished by allowing the mesh to
move in the fluid domain in such a way as to avoid becoming excessively distorted as the solid
domain moves. This is referred to as the arbitrary Lagrangian—Eulerian (ALE) formulation.

ALE equations mandate the specification of the motion of the mesh in the region of the fluid.
This motion is found by considering the fluid domain to be a fictitious elastic solid and solving
an auxiliary static linear elasticity boundary value problem for which the fluid—solid interface
displacement acts as a Dirichlet boundary condition (see, e.g., Johnson and Tezduyar, 1994).
We know from the movement of the solid how the boundary of the fluid mesh must move
(parts of the boundary of the fluid region may also have motion prescribed independent of the
motion of the solid; naturally, this is handled by Dirichlet boundary conditions as well), and
we use the fictitious elasticity problem posed on the fluid domain to move the mesh in a way
that is compatible with the prescribed motion at the boundary while preserving the topology
on the interior. In practice, this problem is solved monolithically with the FSI problem, but the
coupling is one-way from the FSI problem to the elasticity problem for the mesh. At each step,
the solution to the FSI problem dictates how the boundary for the elasticity problem must move.

It is interesting to consider the appropriate elastic coefficients for the moving mesh problem.
They should be selected such that the fluid mesh quality is preserved for as long as possible. In
particular, mesh quality can be preserved by dividing the elastic coefficients by the Jacobian
of the element mapping, effectively increasing the stiffness of the smaller elements, which are
typically placed near the fluid—solid interface (see Tezduyar et al., 1992).

The kinematic compatibility (i.e., “no-slip”) condition between the fluid and the solid must
be enforced. That is, the fluid velocity must be equal to the velocity of the solid at the interface.
The coupled FSI problem is written in a variational form such that the stress compatibility
condition at the fluid-solid interface is enforced weakly. Note also that the formulation in the
fluid domain must be carefully written to incorporate the relative motion of the mesh. For a
general discussion of ALE, the reader is referred to Hughes et al., 1981; Donea et al., 1982;
LeTallec and Mouro, 2001; Farhat et al., 2001; Farhat and Geuzaine, 2004; Bazilevs et al.,
2008a and references therein.

10.2 Inflation of a balloon

Bazilevs et al., 2008a consider a three-dimensional benchmark example, originally proposed
by Tezduyar and Sathe, 2007, belonging to a class of problems known as “flows in enclosed
domains.” For such problems, the boundary of the fluid subdomain is composed of two parts,
an inflow and a fluid—solid interface. For incompressible fluids, conservation of mass results in
the condition that the inflow flow-rate must equal the rate of change of the volume of the fluid
domain (see, e.g., Kuttler et al., 2006). In loosely coupled approaches, where the solutions
of the fluid and the solid subproblems are obtained in a staggered fashion, this condition is
lost during each subiteration, often leading to divergence of the calculations. In this section
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Fluid domain

Periodic inflow
T=2s Solid wall

Figure 10.1 Inflation of a balloon. Problem setup.

it is shown that the strongly-coupled, NURBS-based procedures advocated in Bazilevs et al .,
2008a have no difficulty dealing with this situation.

The problem setup is illustrated in Figure 10.1. An initially spherical balloon is inflated,
with the inflow velocity being given by a cosine function with a period of 2 s and an amplitude
varying from 0 m/s to 2 m/s. The problem geometry, boundary conditions and material
parameters are as in Tezduyar and Sathe, 2007 and Bazilevs et al., 2008a. The mesh of the
initial configuration, comprised of 10,336 quadratic NURBS elements, is shown in Figure 10.2.
Note that, because NURBS are used to define the analysis-suitable geometry, the spherical
balloon geometry is represented exactly.

For the motion of the mesh, one can take advantage of the parametric definition of the
geometry. In this case E™, the fictitious elastic modulus for the mesh motion problem, is set
to be an exponentially increasing function of the parameter defining the radial direction, thus
effectively “stiffening” the fluid elements near the fluid—solid boundary, thereby preserving
the shape of the fluid mesh in this region.

(a) Top view (b) Bottom view

Figure 10.2 Inflation of a balloon. NURBS mesh of the balloon in both top and bottom views.



256 Isogeometric Analysis: Toward Integration of CAD and FEA

The computation is advanced for 14 inflow cycles, during which the volume of the balloon
grows by a factor of approximately five with respect to its initial value. Figures 10.3-10.5 show
snapshots of fluid velocity vectors superposed on the pressure contours at a planar cut through
the diameter of the sphere. The flow is initially axially symmetric, although it is apparent that
the symmetry of the solution breaks down towards the end of the computation. This is not
surprising as the Reynolds number of the flow, based on the initial diameter of the balloon and
the maximum inflow speed, is 4 x 10°.

Figure 10.6(a) shows the inflow flow-rate versus the rate of change of the fluid domain
volume, which are expected to be the same. On the scale of the plot they are indistinguishable.
A closer examination of the error between the inflow flow-rate and the rate of change of
the fluid domain volume reveals that the relative error in the quantities is on the order of
10~% — 1073, which is attributable to the fact that the nonlinear equations are solved up to
a tolerance of this order (see Figure 10.6(b)). Note that the results are, on average, slightly
less accurate during the last few periods of the simulation, which is attributable to the loss of
radial symmetry in the solution. Also note that the error has the same sign, that is, the rate of
change of the fluid domain volume is always greater than the inflow flow-rate. This suggests
that in the discrete setting there is a tendency of the balloon to expand slightly faster (i.e.,
overcompensate) than dictated by the inflow flow-rate.

10.3 Flow in a patient-specific abdominal aorta with aneurysm

One of the interesting application areas of FSI technology has been in the modeling of arterial
blood flow. In particular, patient specific modeling allows the opportunity to address complex
geometrical issues, intricate flow patterns, and interesting biophysics all within the same
analysis.

10.3.1 Construction of the arterial cross-section

Blood vessels are tubular objects and so we employ a sweeping method to construct meshes
for isogeometric analysis. A solid NURBS description of a single arterial branch is obtained
by extrusion of a circular curve along the vessel path, projection onto the true surface, and
filling the volume radially inward. Arterial systems engender various branchings and inter-
sections, which are handled with a template-based approach described in detail in Zhang
et al., 2007. Application of these procedures generates multi-patch, trivariate descriptions of
patient-specific arterial geometries that are also analysis suitable.

A central feature of the approach is a construction of an arterial cross-section template that
is based on the NURBS definition of the circular surface. Here we focus on the construction of
the cross-section template as it relates to fluid—structure interaction analysis of arterial blood
flow. We identify the area occupied by the blood, or the fluid region, and the arterial wall, or
the solid region. Fluid and solid regions are separated by the luminal surface, or the fluid—solid
interface. Figure 10.7 shows an example of a NURBS mesh for a circular cross-section with
both fluid and solid regions present. Recall that NURBS elements are defined as areas enclosed
between isoparametric lines (i.e., knot spans). Note that the isoparametric lines correspond to
radial and circumferential directions. For purposes of analysis we separate the fluid and the
solid region by a C° surface as the solution is not expected to have regularity beyond C° at
the interface. Knot vectors and control points for the cylindrical template for this arterial mesh
can be found in Appendix 10.A at the end of this chapter.
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Pressure
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Pressure

2.465e+00

(b)t=5.0s

Figure 10.3 Inflation of a balloon. Mesh deformation and fluid velocity vectors superposed on the
pressure plotted on a planar cut through the diameter of the balloon.
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Pressure

@t=98s

Pressure

(b)t=146s

Figure 10.4 Inflation of a balloon. Mesh deformation and fluid velocity vectors superposed on the
pressure plotted on a planar cut through the diameter of the balloon.



Fluid-Structure Interaction and Fluids on Moving Domains 259

Pressure

2.465e+00

Pressure

(b)t=242s

Figure 10.5 Inflation of a balloon. Mesh deformation and fluid velocity vectors superposed on the
pressure plotted on a planar cut through the diameter of the balloon.
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Figure 10.6 Inflation of a balloon. (a) Plot of the volumetric inflow rate versus the rate of change of
the fluid domain volume. (b) Plot of the relative error in the flow rates that is attributable to convergence
tolerances employed in the calculations.

Human arteries are not exactly circular, hence projection of the template onto the true sur-
face is necessary. Only control points that govern the cross-section geometry are involved in
the projection process, while the underlying parametric description of the cross-section stays
unchanged. The end result of this construction is shown in Figure 10.7, which illustrates the
mapping of the template cross-section onto the patient-specific geometry. Here the isopara-
metric lines are somewhat distorted so as to conform to the true geometry, while the topology
of the fluid and solid subdomains is preserved along with their interface. It is worth noting
that cross-sections of healthy arteries are nearly circular, so little distortion of the template is
required to accurately capture the true geometry in this case.

Compared to the standard finite element method, the current method has significant ben-
efits for analysis of blood flow in arteries, both in terms of accuracy and implementational
convenience. It is well known in fluid mechanics that steady, laminar, incompressible flow
in a straight circular pipe that is driven by a constant pressure gradient develops a parabolic
profile in the radial direction and has no dependence on the circumferential or axial directions.
NURBS discretization is capable of exactly representing this solution profile pointwise, in
contrast to standard finite element discretizations.
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Map onto a patient-specific

Blood (fluid) geometry that preserves Blood (fluid)
parameterization
N
Artery wall (solid) Luminal boundary Artery wall (solid)

(fluid—salid interface,
conforming mesh)

Figure 10.7 Arterial cross-section template based on a NURBS mesh of a circle that is subsequently
mapped onto a patient-specific geometry. Fluid and solid regions are identified and separated by an
interface. For analysis purposes, basis functions are made C°-continuous at the fluid-solid interface.
Note that the topology of the fluid and the solid subdomains remains unchanged.

Parametric definition of the geometry is not only attractive from the mesh refinement point
of view, it is also beneficial in arterial blood flow applications for the following reasons:

e |n the fluid region it allows one to build high quality structured boundary layer meshes near
arterial walls. This is crucial for overall accuracy of the fluid—structural simulation as well as
for obtaining accurate wall quantities, which play an important role in predicting the onset
and development of vascular disease.

¢ In the solid region it allows for a natural representation of material anisotropy of the arterial
wall because the parametric coordinates are aligned with the axial, circumferential and wall-
normal directions. See Holzapfel, 2004 for arterial wall material modeling which accounts
for anisotropic behavior.

e Parametric mesh definition in the fluid region allows for a straightforward specification of
the elastic mesh parameters used for the mesh-movement problem. For example, we “stiffen
the mesh near the fluid—structure interface so as to preserve boundary-layer elements during
mesh motion.

10.3.2 Numerical results

A patient-specific geometry was obtained using 64-slice CT angiography and was provided
to us by T. Kvamsdal and J.H. Kaspersen of SINTEF, Norway. The geometrical model, which
contains some of the major branches of a typical abdominal aorta, is shown in Figure 10.8(a).
Note that one of the renal arteries is missing in the model because the patient had only one
kidney. The fluid properties are: pf = 1.06 g/cm?, ' = 0.04 g/cm s. The solid has the density
pS =1 g/lcm®, Young’s modulus, E = 4.144 x 10° dyn/cm?, and Poisson’s ratio, v = 0.45.
The computational mesh, consisting of 44,892 quadratic NURBS elements, is shown in Figure
10.8(c). Two quadratic NURBS elements and four C*-continuous basis functions are used for
through-thickness resolution of the arterial wall (see Figure 4.9).
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@ (b) ©

Figure 10.8 Flow in a patient-specific abdominal aorta with aneurysm. (a) Patient-specific imaging
data; (b) Skeleton of the NURBS mesh; (c) Smoothed and truncated NURBS model and mesh. In
(c), every NURBS patch is assigned a different color. For more details of geometrical modeling for
isogeometric analysis of blood flow the reader is referred to Zhang et al., 2007.

A periodic flow waveform, with period T = 1.05's, is applied at the inlet of the aorta, while
resistance boundary conditions are applied at all outlets. The solid is fixed at the inlet and at
all outlets. Material and flow rate data, as well as resistance values are taken from Figueroa
et al., 2006. Wall thickness for this model is taken to be 15% of the nominal radius of each
cross-section of the fluid domain model.

Figure 10.9 shows snapshots of the velocity field plotted on the moving domain at two dif-
ferent times during the heart cycle. The flow field is quite complex and fully three-dimensional,
especially in diastole. The velocity magnitude is largest near the inflow and is significantly
lower in the aneurysmal region. This occurs in part due to the fact that a significant percent-
age of the flow goes to the upper branches of the abdominal aorta and the increase in the
cross-sectional area of the vessel associated with the aneurysm.

Figure 10.10 shows the so-called oscillatory shear index (OSI) distribution at the luminal
surface. OSl is defined as (see, e.g., Taylor et al., 1998, 1999),

1
oSl = (1 - ’mea”> : (10.1)
2 Tabs
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(b) Flow as the heart relaxes during diastole

Figure 10.9 Flow in a patient-specific abdominal aorta with aneurysm. Large frame: fluid velocity
vectors colored by their magnitude, zoom on the top portion of the artery. Left small frame: volume
rendering of the velocity magnitude. Right small frame: fluid velocity isosurfaces.
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QOsl
0.483

0.241

(a) Front view (b) Top view (c) Side view

Figure 10.10 Flow in a patient-specific abdominal aorta with aneurysm. Oscillatory shear index (OSI)
plotted in three different views.

where, denoting by ts the wall shear stress vector,

1 T
Tmean = )?/ tsdt’, (10.2)
0

and

1 T
Taps = ?/\ |ts|dt (10.3)
0

Note that OSI is largest in the aneurysm region, especially along the posterior wall, indicating
that wall shear stress is highly oscillatory there. Low time-averaged wall shear stress, in
combination with high shear stress temporal oscillations, as measured by the OSl, are identified
with regions of high probability of occurrence of atherosclerotic disease.

10.4 Rotating components

Applications involving flows with rotating components, for example, ship propellers, cooling
fans, heat exchangers, etc., have a great practical significance in various branches of engineer-
ing. As a result, robust and accurate simulation techniques are necessary to predict and analyze
the behavior and physical characteristics of these systems. Computation of flows around ro-
tating objects engenders two difficulties compared with computation of flows on stationary
domains: 1) obtaining discretizations that are compatible with the relative motion of rotating
and fixed components and 2) deriving the discrete formulation and solution spaces for the
flow fields in question. The unique combination of the geometrical flexibility and accuracy
possessed by NURBS on problems of computational fluid dynamics facilitates addressing
these problems in an elegant and effective manner.
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Sliding mesh interface No geometric incompeatibilities

Initial configuration Rotated configuration

Figure 10.11 Embedding of a rotating component in a stationary flow domain using NURBS
discretizations.

As we have seen many times by now, NURBS are capable of exactly representing all conic
sections, including circular and cylindrical surfaces. This method for problems of rotating
components consists of embedding a rotating body in a circular (in 2D) or a cylindrical (in 3D)
domain, which, in turn, is placed inside the surrounding flow domain. While the surrounding
flow domain is stationary, the subdomain that contains a rotating body spins with it. A key
observation for the developments is that the interface between the rotating and stationary
subdomains is unique, it remains circular or cylindrical at all times, and it can be exactly
represented in the space of quadratic or higher-order NURBS functions. In this approach,
unlike in standard finite elements, geometric compatibility between the rotating and stationary
subdomains is exact. This situation is illustrated in Figures 10.11 and 10.12.

Although geometric compatibility is naturally attained by using a NURBS representation,
imposing solution compatibility directly in the solution space is too restrictive with respect
to the kinds of meshes and time step sizes we wish to employ in the computations. Hence,
we abandon compatible discretizations at the stationary and rotating subdomain interface and
devise a numerical technique that imposes continuity of the discrete solution weakly. For this
purpose, we borrow ideas from the discontinuous Galerkin (DG) methodology, as we did for
the weak enforcement of boundary conditions in Chapter 3. It should be noted that using ideas
from DG methods to impose solution compatibility in the presence of incompatible meshes
and multi-physics phenomena has been exploited, for example, by Wriggers and Zavarise,
2007 for solid mechanics and contact, and by Hansbo and Hermansson, 2003 and Hansbo
et al., 2004 for fluid—structure interaction.

Finite elements: |sogeometric analysis:
gaps and overlaps no geometric incompatibilities

N

Figure 10.12 Embedding of a rotating component in a stationary flow domain: comparison between
NURBS and finite element discretizations.
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10.4.1 Coupling of the rotating and stationary domains

In this section we give a semi-discrete formulation of the problem that couples stationary and
rotating parts of the domain. We first consider the individual subproblems of the incompressible
fluid on the stationary and rotating domains. We then state the coupled formulation at the
continuous level. We close the section with a statement of the coupled problem at the semi-
discrete level and discuss implementation details.

10.4.1.1 Incompressible Navier-Stokes equations on the stationary and
rotating domains

We begin by considering a weak formulation of the incompressible Navier—Stokes equations
posed on a stationary domain Q25. We follow the approach of Bazilevs and Hughes, 2008, which
may be consulted for additional details. We note that there are some differences between
this formulation and the one described in Chapter 9, Section 9.4. In particular, the present
formulation is written in the advective form whereas the one in Chapter 9, Section 9.4 is
written in conservation form. Let V(Qs) denote the trial solution and weighting function
spaces, which are assumed to be the same. The variational formulation on a stationary domain
is stated as follows: Find a velocity—pressure pair, U = {u, p} € V(s), such that for all
weighting functions W = {w, q} € V()

Bs(W, U) = Fs(W), (10.4)
where
Bs(W, U) = (w, paa—l: + pu - Vu)Q +(9,V-u)g, —(V-w, pa. (10.5)
+ (Vow, 2uVeu) g
and

Fs(W) = (w, p fq.. (10.6)

In (10.5), w is the dynamic viscosity, p is the density, f is the body force per unit mass, and
VS=H(V+ V7).

Variational equations (10.4)—(10.6) imply satisfaction of the linear momentum equations
and the incompressibility constraint, namely,

Ls(u,p)—pf=0 in Qs, (10.7)
and
V.u=0 in Qs, (10.8)
where
Ls(u, p):pa—u+pu-Vu+Vp—V-(2uVSu). (10.9)

ot



Fluid-Structure Interaction and Fluids on Moving Domains 267

In the case of the rotating domain, denoted by €, (t), the weak formulation becomes: Find
U = {u, p} € V(£ (t)), such that for all weighting functions W = {w, g} € V(€ (t))

B (W, U;v) = R (W), (10.10)
where
ou
B: (W, U; v) =<w,p—|y+p(u—v)~Vu> (10.11)
at )
+@. V- U)o, — (V- w P+ (Vw, ZMVSU)Q,(L) ’
and

F (W) = (w, p fa - (10.12)

In the above equations €2 (t) is a configuration at time t that is an image of some referential
configuration €2, under a time-dependent mapping ¢ : R® x R — R3 called the motion. In
(10.11), v is the velocity of €2, (t) in the spatial description defined as

v=>bo¢ L (10.13)
where v is the velocity of &, (t) in the referential description given as

ap(y, t)
ot

= ly (10.14)
o denotes composition, the y’s are the referential coordinates, and ¢! is understood as the
inverse of the mapping ¢ at a fixed time.

Variational equation (10.10) implies satisfaction of the linear momentum equations and of
the incompressibility constraint, namely

Li(u,p;v)—pf =0 in Q(t), (10.15)
and
V.u=0 in Q(t), (10.16)
where
Li(u, p) = p%—ltj +po(U—v)-Vu+Vp—V-(2uVau). (10.17)

For a rotation, the mapping ¢ takes on a particularly simple form:
¢ = R()(Y — Yo) + Yo, (10.18)
where Yy is a fixed point, and R(t) is a rotation matrix satisfying

R()TR(t) = I (10.19)
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and
det R(t) = 1. (10.20)

Taking the referential time derivative of ¢ defined by (10.18), the velocity of & (t) in the
referential description becomes

. OR(1)

v = T Yo), (10.21)
and the acceleration of €, (t) is

. 9?R(t)

a= PTE (y — Yo)- (10.22)

Remark
Variational equation (10.10) pertains to an arbitrary Lagrangian—Eulerian (ALE) description
of the incompressible fluid flow on a moving domain. We use ALE in this work to handle
rotating domain motion rather than expressing the equations in a co-rotational frame of
reference. This enables the formulation to be used for more general motions in addition to
rotations.

10.4.1.2 Continuous problem

Consider a domain Q(t) = Q5 U (t), where Qs is the stationary subdomain, and € (t) is
a subdomain that contains a rotating component. We assume that €2, (t) rotates inside Q(t)
with the speed of rotation of the rotating component that is embedded in it. We refer to
Iy = Qs N 2 (t), the interface between the stationary and rotating domains, as the “sliding
interface.” 'y is a circular surface in two spatial dimensions, and a cylindrical surface in
three spatial dimensions. Note that, although €2, (t) undergoes a rotating motion, I's; does not
change with time.

We state the continuous problem as follows: Find Us = {us, ps} € V(2s) and
Ur = {ur, pr} € V(2 (1)), such that for all Ws = {ws, gs} € V(Rs) and W, = {w,, q '}
€ V(s ()

Bs(Ws, Us) + B (W, Up; v) — Fs(Ws) — F (W) =0, (10.23)
subject to
Us = Uy on Iy (10.24)
and

Ws = Wy on FSI" (10.25)
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Variational equations (10.23), together with (10.24) and (10.25), imply satisfaction of linear
momentum and incompressibility in both subdomains, as well as compatibility of tractions at
the interface between the subdomains, namely

Ls(ug, ps)—pf =0 in Qg, (10.26)

V.us=0 in Qs (10.27)

LeU, priv)—pf=0 in Q(t), (10.28)

V.ou =0 in Q(t), (10.29)

—Psns + 21 V3Us - Ng — prNy +2u VU - Ny =0 on Iy, (10.30)

where ng and n; are the unit outward normal vectors to the stationary and rotating subdomains,
respectively. Also note, ng = —n;.

10.4.1.3 Discrete formulation

Let Qs and Q2 (t) be decomposed into NURBS elements. The discretization of € (t) is
obtained by simply applying a rotation to €2;(0), a configuration of the rotating subdomain
at initial time. Note that, due to the affine covariance property of NURBS (see Chapter 2),
the rotation needs to be applied only to the control mesh of €, (0), which is a very simple
operation. Discretization of Qg and €, (t) induces two separate discretizations of I'y, one
coming from the stationary side and one from the rotating side. These two discretizations may
be combined by means of h-refinement, which is done by inserting knots from both Q5 and
€ (t) into 'y . Note that the knots that need to be inserted from the rotating patch change their
parametric locations in the stationary patch due to the relative motion of two subdomains. See

Figure 10.13.
= - knots
x - quadrature points
Integration over the

/ dliding interface mesh

Rotating domain

Knot lines

Stationary domain
Sliding interface

Figure 10.13 Embedding of a rotating component in a stationary flow domain.
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Combining the two interface meshes into a finer mesh is necessary in order to accurately
compute interface integrals that are present in the formulation described later in this section.
Gauss quadrature is performed over the elements of the combined mesh. On the interiors of
these interface integral elements, basis functions coming from the rotating and stationary sides
of the domain are smooth and, as a result, Gaussian integration gives accurate results. See
Figure 10.13.

Let the stationary and rotating subdomains be decomposed into nes and ne elements,
respectively. Let the knot insertion procedure at a given time t generate ne, boundary faces
on I's,. We discretize (10.23) together with (10.24) and (10.25) over the finite-dimensional
NURBS spaces as follows: Find Us = {us, ps} € V"(Q2s)and U, = {u,, pr} € VN (t)), such
that for all Ws = {ws, gs} € V() and W, = {w;, ¢;} € VN (1)),

BSMS(WS, Us) + BrMS(Wry Ur;v) — Fs(Ws) — R (W)

Neb
- Z ((ws — wr), t(us, Ps, Ur, Pr))r,,

eb=1

Neb
- Z (fu(va qS? Wy, Qr)» (uS - uf))reb

eb=1

+ ) ((ws — w)s, (Us — Ur))r, =0, (10.31)
eb=1

where

BSMS(WSaUS) = BS(WSa Us)

Nes

+ Z ((us - Vws + Vas/p)tms, Ls(Us, ps) — o F)g,

e=1

Nes

- Z (wsTMSv (Ls(us, ps) — p ) - VUS)Qe

e=1

Nes

— Y (Vws, tus(Ls(Us, Ps) — p F) ® Tms(Ls(Us, Ps) — o F))g,

e=1

Nes

+ Y (V- ws, eV - Us)a, (10.32)

e=1
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and
BrMS(WnUr;v) =B (Wr, Ur;v)

+ ) (((Ur = v) - Vo + Y /p)mr, Le(Ur, priv) — o fg,

e=1

Ner
- Z(erMr» (Le(Ur, pr;v) —pf)-VUu')g,

e=1

Ner
- Z(Vwr, e (L (Ur, Pryv) — o F) ® o (L (Ur, pri o) _pf))ﬂe

e=1

Ner
+ ) (Vewe, 1er V- Ura,. (10.33)

e=1

(10.32) and (10.33) are the discrete semilinear forms corresponding to the variational mul-
tiscale residual-based formulation of the incompressible Navier-Stokes equations in the sta-
tionary and rotating subdomains, respectively. The finite-dimensional NURBS spaces denoted
by VN(2s) € V(2s) and V(2 (1)) € V(2 (t)). For precise definitions of tys, tm, Tcs, and
7c, the reader is referred to Bazilevs et al., 200743, although it should be noted that in the ALE
setting u; — v is used as the advective velocity in the definition of ty,, and, as a result, in zc,.
The 1’s are designed by asymptotic scaling arguments (Barenblatt, 1979), developed within
the theory of stabilized methods (see, e.g., Brooks and Hughes, 1982; Hughes and Mallet,
1986; Shakib et al., 1991; Tezduyar, 2003). They may also be viewed as approximations to the
small-scale Green’s operator within the theory of multiscale methods introduced by Hughes
et al., 1998 and studied in detail by Hughes and Sangalli, 2007.

The last three terms of (10.31) are associated with the weak imposition of solution conti-
nuity. Operators t(us, ps, Uy, pr) and T,(ws, gs, wr, ), acting on the solution and weighting
functions, are the tractions defined as

t(us, Ps, Ur, Pr) = (— pshs + n(Vus + Vug)ns
+ pene — u(Vur + VU;r)nr)/z’ (10.34)
and

fu(w57 Os. Wr, Gr) = (dsns + u(Vws + le)ns
—qr ne — I,L(er + Vv;r)nr)/z
+(ws — wr)({Us - Ns}— + {Ur - N }o). (10.395)

In (10.31), { A}_ denotes the negative part of A, thatis, {A}_ = Aif A<Oand {A}_ =0if
A > 0. tg is defined as

1/Csn Gu
L (e 10.36
T 2( he T h ) (10.36)
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where hg and h; are the element lengths in the normal direction to the sliding interface in the
stationary and rotating domains, respectively, and are explicitly given as

peToe \ oTog \
hg =2 (nT —ns> andh, =2 (nT— —nr> , (10.37)

SaX ax Fax ax

where g—i is the inverse Jacobian of the element mapping between the parent and physical
domains, and Cs and C, are positive constants arising in the element-wise inverse estimates
(see, e.g., Ern and Guermond, 2004). The parametric mapping, x(&), in this case is defined by
the local element, that is, the region between consecutive knots. In the simplest geometries,

hs and h, become the radial distances between knots in the physical space.

Remarks

1. The last three terms on the left-hand side of (10.31) are associated with the weak enforce-
ment of continuity of the velocities and tractions at the interface between the stationary and
rotating subdomains. The form of these terms is inspired by the selective interior penalty
Galerkin (SIPG) discontinuous method of Wheeler, 1978. The third-to-last term in (10.31)
is the so-called consistency term: When deriving the Euler—Lagrange equations correspond-
ing to (10.31), integration-by-parts yields a term that is canceled by the consistency term.
The second-to-last term in (10.31) is the so-called adjoint-consistency term: If the exact
solution of the adjoint problem is inserted into equation (10.31) in place of the test function,
(10.31) is satisfied identically; see Arnold et al., 2002 for details on adjoint consistency.
The last term of (10.31) penalizes the discrete version of (10.24).

2. Note that the terms involving the pressure trial solution and weighting function appear
in a “skew-symmetric” form in (10.31). This form renders these terms stability-neutral,
without upsetting adjoint-consistency of the formulation. Reversal of the sign of the pressure
weighting function terms leads to numerical instability.

10.4.2 Numerical example: two propellers spinning in opposite directions

The problem description is given in Figure 10.14. Two four-blade propellers, with blades
pitched at 5° angles, are rotating at a constant angular velocity in opposite directions, as shown
in the figure. No-slip boundary conditions are applied at the propeller surfaces as well as the
outer edges of the box. The flow is characterized by a Taylor number Ta ~ 150, 000, defined
as

Ta = 40’R* /12, (10.38)

where w = 27 f is the angular velocity, f is the cyclic frequency, R is a characteristic dimen-
sion of the propeller blades, and v is the kinematic viscosity of the fluid. Here f is 0.05, R
is 2.5, and v is 0.01. This Taylor number is sufficiently high for convective instabilities to set
in and create complex flow structures known as Taylor vortices. The Reynolds humber of the
flow, based on the velocity of the tip of the propeller blades and R, is 196.

Figure 10.15 shows the computational mesh in the reference configuration. Note that even
in the reference configuration the mesh between the rotating and stationary subdomains is
non-matching. 4360 quadratic NURBS elements were employed in the computation. The
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Sliding interfaces

’ No-dip walls
":’0) \ p

< Line of geometric symmetry

Figure 10.14 Two propellers spinning in opposite directions. Problem setup and dimensions.

problem was solved using a three-dimensional code with boundary conditions prescribed to
ensure a two-dimensional response. The semi-discrete equations were advanced in time using
the generalized-o« method (see Chapter 7, Section 7.3, and the original references, Chung and
Hulbert, 1993; Jansen et al., 1999). To complete the specification of the problem, we set the
values of the inverse constants to Cs = C, = 4 (see (10.36)).

The flow was impulsively started and it took several propeller revolutions before the vortical
structures appeared. Figure 10.16 shows several snapshots of the flow field at various times
after the flow symmetry was broken by the onset of Taylor vortices. It should be noted that

o

"“"\Ia

Figure 10.15 Two propellers spinning in opposite directions. Computational mesh in the reference
configuration.
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(b)

Figure 10.16 Two propellers spinning in opposite directions. Snapshots of the velocity vectors super-
posed on the contours of fluid pressure. In the early stages of the simulation, the flow loses symmetry
and becomes complex. The later stages are characterized by the appearance of smaller vortices.
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although a discontinuous discretization of the fields is employed at the interface between the
rotating and stationary domains, the velocity field is virtually continuous as is evidenced by the
continuity of the flow vectors in Figure 10.16. Furthermore, the method builds what appears to
be a nearly continuous pressure field at the interface, although this condition is not explicitly
built into the formulation. We conjecture that this behavior is in part due to the geometric
compatibility at the interface engendered by the NURBS-based discretization.

Appendix 10.A A geometrical template for arterial blood flow modeling

Patient-specific blood flow modeling begins with geometry construction. This approach is
often template based, beginning with a simple cylindrical model incorporating both the solid
arterial wall and the fluid domain. As described in detail in Zhang et al., 2007, this template —
matched with the appropriate templates for the various types of arterial bifurcations — is
deformed to match patient-specific data obtained from medical imaging procedures.

Here we present the basic arterial template. We begin with the simplest possible description.
Beginning at the coarsest level of discretization allows the user the most flexibility in being
able to refine in whatever manner suits the need of the specific application.

For the simple cylindrical case shown in Figure 10.A.1, we choose the &-direction in the
parameter space to correspond to the circumferential direction, the n-direction to correspond
with the radial direction, and the ¢-direction to correspond to the axial direction. Thus, we
require the associated polynomial orderstobe p = 2, = 1,andr = 1, respectively. Recalling
the circular template from Chapter 2, we take the knot vector in the circumferential direction
to be

£=1{0,0,0,1,1,2,2,3,3,4,4,4}. (10.A.1)

W Solid domain
¥ Fluid domain

Figure 10.A.1 Artery template mesh. Both the solid artery wall and the enclosed fluid domain are
modeled.
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We must consider that we have both a fluid domain and a solid domain, necessitating two
elements in the radial direction. The typical arterial wall has a thickness that is between about
7% and 17% of the exterior radius (see, e.g., Humphrey, 2002). Splitting the difference, we
take the knot vector in the radial direction to be

H = {0,0,0.88, 1, 1}, (10.A.2)

where the first, larger element will be the fluid domain, and the smaller element will be the
arterial wall. We need only a single element in the axial direction, thus

Z=1{0,0,1, 1}. (10.A.3)

For illustrative purposes, let us assume a unit radius for the outer arterial wall, and length
of 5. Clearly, these numbers are not of particular importance in and of themselves, and the
application will dictate the most reasonable values. The control points for the mesh are given
in Table 10.A.1.

Table 10.A.1  Control points for the artery template

[ j Bij1 Bi 2 Wi j1 Wi j2
1 1 (0,0,0) (0,0,5) 1 1
1 2 (0.88,0,0) (0.88,0,5) 1 1
1 3 (1,0,0) (1,0,5) 1 1
2 1 (0,0, 0) (0,0,5) 1/v2 1//2
2 2 (0.88,0.88, 0) (0.88,0.88, 5) 1/4/2 1/4/2
2 3 (1,1,0) 1,1,5) 1//2 1//2
3 1 (0,0,0) (0,0,5) 1 1
3 2 (0,0.88, 0) (0,0.88,5) 1 1
3 3 (0,1,0) (0,1,5) 1 1
4 1 (0,0,0) (0,0,5) 1/v2 1//2
4 2 (—0.88,0.88, 0) (—0.88,0.88, 5) 1/4/2 1/4/2
4 3 (-1,1,0) (-1,1,5) 1/4/2 1/4/2
5 1 (0,0,0) (0,0,5) 1 1
5 2 (—0.88,0,0) (—0.88,0,5) 1 1
5 3 (-1,0,0) (-1,0,5) 1 1
6 1 (0,0,0) (0,0,5) 1/2 1//2
6 2 (—0.88, —0.88,0) (—0.88, —0.88, 5) 1/V2 1/32
6 3 (-1, -1,0) (-1,-1,5) 1/4/2 1/4/2
7 1 (0,0,0) (0,0,5) 1 1
7 2 (0, —0.88,0) (0, —0.88,5) 1 1
7 3 (0,-1,0) (0,-1,5) 1 1
8 1 (0,0, 0) (0,0, 5) 1/V2 1/3/2
8 2 (0.88, —0.88,0) (0.88, —0.88,5) 1/V2 1/3/2
8 3 1, -1,0) (1, —1,5) 1/v2 1//2
9 1 (0,0,0) (0,0,5) 1 1
9 2 (0.88,0, 0) (0.88,0,5) 1 1
9 3 (1,0,0) (1,0,5) 1 1
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¥ Solid domain
¥ Fluid domain

Figure 10.A.2 The artery template should be refined somewhat before deformation to fit the patient-
specific geometry. Smaller elements in the fluid domain near the fluid—solid boundary allow for better
resolution of the resulting boundary layer.

Before deforming the template to fit patient-specific data, refinement will be required.
Elements will need to be added in the axial direction in order to have any flexibility in fitting
a prescribed geometry. Similarly, the order must be elevated as physical arteries are usually
curved. The approach to take here is k-refinement, where we order elevate first and then insert
the new elements. This will allow the smoothest fit of the data, and give the nicest domain
upon which to perform out analysis. Artificial corners in the geometry would drastically alter
the nature of the blood flow within the artery, degrading accuracy. We will also want to refine
in the radial direction in order to ensure maximal accuracy in the calculations. It is important
that we accurately resolve the solution near the fluid—structure boundary, and so we might
consider biasing the refinements in such a way that the smallest elements in the fluid domain
are near that boundary. Again, k-refinement will provide the best results. See an example of a
refined mesh in Figure 10.A.2.

To refine the mesh for analysis purposes, we can insert knots in each of the knot vectors and
determine new control points according to (2.1) and (2.2). We can also elevate the order of the
functions, but we need to repeat knots at the solid—fluid interface to maintain C°-continuity
there.

One final point of note regarding this template is the fact that the mapping has a degeneracy
along the axis of the cylinder. This is due to the fact that many different control points are
located at the same point in physical space. When solving a system of equations, we map the
control variables associated with these repeated control points to a single control variable, thus
assuring a priori that the solution will not be multi-valued along the axis.

The current construction is very intuitive to work with as the parametric directions cor-
respond perfectly to the circumferential, radial, and axial directions. More importantly, it
facilitates construction of a very nice boundary layer mesh next to the fluid—-structure bound-
ary. This is vital to obtaining accurate, rapidly converging solutions. Meshes of this kind have
been used successfully in a number of analyses.
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Higher-order Partial Differential
Equations

Applicationsinvolving differential operators of order greater than two have not historically lent
themselveswell to finite element analysis. The variational statementsof such problemsinvolve
second derivatives, necessitating the use of a globally C-continuous basis. The difficulty in
constructing bases in a general setting has relegated the study of such equations to the realm
of finite-differences and spectral methods, both of which are viable methods, but far more
limited than FEA in their scope and flexibility.

Aswe have seen throughout this book, with NURBS based isogeometric analysis, we have
a higher-order accurate, robust method with tremendous geometric flexibility and compactly
supported basis functions, all while maintaining the possibility of higher-order continuity.
Thus, it is an ideal technology for the study of equations involving higher-order differential
operators (see, eg., Auricchio et al., 2007 for a stream function approach to isogeometric
analysis of incompressible elastic solids). In this chapter, we focus on the example of the
Cahn—Hilliard phase-field model, which has been used most frequently to simulate the seg-
regation of a binary alloy system, but also has found use in applications as diverse as image
processing, planet formation, and cancer growth.

11.1 The Cahn—Hilliard equation

Two different approaches have been used to describe phase transition phenomena: sharp-
interface models and phase-field (diffuse-interface) models. Traditionally, the evolution of
interfaces, such asthe liquid—solid interface, has been modeled using sharp-interface models,
aswe saw in the previous chapter on fluid-structure interaction. Such an approach requiresthe
resolution of a moving boundary problem, separate differential equations hold in each phase,
and certain quantities may suffer jump discontinuities across the interface.

Phase-field models provide an aternative description for phase-transition phenomena by
approximating the interface as being diffuse such that it does not need to be tracked explicitly.
Such models can be derived from classical irreversible thermodynamics. Utilizing asymptotic
expansions for vanishing interface thickness, it can be shown that classical sharp-interface
models, including physical laws at interfaces and multiple junctions, are recovered in the
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limit. In order to capture the physics of the problem, the transition regions (diffuse interfaces)
have to be extremely thin. The phase-field model we examine has its origins in the work
of Cahn and Hilliard, 1958.

11.1.1 Thestrong form

Let @ c RY be an open set, whered = 2 or 3. The boundary is composed of two complemen-
tary partsI" = I'g U I's. A binary mixture is contained in €2 and ¢ denotes the concentration
of one of its components. The objectistofindc : 2 x (0, T) — R such that

9
a—f = V- (McV (ic — AAC)) in 2 x(0,T). (11.13)

c=g on I'g x (0, T), (11.1b)

McV (uc — AAC)-n =5 on I's x (0, T), (11.1¢)
McAVe-n=0 on T x(0,T), (11.10)

c(x, 0) = co(X) in Q, (11.1¢)

where M. is the mobility, n. represents the chemical potential of a regular solution in the
absence of phaseinterfaces, and A isapositive constant such that v/ represents alength scale
of the problem. Thislength scale isrelated to the thickness of the interfaces that represent the
transition between the two phases.

For the mobility, we adopt the relationship

M. = Dc(1 — ©), (11.2)

where D is a positive constant which has dimensions of diffusivity (Ilength?/time). This is
commonly called “ degenerate mobility” as pure phases (i.e.,, ¢ = 0 and ¢ = 1) have vanishing
mobility. This expression appeared in the original derivation of the Cahn—Hilliard equation
by Cahn, 1961.

The chemical potential of a uniform solution, ., is a highly nonlinear function of the
concentration. Though it is frequently approximated by a polynomial of degree three, we
prefer the full, thermodynamically consistent form, viz.,

1

MC:Z@

c
log R +1-2c, (11.3)
whered = T,/ T isadimensionless number representing the ratio between the critical temper-
ature, T, at which thetwo phases attai n the same composition, and the absol utetemperature, T .

It can be shown that for & > 1 the chemical free energy is non-convex, with two wells,
which drives phase segregation into the binodal points, the two values of ¢ that constitute
local minima. Thisis the case in which we are interested. Note, however, that these binodal
points do not correspond to pure phases (i.e., ¢ is neither one nor zero), but they do represent
two distinct states for the system. For 6 < 1thefreeenergy hasasinglewell, and only asingle
state of the system is admitted, with a constant concentration.
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11.1.2 The dimensionless strong form

It is convenient to write the Cahn—Hilliard equation in a dimensionless form. To do so, we
introduce non-dimensional space and time coordinates

x*=x/Lo, t*=t/To, (11.4)

where L is a representative length scale and To = Lg/(D2). Thus, in dimensionless coordi-
nates, we can rewrite (11.1a) as

ac
ot*

= V' (M2V* (13 — A*C)). (115)

where Mg = ¢(1 —c) and pf = pcl3/A.
Let usidentify one further dimensionless number of importance. Defining

LS

we have that the thickness of the interface layerswill be directly proportional to «=%2. Fixing
thevalue # = 3/2, which corresponds to a physically relevant case, we have that the value of
a completely characterizes the solutions, playing a role somewhat anal ogous to the Reynolds
number in fluid dynamics.

Henceforth we will use (11.5) the dimensionless form of the Cahn—Hilliard equation. Thus,
let us drop the superscript » for the sake of notational convenience.

11.1.3 Theweak form

We construct aweak form in the standard way: multiply by aweighting function and integrate
by parts. Letting V' denote the trial solution and weighting spaces, which we assume to be
identical, we seek ¢ € V such that Vw € V,

B(w, c) =0, (11.7)

where

B(w,c) = (w, 2_:) + (Vw, McVue + VMcAC)g + (Aw, McAC)q. (11.8)
Q

As expected, we discretize (11.8) by a straight-forward application of Galerkin’s method,
using the NURBS basiswith at least C* continuity. The second derivatives appearing in (11.8)
are precisely the reason for this added continuity. Any approach utilizing functions that are
not at least C* necessitates a more complex formulation of the problem. An example of a
shape function routine capable of generating C*-continuous NURBS function is contained in
Appendix 3.A at the end of Chapter 3. The expression for higher-order derivatives of NURBS
basis functionsis given by (2.35).

Wewill use ageneralized-a approach to integrate the equation in time (see Chapter 7), with
time-step size adaptivity. The adaptivity is needed to reach steady solutions in a reasonable
amount of time, as the time step typically varies over many orders of magnitude. See Gomez
et al., 2008 for details.
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11.2 Numerical results

Studies were performed on the periodic box € = [0, 1]¢ for both d =2 and d = 3. The
domains were intentionally kept geometrically simple in an effort to assess the physical and
numerical aspects of the problem. C*-quadratic uniform B-spline meshes were used. Initial
conditions were of the form

Co(X) =C+r, (11.9)

where c is the constant volume fraction and r is a random variable with uniform distribution
in (—0.05, 0.05).

11.2.1 Atwo-dimensional example

The two-dimensional cases considered tracked the evolution of the system from its complex
transient behavior until a steady state was reached. Stationary solutions to the Cahn—Hilliard
equation are closely related to the so-called “periodic isoperimetrict problem,” which is
one of the major open problems in geometry, see Hauswirth et al., 2004. In particular, we
expect stationary solutions of the Cahn—Hilliard equation to converge (under the appropriate
rescaling) to solutions of the isoperimetric problem when o« — oo and 6 — oo. In a two-
dimensiona periodic square, the solution of the periodic isoperimetric problem iswell known.
ForO <c < 1/mandl— 1/m < C < 1thesolutionsarecircles, whileforl/m <c<1-1/n
the solution isa strip.

Numerically, we take the domain to be the two-dimensional periodic square, and we seek
solutions to the Cahn—Hilliard equation first with o = 3000. Recall from above that we are
interested in the case of 6 = 3/2. Figure 11.1 shows severa snapshots of the time-history of
the numerical solution for the case of ¢ = 0.5 obtained on amesh of 1282 quadratic elements.
The behavior evolves from the highly random initial condition, becoming more structured in
time asthetwo phases emerge, eventually reaching the steady state of astrip, aswe anticipated.
It should be noted that the time-step size necessary to resolve the dynamics immediately after
the evolution begins is about seven orders of magnitude smaller than the amount of time it
takes the system to reach its steady state. Adaptive time stepping is the key to making the
problem tractable. The situation in three dimensions is even more dramatic.

11.2.2 Athree-dimensional example

The difficulties involved in obtaining numerical solutions to the Cahn—Hilliard equation in
three dimensions is much greater than it was in the two-dimensional setting. The topology of
the solution is much more complex, and it experiences significant changes as time evolves.
Additionally, little is known about the steady state solutions on three-dimensional domains.
The isoperimetric problem remains open in three dimensions, though it has been conjectured
that solutions take the form of a sphere, acylinder, or two parallel planes. Even the numerical
simulationsin theliterature have been limited to the early transient behavior intwo dimensions.
This barrier was broken through in Gomez et al., 2008, whose results for stationary solutions
in two and three dimensions appear to be the first of their kind.

Asanexample, consider thecaseof « = 600and ¢ = 0.75 on thethree-dimensional periodic
cube. Figure 11.2 shows isosurfaces of the solution on a 128% mesh at several times during its
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(@) t=1.971-107°

e

(c) t=1.390-107* (d) Steady state

Figure11.1 Evolution of the concentration from arandomly perturbed initial condition for @ = 3000,
€ = 0.50. The mesh is comprised of 1282 quadratic elements.

evolution from the randomly perturbed initial condition to the final steady state. The steady
stateisacylinder, corresponding to one of the proposed sol utionsto the isoperimetric problem.

11.3 The continuous/discontinuous Galerkin (CDG) method

The CDG method was originaly proposed by Engel et al., 2002. It was further devel-
oped by Hughes and Garikipati, 2004; Wells et al., 2006; Wells and Dung, 2007; Dung
and Wells, 2008. The basic idea is to use CP-continuous finite element basis functions
for partial differentia equations involving derivatives of higher than second order. In the
usua continuous Galerkin finite element method this would not work because basis func-
tions are required to have C-continuity. In the CDG method, weak C!-continuity is ac-
complished through discontinuous Galerkin treatment of first derivatives. This is convenient
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(@) t=3.063-1076 (b) t=1.114-1073

(c) t=1.236-1073 (d) t=2.035-1073

(e) t=4.168-1073 (f) Steady state

Figure11.2 Evolution of the concentration from a randomly perturbed initial condition for @ = 600,
€ = 0.75. The mesh is comprised of 128% quadratic elements.
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because C°-continuous finite element basis functions are ubiquitous and quite simple, whereas
C1-continuous finite element basis functions are few and far between and those that exist are
very complex.

The CDG methodology fills an important gap in finite element technology. It also may play
aroleinisogeometric analysis. There will be timeswhen it is difficult or impossible to create
globally smooth parameterizations. A typical case would involve an assemblage of multiple
patches joined in only C°-continuous fashion. In this case, the CDG method could be used to
provide weak continuity across patch interfaces.

For an example of the use of discontinuous Galerkin methodol ogy to enforce C°-continuity
across a diding interface in isogeometric analysis, see Chapter 10, Section 10.4.

Note

1. This has nothing in common with the similarly named “isoparametric concept” discussed
in Chapter 3.
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Some Additional Geometry

This chapter addresses an alternative way to think of B-splines based on polar forms. For many
inthe analysiscommunity, thisapproach islessintuitive than the presentation of Chapter 2, and
anunderstanding of thismaterial isnot necessary to devel opisogeometric analysisapplications.
Still, many of the most common algorithms are based on the polar form of splines, and the
proofs of many theoremsrely onit aswell. Oncetheinitial hurdle of understanding polar forms
has been crossed, many concepts actually become simpler. In particular, one can frequently
replace the operation of evaluating polynomial basis functions with the simpler process of
linear interpolation between control points, thus leading to a subdivision approach to spline
manipulation. Our notation will stray slightly from that which has been used throughout the
book in an effort to emphasize what a different viewpoint the use of polar forms represents.
All of the developments in this chapter pertain to B-splines in RY. The relevant extension
to NURBS is made by applying all of these concepts to the projective control points of the
corresponding B-spline in R9+1,

12.1 Thepolar form of polynomials

Consider the univariate quadratic function f (t) = t2 and the bilinear function F (u, v) = uv. It
isobviousthat F(t, t) = f(t), andso f isjust therestriction of F to the diagonal u = v of the
uv-plane. This simple example encapsulates the general principle that every polynomial g(t)
of degree p isisomorphic with asymmetric, multiaffine function G(us, . . ., up) that satisfies
G(t,...,t) = g(t). Such a G is called the polar form? of g. Its uniqueness follows from the
requirement of symmetry, which demands that G(uy, . . ., up) remains unchanged under any
permutation of its arguments. For example, consider a cubic function of the form

g(t) = Cit® + Cyt? 4 Cat + Cy. (12.1)
While there are infinitely many trilinear functions F(u, v, w) such that F(t, t, t) = g(t), the
additional requirement of symmetry leaves only one, namely

C C
G(u, v, w) = Ciuvw + é(uv + uw + vw) + ?S(u + v+ w) + Cs. (12.2)

As desired, G(t,t,t) =g(t) and G(u, v, w) = G(U, w, v) = G(v, u, w) = G(v, w, U) =
G(w, u, v) = G(w, v, U).
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12.1.1 Bézier curves and the de Casteljau algorithm

Bézier curves (Bézier, 1966, 1967) may be thought of as single element B-spline curves. It
follows that they are polynomial curves, rather than piecewise polynomials. Bézier curves
predate B-splines, and they stand as the technology that revolutionized geometric design by
offering intuitive control of the curve through the manipulation of control points.

Bézier curvesor order p are built from the famous Bernstein basis (Bernstein, 1912). If we
define aBézier curve as aB-spline curve with theknot vector 2 = {0,...,0, 1, ..., 1}, where
both 0 and 1 appear p + 1 times, and apply (2.1) and (2.2), we recover exactly the B-spline
basis and so the intuitive notion of a Bézier curve as a one element B-spline is perfectly
accurate. The curve is defined by taking alinear combination of the p + 1 basisfunctions, N;,
and the corresponding p + 1 control points, B;, to obtain a polynomial of the form

p+1
g(t) = > BiNi(t). (12.3)
i=1
Performing the necessary agebra, one may obtain the polar form, G(uy, ..., up), corre-

sponding to (12.3). Doing so yields a remarkable result: the control points of the Bézier curve
correspond to G evaluated at the corners of the unit hypercube in RP. Specifically, let ¢ be
unit vectors in RP such that (g); = &i;, where §;; is the Kronecker delta. The control points
are given by

By = G(0) = G(O,....,0) (12.4)

and

i—1
sze(qu). (12.5)
j=1

As an example, let us consider the case of a cubic Bézier curve (i.e.,, p = 3). We have unit
vectors

e =(1,0,0), (12.6)

e =(0,1,0), (12.7)

e; =(0,0,1). (12.8)
From (12.4) we have that

B. = G(0,0,0). (12.9)

Inserting (12.6)—(12.8) into (12.5) yields
B, = G(e]) = G(1,0,0) (12.10)
Bs = G(e] +¢€})=G(1 1,0), (12.11)
Bs=G(e] +€; +6e])=G(L11). (12.12)
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B,= G(0,0,1)

B,= G(0,1,1)

B,= G(0,0,0)
B,= G(1,1,1)

Figure12.1 The control pointsfor a Bézier curve, g(t) witht € [0, 1], such as the cubic curve shown
here, are given by the polar form, G, evaluated at the corners of the hypercube in RP.

The symmetry of G impliesthat it isinvariant under interchange of any two of its arguments,
and thus we also have

B, = G(1,0,0) = G(0, 1, 0) = G(0, 0, 1), (12.13)
Bs = G(1,1,0) = G(1, 0, 1) = G(0, 1, 1). (12.14)

An example of such a cubic Bézier curve is shown in Figure 12.1.

A practical application of this alternative viewpoint is found when we seek to evaluate g(t)
at apointt € (0, 1). Recall that G is linear with respect to each of its p arguments, and the
control points are evaluations of G at alinearly independent set of points. One can evaluate G
at any other point in RP by taking linear combinations of these p + 1 points. In particular, if
we are interested in apoint G(t, ...,t) = g(t) for t € (0, 1) that lies on the Bézier curve, we
canfind it through aprocess of linear interpol ation without ever evaluating any basisfunctions.
This approach resultsin the famous de Casteljau algorithm (de Casteljau, 1959), also known
as the “corner cutting algorithm.”

Consider the de Casteljau agorithm applied to the cubic Bézier curve of Figure 12.1. Asa
first step, one can exploit the linearity of G with respect to each of its arguments to calculate

G(0,0,t) = (1 -1)G(0,0,0) +t G(0, 0, 1), (12.15)

G(0,t,1)=(1-1)G(0,0,1) +t G(0, 1, 1), (12.16)
and

G(t,1,)=(1-1t)G(0,1,1) +tG(1, 1, 1), (12.17)

as shown in green in Figure 12.2 for the case of t = 0.6. The second step employs not just
the linearity of G, but the symmetry as well. Noting that G(0, t, 1) = G(0, 1,t) one can
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G(0,0,1)
G(0t,1)

G(0,1,1)

G(0,0,t)

g(H)=G(t,t,t) G(tt,1)

G(t,1,1)

G(0,0,0)
G(1,1,1)

Figure12.2 The de Casteljau algorithm, also known as the “corner-cutting algorithm,” for evaluating
points on a Bézier curve. In this example, we seek g(t) = G(t, t, t) for t = 0.6. Use of the polar form
alowsthe curve to be evaluated without ever referring to the underlying basis.

calculate

G(0,t,t) = (1 —1)G(0,0, 1) + t G(0, 1, 1)
= (1-1)G(0,0,t) +tG(0, t, 1). (12.18)

Similarly, G(t, 1, 1) = G(1, t, 1) allows one to calculate

G(t,t,1) = (1—t)G(0,t, 1) + t G(L t, 1)
= (1-1)G(O,t,1) +tG(t, 1, 1). (12.19)

Both of these pointsare shownin purplein Figure 12.2. Lastly, one obtainsthe point of interest
as

G(t,t,t) = (L — 1) G(0, t, 1) + t G(L t, t)
= (1-1t)G(0,t,t) +t G(t. t, 1). (12.20)

Theentire process consisted of taking linear combinations of control points, but never required
evaluating the recursively defined basis functions. It is particularly efficient and numerically
stable, making it acommon algorithm in software implementations.

Note that the de Casteljau a gorithm would have worked equally well had the starting point
been any p + 1 values of G so long asthey were taken at alinearly independent set of points
in RP. Similarly, one could equally easily evaluate the curve for t ¢ [0, 1]. The particular
choice of points and parameter values that we have used, however, is the set that corresponds
to the interpretation of control points of a Bézier curve as the coefficients to the Bernstein
basis.
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12.1.2 Continuity of piecewise curves

Let us consider a Bézier curve constructed on the parametric interval [a, b] instead of [0, 1].
This is just an affine mapping, ¢ : R — R, comprised of a scaling and a trandation. As
discussed for B-splines in Chapter 2, translating and scaling the knot vector has no effect on
the geometry if the control points are unchanged. The parameterization changes by the same
affine mapping as has been applied to the knot vector. As the Bézier curve is a specia case
of a B-spline, the result must till hold, but the polar form inevitably changes. Fortunately,
the change is trivial. Simply compose G with the inverse of the mapping, ¢, applied to
each of its p + 1 dimensions. As expected, the control points (which have not changed) are
equal to this new polar form evaluated at the corners of hypercube ®f+1[a, b]. Thus, if we
reparameterized the example of Figures 12.1 and 12.2 such that t € [a, b] (thisis equivalent
to use of the knot vector E = {a, a, a, a, b, b, b, b}), we have

B; = G(a, a, a),
B, = G(b,a,a) = G(a, b,a) = G(a, a, b),
B; = G(b,b,a) = G(b, a, b) = G(a, b, b),
B, = G(b, b, b).

Piecewise polynomials can be formed from composite Bézier curves by considering two
separate curves where, for example, the first curve is defined for t € [a, b) and the second
curve is defined for t € [b, c]. Figure 12.3 shows two such quadratic curves for the case of
a=0,b=1,c= 2 The composite curve is clearly discontinuous in this case. Experience
with B-splines should indicate that C° continuity can be obtained, asin Figure 12.4, by simply
ensuring that thelast control point of thefirst curvelies at the same position asthefirst control
point of the second curve. As one might expect, this can be transated into a corresponding
restriction on the polar form of the two curves.

The general result, presented in Ramshaw, 1989, for a composite Bézier curve comprised
of two polynomials of degree p being C*-continuous at a parameter valuer isthat

Glug,...,ur,...,1) =Gy, ..., Ugr,...,r) (12.21)
—— ———
p—k p—k

G(2,2)

G(12)

Figure12.3 A piecewise quadratic curve g(t) for t € [0, 2] is defined by two separate Bézier curves,
thefirst for t € [0, 1) and the second for t € [1, 2]. Obviously, the composite curve is discontinuous in
this case.
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G(2,2)

G(0,2)

G(1.2)
G(1,1)=G(1,1)

G(0,0)

Figure12.4 CC-continuity for two quadratic curves meeting at r = 1 demands that G*(1, 1) =
G?(1, 1). Thisis equivalent to the B-spline condition that the last control point of the first curve and the
first control point of the second curve lie at the same position.

That is, if G! is the polar form of the first curve, and G? is the polar form of the second
curve, then the two curves agree to k" order at point r if and only if G* and G2 agree on a
set of polar arguments that contain at most k values different from r. One way to think about
(12.21) for k > Oisthat C*-continuity demandsthat G* and G2 are equal on anonempty set of
hyperplanes of dimension k that intersect at (r, . . ., r) (the symmetry of the polar form makes
the set on which they are equal richer than just one single hyperplane).

Consider the two trivial cases. If G' and G? are C%-continuous, then G(r,...,r) =
G2(r,...,r) (asin Figure 12.4) and the polar forms are equal on a zero-dimensiona sub-
space of RP, namely the point (r, ..., r). If k = p, then Gl(uy, ..., up) = G?(uy, ..., Up),
and the polar forms are identical everywherein RP. Of course, in this case the resulting curves
areidentical aswell.

Thecaseof 0 < k < pisdlightly more subtle. For example, consider two curveswith p = 2
that meet with C! continuity at parameter valuer, asin Figure 12.5. From (12.21) we see that
G(u,r) = G?(u, r) for al values of u. Thus, there is a subspace of dimension 1 on which
the polar forms are equal, namely the line in the uv-plane corresponding to v = r. Symmetry
dictates that the polar forms are identical along thelineu = r aswell.

G(t,)=G(t,1) Vte R

G(22)

L G(0,1)

>

|

G(1,2)=G{1,2)
=1/2(G(0,1)+G{(1,2))

G2

G(0,0)

Figure12.5 C!-continuity for two quadratic curves meeting at r = 1. The control points obey
GY(1, 1) = G2(1, 1), but the higher order continuity requiresthat G*(1,t) = G3(1,t) foralt € R.
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12.2 Thepolar form of B-splines

The previous section discussed the constraints that must exist on a set of polynomial curves
of order p for them to form a piecewise polynomial curve of prescribed continuity. Each
polynomial segment could be interpreted as a Bézier curve with the location of its p+ 1
control points defined in terms of its own polar form. Heuristically speaking, B-splinesremove
the clutter by eliminating the unnecessary control points from such a construction. The fact
that continuity renders some control points unnecessary follows from the constraint imposed
by (12.21), which implies that continuity between the segments dictates that some of the
Bézier control points will be linearly dependent on the others. This statement will be made
precise in amoment, but first consider that we could remove one control point from the curve
in Figure 12.4 because G1(1, 1) and G2(1, 1) are identical, and thus we have no need to keep
track of both of them. Taking things one step further, we can remove two control points from
Figure 12.5 because G(1, 1) and G?(1, 1) are not only identical, but they are also a linear
combination of G(0, 1) and G?(1, 2). As such, we have no need to keep track of either of
them.

To facilitate the following discussion, let a multiset be a collection of values, in any
order, where repeated values are alowed. Thus, for example, « = {1,4.3,2, 4.3} and
B =1{4.3,4.3,1, 2} both represent the same multiset. We use the term “multiset” instead
of “sequence’ as the collection is not ordered, and in place of the term “set”, as repeated
values are allowed. Additionally, let a super-multiset of a multiset 8 be any multiset « such
that each item of B8 appearsin « with at least as high of amultiplicity asin 8. That is, with
B=1{43,43,1,2}, a1 = {4.3,7,4.3,2, 1} isasuper-multiset of 8, but oy = {4.3,7, 8, 2, 1}
is not. Using this new terminology, one can restate the continuity condition (12.21) as: Two
curves agree to k" order at a point r if their polar forms agree when the multiset of polar
arguments is any super-multiset of

B=1r....r} (12.22)

12.2.1 Knot vectors and control points

Following Ramshaw, 1989, let {t; ' *™* be a non-decreasing sequence in R, where we insist
that the multiplicity of any value in the sequence be no greater than p + 1. For each open
interval of nonzero measure (tj, tj 1), let g;(t) be a polynomial curve of degree p. That is, if
i < ti;1, the piecewise polynomial spline curve g(t) (which we arein the process of building)
follows a single polynomial g;(t) over the interva (t;, ti;1). The curve g; will join, on its
right end, the curve g ;m, where m is the largest integer such that tj,; = --- = tj, . From
(12.21), it follows that to form a spline with CP~™-continuity, the polar forms G' and G'*™ of
polynomials g; and g m, respectively, must agree on al super-multisets of {t 1, ..., tizm}-
Noting that tj,3 = --- = tj m, this is no more than a restatement of (12.21), which was
developed for Bézier curves in the previous section. Applying the same logic to each interval
in the knot vector {t; }{‘:1"”, however, establishes the connection between the polar forms of
the present chapter and the rules regarding continuity and the multiplicity of the knots that
have been familiar since Chapter 2: increasing the multiplicity of a knot value decreases the
continuity of the spline at that point. To complete the polar viewpoint of B-splines, one must
identify the control points with evaluations of the polar forms, as was done for Bézier curves.
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B,= G(2,2)

B,= G(1,0)

B=G(L2)

B,= G(0,0)

Figure12.6 TheB-spline curve corresponding to the C* piecewise quadratic curvein Figure 12.5. The
control points follow from the polar forms via (12.23).

Without proof, we present the following result from Ramshaw, 1989: Given a knot vector
T = {t;}7"P**, whose knot values have multiplicity of at most p + 1, and given a sequence
of n points {By}_, in RY, there exists a unique spline of degree p and knot vector T such
that

Bk = G'(tks1, .- - tkp) for k<i <k+p. (12.23)

Moreover, thisis exactly the spline that would be generated if we were to interpret {By},_, as
control points and use knot vector T with (2.1) and (2.2) to define a B-spline.

Figure 12.6 shows exactly the same C* piecewise quadratic curve as is formed from two
separate Bézier curves in Figure 12.5. The knot vector for this B-spline representation is
T ={ty, o, t3, 14, 15, 15, t7} = {0,0,0, 1, 2, 2, 2}. Us ng (1223), one obtains

B1 = Gl(t,, t3) = G*(0, 0), (12.24)
B, = Gl(ts, ts) = G1(0, 1), (12.25)
Bs = G(ts, ts) = G(1, 2), (12.26)
Bs = G?(ts, tg) = G2(2, 2). (12.27)

As foreshadowed in the discussion at the beginning of the section, the control points that are
required are a subset of those needed to describe the two Bézier curves separately. In the next
section, it will be shown that thereisno longer aneed to distinguish between the different polar
forms G;. Instead one may refer to a single, piecewise-defined polar form G, as in Figure
12.6. Because of the unambiguous mapping between control point By and the polar form
evaluated at knots, G(ti;1, - . . , tky-p), werefer to (tqa, . . ., tq-p) asthe polar label of control
point By.

For the quadratic B-splinein Figure 12.6, we saw that thefirst control pointisB; = G(ty, t3),
while the second control point is B, = G(t3, t4). Noting both the symmetry and linearity of
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G(2,2)

G(0,1) 0,1 12

G(L2)

G(0,0)

Figure 12.7 Each leg of the control polygon has a parametric interval mapped to it. The interva is
easily deduced by looking at the polar argument that differs (recalling symmetry) between consecutive
polar labels of the control points.

the polar form, it follows that

G(t, t3) =

ty—t t—1t
G(tz, t3) + G(ts, t3)
ty— 1t -1

tg—t t—1t
= B B 12.28
L—t l+t4—t2 2 ( )

Vt e (tg, t4).

In effect, we have created amapping from theinterval (t,, t4) to the leg of the control polygon
between B; and B,. In this case, t;, =t3 = 0 and t; = 1, and so this interva is (0, 1), as
depicted in Figure 12.7. Repeating the samelogic again resultsin amapping from (0, 2) to the
second leg of control polygon, and from (1, 2) for the third leg.

Inthe general case, Bk = G(tk+1, . - -, tkp) @d Bri1 = G(tiro, - - ., Ty pr1). Observe that
both control points have the polar arguments tiyo, . . ., tky-p, While only By has ty,.1 and only
Bi41 hastiy p1. Symmetry and linearity lead to the result that

| 1—t
G(t. 2, - - tipp) = ———G(tist. - - - - iy p)
trprr — ki

t— 1tk
—+G(tk+23 oo eppra)
tk-s—p+1 — k1
t —t -t
_ lkrpa By + k+1 Biss (12.29)
tkrprr — ki tkrpr1 — tkaa

Yt € (tcrt, thapa),

and thus there is a mapping from the interval (tx1, tx1p+1) to the leg of the control polygon
between By and By 1.
12.2.2 Knot insertion and the de Boor algorithm

Let us consider what happens when a knot is inserted into the knot vector of an existing
B-spline curve. For example, lett e (1, ti1) be the knot to be inserted. Before knot insertion,
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the curve in this parametric interval is defined by polar form G'. After insertion, this same
segment will be described by two separate polar forms, say, G' and G'*1. As the curve is
completely unchanged, we must have that G' = G' = G'+1. More generally, it follows that
the piecewise polar form of the entire B-spline curve, G, remains completely unchanged under
knot insertion. However, from (12.23) it is clear that the control points depend on the specific
knot values contained in the knot vector. Under knot insertion, we obtain the new control
points by simply evaluating the old, unchanged polar form at the various multisets of knots
from the refined knot vector as dictated by (12.23). This may seem like an impediment as
the polar form has not been explicitly constructed. Knowledge of it is limited to the original
control points and their polar labels. Fortunately, this is sufficient. As new knot values must
necessarily be inserted into existing knot intervals (of course, existing knot values may be
repeated as well), each of the new control points can be determined by linearly interpolating
between the existing control points using (12.29).

Asan example, let usreturn to the case of the B-spline curvein Figure 12.6. This piecewise
quadratic curve has an initial knot vector of T = {0, 0,0, 1, 2, 2, 2}, into which we wish to
insert the point t = 2. The new knot vector will be T = {0,0,0, 2,1, 2,2, 2}. The original
control points are contained in (12.24)—(12.27). From (12.23) and T we know that the new
control pointswill be

B; = G(0, 0), (12.30)
B, = G(0, 3), (12.31)
Bs = G(3,1), (12.32)
Bs = G(L, 2), (12.33)
Bs = G(2, 2). (12.34)

Clearly, B; = By, B4 = B3, and Bs = B4. The two remaining points are calculated using
(12.29):

_ .3 3,
Bz = T4B]_ + ATBZ’ (1235)

23 3_
Bs = 7482 + 4783. (12.36)

The situation is depicted in Figure 12.8. The original control points are in red, while the
new control points after insertion of this single knot are shown in green. Note that G(0, %) is
75% of the way between G(0, 0) and G(0, 1), but G(1, %) islessthan half of the way between
G(0, 1) and G(1, 2). Recall that, asin Figure 12.7, the parametric interval mapped onto this
second leg of the control polygon is (0, 2), and thus the new control point isonly 37.5% of the
distance between the old ones.

Consider inserting the knot t = % a second time. The new control point added in this case
is exactly G(%, %), as shown in black in Figure 12.8. Of course, by the very definition of the
polar form, we have G(3, 2) = g(2), and the control point lies directly on the curve itself.
Thus, by inserting the knot until its multiplicity is equal to the polynomial order of the curve
and calculating the corresponding control points, we have actually evaluated the B-spline at
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G(2,2)

G(0,3/4)

G(3/4,3/4) iz

G(0,0)

Figure 12.8 The de Boor agorithm for B-spline evaluation is the generaization of the de Casteljau
algorithm. Itisactually moreilluminating as each step of the process correspondsto knot insertion. When
the multiplicity of the knot is equal to the polynomial order, the control point lies on the curve. Thus,
calculating the control points for such a repeated knot insertion is an alternative, and efficient, method
for evaluating points on a B-spline curve. Like the de Casteljau algorithm, it requires no evaluations of
basis functions.

this point. This approach is called the de Boor algorithm (de Boor, 1978). This should be
recoghized as a generalization of the de Casteljau algorithm. In fact, it sheds light on the
de Casteljau algorithm in the regard that, if we interpret a Bézier curve as a single element
B-spline, each step of the de Casteljau algorithm amountsto cal cul ating the new control points
corresponding to the insertion of asingle knot. Of course, Bézier curvesin their original form
have no notion of knot insertion and so the de Casteljau algorithm predates this interpretation.

12.2.3 Bézier decomposition and function subdivision

As hasjust been shown, the process of B-spline evaluation by the de Boor agorithm and knot
insertion areintimately related. All of the control points needed to actually insert aknot p times
are calculated along the way to evaluating the point on the curve. If we continue the process
one step farther to raise the multiplicity of the new knot, t, to p + 1, then the last control point
caculated, G(t, ...,t), is simply repeated. This corresponds to splitting the curve into two
separate B-splines, each with their own sets of control points (one copy of G(t, ..., t) being
associated with the curve to the left and the other copy belonging to the curve to the right).
If thisis done for every knot in the original knot vector, then each of the original polynomial
segments of the B-spline (i.e., every element in an isogeometric analysis setting) has been
represented by a separate Bézier curve. This processis called Bézier decomposition, and it is
utilized in several procedures, including order elevation of a B-spline curve. For the quadratic
curve of Figure 12.6, the Bézier control points are exactly those depicted previously in Figure
125.

From the polar viewpoint, this process calculates the control points for the Bézier repre-
sentation of each polynomial segment of the original piecewise polynomia curve from the
original B-spline control points. If we leave the polar viewpoint and return to the parametric
representation utilized throughout this book, we can extend this concept to relate the poly-
nomial basis functions on each Bézier segment to the original set of piecewise polynomial
B-spline basis functions.
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To see the connection, note that the control points of the decomposed curve, B= {I§i } have
been calculated as a linear combination of the original control points, 5 = {B;}, which we
may represent by the matrix operation

B=MB. (12.37)

Let us similarly collect the basis functions for the Bézier and B-spline representations into
vectors AV = {N;(t)} and N = {N;(t)}, respectively, such that we may write the curve as

gty=B-N=B-N. (12.38)
Inserting (12.37) into (12.38) yields

gt)=B-N=B-N

=(MB)- N

=B"MNV

=B-(MTN). (12.39)
It follows that

MTN =N, (12.40)

and thus the rel ationship between the B-spline basis and the basis of the Bézier decomposition
is defined by the same set of coefficients that relate the control points for the two cases.

As an example, consider atwo element, C2-continuous, cubic B-spline with the knot vector
T={0,00,0, % 1,1, 1,1}. The basisfor such acurveis shown in Figure 12.9. Partitioning
the spline into two separate Bézier curves is equivalent to increasing the multiplicity of each
knotto p+ 1 = 4, resulting in knot vector T = {0,0,0,0, 3, 3, 3, 3, 1, 1, 1, 1} and the basis
shown in Figure 12.10. Each function of the original basis, N = {N;}>_,, may be expressed

% 2 1

Figure12.9 C2-continuous B-spline basis corresponding to knot vector T = {0, 0, 0, 0, % 1,1,1,1}.
Each of these basis functions can be represented as a linear combination of the basis functions of the
Bézier decomposition, shown in Figure 12.10.
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Figure12.10 The basis functions corresponding to the Bézier decomposition of the B-spline curve
built from the basisin Figure 12.9. Note that thisis two separate sets of function: one for the polynomial
on [0, %] and one for the polynomial on [%, 1]. Equivalently, this may be viewed as a C~*-continuous

(i.e., discontinuous) B-spline basis corresponding to knot vector T = {0,0,0,0, 3, 3,1, 2.1,1,1, 1}.

as alinear combination of the new basis functions, A" = {N;}2_,. To extract the coefficients
of thislinear relationship, one must first examine the corresponding relationship between the
control points, and then use (12.40).

From (12.23), it is clear that the control points for the original curve are given by

B; = G(0, 0, 0), (12.41)
B, =G(0,0, 3), (12.42)
Bs = G(0, 1, 1), (12.43)
Bs=G(3,11), (12.44)
Bs = G(1, 1, 1), (12.45)

where G is the polar form for the curve. In practice, the only information available about the
specific polar form comes from the specification of these control points. This is important,
because as knots are inserted to partition the curve into two separate Bézier curves, the polar
labels of the new control points follow trivialy by applying (12.23). The actual position of
these control points, however, must be calculated by linearly interpol ating between the existing
control points, just as is in the de Boor agorithm. The first two and the last two of the new
control points correspond to points of the original curve:

B, = G(0, 0, 0) = By, (12.46)
B2 =G(0,0,3) =By, (12.47)
B;=G(3,1,1) =By, (12.48)

Bg = G(L 1,1) = Bs. (12.49)
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Two more points follow simply from these by virtue of the linearity and symmetry of the polar

form:

Bs=G(0 %, 3
=3G(0,0,3)+3G(0. 1. 3)
= 1B, + 1Bs,

Bs=G(3,3.1)
=2G(3,0,1)+1G(3.1.1)
= B3+ 3Ba.

(12.50)

(12.51)

Thelast two control points for the Bézier decompoasition are obtained from the results already

computed:

Concisely, (12.46)—(12.53) can be expressed in the form of (12.37), as

B=MB &

B =G(3. 3.2)
=36 2.0+36G 2.1
= %§3+%§6
= B2+ 3Bs+ 3Ba,

Bs = B.

B, 1 0 0 O
B, 0O 1 0 O0
Bs 0 12 1/2 0
Bs| |0 1/4 12 1/4
Bs| ~ |0 1/4 1/2 1/4
Bs 0 0 12 1/2
B, 0o 0 o0 1
B/ [0 0 0 0O

POOOOOOOo

(12.52)
(12.53)

(12.54)

Asseenin (12.38) and (12.40), the coefficient matrix relating the new and old control points
in (12.55) isthe transpose of the matrix relating the new and old basis functions. Specificaly,

MTN =N &

[oNeNeNelN H

[ocNoNoN Ne

o 0 O0 O
12 14 1/4 O
12 1/2 1/2 1/2

0 1/4 14 1/2

o 0 0 O

ol NeoNeNe]
R OOOOoO

(12.55)
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This symmetry of the relationship between the refined and unrefined control points and
the refined and unrefined basis functions has already been encountered implicitly in the
discussion of patchwise local refinement in Chapter 3. The control point relationship, (12.37),
is utilized in (3.65) to ensure that the solution on the interface between two patchesisin the
space of functionsthat can be represented on the coarser patch. The relationship between basis
functions, (12.40), isused in (3.75) to ensure that the weighting functions used on theinterface
are only those emanating from the same coarse space. See Chapter 3.

Note

1. Theterm “blossom” has aso been used for an independent development of these concepts
by Ramshaw, 1987b. The equivalence between blossoms and polar forms was clarified
in Ramshaw, 1989.
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State-of-the-Art and
Future Directions

Thisis our assessment of the state-of-the-art and promising future research directions.

13.1 State-of-the-art

The current status of isogeometric analysis is summarized as follows:

e A number of single and multiple patch NURBS-based parametric models have been devel-
oped and analyzed. Application areas include linear and nonlinear structures, laminar and
turbulent flows, and fluid—structure interaction.

¢ A new projection technique has been developed for handling incompressibility for higher-
order NURBS discretizations. Applications to linear and nonlinear problems in solid me-
chanics have proved successful. This is the first time a coherent strategy for higher-order
elements has been developed. The accuracy of stressesis particularly noteworthy.

¢ Basic mesh refinement schemes have been investigated, namely, h-, p- and k-refinement,
corresponding to, respectively, traditional mesh refinement, C° order elevation, and CP~1
order elevation. It has been shown that NURBS-based isogeometric analysis preserves
geometry at al levels of refinement and that detailed features can be retained without
excessive mesh refinement, in contrast with traditional finite element analysis. A constraint
equation approach has been developed to transition between NURBS patches involving
different levels of refinement.

* Superior accuracy to traditional finite element analysis has been demonstrated in all cases,
and indications of significantly increased robustness in vibration and time-harmonic wave
propagation analysis have been noted. A duality principle relating dispersion error analysis
on an infinite domain and frequency analysis on a finite domain has been established.
Superior accuracy of NURBS over finite elements has been established for turbulent flows.

e A mathematical theory of h-refinement has been developed. Mathematical investigations
utilizing “n-widths’ are under way to quantify spline-based approximations compared with
traditional finite elements procedures. See Appendix 5.A and Evans et al., 2009.

Isogeometric Analysis: Toward Integration of CAD and FEA by J. A. Cottrell, T. J. R. Hughes, Y. Bazilevs
© 2009, John Wiley & Sons, Ltd
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Figure13.1 Control meshes can be severely distorted and still result in useful physical meshes, asin
the case of this single element quadratic NURBS patch. (&) The control mesh in the index space. (b) The
control mesh in the physical space. Note that some regions of the control elements have zero area. (c)
The physical mesh. Two of the three sides are straight, while proper selection of the weights has resulted
inathird sidethat isacircular arc. Such an element hasbeen used in Lipton et al., 2009 to model filletsin
geometries containing reentrant corners. Despite the amount of distortion of the NURBS patch required
to generate such a shape, isogeometric analysis with thisfillet element resulted in accurate stresses and
full convergence rates. See Lipton et al., 20009.

e Sofar, isogeometric anaysishasbeen appliedto solid partsand simplethin-walled structures,
and the extension to more complex stiffened thin-walled structures seems apparent. The
challenge isto apply it to very complex modules and assemblages.

e |t has been shown (Lipton et al., 2009) that valid, higher-order NURBS geometries can
be developed from control meshes that include various degrees of degeneration, including
shapes such as tetrahedra, wedges, and pyramids, and non-convex elements. The control
mesh can even include elements that are turned inside out and the physical mesh remains
valid. Patch tests are passed in these situations. It is believed that thiswill loosen restrictions
on the generation of three-dimensional meshes compared with traditional finite elements.
An example of a“fillet element” resulting from such degeneration is shown in Figure 13.1.

¢ A T-spline analysis capability has been developed and initial structural analysis calculations
have proved successful.

e An interface to LS-Dyna (Livermore Software Technology Corporation, 2007) is under
development. It accommodates input of NURBS surface (bivariate) and volume (trivari-
ate) models. NURBS surface models can be converted directly to Reissner—Mindlin shell
elements without first generating a mesh (see Benson et al., 2009). Successful initial calcu-
lations of shells and solids have been performed. To the best of the authors' knowledge, this
is the first time a CAD file has been used directly in a commercia finite element code to
perform a structural analysis without any intermediate steps of geometry clean-up or mesh
generation. We believe that thisis the beginning of anew trend in removing the barriers that
exist between design and analysis.

e Successful calculations of solutions of the Cahn—Hilliard equation have been attained with
higher-order NURBS bases. This setsthe stage for further applicationsto phase-field models
of physical interest.
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13.2 Futuredirections

Here are some of the topics that we think should be pursued.

e L ocal unstructured refinement algorithms. |sogeometric analysis provides finite element
codeswith a precise geometry that may be refined without communication with the CAD file
from which it was generated. However, efficient local unstructured refinement algorithms,
suitable for analysis applications, do not yet exist. Thisis an extremely important research
focus because isogeometric models created by designers may capture the geometry accu-
rately but will most likely be too coarse for analysis. Consequently, it will be necessary to
perform adaptive refinement in the analysis code in order to achieve the required accuracy
for the application under consideration. There are several approaches that might be pursued.
Here arethree:

— Hierarchical refinement. The idea is to treat knot spans as elements and to perform
h-refinement by subdividing the knot spans. This approach is geometrically intuitive and
similar to procedures used in finite elements. However, in the context of splines, the full
smoothness of the original basiswill need to beretained in the refinement. Thisisessential
for the efficiency, accuracy and robustness of the refinement scheme. The added basis
functions will be assigned “hierarchical” degrees-of-freedom, and a natural multilevel
algorithmic architecture ensues. This has several benefits. For example, the control points
for the original geometric model are retained at al levels of refinement, providing a
concise geometric parameterization for design optimization. Additionally, hierarchically
defined basesresult inimproved condition numbers, of critical importanceto the efficiency
of iterative solvers. Element-based approaches with splines are facilitated by conversion
to a Bézier basis on knot spans. The Bézier basis is also frequently used in geometry
applications because there are many efficient algorithms that have been developed for
manipulating it. Octree data structures are also anticipated to be useful in developing
element-based spline refinement schemes.

— Function subdivision. Geometers tend to think in terms of basis functions rather than
elements, despite the fact that knot spans provide a rather natural definition of elements.
In smooth particle hydrodynamics (SPH, see Gingold and Monaghan, 1977), and the
various meshless methods, the fundamental object is the basis function rather than the
element. In the function subdivision approach, a basis function is decomposed into a sum
of refined basis functions of the same class and the original function is then replaced
by the new basis functions. The data structure for this procedure seems to be entirely
different than for the element-based approach described above. The two approaches need
to be compared as to their suitability for engineering analysis applications.

— Partition of unity method. In the partition of unity method, new basis functions are
added, but all previous basis functions are retained. Each of the basis functions is then
divided by the sum of all the basis functionsin order to reestablish the partition of unity
property. Even if the original basis consists of only polynomials, the refined basis will
consist of rational functions. In the case of splinesitistypical to start with arational basis
composed of NURBS or T-splines. One of the key issuesthat must be carefully researched
isthe ability of the refinement scheme to avoid linear dependencies.

e Dynamic structural applications. So far the isogeometric approach has been applied pri-
marily to linear and nonlinear static structural applications, structural eigenvalue problems,
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and time-harmonic wave propagation. It needs to be tested on linear and nonlinear dynamic
structural applications. If a consistent mass matrix would be employed, the full accuracy
of NURBS would be attained. It is noted that ad hoc “row-sum” lumped mass matrices
developed in previous work on structural vibrations only achieved second-order accuracy,
that is, they did not maintain the full rate-of-convergence of consistent mass. Lumped mass
approaches dominate certain areas of transient analysis, such as crash and blast analysis,
metal forming, and wave propagation. It would be very desirable to develop higher-order
accurate lumped mass matrices. One promising approach to achieving this end is through
the construction of dual bases. These produce diagonal mass matrices and should retain full
rate-of-coverage if implemented in a consistent, Petrov—Gal erkin, weighted-residual format.
The challenge to success hereis the numerical stability of the internal force calculation and
the complexity and lack of smoothness of dual basis functions. If these obstacles can be
overcome, it may open the way toward higher-order accurate explicit procedures, which
would be of enormous practical value.

¢ Quadrature. |sogeometric analysishasbeen shownto bemoreaccuratethantraditional finite
element analysisper degree-of-freedom. Sofar, sufficiently accurate Gaussian quadrature has
been utilized on knot spans, which engenders considerable overhead compared with higher-
order C° elements. The reason for this is, roughly speaking, knot locations correspond to
nodes in finite element analysis and Gaussian quadrature rules can be used over multiple
knot spans within finite elements because basis functions are C* there. Of course, for
isogeometric Bézier elements (see Section 5.2) the cost of quadratureisidentical to standard
CY Lagrange elements.

Initial attempts have been made to develop efficient quadrature rules for splines. See
Hughes et al., 2008b. The new rules take account of the precise level of smoothness across
knots and improve upon the brute force approach of using Gaussian rules between knots.
These rules have been developed for uniform and non-uniform knot spacing and are de-
termined numerically in all but the simplest cases. They need to be generalized for local
refinement in multiple dimensions. There may be opportunity to further improvethesituation
by utilizing additional considerations.

It isimportant to keep theissue of quadrature in perspective. The cost of analysistypically
does not scale linearly with the number of quadrature points except in specia cases, such as
explicit dynamic analysis (Livermore Software Technology Corporation, 2007). Quadrature
is aso highly paralelizable, whereas equation solving is typicaly only partially paralleliz-
able. Equation solving also usually scales with a power greater than 1 of the number of
elements and equivalently the number of quadrature points, and, consequently, dominates
overall analysis cost, especialy for large three-dimensional problems.

¢ Collocation. The smoothness of higher-order NURBS basis functions permits the construc-
tion of variational methods in which the strong form of the residual may be used (i.e., the
form in which integration-by-parts is not used). This offers the possibility of developing
collocation methods in which the residual is evaluated at a number of collocation points
equal to the number of control pointsin the model. This number is much less than the num-
ber of quadrature points necessary in atypical Galerkin formulation. The proper location of
collocation pointsisintimately linked to the issue of efficient quadrature and thus this topic
builds upon the previous one. The challengesthat need to be addressed in the devel opment of
collocation schemes are maintaining the numerical stability of theinertial and internal forces
with a small number of evaluation points and developing a methodology that identifies the
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optimal location of collocation points. Collocation techniques are preferred over Galerkin
methods when the number of quadrature points dominates solution cost. The possibility of
efficient higher-order collocation procedures seems unique to smooth spline bases.

e Contact problemswith friction. One of the drawbacks of traditional finite elementsisthe
faceted approximation of smooth boundaries. Problems manifest themselvesin several appli-
cation areas, such asflowsabout smooth hydrodynamic configurations, shape optimization of
ships requiring curvature continuity, and imperfection-sensitive thin shell buckling analysis.
An application that cannot be dealt with by faceted finite elementsis sliding contact between
solid bodies. The lack of smoothness necessitates “fixes” even in very simple situations. In
some procedures the kinematics are projected onto smooth B-spline surfaces necessitating
inserting these surfaces between contacting bodies and anticipating where contact may occur
in the problem set-up. These techniques complicate code architecture and are not applicable
to complex engineering designs. It would seem that smooth NURBS bases would be much
better suited for sliding contact and may eliminate the need for special purpose procedures.
The challenge to be met here would be to develop algorithms to efficiently locate contact
regions and adaptively generate compatible refinements of the contact surface.

e Shells without rotational degrees-of-freedom. The smooth basis functions of NURBS
presents the opportunity to develop thin shell elements without rotational degrees-of-
freedom. In traditional finite element analysis, based on C° shape functions, rotational
degrees-of-freedom are required to maintain compatibility across element interfaces. In
the analysis of smooth shell structures, these are unnecessary with NURBS. However, to
maintain proper continuity at locations where shells intersect at finite angles, and to en-
forcerotation (i.e., slope) boundary conditions, either Lagrange multiplier or discontinuous
Galerkin procedures are required. Eliminating rotations, especialy in large-deformation ap-
plications, is an enormous simplification. This approach eliminates shear locking ab initio,
resultsin half the number of degrees-of-freedom of traditional shell analysis, and eliminates
complex parameterizations of rotational degrees-of-freedom in large-deformation analysis.
(Finiterotations are not vectorial, they form amultiplicative matrix group, and require Euler
angles or some other cumbersome parameterization.)

e Curved NURBS beam element. In order to develop a frame structural analysis capability
and a compatible beam for a Reissner—Mindlin shell formulation, a curved Timoshenko
beam element needs to be developed. This will be useful for the analysis of stiffened shell
structures. Development of a curved beam element without rotational degrees-of-freedom,
for use with the previously described shell formulation, would also be welcome.

e Geometrical model development. The key to eliminating the CAD/CAE bottleneck is
to create parameterized geometries in the design phase. The recent development of T-
spline surfaces illustrates the possibilities. Trimmed NURBS surfaces can be made into
untrimmed T-splines, from which untrimmed NURBS can be generated (see Sederberg et al .,
2008). Either the untrimmed NURBS or T-spline surface files can be directly transferred
to isogeometric analysis codes and shell structural analysis can be performed without the
necessity of all the usual geometric clean-up, defeaturing, and mesh generation. This has
aready been demonstrated for some simple “obstacle course” shell calculations using the
isogeometric interface to the LS-Dynacode. Thisisthefirst and most significant step toward
automatingthe“designtoanalysis’ cycle. Themost significant challengefacing i sogeometric
analysis is developing three-dimensional spline parameterizations from surfaces. Thisis a
problem of geometry generation. The most promising starting points seem to be based
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on the assumption of untrimmed T-spline or NURBS surfaces containing a volume. This
would be applicable to solid parts and also internal flow geometries. The case of externa
flow geometries appears to be easier. Ideally, it would be desirable to retain the surface
parameterization in the process. However, this probably could be relaxed for many practical
applications. There are several promising directions to be researched. Different procedures
may be better suited for specific application areas. Here are some:

— Develop the three-dimensional analogue to T. Sederberg’s surface “sewing” algorithm,
that is, view the solid as being trimmed by the T-spline or NURBS surface and create
an untrimmed volumetric T-spline or NURBS. This could follow along the lines of ex-
isting octree based mesh generation procedures, the difference compared with traditional
finite elements being the increased ability of higher-order NURBS to maintain geometric
validity in the face of degenerated element shapes, non-convex elements, etc.

— If we do not insist on maintaining the surface parameterization and are content with
approximating the surface geometry to a predefined precision, then existing hexahedral
mesh generation technology may be given anew life because of the ability of higher-order
NURBS to generate valid geometries from quite pathological hexahedral control meshes.

— Thework by Y. He and D. Gu on generating conformal meshes on surfaces, Ricci flows,
and polycube spline decompositions provides another direction to pursue (Li et al., 2007,
Gu and Yau, 2008).

e Boundary Integral Methods. Surface models composed of NURBS, T-splines, or subdi-
vision surfaces could be used directly in an isogeometric boundary integral formulation
(see Cervera and Trevelyan, 2005a, 2005b). This would appear to be a straightforward but
practically important devel opment. There are anumber of problem classes where the bound-
ary integral method is a viable analysis choice. The advantage is of course that no volume
discretization is required.

¢ Phase-field modeling. The smoothness of NURBS and T-splines and their geometric flexi-
bility make them ideal candidatesfor phase-field modeling, which invariably entails higher-
order spatial differential operators. Smooth basis functions are necessary for developing
simple Galerkin discretizations of the phase-field equations. Initial experiences with the
Cahn—Hilliard equation, perhaps the most utilized phase-field model, have been very good.
The approach developed is able to calculate early-time dynamics and late-time equilib-
rium solutions accurately and efficiently. Adaptive time-stepping is essential in calculating
equilibria because the dynamics frequently varies over many orders of magnitude in an
analysis. In addition, it has been determined how to desensitize calculations from mesh
dependence. This opens the way to calculating topologically correct phase-field solutions
on coarser meshes, of importance in practical engineering applications. The resolution of
sharp interfaces is a'so remarkably crisp with NURBS basis functions. Current and future
efforts should be devoted to the development of a phase-field model for water/water-vapor
two-phase flows (the Navier—Stokes—K orteweg equations, Korteweg, 1901, and generaliza-
tions such as in Jamet et al., 2001) and air/water/water-vapor three-phase flows. The last
two theories may be useful in representing cavitation phenomena and the last theory may
be applicable to water mists used to fight fires. Other applications of phase-field models are
topology optimization and crack propagation. There are many others.

e Shape optimization. A key advantage of isogeometric analysis is the potential ability of
integrating CAD, FEA and shape optimization. The control variables of the geometry provide
aconcise parameterization that can be used as design variables. Once an optimal design has
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Figure 13.2 Isogeometric shape optimization applied to the open spanner problem. The initial design
is shown (top) along with its control net. The optimal design is shown with control points (middie) and
deformed (bottom). From Wall et al., 2008.

been obtained, the design can be returned to the CAD system directly becauseit will aready
be in the “language” of the system, namely, NURBS, T-splines, etc. A recent study has
initiated this pursuit (see Figure 13.2, from Wall et al., 2008).

¢ |sogeometric meshless methods. There is an enormous interest in meshless methods, but
so far the relationship to geometry has been almost universally ignored. This was identified
asthe mgjor shortcoming of meshless technology by Sakurai, 2006. M eshless isogeometric
methods could be developed utilizing the concept of PB-splines (i.e., point-based splines),
see Sederberg et al., 2003. See Figure 13.3.
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@ (b)

Figure 13.3 PB-splines. (a) The supports, D,, and the parameter space for the spline, D. (b) The
corresponding biquadratic PB-spline with its four control points.

¢ Toolkitsfor analysismodel construction. During the more than fifty years of development
of finite element technology, many software tools have been developed to facilitate analysis
model construction. There are numerous commercial, industrial, and academic software
packages available. Tool sets for spline-based analysis are currently non-existent. This is
an important future endeavor. One of the deliverables of the EXCITING project in Europe
is an isogeometric analysis toolkit. The organization responsible for its development is the
Institut National de Recherche en Informatique et Automatique (INRIA) in France.

e Triangular and tetrahedral NURBS. There are NURBS constructs for triangular and
tetrahedral patches (see Lai and Schumaker, 2007). These shapes, however, have not been
widely utilized in design, with the possible exception of the L oop subdivision surface method
(Loop, 1987) which isbased on triangles. Asnoted previously, however, subdivision surfaces
have not yet found extensive use in engineering design applications.

e Convex constraints. If the solution of an analysis problem is required to reside in a convex
set, the constraint can be applied to the control variables and the convex hull property will
then ensure that the solution will satisfy the constraint in pointwise fashion. This is in
contrast with classical higher-order finite elements.

¢ Analysis with trimmed objects. Trimmed NURBS surfaces are a ubiquitous feature of
design. See Figure 13.4. On the one hand, it is possible to replace trimmed NURBS with
T-splines (Sederberg et al., 2003, 2004). However, this may not always be desirable and
so there needs to be analysis methodology that can accommodate trimming. In fact, there
is considerable legacy methodology in computational analysis that is applicable. Early
examples are described as “fictitious domain methods’ (seeg, e.g., Saulev, 1962, 1963). More
recently Glowinski et al., 1999 have developed procedures for the dynamics of flows with
spherical particles. Of latethere hasbeenincreased interest in so-called “ embedded boundary
methods’ and “immersed boundary methods’ (see, e.g., Roma et al., 1999; Helzel et al.,
2005). Anissue of thejournal Computer Methodsin Applied Mechanicsand Engineering has
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Figure 13.4 Screenshot from Realsoft 3D (Realsoft Graphics, 2008). Current CAD technology fre-
quently relies on trimmed NURBS surfaces to describe complex geometries, particularly when two
parametric surfaces intersect. Trimmed geometries present a host of difficulties for meshing and
analysis.

been devoted to research developments on this topic (Fogelson et al., 2008). Of particular
note is the work of Parvizian et al., 2007 in the context of p-methods. In this work,
higher-order accuracy was attained and it would seem that extension to NURBS would be
straightforward. Mention may also be made of Hollig, 2003. In all, there seem to be many
promising procedures to deal with trimmed NURBS efficiently.

e T-splines. The major deficiency of NURBS is topological in that gaps and overlaps at
intersections of surfaces cannot be avoided, complicating mesh generation. See Table 13.1.
Another deficiency is that they utilize atensor product structure making the representation
of detailed local features inefficient. T-splines are a recently developed generalization of
NURBS technology. T-splines correct the deficiencies of NURBS in that they permit local
refinement and coarsening, and a solution to the gap/overlap problem. In CAD asin FEA,
there is always some approximation somewhere. However, it needs to be controlled to the
degree of accuracy determined by the application. T-splines is a technology satisfying this
requirement. Commercial T-spline plug-ins have been introduced for Maya and Rhino, two
NURBS-based design systems (see T-Splines, Inc., 2008a, 2008b).

A NURBS surface is defined using a set of control points, which lie, topologically, in a
rectangular grid. Thismeansthat alarge percentage of NURBS control pointsare superfluous
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Table13.1 Finite element analysis models the topology of adomain in an accurate
fashion, though the geometry itself is only approximate. Computer aided design
accurately represents the geometry, though the topology has historically been incorrect.
Isogeometric analysis attempts to model both the topology and the geometry accurately

Topology Geometry
Finite element analysis i X
Computer aided design X V4
|sogeometric analysis i Va

in that they contain no significant geometric information, but merely are needed to satisfy
topological constraints. In many cases80% or more of NURBS control pointsare superfluous
for design purposes. By contrast, a T-spline control mesh is allowed to have partial rows of
control points. A partial row of control points terminates in a T-junction, hence the name
T-splines. T-spline models typically require only 20% of the control points compared to
NURBS models. For adesigner, fewer control points means faster modeling time.

Refinement, the process of adding new control pointsto a control mesh without changing
the surface, is an important basic operation used by designers. A limitation of NURBS
is that refinement requires the insertion of an entire row of control points. T-junctions
enable T-splinesto be locally refined. Another limitation of NURBS isthat because asingle
NURBS surface must have a rectangular topology, most objects must be modeled using
several NURBS surfaces. It is difficult to join multiple NURBS surfacesin asingle, smooth,
watertight model, especially if corners of valence other than four are introduced. These are
referred to as “extraordinary points.” T-junctions make it possible to merge together severa
NURBS surfaces into a gap-free T-spline.

Another serious problem inherent in NURBS isthat it is mathematically impossible for a
trimmed NURBS to accurately represent the intersection of two NURBS surfaces without
introducing gaps in the model. A reason for this is that a generic curve of intersection
between two bicubic patches is degree 324 (Sederberg et al., 1984), whereas the degree of
theimage of aconventional trimming curveisonly 18. An NSF-sponsored workshop (MSRI,
1999) identified the unavoidable gaps in trimmed NURBS as the most pressing unresolved
problem in the field of CAD. This problem isamajor cause of the incompatibility between
CAD and analysis software (Kasik et al., 2005), which in 1999 was estimated to cost the
U.S. automoative industry alone over $1 billion annually (Brunnermeier and Martin, 1999).
The existing approach to identifying and resolving such problems is to employ “healing”
software, which does not fix the problem, but only reduces the size of gaps. The problem
isasignificant ingredient in the design—analysis bottleneck because a CAD model must be
closed in order to generate an analysis-suitable geometry and mesh. T-splines provide away
to close the gap and solve many of the problems with NURBS that have vexed the CAD
community for three decades. T-splines are also forward and backward compatible with
NURBS. Every NURBSisaspecia case of aT-spline (i.e., aT-spline with no T-junctions or
extraordinary points) and every T-spline can be converted into one or more NURBS surfaces
by performing repeated local refinement to eliminate all T-junctions. Compatibility iscrucial
for commercialization, especially in a mature industry like CAD.
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L et us make the discussions of Chapters 3 and 4 regarding the various connectivity arrays abit
more concrete by considering a specific example. We take the simple two-dimensional mesh
shownin Figure 2.16 of Chapter 2. With p = q = 2andknot vectors 2 = {0, 0,0, 0.5, 1, 1, 1}
and H =1{0,0,0,1,1,1}, it is not difficult to deduce that we will have two elements of
non-zero area. Recalling our tensor product structure, it is also evident that we will have
twelve biquadratic functions requiring some type of numbering convention. During assembly,
however, we will only be looking at local entities and local numbering conventions. The
purpose of the connectivity arrays is to maintain simple bookkeeping procedures that will
relate these local and global schemes.

Before proceeding, a comment about notation is in order. In this appendix, when we
consider the trivariate case with parametric directions &, », and ¢, we will associate with
them polynomial orders p, q, and r, respectively. The number of basis functions in each of
these parametric directionsis given by n, m, and |. Though potentially confusing, this reverse
aphabetical ordering of these last three variable namesis consistent with the standard practice
of using n for the univariate case, and it allows us to avoid the potentially more confusing
practice of using the letter o as a variable. With this convention in place and open knot
vectors assumed, in the £-directionwe have E = (&1, .. ., &nyp+1}, inthe n-direction we have
H = {n1,..., Impg+1}, andinthe ¢-directionwe have Z = {¢1, ..., {441}

A.1 ThelINC array

For higher-dimensional NURBS objects, it is very convenient to introduce the concept of
NURBS coordinates. Examining the index space view in Figure A.1, the NURBS coordinates
of any vertex in the mesh are simply the indices of the knots that define it. For example, the
vertex created by the intersection of the knot lines corresponding to &3 and 1, has NURBS
coordinates (3, 2). Note that thisisthe vertex at which the support of the blue function begins.
In fact, thisis how we will most frequently use NURBS coordinates: to identify the knots at
which the support of afunction begins.

Isogeometric Analysis: Toward Integration of CAD and FEA by J. A. Cottrell, T. J. R. Hughes, Y. Bazilevs
© 2009, John Wiley & Sons, Ltd
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Figure A.1 The index space view of the mesh from Figure 2.16 in Chapter 2. The support of
Ny 1.22(£, 1) is shown in red, while the support of Ng222(£, 1) is in blue. The region in which they
overlap is purple. Examination of the knot values indicates that only two of the knot spans correspond
to elements with positive measure in the parameter space (i.e., those denoted ©2; and £25).

Thisleads usto anatural scheme for the global numbering of basis functions. If therearen
functionsin the &-direction and m functionsin the n-direction, then define

A=n(j — 1) +i (A1)

such that the global bivariate function Na(&, ») is the tensor product of univariate functions
N; (&) and Mj(n). We define the INC (*NURBS coordinates’) array such that given a global
basis function number and a parametric direction, it returns the index of the one-dimensional
basis function in the specified direction that was used to build the global function. Becausethe
support of any one-dimensional NURBSfunction N; (€) iS[&, & p+1], wecanalsointerpret the
INC array asrelating the global basis function number and the specified parametric direction
with the index of the knot in the appropriate knot vector at which the support of the function
begins. Thus, with Na(£, 7) = Ni(£)M; (n) we have

i =INC(A,1) and | =INC(A 2). (A.2)
Turning our attention to Figure A.1 and notingthatn = 4, p = 2, m = 3, and q = 2, we have

theINC array givenin Table A.1. Thuswe seethat thered functionis Ny (¢, 7) and hasNURBS

TableA.1 ThelNC array corresponding to the meshin Figures A.1 and A.3. INC
consumes a global basis function number and a parametric direction number and returns
the corresponding NURBS coordinate

A (global function number)

INC 1 2 3 4 5 6 7 8 9 10 1 12

1(¢-coordinate) 1 2 3 4 1 2 3 4 1 2 3 4
2 (n-coordinate) 1 1 1 1 2 2 2 2 3 3 3 3
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coordinates (1, 1), while the blue function is Ny(&, 1) with NURBS coordinates (3, 2). The
NURBS coordinates are required by many routines, such as basis function evaluation, that
explicitly utilize the knot vectors. They can be useful in many other settingsaswell, depending
upon the data structures chosen.

A.2 ThelEN array

Theconcept of NURBS coordinates providesuswith an easy way to determinewhich functions
have support in a given element. Firgt, let us assign element numbers. Knowing that we are
using open knot vectors, the number of elementsin the é-directionisn — p; similarly, in the
n-directionwe havem — g elements (note that dueto the possibility of repeated internal knots,
some of these elements may have zero measure in the parametric domain; this scheme does
not, however, apply element numbers to the knot spans that are known a priori to have zero
measuredueto theuse of openknot vectors). Consider anelement Q° = [&;, &41] X [nj, nj+1],
where p+1<i<nand q+1<j<m. A naural numbering scheme is to assign the
element number

e=(J—-q9-Dn—-p+{-p. (A3)

Thus, the “lower, left-hand corner” of element e has NURBS coordinates (i, j). See
Figure A.2.

From our examination of univariate spline functions in Chapter 2, we know exactly which
functions have support in element e, namely, any function of theform N, (§) Mg(n) for integers
aand Bsuchthati —p<a<iandj—q=<pB=<]j.Thus, thetota number of local basis
functionsisne, = (p + 1)(q + 1). Let us assign local function number 1 to the function with
NURBS coordinates (i, j). We then assign the remaining local numbers, working backwards
in & first, followed by 5. Thus, with A asin (A.1), the globa numbers of thefirst p + 1 local

(i, )

FigureA.2 Element number e and NURBS coordinates (i, j). NURBS coordinates are the indices
where a basis function Na(&, n) = Ni(§)M;(n) begins in the index space. The support of this basis
function is shown, assuming p = q = 2.
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functionsare A, A—1,..., A— p.Thefunction Na_,_; doesnot havesupportintheelement,
sowemovearow inthe n-direction and continue numberingwith A—n, A—n—-1,..., A—
n — p. Again, we must move to the next row and continue with A—2n,..., A—2n— p.
This continues until we reach our last set of function numbers, A—qgn,...,A—qgqn—p, a

which point we are finished.

The IEN (“element nodes’) array connects these global function numbers to their local
ordering on the element. In finite elements, global basis function numbers are identified with
global node numbers, and local basis function numbers areidentified with local node numbers.
Itisfor thisreason that the IEN array isreferred to asthe “ element nodes’ array. Even though
this designation no longer applies in the present case, we retain the name. Given the element
number, e, and the local basis function number, b, the corresponding global basis function
number, B, is given by

B = IEN(b, ). (A.4)

Thus, if A=I1EN(1, e) as in the previous paragraph, then we have, for example, A — 1=
IEN(2,e), A—n=IEN(p+2,e),and A—gn— p=IEN((p+ 1)(q + 1), €).

The IEN array corresponding to the mesh in Figures A.1 and A.3 is shown in Table A.2.
Observe that the blue function, N7, which has support in both elements, has local number
a=4onelemente = 1andasolocal number a=5onelemente = 2. Thatis, IEN(4, 1) =
IEN(5, 2) = 7. The red function, Ny, has support in only the first element. The only entry
corresponding to it isIEN(9, 1) = 1.

Let us consider the trivariate case. With a knowledge of just the polynomial orders and the
number of univariate functions in each parametric direction, we can set up IEN and INC by
implementing the pseudocode in Algorithm 7.

Table A.2 ThelEN array corresponding to the mesh in Figures A.1 and
A.3. IEN consumes alocal basis function number and an element number
and returns the corresponding global basis function number

a (local basis function number)

IEN 1 2 3 4 5 6 7 8 9

1 11 10 9 7 6 5 3 2 1
2 12 11 10 8 7 6 4 3 2
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Algorithm 7: Building the INC and IEN arrays.

Data: The polynomial orders (p, g, and r) and number of univariate basis functions (n, m,
and|) for each of the parametric directions (¢, n, and ¢, respectively) must be included
asinputs.

Result: We will construct the INC and IEN arrays. The total number of elements, ng, the

total number of global basis functions, nnp, and the number of local basis functions,
Nen, Will also be defined.

// Global variable definitions and initializations:

nel = (n-p)*(m-g)*(1-r); // number of elements
nnp = n*m*l; // number of global basis functions
nen = (p+)*(q+1)*(r+l1); // number of local basis functions
INN[nnp][3] = O; // NURBS coordinates array
IEN[nen][nel] = O; // connectivity array

// Local variable initializations:

e, A, B, b, i, j, k, iloc, jloc, kloc // should all be
// initialized to zero

for k=1tol do
for j=1tom do
for 1=1ton do

A=A+ 1; // increment global function number
INN[A][1] = i;

INN[ATL2] = i // assign NURBS coordinates
INN[A][3] = k;

if i,j,andk > (p+1), (g+1),and (r+1), respectively then

e = e+l; // increment element number
for kloc= 0tor do
for jloc=0toq do
for 1loc= Otop do
B = A - kloc*n*m - jloc*n - iloc;
// global function number
b = kloc*(p+1)*(g+1) + jloc*(p+1)+ iloc + 1;
// local function number

IEN[b][e] = B; // assign connectivity

end

end
end

end
end

end
end
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A.3 ThelD array
A.3.1 The scalar case

Now that we have numbered all of the basis functions used to construct our geometry, estab-
lished a local numbering convention, and collected the connectivity information relating the
two points of view, we need to turn our attention to the specific requirements of analysis. First,
let us consider the case of ascalar solution field. Recall that in Chapter 3 we assumed a num-
bering of the global functions such that each function with support on the Dirichlet boundary
had a higher index than any without support on that boundary. This was convenient for the
exposition of finite element concepts, but we have no reason to expect it to be compatible
with the numbering system proposed in the previous section. In general, we have one equation
corresponding to each function that does not have support on the Dirichlet boundary. This
assumes Dirichlet boundary conditions are satisfied strongly (see Section 3.4 in Chapter 3 for
elaboration). We must construct a mapping between the global index of those functions, and
an equation number between 1 and neg, the total number of equations (which, in the scalar
case, is less than or equal to the total number of functions). This information is stored in the
ID (“destination”) array.

The ID array itself will depend on the specifics of the boundary conditions. Referring to
Figure A.3, assume that we have Dirichlet data prescribed along the edge from (3, 1.5) to
(3,5) in the physical space. We can tell from Figure A.1 that any function N such that
INC(A, 1) = 4 is going to have support on that edge, and thus will not have an equation
number corresponding to it. Though there are many conventions we might adopt, we simply
assign equation numbers in ascending order, assigning 0 to any function with support on the
Dirichlet boundary.? Thus, we arrive at the ID array shown in Table A.3.

A.3.2 The vector case

When the unknowns are vector-valued, we must expand ID to consume not only a global
function number, A, but a degree-of-freedom number, i, as well. Again, there are several
ways that we might do this, but one straightforward approach traverses an outer loop through
the function numbers and an inner loop through the degrees-of-freedom, assigning equation

(35

(3,15)

(-2,0) 0,0

FigureA.3 The physical space view of the mesh from Figure 2.16 in Chapter 2. Both I(Ilyl;zyz(g, n)
and Ns2.22(€, n) have support in 1, while only Ns2.22(¢, n) has support in Q,. In the diagram, the
coordinates of pointsin physical space are enclosed in parentheses.
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Table A.3 ThelD array corresponding to the meshin FiguresA.1and A.3and a
scalar solution field. In the scalar case, ID consumes a global basis function number
and returns the corresponding equation number. Functions with equation number O are
associated with the lifting g" (i.e., strongly enforced Dirichlet boundary conditions)
and do not correspond to active degrees-of-freedom

A (global function number)

ID 1 2 3 4 5 6 7 8 9 10 11 12

P (equationnumber) 1 2 3 0 4 5 6 0 7 8 9 0

numbers sequentially, with any constrained (i, A) pair being mapped to 0. Thus, the ID array
relates equation number P to the corresponding degree-of-freedom, i, and globa function
number A by way of

P =ID(, A). (A.5)

Each component of the solution field may involve Dirichlet data prescribed on different
portions of the domain, but this does not create a conflict as long as the information is stored
properly inthe ID array. For example, assume we wish to solve a problem of two-dimensional
linear elasticity on the domain from Figure A.3. We might wish to prescribe displacements
in the x-direction on the edge from (3, 1.5) to (3, 5), while prescribing displacements in the
y-direction on the edge from (-2, 0) to (0, 0). This would result in the ID array given in
Table A 4.

A.4 TheLM array

The fina connectivity array that we will consider is just a composition of the previous two.
The most common form of the LM (“location matrix”) array consumes a degree-of-freedom
number, i, alocal basis function number, a, and an element number, e, and it returns a global
eguation number,

P =LM(,a,e) (A.6)

Table A.4 ThelD array corresponding to the mesh in FiguresA.1and A.3and a
vector-valued solution field. In the vectorial case, ID consumes aglobal basis
function number and a degree-of-freedom number and returns the corresponding
equation number. Combinations (i, A) with equation number 0 are associated with
the lifting g" (i.e, strongly enforced Dirichlet boundary conditions) and do not
correspond to active degrees-of-freedom

A (global function number)

ID 1 2 3 4 5 6 7 8 9 10 11 12

i — 1 1 2 4 0 7 8 10 0 13 14 16 0
]2 0O 3 5 6 0 9 1 12 0 15 17 18
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Table A5 ThelLM array corresponding to the mesh in Figures
A.1 and A.3 and a vector-valued solution field. In the vectorial
case, LM consumes a degree-of-freedom number, alocal basis
function number, and an element number, and returns the
corresponding equation number. Combinations (i, a, €) with
equation number 0 are associated with the lifting gih (i.e., strongly
enforced Dirichlet boundary conditions) and do not correspond to
active degrees-of-freedom

e (element number)

LM 1 2
a_li= 16 0
=Hi=2 17 18
A o]i= 14 16
=“li=2 15 17

i = 13 14
a=31i_, 0 15
i = 10 0
a=41i_> 11 12
i = 8 10
a=51i_, 9 11
i=1 7 8
a=6y;_, 0 9
i=1 4 0
a=71i_» 5 6
i=1 2 4
a=8yi_, 4 5
i=1 1 2
a=9i_, 0 3
such that
LM(i, a,e) = ID(i, IEN(a, €)). (A7)

With this definition, we can build the LM array shown in Table A.5 from the data in Tables
A2and A4

Alternatively, we can define LM as atwo-dimensional array. To do this, define the number
of degrees-of-freedom in each control variable to be ny. For example, in linear elasticity we
usualy have ngg = d, where d is the number of spatia dimensions. Thus, define the local
equation number, p, corresponding to degree-of-freedom number i and local basis function
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number a to be
pP=ne(@a—1)+i, (A.8)

where, clearly, we must be careful not to confuse this use of the symbol “p” here with
its previous usage as a polynomia order. With this definition, we can implement the two-
dimensiona variant of LM such that

LM(p, €) = LM(, a, €). (A9

The data structures and arrays necessary for implementing isogeometric analysis are almost
the same as for finite elements (see Hughes, 2000). Only the INC array does not have a direct
counterpart in standard implementations of finite elements.

Note

1. This convention is appropriate for strongly enforced Dirichlet boundary data. If Dirichlet
data are implemented weakly, all degrees-of-freedom are active and receive (positive)
equation numbers. In fluid mechanics, we have come to prefer weakly enforced Dirichlet
boundary conditions. For elaboration see Bazilevsand Hughes, 2007; Bazilevset al., 2007b,
2008b.
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