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Abstract

In the thesis, correct interpolation problems in multivariate polynomial spaces are con-
sidered. A general multivariate Lagrange interpolation problem, interpolation spaces,
unisolvent sets of interpolation points and remainder formulas are outlined in the in-
troduction, and main results about multivariate interpolation are presented. Sets of
interpolation points, which imply correct interpolation problems in the space of polyno-
mials in d variables of total degree < n, are considered. Among them, (d + 1)-pencil
lattices are particularly useful in practice, and are studied in detail. In Chapter 2, the
barycentric representation of a (d + 1)-pencil lattice on a simplex in R? is derived. The
representation provides shape parameters of a lattice having a clear geometric interpre-
tation. Furthermore, the Lagrange polynomial interpolant is presented. In the next
chapter, these results are extended to a global (d + 1)-pencil lattice on a regular sim-
ply connected simplicial partition in R?. The global lattice provides at least continuous
piecewise polynomial Lagrange interpolant over the partition, since lattice points coin-
cide on common faces of adjacent simplices. The number of degrees of freedom of such a
lattice is equal to the number of vertices of a simplicial partition. Non-simply connected
simplicial partitions are also studied. It is shown, that this property can be used to
increase the flexibility of a lattice on such a partition. Since in some applications slight
changes in the topology of a partition may appear after the construction of a lattice,
the problem, how to extend a lattice over a hole, is considered. In the last chapter,
Newton-Cotes cubature rules over (d+ 1)-pencil lattices on a simplex are studied. These
rules are combined with an adaptive algorithm and are applied on simplicial partitions.
A subdivision step, that refines a (d + 1)-pencil lattice on a simplex, is studied in detail.
The additional freedom of (d 4 1)-pencil lattices may be used to decrease the number of
function evaluations significantly.

Key-words: interpolation, polynomial, multivariate, lattice, barycentric coordinates,
simplex, simplicial partition, integration, cubature rule, adaptiveness.

Math. Subj. Class. (2000): 41A05, 41A63, 65D05, 65D07.






Povzetek

V disertaciji so obravnavani korektni interpolacijski problemi v prostorih polinomov vec
spremenljivk. V uvodu so predstavljeni sploSen vecrazsezen Lagrangeev interpolacijski
problem, interpolacijski prostori, unisolventne mnozice interpolacijskih tock in formule
za napako. Podani so najpomembnejsi rezultati s tega podrocja. Posebna pozornost
je namenjena mnozicam interpolacijskih tock, ki porodijo korektnost interpolacijskih
problemov v prostoru polinomov d spremenljivk, skupne stopnje < n. Podrobno so
predstavljene mreze d+ 1 Sopov, ki so Se posebej uporabne v praksi. V drugem poglavju
je izpeljana baricentriéna predstavitev mreze d+ 1 sopov na simpleksu v RY. Predstavitev
temelji na parametrih z jasno geometrijsko interpretacijo. Izpeljan je tudi Lagrangeev
interpolacijski polinom. V naslednjem poglavju so ti rezultati posploseni na globalno
mreZo d+1 Sopov na regularni enostavno povezani simplicialni particiji v R?. Ker se tocke
globalne mreze ujemajo na skupnih licih sosednjih simpleksov particije, nam to zagotavlja
vsaj zveznost odsekoma polinomskega interpolanta nad particijo. Stevilo prostostnih
stopenj globalne mreze je enako stevilu vozlis¢ simplicialne particije. V nadaljevanju so
obravnavane tudi simplicialne particije, ki niso enostavno povezane. Izkaze se, da lahko
ta lastnost particije poveca fleksibilnost mreze na njej. Ker lahko v aplikacijah pride
do nepredvidljivih naknadnih topoloskih sprememb particije, je v disertaciji obravnavan
tudi problem, kako razsiriti globalno mrezo preko luknje particije. V zadnjem poglavju
so izpeljana Newton-Cotesova kubaturna pravila nad mrezami d+ 1 Sopov na simpleksu.
Ta pravila so s pomocjo adaptivnega algoritma razsirjena tudi na simplicialne particije.
Pri tem ima kljuéno vlogo subdivizijski korak, ki zgosti mrezo d + 1 Sopov na simpleksu.
Ce je stevilo izracunov funkecijskih vrednosti kljuénega pomena, lahko dodatna svoboda
mrez d + 1 Sopov pripomore k obé¢utnemu zmanjsanju le-teh.

Kljuéne besede: interpolacija, polinom, ve¢dimenzionalen, mreza, baricentri¢ne koor-
dinate, simpleks, simplicialna particija, integracija, kubaturno pravilo, adaptivnost.

Math. Subj. Class. (2000): 41A05, 41A63, 65D05, 65D07.

vii






Contents

1 Introduction

2 (d+ 1)-pencil lattice
2.1 Definitions . . . . . . ..

2.2 Three-pencil lattice on a triangle . . . . . .. . ... ... 0oL

2.3 (d+ 1)-pencil lattice on a

simplex . . . . ...

2.4 Lagrange polynomial interpolant . . . . . . . . .. .. ... ... ... ..

3.2 Lattices on tetrahedral partitions . . . . . .. ... ... ... ... ...
3.3 Lattices on simplicial partitions . . . . . . .. .. ... ... ...
3.3.1 Operations on (d + 1)-pencil lattices . . . . ... ... ... ...
3.3.2 Extension to a simplicial partition . . . . . . ... ... ... ..
3.4 Lattices on simplicial partitions which are not simply connected . . . . .

3 Lattices on simplicial partitions
3.1 Lattices on triangulations
3.5 Extension over holes . .
3.5.1 The planar case .
3.5.2 Thecased>3 .
4 Newton-Cotes cubature rules

4.1 Newton-Cotes cubature rules over a simplex . . . . . ... ... ... ..

4.2 Lattice refinement . . . .
4.3 Adaptive cubature rules

Bibliography
Index

Razsirjeni povzetek

15
15
19
27
31

39
39
47
56
56
67
72
75
76
7

87
88
94
97

102

107

109






Chapter 1

Introduction

The approximation theory is one of the classical topics of numerical analysis. It is a basis
for numerical algorithms in various fields of applied mathematics. Polynomial interpola-
tion is particularly important, since it offers a closed form approximation function, which
can be used in implementations. Polynomials are the most easily handled in practice,
since they can be represented by finite information, evaluated in finite number of basic
operations and easily integrated and differentiated. Thus, there is a wide field of appli-
cations for polynomial interpolation in several variables, such as surface reconstruction,
cubature rules, finite elements, optimization...

A classical problem of approximation theory is the univariate Lagrange interpolation
problem. For a given set of interpolation points (also called nodes, knots or parameters)
x; €ER,1=0,1,... n, and given data y;, © = 0,1,...,n, one has to find a polynomial p,
such that

plz) =y, i=0,1,...,n.

It is well-known, that the problem has a unique solution (is correct) for any data y; iff
the interpolation points x;, ¢« = 0,1,...,n, are pairwise distinct. If some of the points
coalesce, we interpolate derivatives at these points. This problem is called the Hermite
interpolation problem. There are several ways how to express an interpolant. While the
Lagrange formula is appropriate only for Lagrange interpolation, the Newton formula
can be used also for the Hermite interpolation.

Although the univariate interpolation theory is very well understood, this is not
the case for the multivariate one. Here the problems arise even for such fundamental
questions as the existence and the uniqueness of an interpolant. Let us first present
some standard notation used in multivariate problems. The dimension of the space will
be denoted by d, an arbitrary point in R? by  := (21, 7,...,74)7, and the space of all
d-variate polynomials with real coefficients by I1¢. Further, the subspace of polynomials
of total degree at most n, will be denoted by I1¢. Tt is formed by polynomials
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where @ = (aq, g, ..., aq)T, a; € Ny := NU {0}, is a multiindex vector with the length
la| == 3% oy, and cq € R. Moreover, * denotes the monomial ' x3? - -- 257, Tt is

easy to prove the following lemma.
LEMMA 1.1. The dimension of the space I1¢ is equal to (”;d).

Proof. Since there are (Hl‘j_l) ways in which & undistinguishable balls (exponents) can

be distributed into d distinguishable boxes (variables), it follows

" (k+d—1 n+d
im I = = .
it =32 (7)< ("3

k=0

We will also need the following notation:

Oﬂgaﬁﬁigai, i:1,2,...,d,

e al:=alag! -y,
a a ol
. 54y ()xayﬁ, ():—
@ro®=2 g 8) " Blla—p)
e D= piipge... Do, priim O
1 2 d % axlal

The multivariate Lagrange interpolation problem can now be stated similarly as the
univariate one.

DEFINITION 1.2. For a given N-dimensional subspace P C 11, a given set of distinct
interpolation points ¢; € RY, i = 1,2,..., N, and given data y; € R, i =1,2,...,N, a
polynomial p € P, for which

p(.’l:l):yl, i:1,2,...,N,

15 called a Lagrange interpolating polynomial for the given interpolation space, points
and data.

Usually the data y;, i = 1,2,..., N, are sampled from some function f : R — R, and
the definition can be reformulated to

DEFINITION 1.3. For a given N -dimensional subspace P C I1¢, a given set of distinct
interpolation points ¢; € RY, i = 1,2,...,N, and a given function f : R* — R, a
polynomial p € P, for which

p(.’l)z):f(xz), i:172,...,N7

is called a Lagrange interpolating polynomial for the given interpolation space, points
and function f.




The phrase multivariate polynomial interpolation has been first used in 1860 and 1865
by W. Borchardt and L. Kronecker. It was also mentioned in the work of the Prussian
Academy of Sciences, the Encyklopadie der Mathematischen Wissenschaften, where one
type of the multivariate interpolation, namely (tensor) products of sine and cosine func-
tions in two variables, has been presented. The French counterpart, the Encyclopédie de
Sciences Mathematiques, also contains a section on interpolation. They have the follow-
ing opinion: “It is clear that the interpolation of functions of several variables does not
demand any new principles because in the above exposition the fact that the variable
was unique has not played frequently any role.” In spite of this negative assessment, the
multivariate polynomial interpolation has received increasing further attention. More
about the history in the field of the multivariate polynomial interpolation can be found
in [29].

In the univariate interpolation, the space of polynomials II} is an example of a Haar
space.

DEFINITION 1.4. An N-dimensional linear subspace V' of all continuous functions is
called a Haar space of order N, if for any set of N pairwise distinct interpolation points
2z, €RY i=1,2,...,N, and data y; ER, i =1,2,..., N, there exists a unique function
f eV, such that

flz:))=vy;, i=1,2,...,N.

Unfortunately, there are no Haar spaces of order greater than one for the d-dimension-
al case, where d > 1. This is one of the most significant differences between the univariate
and the multivariate interpolation.

While in the univariate case n + 1 points will always be interpolated by polynomi-
als from the space II., it is not clear, which interpolation subspace to choose in the
multivariate case for a given set of interpolation points. Namely, the dimensions of the

standard polynomial interpolation spaces belong only to some subset of N. For example,

for TI¢ this subset is
d+2 d+3
d+1 .0 CN.

Hence it is not possible that the interpolation problem will be correct in such a space
for an arbitrary given set of interpolation points. In other words, the first fact is, that
the number of interpolation points has to match the dimension of the polynomial inter-
polation space. But even if this is true, the interpolation problem does not always have
a solution or the solution is not necessarily unique. Consider the following examples:

e Take three interpolation points in the plane. If they are not collinear, we can
interpolate at those points by a unique polynomial from the space I13. Suppose
now that they are collinear. Then the given function f, which we interpolate, has
to be linear over the line containing interpolation points, otherwise no interpolating
polynomial exists. But on the other hand, if f is linear over this line, there are
infinitely many different interpolants.
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e Take now 6 planar interpolation points on a unit circle 22 +y? — 1 = 0. Suppose
that p € II3 is an interpolating polynomial for given data at those points. Then
p(x,y) + 2? + y* — 1 is an another interpolating polynomial for the same data
(Figure 1.1).

Figure 1.1: Two different interpolants from IT3 for the data on a unit circle.

In general we have the following definition.

DEFINITION 1.5. Let P C II¢ be an N-dimensional interpolation subspace. The
Lagrange interpolation problem on a set of N interpolation points T1,Zs,...,xx € R? is
called correct in P, if for any data y1,ys,...,yn € R, there exists a unique polynomial
p € P, such that p(x;) =vy;, 1 =1,2,..., N.

Some authors rather use terms poised or unisolvent instead of correct. The term
unisolvent set for the set of interpolation points is also very common. It is straightforward
to prove the following two theorems (see [31], e.g.).

THEOREM 1.6. The Lagrange interpolation problem with respect to interpolation
points X is correct in a space P C I iff the interpolation points X do not lie on
any algebraic hypersurface, with the polynomial, which represents the hypersurface in the
implicit form, being in P.

THEOREM 1.7. The Lagrange interpolation problem with respect to interpolation
points X is correct in a space P C 1% iff the Vandermonde matriz of the linear sys-
tem

anxf‘ = f(z:), =z €X,

[0

18 nonsingular.

Since the main emphasis of the thesis will be given to the multivariate Lagrange
interpolation, we have only considered this case until now. But it seems this is the right
point to say something about the multivariate Hermite interpolation, too. When some




of the interpolation points coalesce in the univariate case, the interpolating polynomials
converge to the Hermite interpolating polynomial which interpolates function values and
derivatives. In general, this does not hold in more variables, since here things become
even more complicated than in the multivariate Lagrange case. There exist interpolation
problems which are unsolvable only for some special selections of interpolation points
(as in the Lagrange case) and there are interpolation problems which are generically
unsolvable. The simplest example of the latter is the interpolation of a function f and
its gradient at two distinct points z; and z, in R?. This is the limit case of the Lagrange
interpolation problem at six points

Zj, $j+h61, $j+h62, j:1,2,

where the vectors e; and es are of the form e; = (6i,j)§:1, and ¢;; is the Kronecker’s
delta. This Lagrange problem is correct with respect to I3 for all & # 0 and almost all
choices of ; and z5. But, the original Hermite interpolation problem is never correct in
[12, for any choice of £; and 5. An interpolation problem is called singular for a given
space if the problem is not correct for any set of interpolation points. Note that the
Lagrange interpolation problems are never singular. For more details on multivariate
Hermite interpolation see [45], e.g.

We have seen that studying the multivariate Lagrange polynomial interpolation leads
to new questions and problems, which are not encountered in the univariate situation.
There are actually two important points of view. In the first approach, the interpolation
points are given in advance, for example they come from some measurements of physi-
cal quantities, and an interpolation space, which gives rise to the correct interpolation
problem is searched for. In the second approach, the problem how to construct the inter-
polation points that admit the correct interpolation problem for the given interpolation
space (in particular for I1%) is studied.

From interpolation points to an interpolation space

Let us first consider the situation, where a given set of interpolation points X :=
{Z1,Zs, ..., Zy} does not allow a correct interpolation in I1¢ for any n. This can be due to
the inappropriate number of points, or because the points lie on an algebraic hypersurface
of sufficiently low degree. Therefore, an another type of interpolation subspace in II¢
is searched for. However, it can be proved that there always exist several subspaces in
I14, which admit a unique interpolation, so one has to impose further restrictions to the
interpolation space. Let us introduce the following class of interpolation spaces.

DEFINITION 1.8. Let X = {x1,%s,...,zx} C R? be a set of interpolation points. A
polynomial space P C 11, is called a minimal degree interpolation space with respect to
X if

e P admits a correct interpolation, i.e., for any function f : X — R there exists a
unique polynomial p € P, such that p(z;) = f(z;), i=1,2,...,N.
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d

e P is of a minimal degree n, i.e., P C I1¢ and there exists no subspace in 11¢_,

which admits correct interpolation.

e P is degree reducing, i.e., if ¢ € I1¢ is any polynomial, then the degree of its
interpolant from P w.r.t. interpolation points X is not larger than the degree of q.

For a given set X of interpolation points there usually exist several minimal degree
interpolation spaces. There is only one exception: the minimal degree interpolation
space P is unique if and only if P = I1¢ for some n € N. Except for this case, we can
come from one minimal degree interpolation space to another by knowing the so-called
Newton basis of the interpolation space.

DEFINITION 1.9. Let X C RY be a set of interpolation points. If there exist two
subsets I, I' C {a, |a| < n}, an indezation X = {xo, a € I,} and polynomials N,
such that

o No(zg) = {

e No(zg) =0, acl, Bel,

1, a=p
0, otherwise

) a)ﬁ € ]’VH |ﬁ| S |a|7
o {No, a€ I, UI} is a basis of I1%,
then the set of polynomials {N, @ € I,} is called a Newton basis for X .

Moreover, the polynomials N, are called the Newton fundamental polynomials. The
following theorem indicates that the minimal degree interpolation spaces and Newton
bases are deeply connected ([42]).

THEOREM 1.10. A polynomial space P C 11¢ is a minimal degree interpolation space
with respect to X if and only if it is spanned by a Newton basis for X.

Let P C II¢ be a minimal degree interpolation space with respect to interpolation
points X and let N, a € I,, be a Newton basis for P. Then the set of polynomials

{Na+ o, @€ go €Iy, ga(X) =0}

is an another Newton basis with respect to X and any Newton basis can be obtained

in this way. Hence, the Newton basis and the minimal degree interpolation space P are
unique if and only if I1¢ N {q, ¢(X) =0} = {0}.

Let us now consider two examples of minimal degree interpolation spaces. Suppose
that

X, = {(0,0),(0,1),(1,0), (0,2), (1,1
X2 ={(0,0),(0,1),(1,0),(0,2), (1,1),(0,3), (1,2), (1,3)}

are two sets of interpolation points. It is trivial to see that the minimal interpolation
space for the points X, can not be a subset in IT2. Namely, if we would extend X, with

~—
—~
~—
—

w
~—
—~
~—
——




any two points to X}, interpolation points from X’ would not imply correct interpolation
in I1Z, since they would lie on an algebraic curve of degree 3 (product of three lines). Let

Iy = {(0,0),(0,1),(1,0),(0,2),(1,1),(2,0),(0,3),(1,2)}, I3 ={(2,1),(3,0)},

and

1y ={(0,0),(0,1), (1,0),(0,2),(1,1),(0,3), (1,2), (1,3)},
I = {(2,0),(2,1),(3,0),(2,2), (3,1), (4,0), (0,4)}.

Then
Xlz{xa:a, 05613} and XQZ{[EQZQ, 0614}.

Moreover, the Newton polynomials are equal to
1
'/\/'(070) (uv U) =1, ./\/’(071)(u,1)) =1, '/\/‘(110)<u7 U) =u, '/\[(072)<u>v) = ) U(U - 1)7

1
/\/(1,1)(%“) = uv, /\f(2,0)(U,U) = su(u—1), Af(o,:a)(%”) = EU(U —1)(v—-2),

1
2

1
Nagy(u,v) = 5“”(“ —1), Nug(u,v) = -uv(v—1)(v—2),

1
6
thus

P(X,) = Lin{N,, a € I3} = Lin {1, u,v,u? uv,v?, uv? v},
P(X,) =Lin{N,, ac l} = Lin{l,u,v,uv,vQ,uvz,v?’,uvg}.

For more information on this topic see [2], [30], [42] and [43].

From an interpolation space to interpolation points

Since it is hard to verify the algebraic characterization of the correctness, given in
Theorem 1.6, for example in the floating point arithmetic, many researchers (e.g., C. de
Boor, J. M. Carnicer, K. C. Chung, M. Gasca, J. Maeztu, G. M. Phillips, T. Sauer,
T. H. Yao) put their effort into finding appropriate sets of interpolation points, which
will, for a given interpolation space (I1¢, e.g.), imply the correctness of the interpolation
problem in advance.

We will now restrict the discussion to the most important interpolation space in
practice, namely to I1¢. Let us present some best-known and most often used techniques
for choosing sets of interpolation points {z1,Zs,...,Zy}, such that the interpolation
problem with respect to these points will be correct in I1¢. Clearly, this requires

d
N = dimI1¢ = <"Z )

The first and the most natural approach how to choose such interpolation points are
principal lattices on simplices in R? (for d = 2 see Figure 1.2, left), where the points are
intersections of d + 1 pencils of n + 1 parallel hyperplanes. Each point is an intersection
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of d 4+ 1 hyperplanes, one from each pencil. Clearly, the number of points obtained this
way is ("+d). The barycentric coordinates of lattice points w.r.t. vertices of a simplex

d
are
1
{—a, ac N lal=np.
n

In such a form, these lattices were first introduced in [40]. This paper apparently moti-
vated the construction in the paper [16], where K. C. Chung and T. H. Yao introduced
a very important property, called geometric characterization condition (see Figure 1.2).

DEFINITION 1.11. A set of interpolation points X = {x1,%s,...,ZN} satisfies the
geometric characterization (GC) condition, if for each point ; € X there exist hyper-
planes H; ;, j = 1,2,...,n, such that z; is not on any of these hyperplanes, and all points
of X\{z;} lie on at least one of them. More precisely,

goe| JHy; & i#l i l=12. N
j=1

Sometimes we will rather write GC,, instead of just GC, in order to emphasize

the number of hyperplanes, associated with a particular point. Moreover, let I'y =
{H;;,i=1,2,...,N,7=1,2,....,n}.

Figure 1.2: An example of a principal lattice (left) and an another lattice satisfying the
GC condition (right).

In the planar case, these sets have some interesting properties (see [8], e.g.).

PROPOSITION 1.12. Let X, |X| = (";2), be a set of interpolation points, which
satisfies the GC, condition. Then

(a) |T'x| > n+2 and each line from I'x contains at least two points from X;
(b) no line contains more than n + 1 points from X ;

(c) two lines, containing n + 1 points from X, meet at a point from X;

(d) three lines, containing n + 1 points from X, are not concurrent;

(e) there are at most n+ 2 lines containing n + 1 points from X.




The next theorem shows, why the GC,, condition is useful.

THEOREM 1.13. Let the set of interpolation points X = {%1,Zs,...,Zn}, N = (”;d),
satisfy the GC, condition. Then X admits a correct interpolation in the space 11%.

Proof. Let h; j(-) = 0 be the equation of the hyperplane H; ;. Then

N

=Y s ][

i=1 j=1

is the explicit solution of the Lagrange interpolation problem (for an arbitrary function
f) wrt. X in I1¢. Since N = (”:lrd), the theory of systems of linear equations yields the
uniqueness of the interpolant. Il

REMARK 1.14. The Lagrange fundamental polynomials

n

'Cz',n = H h ;Z)a

i P

where h; j(-) = 0 is the equation of the hyperplane H;; € I'x, are the products of linear
polynomials. Although this is always true in the univariate situation, it only holds for the
sets satisfying GC' condition in the multivariate case. However, it is a very important
property for the implementation.

It is not difficult to see, that principal lattices satisfy the GC condition, so they assure
a correct interpolation in I1¢ in advance. Let us now introduce additional two interesting
classes of GC sets (see [14], [15], [27], e.g.).

DEFINITION 1.15. A natural lattice of order n in R (for d = 2 see Figure 1.3, left)
is a set of (”Zd) points

X={zq, acN a;e{ii+1,...i+n}, oy < s},

n+d
i1=1

for which there exist pairwise distinct hyperplanes (H;) such that each o € X 1s

obtained as

DEFINITION 1.16. A generalized principal lattice of order n in R? (for d = 2 see
Figure 1.3, right) is a set of (":lrd) points

X ={%o, a € NI |a| =n},

for which there exist d + 1 pencils of n + 1 hyperplanes (H;,)"_,, 1 = 0,1,...,d, such
that each o € X 1is obtained as
d
T = ﬂ Hi,a,-‘
i=0
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Figure 1.3: Examples of a natural lattice (left) and a generalized principal lattice (right).

In the plane, we have the following proposition.

PROPOSITION 1.17. Let X C R?, |X| = (";’2), be a set of points, which satisfies
the GC,, condition.

(a) If X is a generalized principal lattice of order n, then there exist exactly three lines
containing n + 1 points from X.

(b) If there are exactly three lines containing n + 1 points from X and if n < 7, then
X is a generalized principal lattice of order n.

A special and a very important example of generalized principal lattices are so-called
(d 4+ 1)-pencil lattices (for d = 2 see Figure 1.4, left), where the hyperplanes of each
pencil intersect in a center, which is a plane of codimension two. These lattices will be
described in detail in the next chapter.

Another sets of interpolation points, which assure correct interpolation in advance,
are the so-called decreasing hyperplanes (DH) sets. In the planar case, the points of a
DH (or DH,,) set X are lying on n + 1 lines Lg, Ly, ..., Ly, such that

|LiﬁX\(L0UL1U~~ULi_1)|:n+1—z’, i:O,l,...,n.

There exists a well-known conjecture connecting DH and GC sets in the planar case. It
was stated in [28].

CONJECTURE 1.18. Ifaset X C R? | X| = (";2), satisfies the GC,, condition, then
it 1s a DH,, set.

On the other hand, it is trivial to find an example of a DH set, which does not satisfy
the GC condition (Figure 1.4, right). Conjecture 1.18 can be rewritten to an equivalent
conjecture.

CONJECTURE 1.19. Let X C R?, | X| = (";2), be a set satisfying the GC,, condition.

Then there exists a line containing n + 1 points from X.

If the conjecture holds, then there are at least three such lines ([12]). There are a lot
of papers concerning this conjecture (e.g., [5], [7], [8], [9], [10], [11], [12], [13], [35]), but
it still remains unconfirmed for n > 4.

Recently, an another family of unisolvent sets, called Padua points, was introduced.
For more details on these sets of interpolation points see [3],[4] and [6].
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Figure 1.4: A special case of a generalized principal lattice, (d + 1)-pencil lattice, and
an example of a DH lattice, which does not satisfy the GC condition.

Remainder formula

Here we will describe an approach to obtain the remainder formula for the multivari-
ate interpolation. Recall first the well-known univariate Newton approach. The main
idea is to solve the interpolation problem by beginning with a very simple subproblem
and then successively add more and more points to the interpolation problem and in-
crease the degree of the polynomial at the same time. Using the principle of divided
differences [z, z1,...,x,] f, the Newton form of the univariate interpolant and the re-
mainder formula can be written as

p(z) = Z[xo,xl, o) f H(x —x;), f(x)—px)=|x0,21,.. ., 20, 2] f H(m — ;).

If we try to extend the idea of the Newton interpolation to the multivariate case, we have
at least two options: we may either add one point at each step, or increase the degree of
the interpolation polynomial by one at each step, which corresponds to adding not one
but (kﬁzl) points at a time. This latter strategy is called blockwise Newton interpolation
and has been introduced in [44]. Suppose that distinct points z;,Zs,..., Ty € R, N =
(”:lrd), are given, which admit unique polynomial interpolation of total degree at most
n. Since the interpolation points can be re-indexed as

X ={%a, |a| <n},

in such a way that all interpolation problems based on the nested subsets
X = {%a, |o| <k}

are correct in I1¢, k = 0,1,...,n, there exist Newton fundamental polynomials
No €T, laf <n,

such that
Na(rg) = dap, 18] < la| <n.
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With these at hand, we are able to construct finite differences
)‘k-i-l[Xkax]fa k:_laoa"'ana
as

Nlz] f=fx), X[ Xix] f=M[Xpo1, 2] f — Z )\k[Xk—laxa]f'Na(x)-

|ax|=Ek

THEOREM 1.20. Let the Lagrange interpolation problem with respect to X be correct
in 114, Then the interpolant and the remainder formula can be written as

= > NalXjaj-1.Tal f - Na(z),  f@) = plE) = Ayt [ X, 7] f.

la<n

Computationally, we first generate the Newton fundamental polynomials by a Gram-
Schmidt orthogonalization process and then compute the finite differences by a triangular
scheme, similar to the one for univariate divided differences.

As an example let us consider the principal lattice

X = {(0,0),(0,1),(1,0),(0,2), (1,1),(2,0)}
of order 2 in R?. Then
Xo={(0,0)}, X1 ={(0,1),(1,0)}, X5 ={(0,2),(1,1),(2,0)},
and the Newton fundamental polynomials become
Noo(u,v) =1, Noy(u,v) =v, Nagl(u,v)=u,
N2y (u,v) = %v(v —1), Nup(u,v) =uv, Nagy(u,v) = %u(u —1).

We can now compute finite differences

Xol(u, )] f = f(u,v),
M[Xo, (u,0)] f = f(u,v) = £(0,0),
[Xh (u’ U)] (U +v— 1)f(07 0) - Uf(o’ 1) - uf<17 O) + f<u7v)7
Moo, (,0)] £ = 5 (00— 1)(2 —u—0)£(0,0) +*(2f(0,1) ~ (0,2)
+v(2(u—2)f(0,1) + f(0,2) + 2u(f(1,0) — f(1,1)))
+u(20u—2)£(1,0)+ (1—u)f(2, o))) + f(u,0).

The density plot of the error, given by Theorem 1.20, for the function

for == ) () w

is presented in Figure 1.5.
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Figure 1.5: Density plots of the interpolation error for the function (1.1) on planar
principal lattices of order 2,3 and 4, respectively. Darker the colour is, larger the error
is.

A remainder formula can now be obtained in a closed form by finding a representation
for the finite difference \,41[-] f in terms of certain derivatives of f (see [44]). According
to this, we have to introduce some new notation. Let

En ::{H: (”Ovll’l""?p’n)T7 H; GNg, |I'l']| :j’jzoalw"?n} (1'2)

be an index set. Elements of =, are called paths. For any path g € Z,, let us define the
quantities

Xy = ATy By 2T )
n—1
ﬂ-ﬁ = | INM]'( Hj+1)7
Jj=0
n l— ..
DM T Dm“’n_ Tpp—1"" Ppp_17 Tup_o Dwm_ Tpg

Further, let us introduce the simplex spline integral

/ f:/ f(u0y0+uly1++unyn>du,
[y07y17"'7yn] AZ+1

where
AL = {u:(uo,ul,...,un)T, u; >0,7=0,1,...,n, Zujzl} C Rt

is an n-simplex in R"*1. Now we can state the following result (see [44]).

THEOREM 1.21. Let Q C R? be a convex set and let X C Q. Further, let f € C"T(Q).
Then, for any x € €2

f(@)—p@)= ) N (&) 74

/ D, DLf.
[X;u x] o

HEEn 122
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More details on this approach can be found in [31] or [44], e.g.

Some other approaches that can be used to obtain the remainder formula for the
multivariate polynomial interpolant are given in [1] and [17], e.g.

In the thesis, an approach how to find appropriate sets of interpolation points for the
interpolation polynomial space I1¢ is studied. The special case of generalized principal
lattices, (d + 1)-pencil lattice, is considered, since this type of lattices is useful in many
practical applications, such as interpolation of multivariate functions, numerical methods
for multidimensional integrals, finite element methods for solving partial differential
equations... In the following chapter, (d + 1)-pencil lattice on a simplex in R? is studied
in detail. First, the closed form formula for a 3-pencil lattice on a triangle in the plane
is obtained, which is further generalized to the barycentric representation of a (d + 1)-
pencil lattice on a simplex in R%. In contrast to [38], this representation provides shape
parameters of a lattice with a clear geometric interpretation. To conclude the chapter,
Lagrange polynomial interpolant over a (d + 1)-pencil lattice on a simplex and its closed
form formula are derived. Chapter 3 extends these results from a (d 4 1)-pencil lattice
on a simplex to a global (d + 1)-pencil lattice on a simplicial partition. The extension is
based on the barycentric representation of a (d+1)-pencil lattice, given in Chapter 2. It is
shown how to construct a global (d+1)-pencil lattice on a given regular simply connected
simplicial partition with V' vertices, such that the lattice points agree on common faces
of adjacent simplices. Such a lattice provides at least a continuous piecewise polynomial
Lagrange interpolant over the given simplicial partition. It is proved that such a global
lattice in the plane and in the space has exactly V' degrees of freedom, that can be used
as shape parameters. Further, the conjecture, which states that the same holds for any
d-dimensional space, is confirmed. The chapter is concluded by observing more general
simplicial partitions, which are not simply connected (have holes). Since such simplicial
partitions often appear in practice, they have to be considered too. It is shown, how the
fact, that a partition is not simply connected, can be used to increase the flexibility of a
lattice. On the other hand, a local modification algorithm is proposed also to deal with
slight changes in the topology of a partition that may appear after a lattice has already
been constructed. In other words, the problem how to extend a lattice over a hole is
considered. In Chapter 4, Newton-Cotes cubature rules over (d + 1)-pencil lattices are
studied. Closed form cubature rules as well as error terms are determined. Further,
the basic cubature rules are combined with an adaptive algorithm and carried over to
simplicial partitions. The key point of the algorithm is a subdivision step that refines a
(d + 1)-pencil lattice on a simplex. Moreover, it is proved, that the additional freedom
provided by (d + 1)-pencil lattices may be used to decrease the number of function
evaluations significantly.

The results of the thesis are presented in the papers: [32], [33], [34], [36], [47] and
[48]. The first five have already been published, and the last is submitted.




Chapter 2

(d + 1)-pencil lattice

In this chapter, a (d + 1)-pencil lattice of order n on a simplex in R?, as a special case of
generalized principal lattices, will be studied. The lattice consists of (":l“d) points on a
simplex in R?, which are generated by particular d+ 1 pencils of n+ 1 hyperplanes. Since
(d + 1)-pencil lattice satisfies the GC condition, the Lagrange interpolating polynomial
over the lattice is uniquely determined.

2.1. Definitions

A d-simplex (or shortly simplex, when the dimension is known) in R? is a convex hull
of d + 1 distinct points T; € R% i = 0,1,...,d. For example, a 2-simplex is a triangle,
a 3-simplex is a tetrahedron, and a 4-simplex is a pentachoron. A single point may
be considered as a O-simplex, and a line segment may be viewed as an 1-simplex. The
convex hull of any nonempty subset of points T;, 7+ = 0,1,...,d, is called a face of a
simplex. Faces are simplices in lower dimensions. The O-faces are called the vertices, the
1-faces are called the edges, and the (d — 1)-faces are called the facets (see [21], e.g.). In
general, the number of k-faces is (ZE) Moreover, a k-simplex may be constructed from
a (k — 1)-simplex by connecting a new vertex with all original vertices.

Since for our purposes the ordering of the vertices of a simplex will be important, the
notation

A = <T0,T1,...,Td>,

which defines a simplex with a prescribed order of the vertices T';, will be used. The
standard simplex in R% on vertices

Tl:(ézd)d iZO,l,...,d,

]:1 Y

where

’ =7,
52"1' = { 0’ . j (21)
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is the Kronecker’s delta, will be denoted by
A= N3 C R
Furthermore, A%, | € R will denote a d-simplex

d .
Ag+1 ::<T0,T1,...,Td>, Ti:(5i,j)j:07 Z:(),l,...,d. (22)
A (d+ 1)-pencil lattice of order n on a simplex A consists of (”:lrd) points, generated by
particular d+1 pencils of n+1 hyperplanes, such that each lattice point is an intersection
of d+1 hyperplanes, one from each pencil. Furthermore, each pencil intersects at a center

C,cRY i=0,1,....d,

which is a plane of codimension two. Let us first consider the planar case. A 3-pencil
lattice on a triangle A is a set of (”;2) points, which are determined by 3 pencils of
n+ 1 lines. Each pencil now intersects at a center, that is a point in the plane, and each
lattice point is obtained as an intersection of precisely three lines, one from each pencil
(see Figure 2.1).

Figure 2.1: A 3-pencil lattice of order 5 on a triangle (T, T, T5) in R

Let us now consider higher dimensional cases. In order to determine the positions of
centers, a more precise definition of a lattice is needed. The lattice is actually based
upon affinely independent control points

P,ecRY i=0,1,...,d,

where P; lies on the line through the simplex vertices T'; and T';, 1, outside of the segment
T,T,;, (Figure 2.2). Note, that affine independence of control points P;, i =0,1,...,d,
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is equivalent to linear independence of vectors P; — Py, i = 1,2,...,d. Each center C;
is then uniquely determined by a sequence of d — 1 consecutive control points

PiaPi+1a"'>Pi+d—27 (23)
where

{Piy1,Pia,...,Piya 2} CC,NCiyy.

If d = 2, the centers C; are simply the control points P; (Figure 2.1), while for d > 2
more control points are needed to determine the centers (Figure 2.2).

\ Y /

\ /
oy
\\ o/

—
e
—_—
p——

Figure 2.2: A 4-pencil lattice on a tetrahedron (T, T, T, Ts) in R3, lattice control
points P; and centers C;.

Thus with the given control points, the lattice on a simplex is determined. Quite
clearly, the construction of the lattice assures

c;NnA=0, i=0,1,...,d,

and also that each C; is lying in a supporting hyperplane of a facet (T, Ti11, ..., Tivqa-1)
of A (Figure 2.2 and Figure 2.3).

Here and throughout the dissertation, indices of simplex vertices, control points,
lattice points, centers, lattice parameters, etc., are assumed to be taken modulo d + 1.
Wherever necessary, an emphasis on this assumption will be given explicitly by a function

m(i) := 7 mod (d + 1).
With d prescribed, indices considered belong to
Zas1 :=10,1,...,d} =m(Z).
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T3

T()A § > Tl

Figure 2.3: Two 4-pencil lattices of order n = 2,3 on a simplex A and the intersections
of hyperplanes through the centers of the lattice with facets of A.

Let us consider the set of particular multiindex vectors

d
Iff = {’)’ = (70,71, - - - ﬁd)T = Ng“, v = Z%‘ = n} . (2.4)
i=0

a _ [(ntd
- (7).

we will be able to represent all lattice points with multiindices in Z2.

Since

In the next chapter, two special mappings will be of a particular importance and will
significantly simplify further discussion. The first one is a natural bijective imbedding

. mr+1 r+1
u Zd+1 — Ny,

defined as

[y

.

w( (i) ) = (ij +(d+1)

b
Il

0 i=0

X (i — ik+1)> ; (2.5)

where

1, s>0,
x(s) 22{ 0

otherwise,

is the usual Heaviside step function. A graphical interpretation of this map (see Fig-
ure 2.4) explains also the second map

. r+1
w:Zyg, — N,

defined as

—_

r—

w (i) ) = DX (i = iksn) + X (ir = o). (2.6

i

The image of this map will be called a winding number of an index vector (ij);:().
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12 9

Figure 2.4: Let d = 4,4 = (3,1,4,2)" and r = 3. Then u(3) = (3,6,9,12)7 and w(z) = 2.

In order to shorten the notation, for j € Ny also the symbol

j—1 Js a=1,

o = ol = 1—aof 2.7
) , a , otherwise, 27)

11—«

will be used.

2.2. Three-pencil lattice on a triangle

The most trivial but probably the most important case in the practice, the planar case,
will be considered first. If one is looking for a three-pencil lattice on a triangle A, the
answer will undoubtedly depend on the coordinates of the vertices of A. But a general
approach should work for any given triangle. So it is natural to switch to barycentric
coordinates with respect to the vertices Ty, T and T'5 of a triangle A\, and apply a
simple transformation of coordinates for each particular case separately.

Let us recall the definition of barycentric coordinates.

DEFINITION 2.1. Let Q) be a convex polygon in the plane with vertices Ty, Ty, ... T,
n > 2. Functions V' : Q — R, i = 1,2,...,n+ 1, are called barycentric coordinates if
they satisfy, for all x € Q, the following three properties

n+1 n
Vi) >0, i=12....n+1, D V(@)=1 D v/"(@)T; ==z
=1 =0

Note that for z ¢ Q some of the coordinates v* are negative. This definition generalizes
the well-known triangular barycentric coordinates. For more details about generalized
barycentric coordinates see [22], [23], [24] and [25], e.g. As a special case, when n = 2,
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a polygon  is a triangle A = (T, T1,T5), and the second and third property alone
determine the three coordinates uniquely, namely

vol((z,T:,T5)) vol((To,z,T5)) 3

(T T T2 @ T el(To 1Ty @

V01(<T07T1,$>)

vi(z) = vol((Ty, T, T2))’

where
V01(< T,To,T3 >)

denotes the signed volume (area) of the triangle (1, zo, 23 ). For example, with

z=(z,y)" and T;= (2;,y)", i=12,

we have
1 1 1 1
V01(<$,T1,T2>) = 5 r T1 To
Yy Y1 Y2

The functions v : A — R, i = 1,2,3, are thus nonnegative linear functions and possess
the property
V(T;) = bi1;-

The notion of barycentric coordinates can be generalized also to higher dimensions. In

particular, if = A is a simplex in R?, then

Z(x) V01(<T0,T1,...,TZ',Q,(L',TZ',...,Td>)

v = ,
VOl((To, T17 ce ,Td >)

i=1,2,...,d+1, (2.8)

where vol is a signed volume in R?. For more details on generalized barycentric coordi-
nates in higher dimensions see [26], e.g.

The lattice points on a triangle A will be indexed by multiindices in Z2. In barycentric
coordinates w.r.t. vertices of A, they can be written as

Bn—k—j,k,j7 k7j 2 07 k +j S n, (29)
with known triangle vertices
Bn,O,O - (L 07 O)Ta BO,n,O = (07 17 O)T> BO,O,n - (Oa Oa 1)T

Let us write the centers in the barycentric form as

1 0 _ 3
1-& 1 1—=¢&
Co=| __% L Ci=| 124 | Ca= 0 : (2.10)
1—%& 13 1
0 1-g 1-&

where & > 0, i = 0, 1,2, are free parameters (Figure 2.5). Note that a special form of
barycentric coordinates is used in order to cover also the cases of parallel lines (§; = 1).
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Figure 2.5: A three-pencil lattice of order n.

The range 0 < & < 1 covers positions from the ideal line (line at infinity) to the vertex
T;, and 1 < &; < oo the half-line from T';;; to the ideal line (see Figure 2.6).

Recall that centers C; coincide with control points P; in the planar case and we will
use centers rather than control points in this section. Of a particular importance will be
a constant a > 0, defined as

a =&, &,6) = V& & (2.11)

If triangle vertices are not given in advance, a three-pencil lattice can be determined
by 3 centers, two lines that define one vertex of a triangle, and an additional line that
completely determines the geometric construction (see Figure 2.7). One can assume
that this construction starts at B, o, with B,,_101C as the chosen additional line (see
Figure 2.5). The first step to determine the points B,,_;_;x; is given in the following
lemma.

LEMMA 2.2. Let B, _y_jr;, k.7 > 0,k + 3 < n, be the barycentric coordinates of
lattice points of a three-pencil lattice, generated by centers C; given in (2.10). Then

Tk
Bn—k,k,O = 1—Tk , kZO,l,...,TL, (212)
0

where

a” — aF

a — ok 4+ (ak — 1) &’

Tk = Tk (o) == k=0,1,...,n, (2.13)
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Figure 2. 6 Different three-pencil lattices with parameters & = 1, & = 1 and & =

1 .
35> 750 3 5+ 1,2,3,10, 20, respectively.

ed
W%%

>

and « is defined in (2.11).
Proof. Suppose first that o # 1. Let us choose w € (0, 1), so that the point
l—w
U1 = 0

w

is on the edge B, 00Bo,0.,, and let £ denote the line connecting U; and C,. To start
with, let us assume

Ly := B, y,

and consider the following geometric construction for k =1,2,...,n (Figure 2.8):
e Forward step: determine a point U}, as the intersection of the lines CyL;_; and £.

e Backward step: determine a point Lj as the intersection of the edge B, 00Bon0
and the line C,Uy.

This “zig-zag” procedure produces points

Lo.U. Ly, ... U, Ly, (2.14)
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Figure 2.7: A geometric construction of a three-pencil lattice, determined by 3 centers,
two lines that define one vertex of a triangle, and an additional line.

that are clearly part of a three-pencil lattice for some triangle, since each is determined
as an intersection of lines from all the centers. We proceed to find a unique w € (0, 1)
such that the points (2.14) are the lattice points for the given A, i.e., the equation

Ln = BO,n,O (215)

is satisfied. This is the key point of our algebraic construction. Since the points Ly lie
on the edge B, 00Bo 0, their barycentric coordinates are

Pk (w)
Lk: 1—¢k(w) R k:O,l,...,n,
0

with

¢o(w) == 1.
The forward step determines the intersection point Uj,. Since we are dealing with
barycentric coordinates, it can be written as

U = mCr+ (1 — pg) L1 = prU1 + (1 — px)Co, (2.16)
and an elimination from the right-hand side equation yields

gy = —2U1=8) (G =D éalw)+1)
U @EmDEahre 2.17)

P = mﬂk-
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Figure 2.8: The “zig-zag” construction with & > 1.

Similarly, the backward step determines L; as
Ly = %C1+ (1 —7)Uy, (2.18)

with Uy, given by (2.16), and py by (2.17). However, the third component of Ly is 0,
which implies
(& —1)

T G =D +&(&—1)

But then the first component of (2.18) reveals the recurrence relation for ¢ (w), namely

aqﬁk_l(w) + b
C¢k_1<W) + d7

op(w) = do(w) :=1, (2.19)

where the coefficient matrix is obtained as

( CCL Z ) . ( il((gfib((“i - 22; w+ & (W (5_000—&1%2— (w—1)%) ) '

The difference equation (2.19) admits a closed form solution (cf. [39, p. 146])

1/J(W)k — &0182
(1 —&) Y(w)k +& (1 —&i&)’

on(w) = (2.20)

where
(1 —w+ wés) &

wH (1 —w)ééi

The numerator and the denominator in (2.20) have clearly no common root ¥ (w)*, and
the equation (2.15) simplifies to

Y(w)" = &&= ()" —a" = 0.

(w) = (2.21)
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But this is a well-known equation with solutions proportional to the roots of unity,

271

P(w) = a exp (—k) , k=1,2,...,n,
n
and with precisely one positive real root

Y(w)=a# 1.

From (2.21), it is now straightforward to derive

w:w_l(a):1+ 11a"—a'
§o&1 a—1
Obviously, 0 < w < 1, even if « — 1, since then
O L 1
= :]Z%oz” —n—1, w%m.

Finally, the claim (2.13) is confirmed by simplifying

= (v (a)).

Note that the expression (2.13) makes sense as o« — 1 too, namely

k=1
>, o
J=0

k1 k
- = - ’ k= 0,1, ,n—1,
a™ — ok n—1—k n—=k
Z an—1-J
Jj=0
and .
n—
_ 0,1,.
Tk%n—k—i-k'fo’ ) L y 1
This concludes the proof of the lemma. n

In order to continue, we will need another lemma.

LEMMA 2.3. Pappus’ hexagon theorem: Let {(;}3_, and {(;}>_, be two sets of con-
current lines. Then the lines, defined by the pairs of points

41 N 62,, 42 N fll; 61 N 63,, 63 N 61,; 62 N 63,7 63 N 62,7
are concurrent (see Figure 2.9, left)

Proof. See [20, Axiom 14.15]), e.g. O

The following theorem reveals the whole lattice.
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Figure 2.9: An example which illustrates the Pappus’ hexagon theorem (left), and an
example of an application of this theorem on a three-pencil lattice (right).

THEOREM 2.4. Suppose that the centers C; of a three-pencil lattice are prescribed by
& as in (2.10), and that the corresponding « is determined by (2.11). Let

i—1
v =l wi::E vj, 1=0,1,...,n.
7=0

The points of a three-pencil lattice of order n are given as

Uk+jWn—k—j
Vg jWn—k—j + (Vjwr, +w;61) &o

Up— Wk
B, i jr;= Vp— kWi + (Vp—p—jWj + Wn_k—;&2) &1 . (2.22)
Up—;W;

Up—jW;j + (VgWn—k—j + Wi&o) &o

Proof. Let us prove (2.22) constructively. Consider Figure 2.5. The point By, ; is
clearly determined by the line CyB;j,_j, and it is enough to compute the second com-
ponent only. With the help of Lemma 2.2 and (2.13), it turns out that

(a" — o) &6 B a” —al s
(@ D) T (o — )bl o (- Dg &)

since {p&1€2 = . Similarly, the third component of the point B,,_j_; o x+;, determined
by the line C1B,,_k—; k+j0, 18

(akJrj _ 1) 5051 B a — k=i

an —akti 4 (akti — 1) &€ an —anhi 4 (anh - 1) &

= Tn—k—j (§2> .
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Lines C9B,,_k k0 and C1B,,_i_j ¢ x+; are not parallel, so they meet at some point which
is the lattice point B,_;—j 1 j,

a™ — Oék+j
a — okt 4 (aFH —od 4 (od — 1) &) &
n n—=k
a’ — o
B, . .. — ' : , 2.23
k—j,k,j a" — an—k 4+ (an—k — qn—k—J + (an—k—] — 1) 52) & ( )
a — o™

am —a" I+ (a7 —aoF + (oF — 1) &) &

iff it lies on the line CyB,—;; too. In order to show this, one may base the argument
on Lemma 2.3 and Figure 2.9 (right). The substitution stated in the theorem and (2.23)

conclude the proof. Il
The points B,,_j_;x,; can be computed efficiently and stably, avoiding any cancella-
tions. Indeed, one is able to obtain v;, w;, ¢ =0,1,...,n, in
2n+ O(1)

floating point operations only.

Let us conclude the section with a numerical example and compute the barycentric
coordinates of three-pencil lattice points with n = 3 by using formula (2.22). Let & =
1/2, & =1/6 and & = 3/2. Then aw = 1/2 and

1

Ui:i’ wi:2—2i_1, i:O,1,2,3.
The barycentric coordinates are then equal to

9 1\" 2 1\"

Bsoo = (1,0,0)" Byo1 = —,0, — Bioo=(=,0,=
3,0,0 (7 ) ) ) 2,0,1 (107 710) ) 1,0,2 (37 73) )
32 \" 33 1\"

Boos = (0,0,1)7 Byio= (2,20 B,=(222
0,0,3 ( y Yy ) ) 2,1,0 (5757 > ) 1,1,1 (77777) )

1 1\" 13 \"
Boia=(0,>,2 Biso=(-,%,0
0,1,2 ( )272) ) 1,2,0 (4747 > )

Boor — (0,2, 2 ' Byso = (0,1,0)"
0,2,1 — 711711 ) 0,3,0 — ) Ly .

2.3. (d+ 1)-pencil lattice on a simplex

In this section, the barycentric representation of a three-pencil lattice on a triangle will
be generalized to a (d + 1)-pencil lattice on a simplex (see Figure 2.10 for d = 3).
Although a similar geometric construction as in the previous section can be applied,
the generalization will be based on the approach introduced in [38]. This approach
heavily depends on homogenous coordinates, and a nice illustrative explanation can be
found in [41], where the cases perhaps most often met in practice, i.e., d = 2 and d = 3,
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Figure 2.10: Two different four-pencil lattices on a tetrahedron in R3.

are outlined. Here our goal is an explicit representation in barycentric coordinates, since
this enables a natural extension from a simplex to a simplicial partition, that will be
presented in the next chapter.

A (d + 1)-pencil lattice of order n on the standard simplex A% C RY, as introduced
in [38], is given by free parameters

a>0 and B:=(0o.p,....0)", B >0, i=0,1,....d.

Control points P; = P; (a, 8) of the lattice on A¢ are determined as

T
I
P, = —F.0,0,..., ,
’ ﬁl—ﬁo‘T/
T
Bi Bit1 .
P, = 0,0,...,0, , ,0,0,...,0 , 1=1,2,...,d—1,
T Bi — Biv1 Biv1 — B 7{7’
T
Ba
P, = 0,0,...,0, ———m . 2.24
I Tﬁd—@"ﬁo ( )

If 841 = f; for some 0 < i < d (and o = 1 if i = d), then the control point P; is at the
ideal line. Recall (2.7). Lattice points are then given as

(Q‘Y) WGNS = (Q'y (O./, ﬁ)) veNg ;

[v[<n v|<n

where

Q. (,pB) = % (51@‘7‘_71 (1], , BoaYIm = V2], , B =127 [Valy s - - - Bac’ [Vd]a)T,
(2.25)
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and

D= ﬁoalvl [n— |'Y|]a + Bla‘“”‘"“ [Vl]a + 52a|7|—71—v2 [72]a R gd@o [%l]a

Since the points P;, T; and T';,, are collinear, the barycentric coordinates of P; w.r.t.
A, which will here be denoted by P; a, are particularly simple,

T
1 &i .
Pi,A: 0707"'707 y 70707"'70 7220717"'7d_17
_,_/1—& 1—&7,—/
i —1—i
T

&a 1
Pipn = |- 00,...,0—| . 2.26
e T 220

where
6 = (507517 e 7£d)T

are new free parameters of the lattice. Quite clearly, & > 0, since P; is not on the line
segment T,;T; 1. Again the range 0 < & < 1 covers positions from the ideal line to the
vertex T';, and 1 < & < oo the half-line from T';,; to the ideal line (see Figure 2.6, e.g.).
Recall that a special form of barycentric coordinates is used in order to cover also the
cases of parallel hyperplanes (¢ = 1). If all of the control points that determine the
center C; are on the ideal line, so is C;, and the corresponding hyperplanes are parallel.
We are now able to give the relations between parameters 8 and &.

THEOREM 2.5. Let A C RY be a d-simplex, and let the barycentric representation
P, nr,i=0,1,...,d, of control points P; of a (d+ 1)-pencil lattice on /\ be prescribed by
€= (&,&,...,8)7T as in (2.26). Then the lattice is determined by parameters o and
that satisfy

%:ng, i=1,2,....d (2.27)

Proof. An affine map A carries A to the standard simplex

A= (Ty,Ty,...,Ty), T;i=(0:,)"

j=17

where the lattice is given by (2.25) with the control points (2.24). The i-th barycentric

coordinate of a point £ = (x1,79,...,24)7 w.r.t. A is obtained by (2.8) and can be
written as
! d
V01(<T07T17"'aTi—ZaxaTiy---aTd>) 1_21'], ’L:]_,
= , (2.28)
vol (A?) j=1
Ti—1, 222,3,,d—|—1

Thus it is straightforward to compute the barycentric coordinates of (2.24) w.r.t. A4
The inverse map A~! brings control points (2.24) as well as the lattice from A< back to
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A. But barycentric coordinates are affinely invariant, so the barycentric coordinates of
transformed control points w.r.t. /A do not change and are given by (2.26). Therefore

/81 _ 50
51_ﬁ0 1_607
Gi 1 . B
m = Tgi’ 2—1,2,...,d 1,
Ba 1

Ba — a™ By 1-&

This describes the system of d 4+ 1 equations for d + 1 unknowns

a, &, 1=1,2,...,d.
o
Since the solution is given by (2.27), the proof is completed. n

Note that, in contrast to parameters 3, the introduced parameters € have a clear
geometric interpretation, and can be used as shape parameters of the lattice.
Recall (2.4). The following theorem is a direct consequence of Theorem 2.5.

THEOREM 2.6. The barycentric coordinates of a (d + 1)-pencil lattice of order n on
a simplex N = (T, T1,...,Tq) w.r.t. I\ are determined by d + 1 positive parameters

€= (%.&,. .., &)" as
(B'y)-yezg = (B, (f))-yezg )

where
1 n—=20 n—7-71 n—%% o 0 !
B, = Do <04 [V0]a » S0 @ )y s €o€r @™ &= o] s &0 Lar @ [’Yd]a> ;
‘77
(2.29)
with
d
Dye =" [yol, + &a" " [y, 4.+ &b & [y, " =[] 4
i=0
Proof. By applying (2.27) and (2.28) to (2.25), one obtains
! | / I~ o1 )
B’y':mxu T = (Oé‘y [n_"y |]a7€0057 " [fyl]av"'aéo"'gdfla [fyd]a> )
where 1 = (1,1,...,1)T and 4/ € N¢, |4/| < n. To make the formula more symmetric, we
can, without loss of generality, replace the index vector 4 = (v,...,74)7 by the index

vector
7= (707,717"'77(1)717 Yo ::n_|7/|7

and (2.29) follows. O
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(4,0,0 3,10 (2,2,0 1,30 0,4,0 0,0 1,0 2,0 3,0 (4,0

Figure 2.11: Indices of lattice points: v = (Y0,71,---,7)", |7 = n, (left), and v’ =
(’717 Y2y 7’7d)T> |’Y/| < n, (I'lght)

Note that &; appears in (2.29) implicitly, since a™ = H?:o &.

Moreover, the indices 7 in (2.29) are determined by hyperplanes H; ; such that

d
B, = ﬂ Hip, s
i=0

where H; ; is the (j+1)-th hyperplane passing through the center C';1;. Since |y| = n, one
can drop any fixed component of the index, and the lattice points will still be uniquely
denoted. SO? with Y= (707 Y15 - - 77d)T and ’yl = (’YIa V25 - 7’7d)T7

{B,, 7€ Nit |y =n}  and {By., v'€ N¢, |y'| < n} (2.30)

refer to the same set of points (see Figure 2.11).

2.4. Lagrange polynomial interpolant

In this section, the Lagrange interpolating polynomial over (d 4 1)-pencil lattice will be
considered. One of the main advantages of lattices satisfying the GC condition is the
fact that they provide an explicit construction of Lagrange basis polynomials as products
of linear factors. Therefore some simplifications can be done in order to decrease the
amount of work needed. Details on how this can be done in the barycentric coordinates
are summarized in the following theorem.

Let (v)x denote the k-th component of a vector v.

THEOREM 2.7. Let a (d+ 1)-pencil lattice of order n on a simplex /\ be given in the
barycentric form by parameters & = (&o, &1, - - - ,fd)T as in Theorem 2.6 and let data

feR yeTi={v=(0m. " €N ol =n},

be prescribed. The polynomial p,, € 1% that interpolates the data (f-) at the points

vET]
(By)eza is given as

d
pa(®) = pa(m:€) = > fyLy(x:8), TERMLD =1 (2.31)
=0

yeTd
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The Lagrange basis polynomial L+ is a product of hyperplanes, i.e.,

d vi—1
£5(a:) = [ [] hiial:©). 2:32)
where | -
Rijny (2;6) = ﬁ (xz + <1 — ﬁ) i (%f)) , (2.33)
[n _j]a
and »
v 1 n— 5] 1
g (z;€) == Z -1 Lt Ciy = 1- " < .
t=i+1 kl;[fk < [ ]a ) (B’Y)i_H

Proof. Let v € Z% be a given index vector. Let us construct the Lagrange basis polyno-
mial £, that satisfies

17 ,: b
£7(B7/;£):{ 0 7/7&1

Based upon the GC approach, this polynomial can be found as a product of hyperplanes
H; ; with the equations

hi,j,a’:O, j:0717"‘7’7i_17 Z.:O,].,...,d,
where H; ; contains lattice points (see (2.30))
B‘Y/’ fylez'rczlv 'Vz{zj-

Quite clearly, the total degree of such a polynomial is bounded above by

But, for fixed 7 and 5,0 < j < v; — 1, a hyperplane H;; is determined by the center
C,;1 and the point U at the edge (T;,T;,1) with the barycentric coordinates w.r.t.
(T;,T;:1) equal to (see (2.29))

( (), = [n = dla [n— o & ]aé)T‘

e e e e I O (O e R I N S

The equation h; j~ = 0 is by (2.3) given as
det ($,U, Pi+17Pi+2>---7Pi+d—1) = 0. (234)

Let us recall the barycentric representation (2.26) of P;. A multiplication of the matrix
in (2.34) by a nonsingular diagonal matrix

diag (1,[n], — [0 —jloa + [0 = jlo &1 = &ivrs 1 — &gy s 1 = &ia1)
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and a circular shift of columns simplifies the equation (2.34) to

Z; Lit1 e e Lit+d
[n]o —[n—=dle [n—=Jla&
1 —&it1
det 1 _ §i+2 = 0.
1 - §i+d71

Recall that indices are taken modulo d 4+ 1 here. A straightforward evaluation of the
determinant yields

[n = Jla (kaz)xz Jlo = [0 —Jla) Z (Hﬁk)za

t=i+1

and further
(= flg i — (0], — [0 =41 Y Hl zy = [n—jl,z; — ([n], — [n—J],) @ (z:&) = 0.
t=i+1 kl;lfk

If 7 > 0, this gives also a relation

PV
L 7 R 25)

for a particular = that satisfies (2.34). Note that 0 < j < 7; < n. Now the equation of
the hyperplane h; ;, can be written as

[n —jla i — ([n], — [n —Jjl,) @ (z: )
hij- (z:€ a . 2.36
Al ey 7 e (e e -7 R
Consider now an index vector 4" # <. Since |9'| = |y| = n, there must exist an index

i, 0 < i < d, such that 7, < ;. So ~; appears as one of the indices j in the product
(2.32). Thus

Ly(By;€) =0
But from (2.36) one deduces
Ly(By;§) =1
Furthermore, if we can prove that
n — %Yil,
q; (B'ﬁ ) = | . (B‘Y)i.H ) (2.37)

n]o = [0 = 7ils

then (2.36) can be simplified to the assertion (2.33). Note that the lattice point with
barycentric coordinates B., does not satisfy (2.34), thus (2.35) can not be used for it.
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By simplifying the left-hand side of the equation (2.37), one obtains

¢ (Byi€)= > (ka Q" ) + i (H&H&k [%]a>

t=i+1 \k=0
i—1 d =
= Hgk ( Z Q0T [’Vt]a + —~ Zan—vo—---—w [%]a> )
k=0 t=i+1 t=0
On the other hand, the right-hand side of (2.37) can be written as
[n—%] ’YZ 72] —Y0—---—Vi
a Z flc QN0
[n]a o [n - fyl]a a H n - 71]
7],
50 Yilo
Thus we have to prove that
=
n— —.. - - e Yi— n—1
Jt,oa o "1, +Za ST T ] =TT (T a L+ o)
(2.38)

Since the left-hand side of (2.38) can be rewritten to

a P (l+a+...+a™ )+ 4a 0T (I+a+...+a” )

+a 0T (It a+ o+ a4+t at .+

1
=q 0Tl 4aH4. . o]
a

the proof is completed. Il

Note that h; ;~ in (2.33) depends only on the (i+1)-th component of the correspond-
ing point B.. This is not obvious from the classical representation of Lagrange basis
polynomial, and is vital for an efficient computation.

Let us now give some remarks on how to organize the computations. Let A be a
simplex in R¢ with vertices V;, i = 0,1,...,d, given in Cartesian coordinates. The
Cartesian coordinates of lattice points are

X, Z ]H V. (2.39)

Let us use formula (2.39) on a trivial example. Let d =2, n =2 and

Vo=(0,00", Vi=(20)", V,=(1,1". (2.40)
Then
o 5051 4
B =(1,0,0)", B :< 0, ) : B = (0,0,1)"
2,00 = ( ) (1,0,1) oy 0,02 = ( )

Bowm— (- % o\ o= (o &\ B = (0,1,0)7
(1,1,0) &+€07a+£0a ) (0,1,1) 7Oé+€1705+£1 ) (0,2,0) ) Ly
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and
&& &bk )T T
X =(0,0)", X = , ¢ = (1, 1",
200 = (0,0) (1,0,1) (a 6 ot £ 002 = (1,1)
28 g 20+& & g T
X110 = (OH—&)’O) , X)) = ( otéata) X020 = (2,0) .

If one is looking for an explicit representation of the Lagrange interpolating polyno-
mial
pn(“a&)a u= (ulau27"'7ud)T eRd)

over the given /A, the symbolic system

J

d d
(Vj>il’jzuz‘, i:1,2,...,d, ijzL
=0 =

has to be solved. This leads to the solution of the form
Z; :gj('u,), ]:O,l,,d (241)
For d = 2 and vertices (2.40), e.g., it follows

1 1
$0:1—§(U1+U2), xlzé(ul—ug), To = U3.
After inserting (2.41) into (2.31), one obtains the interpolating polynomial p, (u; &) over
the lattice on A.
Let U be an arbitrary point in A now. We would like to evaluate the interpolating
polynomial p,, at the point U efficiently (see Figure 2.12).

Figure 2.12: An evaluation of a polynomial at the point U.

The previous observation gives one of the possible ways, but one can use a more efficient
method by computing the barycentric coordinates U of the point U w.r.t. A. By
inserting U into (2.31), the desired value p, (U) is obtained.
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To conclude the section, let us consider the Lagrange interpolating polynomial

2
p3($a€)7 T c R37 sz = 17
=0

over a 3-pencil lattice of order 3, given on a triangle A := (T, T1,T>) in R? where
f~ER, ye€ Ig, are the prescribed data at lattice points.

v
A4 4

Figure 2.13: Lagrange basis polynomials L.,y € Z2, over a three-pencil lattice of order
n with parameters { = 2,& = 1/2 and & = 2/3, for n = 1,2, 3, 4.

By Theorem 2.7, the interpolating polynomial is equal to

p3(:8) = > frLy(w:8),

2
y€EI3

where L., v € 73, is determined by one of the following cases

150 hig: 3i, ;= 3,

o2+t &)’ | o
(O{Q((1+a+a2)]zni:;5k)> (hjy() Hk:O hz,k) ’ 3 1< J Vi = 27 7.7 = 17
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o2 +(a+1) [Tk &)’ 1 o
<a(2(1+a+a2)(1_][€2]1- 52)2) (hj’o [Ti=o hi,k) o Fi>g, =2, =1
=J

o +Eo(at1))”
(( 0‘25351 1 ) > (H?=O hi,O) ) Y= (17 L, 1)T7
with . A
[n_j]a_[n] [n_J]a_[n]a )
. X Liy2.

[n—Jl, & [n—Jl, & &in
The polynomials L over a three-pencil lattice with parameters {; = 2, {; = % and & = %
on a triangle A = ((0,0),(2,0),(1,1)) are shown in Figure 2.13.

hij(x;€) = x; +

(0]
Tit1 +







Chapter 3

Lattices on simplicial partitions

In this chapter, an extension of a (d+ 1)-pencil lattice from a single simplex to a regular
simplicial partition will be considered. Simplicial partitions are the most natural subdi-
visions of bounded complex domains. Lattices on regular simplicial partitions, where the
lattice points coincide on adjacent faces, are particularly important, since they provide at
least continuous piecewise polynomial interpolants. A simplicial partition in R? is called
regular if every pair of adjacent simplices has an r-face in common, r € {0,1,...,d — 1}
(see Figure 3.1 for d = 2). Furthermore, all simplicial partitions considered in the dis-
sertation are assumed to be finite. The barycentric representation of a (d + 1)-pencil
lattice, derived in the previous chapter, turns out to be a natural tool for the extension,
since it keeps clear track of geometric properties.

3.1. Lattices on triangulations

In this section, a three-pencil lattice on a triangle will be first extended to adjacent
triangle and further to a regular triangulation (see Figure 3.1). This will serve as a
basis for the similar study in higher dimensions. Since our aim is to obtain a global
three-pencil lattice on a regular triangulation, which will provide continuous piecewise
polynomial interpolants, every two adjacent triangles have to share all lattice points on
the common edge. This implies some relations between the center positions which are
revealed in the following theorem. Recall again, that centers coincide with control points
in the planar case.

THEOREM 3.1. Let A = (Ty,T1,Ty) and /' = (T, T}, T,) be given triangles, and
let the corresponding three-pencil lattices be determined by parameters € = (&, &1, &)T
and & = (&,&1,&,)T, respectively. Barycentric coordinates of lattice points at the edges

(Ty,Ty) and (T, T, ) agree iff

§06162 = €016, (3.1)
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Figure 3.1: Example of a regular triangulation (left) and an irregular one (right).

wn the case n = 2, and

5152 = 515;7 gO = 5(/)7 (a/ = a)’ or 505&55 =1, 565152 =1, (O/O‘ = 1) ) (32)
forn > 3.

In the proof of the theorem we will use a well-known Descartes’ rule of signs, given
in the following lemma.

LEMMA 3.2. The number of positive real roots of a real polynomial is bounded by the
number of changes of signs in the sequence of its coefficients. Moreover, the number
of positive real roots, counted with multiplicity, is of the same parity as the number of
changes of signs.

Proof. See [49], e.g. O
We are now able to prove Theorem 3.1.

Proof. Recall that the barycentric coordinates of lattice points can be written as (2.9).
Therefore, one has to verify

Bn_k’k’o == B;L*k,k,()? k — 17 27 .« ,n - 17 (33)
only. But then (2.13) simplifies (3.3) to

ak —1 o’k —1
k&] = T./k_gé, k:1,2,...,n—1, (34)

a/n

o — «
where
a =618, " =&,
Consider the case n = 2 first. Then (3.4) simplifies to

a—1 o —1

§o = &

04/2 _ Oé/

a? —«

and further to (3.1). Let now n > 3. Dividing equations in (3.4) for k = 1 and k = 2
leads to f(a) = f(), where

_afe?on o M
f(Oé) = (Oé n 1) (anfl _ 1) B Z;L:_ll (Oéj + Oéjfl).
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Since

1(3)- @Ta() ??;:"1)1) -

it follows @ = « or &/ = 1/a. Tt remains to prove that there are no other positive
solutions. Since f is nonnegative, it is enough to prove that f(a) = ¢, ¢ > 0, has at
most two positive solutions (see Figure 3.2). Since a > 0, the equation ¢ — f(a) = 0 is

f(@)
025}

0.20
0.15
0.10

0.05

Figure 3.2: Function f for n = 3.

equivalent to

(2_: (ozj + aj_1)> (c— fla)) = CZ_: (aj + ozj_l) — Z_:aj

7j=1 7j=1 7j=1
n—2
:c—|—2(2c—1) o +eca" =0
j=1

In the sequence of coefficients
c,2c—1,2c—1,...,2c—1,c

there are at most two changes of signs. By Lemma 3.2 there are at most two roots in
[0,00). The relation (3.4) for k£ = 1 now gives the desired results stated in the theorem.
It can also be easily verified that all solutions satisfy (3.4) for any suitable k as well. [

Let us simplify the notation in this section and denote the triangle vertices Ty, T,
T, by 0,1, 2, respectively.

Consider the following example. Let n > 3 and

So=5/4, & =2, & =2/3.

The relations between £ and &), outlined in Theorem 3.1, for the transformations o« — «

and o — 1/a, are
4 4
r_E r_
52_ 35{7 52 5517




42 Lattices on simplicial partitions

o
Q

%, 1,3 and the transformation

0¥ o

Figure 3.4: The lattices obtained for parameters £ = %, 1,3 and the transformation
a—1/a.

respectively. In Figure 3.3 and Figure 3.4, the lattices that correspond to points & =
%, 1,3 are presented for both cases.

Theorem 3.1 gives relations which assure that the lattice points agree on the common
edge for a particular labeling of triangle vertices. But, in order to construct a lattice on
the whole triangulation, similar results for every possible pair of edges would be needed.
Instead, only Theorem 3.1 together with rotations and mirror maps on the labels of
the triangle vertices can be used. It is well-known that these transformations form the
symmetric group S3. Reflections of the triangle around one of the angle bisectors give the
permutations (0 1), (0 2), (1 2), and the rotations are given by (0 1 2), (02 1), (0)(1)(2).
The question is how the group transformations transform the center parameters &;. By
(2.10), it is easy to verify that the rotation (0 1 2) yields

60 - 517 gl - 527 52 - §0a a — «, (35)
and the mirror map (0 1) gives
—&' G—& &—& a—a (3.6)

Since S3 is generated by (0 1 2) and (0 1), all the other transformations of centers can
be obtained by compositions of (3.5) and (3.6):

0)(1)(2) : §o — o, &1 — &, &2 — &, a— «,

021) o—&, & —& &—&, a—a,
(02): =& G—&, &L—&, a—al
(12) b—&, G—§&, &—=&', a—al
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A lattice on a given regular triangulation can now be constructed in the following way.
Choose an arbitrary triangle first and use Theorem 2.4 to obtain the lattice. Then repeat
the following steps until the whole triangulation is covered:

e add a triangle at a time in such a way that the obtained subtriangulation is simply
connected,

e use transformations from the group S3 and Theorem 3.1 to construct the lattice
on the new triangle.

Obviously, new triangles can be added in various ways. Here they will be added so that
the stars, also called cells (see Figure 3.5), at the boundary of the current subtriangu-
lation will be completed in the positive direction around the star’s inner vertex. Note
that a star of degree m in R? ([37]) is a triangulation with exactly one inner vertex (of
the degree m).

Figure 3.5: A star of degree 6 in R? with global three-pencil lattices of orders 2 and 4.

Theorem 3.1 points out that each triangle added to a regular simply connected tri-
angulation brings up an additional free center position unless the lattice points have
already been prescribed on two edges. This happens when a star around an inner vertex
is completed. In this case there are two additional equations to be fulfilled. The first
chosen triangle brings 3 degrees of freedom, every other triangle adds one, and every star
diminishes the degree by one as will be shown later on. Therefore one can conclude that
a global three-pencil lattice on a regular simply connected triangulation with V' vertices
has V' degrees of freedom. A more detailed analysis is given in the proof of the following
theorem.

THEOREM 3.3. Let n > 2. A global three-pencil lattice on a regular simply con-
nected triangulation T with V wvertices can be constructed by using Theorem 3.1 and
transformations from the group Ss (see Figure 3.7). There are V degrees of freedom.

Proof. By Theorem 3.1, the result obviously holds for two triangles. Consider now a star
of degree m. Let the starting triangle be chosen arbitrarily and let the rest of triangles be
numbered consecutively in the positive direction around the star’s inner vertex. Suppose
that on the i-th triangle a lattice is given by parameters

5((]1)7 ](_1)7 51)7 i:1727"'7m7
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where each £J(-i) defines a center C’;i) as in (2.10). Similarly, let each triangle be labeled
in the positive direction starting with the inner point of the star (see Figure 3.6). The
connections between parameters fj(-i) must be found so that the lattice points on common
edges will coincide.

Let us choose the parameters for the first triangle as fj(l) =¢&,7 = 0,1,2, and
consider the i-th and (i + 1)-th triangle (see Figure 3.6). In order to use Theorem 3.1,
vertices of the common edge of the triangles considered must be labeled by 0 and 1.
Therefore the transformation (1 2) = (0 1)(0 1 2) for which

Figure 3.6: Labeling of the i-th and (i + 1)-th triangle before the transformation.

- () B - () N S
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must first be used on the labels of the vertices of the i-th triangle. Now, Theorem 3.1
gives two possibilities, a — é and o — «. In the first case the required equations are
fulfilled iff

I ) LI & (3.7)
’ 12 R v 0:o oi ‘
and in the second case iff
i z 1 i z gi ' g 1
53 = §o = @ é = 0:&1 = 0 éZH) = _2 GR (3.8)
& & Ti iy

where a new free parameter o; follows from Theorem 3.1. In the case (3.7), induction
shows that

i—2 i1
&) = 50511_[ o & =0, &) = §2H o', i=2,3,...,m. (3.9)
j=1 Jj=1

Since the lattice points on the edge between the first and the last triangle must also
agree, the final step gives the restriction

m—1
H 0§11 =1
=1
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on the choice of parameters o;. Therefore, it is clear that in this case the lattice on the
star is determined by m + 1 free parameters. In the second case, expressions (3.8) imply
a distinction between odd and even m. For even numbered triangles, i.e., ¢ = 2k, one
obtains

k—1 k

@k 1 (Qk) (Qk) 1 -
0 5—21_[02]‘, HU HUQJ 1s 5 2]1 1

J=1

and for odd numbered triangles, i = 2k + 1,

2k+1) 2k+1 2k+1)
( €0H0-2j 1, ngO-Q_] 02] 1 6; €2H0-2] )

for i = 1,2,...,m. If the degree of the star is even, m = 2k, the lattice points on the
common edge between the first and the last triangle agree if

k
H o9i—1 = 1,
i=1

which gives m + 1 degrees of freedom. For odd degrees, m = 2k — 1, this is true if

k-1
HUzi =&&2 and &6 =1,
i—1

therefore the number of degrees of freedom drops for one, because the equation o = 1
must be fulfilled.

Since methods & — « and a — é can also be combined, the conclusions obtained
above yield the only restriction: the method @ — « in Theorem 3.1 must be used even
number of times for this particular labeling of triangle vertices. But triangle vertices
can be labeled arbitrarily. Each particular labeling determines the number of group
transformations that give o — é so that Theorem 3.1 can be used as explained. If this
number is odd (even), the method @ — % in Theorem 3.1 must be used odd (even)
number of times. That assures that the number of degrees of freedom is m + 1.

Suppose now that the lattice has already been constructed on a simply connected
subtriangulation 77 of the triangulation 7. In the next step of the algorithm pick a
vertex P at the boundary of 7’ and continue with the construction of the lattice on
the star S around P in the positive direction. The lattice on a subtriangulation S’ of
S has already been computed. Let the triangle in S’ that is adjacent to the starting
triangle in S\ S’ be denoted by AF, and the triangle in &’ adjacent to the last triangle
in S\ & by AL, Let each triangle in S \ &’ be oriented in the positive direction with
the point P corresponding to Ty. The same must be done for triangles A and AL by
using transformations from S3. The problem of determining the lattice parameters for
triangles in S \ &’ is now the same as for the star. As shown before, each new triangle
brings an additional degree of freedom, and the last triangle reduces the degree by one.
Therefore the number of degrees of freedom increases by the number of points added to
a triangulation. This concludes the proof of the theorem. O
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Since the case n = 2 is special in Theorem 3.1, the number of degrees of freedom in
this case can be larger than the number of vertices of the triangulation. More precisely,
the first chosen triangle brings 3 degrees of freedom, every other triangle adds two, and
every star diminishes the degree by one. Therefore, for a regular triangulation with E
edges there are E degrees of freedom.

Figure 3.7: Lattice on a regular simply connected triangulation.

Theorem 3.3 gives the impetus to state the following conjecture.

CONJECTURE 3.4. Let T be a reqular simply connected simplicial partition with V
vertices in RY. Then there exists a global (d + 1)-pencil lattice on T. Moreover, there
are V' degrees of freedom to construct it.

Let us now consider a numerical example of a global three-pencil lattice on a star of
degree 6 in R? (Figure 3.5) and let the vertices of triangles be labeled as in Figure 3.5,
left. Let first n > 2. Then by Theorem 3.3 the whole global lattice is determined by 7
parameters. Let us choose them as

3 2 4 3 n 4 d
I L R U L L

Then the particular local lattices are by (3.9) determined with parameters
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The whole global three-pencil lattice of order 4 is shown in Figure 3.5, right. Let now
n = 2. Then the global lattice is determined by 12 parameters. Let us choose them as
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60— (e e, 9
0 51 51 51 »51 » o5
T

3 1 2 9 4 9y 3 3y 4
3 9D 9y 2 9y 3 5 5 6) 1
§'=5 &'=3 &'=5 &' =1 =2 =z
Local lattices are now determined by
(4) (1) ’
: £J€
5(]): 6[) ) 1 a 0 j:172 75a

51 1 (e7e)

£® — ( (®), 1 556)551) )T
H?:l gl gO Hz 2 1)

The global three-pencil lattice of order 2 is shown in Figure 3.5, center.

To conclude the section, let us combine the results obtained here with the results in
Section 2.4, where Lagrange interpolating polynomials have been studied. We are able to
construct continuous piecewise polynomial interpolants over a triangulation (Figure 3.8).

3.2. Lattices on tetrahedral partitions

In the previous section, Conjecture 3.4 has been proved for the planar case. In this
section, our aim is to prove it for the case d = 3. Recall (Theorem 2.6) that the
barycentric coordinates of a four-pencil lattice on a tetrahedron A = (T, T1,T5,T3)
w.r.t. /A are determined by four free parameters & = (&, &1, &, &)Y, & > 0, as

(B+(&)) ez »
1

B, (§) = Do (@™ [y0], » Lo 07" [, 5 E010™ 2], 5 E061&a [73]Q)T7 (3.10)

Dye =" [yol, + &a" 707 ], + S&1a™ [, + &&i& (], and o =[] &
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>
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Figure 3.8: A surface over a star with two different continuous piecewise polynomial
interpolants.

The results which follow will be a basis for the extension of a four-pencil lattice from
a tetrahedron to a regular tetrahedral partition. As in the planar case, we will first
answer the question when two lattices on tetrahedrons A and A’ match on a common
face. Suppose first, that a common face is an edge (1-face). The following theorem is an
extension of Theorem 3.1.

THEOREM 3.5. Let A = (T, Ty, T, T3) and N = (T, T, T, T%) be given tetra-
hedrons and let (B(§)) <z and (B.,(f')),yel3 be the barycentric coordinates w.r.t. /A

and N of four-pencil lattices of order n, n > 3, on /A and /', respectively. The lattices
coincide on the common edge

<Ti0;Ti1>:<T;67T;/1>7 0<1<1 <3, 0§26<’l/1<3,

uf
i1—1 -1 i1—1 ih—1
ng: H{; and o =« | or Hﬁj:o{”Hg and o/a=1],  (3.11)
j=io j=il Jj=io J=ig

where o = H?:o & and o/™ = H?:o 137

Proof. By (3.10), the barycentric coordinates w.r.t. (T;,,T;, ), 0 < ip < iy < 3, of the
lattice on (T;,,T;, ) are

( a — ok (ak_l)H?:;ifj £>T’k_0

an —ak + (o — D]ASLE an — ok + (of — 1) [

J=t0

N P O
J=t0

Clearly, this corresponds to (2.12) and (2.13) with

i1—1
Tk = Tk <H6]> .

J=to
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Therefore the lattices coincide on (T, Ty, ) = (T, T} ), 0 <idp < i1 < 3,0 < i <
i <3, iff

Zl 1 k‘ ’Ll—l
_ak ng— o'n — /k ng k:1727--~an_1- (3.12)
j=io =i,

In Theorem 3.1 it was shown that for n > 3 the system (3.12) has precisely two solutions
and they are given by (3.11). O

REMARK 3.6. As in Theorem 3.1, we have more degrees of freedom for n = 2. In
this case, lattices coincide on the common edge iff

10—1 11—1
H&H&HS—H&H&H&
Jj=i J=i, Jj=i} J=to

By using barycentric coordinates one can similarly show that the lattices of order n,
n > 3, coincide on the common edge

(T3, Ti) = (T}, Th), 0<ig<iy <3, 0<ij<ig<3,

iff
i1—1 i—1 i1—1 ig—1
_..n /—1 ! _ _ 1—1 / _
Hfj—a Hfj and o =« | or H@—Hﬁj andaa=1]. (3.13)
J=io J=i} J=io =i}

Consider now two four-pencil lattices that share a lattice on a common triangle of
tetrahedrons A = (T, T1, T2, T3) and A = (T, T, T5,T5) (see Figure 3.9, e.g.).

T3 T3

Tl ° o © o

Figure 3.9: Matching of two lattices on a common face of tetrahedrons.

COROLLARY 3.7. Let A\ = (Ty,T1,T5,T3) and /N = (T, T}, T3, Ty) be given
tetrahedrons and let (B4(§)) ;s and (B,Y({')),YGI3 be the barycentric coordinates w.r.t.
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A and NN of four-pencil lattices of order n, n > 3, on A\ and /\', respectively. Let
a” —H] 0& # 1 and let

o / / /

’L()? 7/17

0 <ig<ip <ip <30 <0 <y <ify <3, be the common triangle of tetrahedrons.
Then the lattices coincide on /\ iff

ipp1—1 i1
II =11 ¢ *=01 awd o=a (3.14)
J=ik j=ij,

Proof. The lattices coincide on A iff they match on all three gdges of A. Recall (3.11).
Then for the first possibility, @/ = «, the lattices coincide on A iff (3.14) holds, and for
the second one, o/« = 1, iff

Tg4e—1 ol
Il =" 11¢ k=01 =12k (3.15)
J=ik J=i},
But from (3.15) we obtain o = a?, which is a contradiction, since a # 1. O

REMARK 3.8. Note that with the assumption o = 1 some further analysis could be
easier but we would lose a degree of freedom.

REMARK 3.9. Ifn =2, the lattices coincide on A iff

ig—1 i1~ igr1—1
HEJH§]H§—H§ H§ HEJ, k=0,1, and o =a.
Jj= lk+1 Jj= z,c j= Zk+1 =ik

The following corollary will be important for dealing with tetrahedral partitions.

COROLLARY 3.10. Let A = (T, T1,T2,Ts) be a tetrahedron and let (B(§)).css
be the barycentric coordinates w.r.t. /N of a four-pencil lattice of order n, n > 3, on A.
Further, let (B‘Y(f,))—yeﬂ be the barycentric coordinates w.r.t. /' of the lattice on [\,
where

A = <T67T/17T/2aT;>> = <TU(0)>TU(1)aT0(2)aTU(3) >7 (S C4a

and Cy is the cyclic group of order 4. Let o™ = H?:o & # 1. Then the lattices coincide
on A iff
§i=E&@, 1=0,1,2,3. (3.16)

Proof. The lattices coincide on A iff they coincide on all edges of A. Using relations
(3.11) and (3.13), Corollary 3.7, and the fact |o(i) —o(j)| = |i — j|, lattices match on the
edges <T, T]+1 > <Tg(j), To-(jJrl) >, j = 0, 1, 2, and <T{), T/2 > = <TU(0), TU(Q) > iff (316)
holds. It is then straightforward to verify the matching of the lattices on the other two
edges. O]
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In the following, our goal is to extend the global four-pencil lattice from two adjacent
tetrahedrons to a regular simply connected tetrahedral partition. This extension should
be done in such a way that the lattices on any two adjacent tetrahedrons coincide on
common faces of tetrahedrons (Figure 3.9). We will prove that such an extension exists
as well as that a lattice obtained in this way has the maximal possible number of free
parameters. More precisely, we will prove Conjecture 3.4 for d = 3. Firstly, consider a
particular case of a tetrahedral partition, i.e., a star in R3. Recall that a star of degree
m in R? is a tetrahedral partition with exactly one inner vertex (of the degree m). Note
that such a star has m + 1 vertices all together. We will now only consider lattices of
order n > 3. Similar analysis can be done for n = 2.

LEMMA 3.11. Let S be a star of tetrahedrons of degree V. — 1. Then there exists a
global four-pencil lattice on S and there are V' degrees of freedom to construct it.

Proof. Let us first prove the lemma for the minimal star Sy € R3, which consists of four
tetrahedrons (see Figure 3.10). Then we will show how an arbitrary star can be obtained

Z N
Figure 3.10: A minimal star in R?® obtained by gluing together four tetrahedrons.

from Sy. The triangle
<Tj07Tj17Tj2 >i7 jOalejQ € {0717273}7

will denote the facet of the i-th tetrahedron with vertices T';,,T,,,Tj,. Let S be the
triangulation obtained from a star S by removing the interior point of & and all its
incident edges. Further let the inner point of a star for all tetrahedrons in S be labeled
by T's and let the other vertices of tetrahedrons in Sy be ordered as in Figure 3.11. Here
and throughout the proof the most important is to assure that the common triangle of
any two adjacent tetrahedrons (i-th and #’-th) is of the form

(T, Ty, Ty, )i =Ty, Ty, Ty )iy Jo < j1 <Ja, Jo<j1 <o (3.17)

Note that we could also use some other ordering of vertices in So, which satisfies (3.17)
for all common triangles. Since Sy is a star of degree 4, we have to prove that there are 5
degrees of freedom to construct a lattice on it. Let the lattice on the i-th tetrahedron be
determined by parameters & ](z)’ 7 =0,1,2,3. We have to assure the matching of lattices
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Figure 3.11: Triangulation 50, obtained from a minimal star Sy by removing the interior
point T’ and all its incident edges, embedded in a sphere.

on the following common triangles (see Figure 3.11)

<T07T17T3>1 == <T07T27T3 >47 <T05T17T3>2 = <T1)T27T3 >47
<T07T17T3>3 <T07T17T3 >47 <T17T27T3>1 <T17T27T3 >27
<T07T27T3>2 <T17T27T3 >37 <T07T27T3>1 - <T07T27T3 >3’

By Corollary 3.7, all parameters fi , 73 =0,1,2,3, 7 = 1,2,3,4, are determined by 5
parameters &, 60, £, €0) and €2 as

T
g &"&

5(1): ( [()1)7§§1)7£§1)7 §1)> ) 6 (g(] 751 ) (1)7 05(2) > ’
0

T T
£ = (? are”, 60, ¢ ) €W = (?@ o, anel, & ) . (3.18)

0 0

Let E denote the number of edges, F' the number of triangles, and V} the number of
vertices of degree k in S. Since

2F =Y kVi and 3F =2E, (3.19)

the Euler formula implies

> k(6 —k) =12, (3.20)

Therefore, S must have a vertex of degree at most five. Because every edge of S must lie
on two distinct triangles, each vertex has degree greater than two. Thus there is at least
one vertex of degree 3, 4 or 5 in S. Let now &’ denote the star of degree V — 2. Any
new star S of degree V' — 1 can be obtained from S’ by one of the following operations.
Add a new vertex into &’ to split




3.2 Lattices on tetrahedral partitions 53

(a) one tetrahedron into three tetrahedrons (Figure 3.12),
(b) two tetrahedrons into four tetrahedrons (Figure 3.13),

(c) three tetrahedrons into five tetrahedrons (Figure 3.14).

T,

Figure 3.12: Adding a new vertex in order to split one tetrahedron into three tetrahedrons
(Clough-Tocher split).

All these operations add one new vertex to &', so we have to prove that for each oper-
ation the number of free parameters increases by one. The relations that determine the
parameters of three new tetrahedrons after the operation (a) (Figure 3.12) are similar to
the relations in (3.18) and thus this operation brings up one new parameter. Let us now
prove the same for the operation (b). Without loss of generality we can assume that the
faces f1, f2 € S , of two selected tetrahedrons, as also the newly obtained tetrahedrons
are ordered as in Figure 3.13. After a new vertex is added we have to assure the matching

T Ty

Figure 3.13: A new vertex splits two tetrahedrons into four tetrahedrons.

on common triangles

<T17T27T3>1 = <T07T1;T3 >A; <TO7T27T3>1 = <T0,T1,T3>C,
<T1>T27 3>2 = <T0,T1, 3>B7 <T07T27T3 >2 = <T07T17T3>D7
<T07T2) 3> :<T07T27 3>B7 <T1aT2aT3>A:<T17T27T3>C>
(T1,T2,T3)p = (T1,T2.T3)p, (T0,T2T3)c=(To,T2T3)p.
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Using Corollary 3.7, the number of degrees of freedom increases again by one. Indeed

T
6():<(1) 61 752 ) ) ) £ :(50 ) 5275156 753 > )
1
(4) _ ) & ) [ 8780 62 !
£ - 1 7 7514)750 5 ’ 5 - 1 > é_( 50 g ’
1
(1) T (1) (1) T
£ = <§0 1)7 £§A)7 %7 £§1)> ) € = (50 fl ) 51 é) ) (2A) ) §1)> .
51 1 51

The operation (c) splits three tetrahedrons into five tetrahedrons (Figure 3.14). Again,
without loss of generality, we can assume that the triangles f;, fo and f3 as also the
newly obtained tetrahedrons are ordered as in Figure 3.14. Now there are 10 common

2 D

Figure 3.14: Three tetrahedrons are replaced with five tetrahedrons.

triangles where the matching has to be assured,

{ =(To,T1,T3)a, ¢
< <T07T17 3>D; <
<T0,T1,T3 3= <TO>T17 3>B; <T07T2>T3
< <T01T27 3>C; <
< <T07T27T3 >E7 <
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and again Corollary 3.7 proves the desired fact. Indeed

T
0606060 é”=:<<”51,&§§ 3> ,

1

o &' g ' b o € '
G,O } @>, NE§&RQ€2@),
1

g (A T
®) eMee 52 5 () _ €02 (W) .
(3) 1S3 ) - (()3) g (2) ’f(A) 3 0 ,

1 1

e gy ' & '
¢’ (a#é &50 , ghéﬂ&%Q%i .

It is straightforward to verify that all other orderings of the triangles fi, f> and f3 before
the operations (b) and (c¢) and orderings of newly obtained tetrahedrons after these
operations provide the same results as soon as these orderings are such that (3.17) holds
for all common triangles. O]

We are now able to generalize Theorem 3.3 and thus to prove Conjecture 3.4 for
d=3.

THEOREM 3.12. Let T be a reqular simply connected tetrahedral partition with V
vertices. Then there exists a global four-pencil lattice on T which is determined by V
parameters.

Proof. By Corollary 3.7 the theorem obviously holds for two tetrahedrons and by Lemma
3.11 for a star. Suppose now that the lattice exists on a subpartition 7" of the tetrahedral
partition 7 and is determined by V' parameters, where V"’ is the number of vertices of
T'. Now take a vertex T at the boundary of 7’. Our goal is to prove the existence
of the lattice on 7/ U S, where § is a star around the vertex T'. We have to use the
procedure of Lemma 3.11 for S in such a way that the lattices on 7’ and S will match
on 8§ :=8NT' # (. Let the inner point of S be labeled by T'5 for all tetrahedrons in
S. Since the tetrahedrons in S’ already have prescribed order of vertices, we have to use
Corollary 3.10 to reorder these vertices such that the inner point of S becomes T'3 also
for all tetrahedrons in &’. Furthermore, Lemma 3.11 shows that in order to prove the
existence of the lattice on 7' U S, we only have to find such an ordering of the vertices
of tetrahedrons in S\&', that assures (3.17) for all common triangles in S (the relation
(3.17) already holds for all common triangles in &’). Note that if such an ordering exists
then it can obviously be produced by the procedure described in Lemma 3.11. Let
us describe one of the possible orderings of vertices of tetrahedrons from S\S’, which
satisfies the given requirements. Recall that the inner vertex of S should be labeled by
T'5 for all tetrahedrons in S\S’. Suppose now that S is obtained from &’ by adding a
tetrahedron at a time, such that the instantaneous & is always simply connected. In
each step a new tetrahedron can have a vertex that is not yet a part of the temporary
S. If so, then this vertex should be labeled by T'5, while the remaining two vertices have
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to be ordered in such a way that (3.17) holds for all common triangles. If not so, then
the vertex which has been added as the last one has to be labeled by T'5, while again
the same as before holds for the other two vertices. Thus we have proved the existence
of the lattice on 7' U S, and since 7' NS = &', the number of parameters that describe
the lattice increases exactly by the number of vertices added to the subpartition 7.
By continuing this process we finally prove the existence of the lattice on 7, which is
determined by V' parameters. [

3.3. Lattices on simplicial partitions

In this section, a (d+1)-pencil lattice will be extended from a simplex to a regular simply
connected simplicial partition in R?. Since the results from the previous sections can not
be directly generalized to a d-dimensional case, several additional tools and properties
of lattices will be presented. Finally, Conjecture 3.4 will be proved in general.

3.3.1 Operations on (d + 1)-pencil lattices

In this subsection, some necessary tools for extending a (d + 1)-pencil lattice from a
simplex to a simplicial partition are provided. Note that they pave a way to an important
part of numerical analysis, computer algorithms. Several theorems, which are closely
related to each other, are presented. The most important for the extension of a lattice
from a simplex to a simplicial partition is Theorem 3.18 together with its corollaries.
But the basis for all results in this subsection is the following theorem, which reveals a
restriction of a lattice to a face of a simplex (Figure 3.15). Recall first (2.5) and (2.6).

T3

Figure 3.15: A restriction of a four-pencil lattice on a tetrahedron to a three-pencil
lattice on one of its facets.

THEOREM 3.13. Let a (d+ 1)-pencil lattice on a d-simplex N = (T, T1,...,Tq) be
given in the barycentric form by the parameters & = (&, &1, - .. ,fd)T as in (2.29). Let
the indices

i = (ig,ir,...,i,) , 0<i;<d, whereir#1i; if k#3j, r<d, w()=1,
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determine an r-face N = (T, Ty,,..., T ) C A. A restriction of the lattice to A\ is
an (r + 1)-pencil lattice on A', with the barycentric coordinates w.r.t. /' determined by

&= (&,¢,. .. ,f;)T, where

j+1—1
H 5m(k)> j :()717"'77'7 (321>
k=4

J

L
£ =

and £ = (Ej);:é =u ((z’o,z'l, . ,z‘r,io)T> (see Figure 3.16).

REMARK 3.14. The product HZ:O & of all parameters of a (d+ 1)-pencil lattice on a
simplex A\ is equal to the product [;_, &), of all parameters of any (r + 1)-pencil lattice,
which is a restriction of the (d + 1)-pencil lattice to an r-face of A.

Figure 3.16: Parameters that determine a lattice on an r-face A’ C A.

Proof. Recall Theorem 2.6 first. The notation (v); will throughout the proof denote the
k-th component of a vector v. Let v € N |y| = n, be an index vector of a lattice
point generated by & over A’. The map

. r+1 d+1
o: Ny — N,

Vs Z]:k70§]ér

(60s = {

gives a relation between the index vectors of a particular point expressed in both lattices.
Thus

. k=0,1,....d,

otherwise

(Bo) (6)),€+1 =0, k#1;,0<5<r,

and one has to verify that

(Buw (€)= (B (€)),.,. 5=01....m (3.22)
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only. Let o™ = HZ:O &, and o™ = [],_, &,. Note that

(6] =il

so by (2.29)
Dy ()¢ (B¢> (5))ij+1

simplifies to

ij—1 Ny
(H§k> a0 (@)1 .. - (3.23)
k=0
Suppose the relations (3.21) hold. Then

r Lt —1

Hé—H IT &
Jj=0 k=¢;

But the assertion w(¢) = 1 implies the existence of a unique s, 0 < s < r, such that

0< Tsr1 < lgao < -+ <ip < \i0<i1<'~'<isl§d,

TtS 811
and
s —1 L1 —1 is—1
H H Emw) (H@m)) I ¢ | = 11 &
i=0 k=, k=to k=lsi1 k=it
J#s
with
ls41—1 d ts+1— 1
H Emk) = <H§k> ( H §k>-
k=, k=i k=0
Therefore
o =«
Similarly,
6—1
k=fo
and so
01 ‘
Dyg - (By(§)),,, = I énw | @ == [, (3.24)
k= (o

Note that (3.22) follows from (2.29) if the quotient of the expressions (3.23) and (3.24)
does not depend on j. A brief look at (3.23) at j = 0 reveals this quotient as

io—1 )
c— (H &) P SRR CIC)




3.3 Lattices on simplicial partitions 59

Indeed, the constant ¢ is a quotient of (3.23) and (3.24) if
= , 61
- =% Lo(@M)i1 — n=Y{_om
- (H gk) o 0 +1 II ¢ | @ 0 (3.25)
k=0 k={o

for 0 < j < r. To begin with, suppose that 0 < j < s. Then 1 = ¢;, 0 < k < 7,
ip <1 < --- <1ij, and the left-hand side of the equation (3.25) simplifies to

ij—1 . 0 -1 .
(H §k> an72t2¢0(¢>(7))t+1 — H gm(k) O/L—Zizo’%t?

k=ig k=/{o

as required. Now let j > s. Thus i; < iy and the left-hand side of (3.25) simplifies to

io—1 .
i—[ el RGO VLECIC) e
-y
Since
io—1 ij—1 d -1
[[&"] e = (ka) <H§kz) = 1] &
k=i, k=0 k=io k=(o
and .
ip—1 d i J
> == @)y =D ) =n =Y
t=ij+1 t=ig t=0 t=0
the proof is completed. n

As an example, let us consider a four-pencil lattice on a tetrahedron (T, T, T, T3 ),
determined by parameters &y, &1,& and &5. A restriction of the lattice to a triangle
(Ty,T,,Ty) (see Figure 3.15) is then determined by three parameters

=26, & =6, &=~6&E.

Recall that the product o™ = ££1£2€3 is equal to the product o™ = [ €5.

Let us now apply Theorem 3.13 in a particularly simple way: a restriction of a lattice
to a line segment A’ = (T, T;, ). Quite clearly, w ((,i1)”) = 1. Thus

o\ T -1 lo—1 T
¢ =(&¢) = (567 é_{)) = <H Entiys || §m(k)> (3.26)

k=(o k=0,
and
i—1
H &k, 19 < 11,
g=14 """ (3.27)

io—1 1 . .
a" IT &, do > 1.

k=i1
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By (2.29), the barycentric coordinates of the lattice points on A’ are

( [n], —[n =], [ — 0], &
[n], — 1

— [ =0l + [0 =0y & [P = [ = 0)s + [

T
, Yo=n,n—1,...,0,
0)a 56)

(3.28)
as already obtained in previous sections. However, if the lattice points (3.28) are pre-
scribed, the corresponding &, €1, and oo = {/£(&] are not unique, even for n > 3 (Theo-
rem 3.1). In the latter case, there are precisely two pairs of parameters,

T
&.&)" (i, fi,) , (3.29)
1 0

that generate the same lattice points (3.28). This is straightforward to deduce from
identities

1
P T — ([nly — [0 —0la) = [”]é —[n— VO]é )
1 1
pTE— [n— ], = v — [ =01,

or, alternatively, it can be proved by using relations (3.2).

In order to simplify further discussion, let us artificially define a two-pencil lattice.
With a two-pencil lattice of order n on (T, T;) we will denote any restriction of a
(d+1)-pencil lattice of order n to some of its edges. Accordingly to (3.28), the barycentric
coordinates of two-pencil lattice points w.r.t. (T, T1) are determined by (&y,&;)7 as

"o = [n = la [ — 0], o ' =n,n—
([n] _[n—%]a—i-[n—’yo}afo’[n]a_[n_%]a_i_[n_%]a&)) , Yo =1, 1,...,0,

where " = & (see Figure 3.17).

.
i

Figure 3.17: Two-pencil lattices with & = 1, & = £,1,5 (left), and & =

59 57 51 =1
(right).

O"IH

Now let us extend the previous consideration to line segments of an edge cycle

(T;..T

s Liyr ), B=0,1,....r iy := o,

with 4 = (ix),_,, and
(Ek‘)k -0 — U ((iO; il? s 72.7”; Z'O)T) .

Let (56,k,, ££7k)T denote parameters of the restriction of a lattice to (T, ,T;
(3.26) and (3.27) one obtains

ini1 ). From

r Llgp1—1 lry1—1

Hé*Ok—H IT 0= ]I &0 =0a""?, (3.30)

k=0 t={; t=Ao
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that gives the value v in terms of parameters &, only. Consider the lattice points at
a particular edge (T, ,T;, ., ). By (3.29) they could be generated as a restriction of at

Ty tpa
most two different classes of lattices, the one with

a = 4/ SoxS1 k0
1

o= —.

1/ SoxS1k

In order to further explore the second possibility, let ¢i, 0 < ¢ < 1, be the first barycentric
coordinate of a lattice point given by (3.28) on (T';,, T}, ,, ) at 7o = n—1. Such a lattice
point exists for any n > 2. Then

§0k—50k< )=

or the additional one, having

1 —
Sk

(o = 1),

and (3.30) simplifies to

[[&x() = (H - g’“) (], — 1)+ = amv®,

50 Sk

The equation

1

(i T 1_ o1
f(p)r:[n]p—l—cpr+(1)=0, ci= (H gk) >0,

k0 Sk

has at least one positive solution, p = «, by the assumption. But f is a polynomial in

r+\1/ﬁ7 »
F) = —e (/0 3o ()

and the Descartes’s rule of signs (Lemma 3.2) shows that there are at most two zeros of
fin (0,00). If there are two, then by the observation for a particular edge the zeros are
necessarily p and 1/p, and an elimination of ¢ from

) =0, f (%) 0

yields
n], —1 [n]l/ 1
7’10111(1.) = _ np-w('l,) (3'31>
p r+1 p r+1
However,
n—1 n—1
], —1=>Y p—1=> p=ph—1],,
=0 =1
n—1 n—2
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and (3.31) reduces to
2-w(i)

p"( ) I 0,

that can only be satisfied for a positive p, p # 1, iff

) r+1
w(i) = 5

Thus we obtain the following observation. Suppose that the restriction of a (d + 1)-
pencil lattice of order n with a barycentric representation determined by parameters
€ =(&,6,...,&)" is known for some edge of a simplex. By (3.28) we can then determine

whether the corresponding o = 1/ HZ:O & = 1 or a # 1. Indeed, let the barycentric
coordinates of lattice points on an edge be known, and suppose that they are, w.r.t. this
edge, of the form

(b, 1 —=b0)", Yw=nn—1,...,0.

Since all b,, are by (3.28) determined with two parameters &), &}, with o = £}, it
is enough to consider only two of them (e.g., the ones with 79 = 1 and v = n — 1).
Therefore,

ant n], —1

TG - 16

is a system of two equations for the unknowns £ and &;. It follows that

bn—l

(1 - bl)bn—l

b= bo) =(n—1)%.

a=1 <

If « # 1 (thus a@ # 1/«) there could be two classes of lattices, having the same
restriction to this edge. The following theorem shows that in this case the restriction
to a particular edge cycle has to be known, in order to determine the corresponding «
uniquely (see Figure 3.18).

Figure 3.18: Two different lattices, which have the same restriction to two edges of a

1 1"
triangle. They are determined by parameters € = (&, &1, &)7 and &' = (Q, &, g) :
182 0é1
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THEOREM 3.15. Let the barycentric representation of a (d-+1)-pencil lattice of order
n on a d-simplex N = (To,T1,...,Ty) be given by parameters & = (&, &1, - - - ,fd)T and
let HZ:O & # 1. A restriction of the lattice to a cycle

<Tik7T’ik+1>7 ]{3:0,1,...,7”, ’l'T+1 = ’io, 2: (ik)qj;:()y

determines the corresponding o = A/ szo & uniquely iff

r+1

w(d) # —;

It is obvious that a (d+ 1)-pencil lattice on a simplex A is uniquely determined, if its
restrictions to all edges of A are known. But, as we will see, only particular d + 1 edges
are actually needed (see Figure 3.19). For simplicity, let G(S) denote a graph induced
by vertices and edges of a simplicial complex S (see Figure 3.20). Here S is a union of
some arbitrarily dimensional faces of a simplex. Moreover, the subgraph G(S;) spans
the graph G(S) if the sets of vertices of both graphs coincide.

Figure 3.19: A restriction of a lattice to d + 1 edges that uniquely determines the lattice
on a simplex.

THEOREM 3.16. A (d + 1)-pencil lattice on a simplexr N = (T, Ty,...,Ty) with
parameters &€ = (&0, &1, ..., &0)T is uniquely determined by restrictions to distinct edges

6k:<Tik7Tjk>7 k:O,l,...,d,
iff the graph g .= G (UZ:O ek) spans the graph G (A) and

() TTi-oe =1 or

(b) g contains a cycle
th = <T

with iy, = Js,, ¢ =0,1,...,7 =1, ji, = iy, such that

w( (in,))_y) # - JQF L (3.32)

Tjtq)’ q=0,1,...,m

Tt
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Proof. 1f g does not span G (A\), one can find a vertex T, € G (A) such that
{ertpog C A =(To,.... T, Tir,.... Ta).

Let the lattice on /A be given by & = (§k)z:0. By Theorem 3.13, its restriction to A is
determined by parameters

(507 s 7§t—2, gt—l . ét, e ,§d>T .

This makes impossible to recover both &_; and &, since only the product &_4 - & is
pinned down. Suppose now that g spans G (A). Let ¢/ € G(A) be any edge such that
¢’ ¢ g. Then there exists a cycle in

G ((Ui_ger) UE)

that contains ¢’. The restriction of the lattice to ¢’ is determined by (3.30) iff o =
1L, & is known. But the latter is assured by the assumptions (a) or (b) and Theo-
rem 3.15. Thus a restriction of the lattice to any edge is determined, and restrictions to
the edges (T, Tri1),k=0,1,...,d, yield parameters €. The proof is completed. [

Note that this result covers also the smallest cycle, i.e., (T;,T;), (T;,T;).

/

Figure 3.20: A simplicial complex S C R? (left) and a graph G(S) induced by vertices
and edges of S (right).

The assumption (3.32) in Theorem 3.16 is clearly used to determine the product o™
uniquely. But if this product is known, Theorem 3.16 simplifies to the following corollary,
which needs no additional proof.

COROLLARY 3.17. Suppose that the product

d
" = H 5167
k=0

that corresponds to the barycentric representation of a (d + 1)-pencil lattice with param-
eters & on a simplex N = (To,T1,...,Tyq), is known. The lattice is determined by
restrictions to distinct edges

ek:<Tik7Tjk>7 k:1,27...,d,

iff the graph g == G <UZ:1 ek> spans the graph G ().
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Our aim is now to generalize Theorem 3.1, Theorem 3.5 and Corollary 3.7. We will
consider relations between two (d+1)-pencil lattices of order n that share a common face.
Since this face is a simplex too, the first step is to determine when two lattices defined
over the same simplex are equivalent, i.e., when they have the same lattice points. As
expected, the choice of centers is inherent to equivalent lattices.

THEOREM 3.18. Let /A be a given simplex, with vertices ordered as

AN={(TyT,....,Ty), (3.33)
and reordered according to an index vector 1 = (ig,i1,...,1q)" as
N =(Ty,T,,....T))={(T:,,Ti,...,T:,). (3.34)

Suppose that on the simplices /\ and A’ there are given two (d+1)-pencil lattices of order
n, with barycentric coordinates determined by parameters & = (o, &1, - . . ,£d)T and & =
(&, &, ... )" wr.t. the verter sequences (3.33) and (3.34), respectively. Both lattices
share the same lattice points iff one of the following possibilities holds:

(a) w(@)=1 and §=¢,,j=0,1,...,d;

1
g’i]’+1

(b) w (i) =d and & = ,7=0,1,...,d;

(¢) 1 <w(i) <d and ﬁﬁjzl,
=0

ij41—1
IT & @5 <ijp,
r k=1, .
&= -1 1 7=0,1,...,d.
= i > liga,
k=i; 1 Sk

Proof. 1t is straightforward to verify the assertion for d = 1. Suppose now that d > 1.
Then there is a 3-cycle along the edges of simplices /A and A’. So, by Theorem 3.15,
d d

the products a” = [] §; and /" = [] & are determined uniquely. Let us consider a
=0 =0
restriction of the lattice determined by & to (T, T, , ), and let us denote £ = (Ej);l:) =

u ( (10,11, - - -, Ld, iO)T ) . The lattice points of both lattices should coincide. Theorem 3.13
and the relation (3.29) reveal two possible choices, i.e.,

j+1—1

l
=11 &w (3.35)
k=1

if o = «, and
j+1—1

‘
1
= P H Em(k) (3.36)
iy
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if a’a = 1. Of course, {; can always be determined from (3.35) or (3.36). However, the
relation between o and o’ should not be violated. Let us multiply the left-hand sides
and the right-hand sides of these equations, respectively, for all possible j. From (3.35)
we obtain

d d £j+1-1

!/ rm n n-w(e
[Tg =" = =T[ IT o =™
j=0 Jj=0 k={;

This relation could only be satisfied if w(¢) = 1 (the assertion (a)), or a = o/ = 1.
Similarly,

confirms the assertion (b). If 1 < w(¢) < d, only the possibility & = o/ = 1 is left,
and a brief look at (3.27) completes the necessary part of the proof. But if either
one of the possibilities (a), (b) or (¢) holds, the lattices agree on all edges of A, i.e.,
(T}, T,) = (T, T, ), j <k, and therefore on the whole simplex. O

If « =o' =1, both lattices can coincide for any winding number of the index vector
1. But consequently a restriction on lattice parameters is obtained. Theorem 3.18 clearly
suggests how a lattice known at some face should be extended to a whole simplex if one
is not prepared to lose a degree of freedom with the assumption a = 1.

COROLLARY 3.19. Let A = (Ty,T4,...,T,) be a given face, with the lattice deter-
mined by € = (&0, &1,....&)" . The lattice can be extended to

N ={(T,T,....T;,T' Tiy1,...,T,) CR™
by parameters
& !
5,: <§07€17“‘7£i—177]7E?gi—i-h"wg?") )
where n > 0 is an additional free parameter.

Now we can consider two (d + 1)-pencil lattices of order n that share a lattice on
a common face of simplices (see Figure 3.21, e.g.). By combining Theorem 3.13 and
Theorem 3.18 one obtains the following corollary.

COROLLARY 3.20. Let
N=(Ty,Ty,....,Ty), N =(T,T,....,T))
be given simplices, and let the lattices be determined by parameters

£= (60,61, 8)", & =(&.¢8,....6)",

respectively. Suppose that

Y

<T’i07Ti17"'7Tir>:<T;/07T;"17"'7T;"T>7 1§7’§d
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Figure 3.21: Matching of two lattices on a common face of simplices for both possibilities
in Corollary 3.20, with & = %, & = %,52 =1,& = %, and the additional free parameter

& =3

0<ip<iy<---<i, <d, is a common r-face of /\ and A, with corresponding vertices
T, :T;;g, k=0,1,...,r

Let (b, ... lysr)" = u((z’o,...,ir,ig)T> and (6, 0. ) =u ((ig,...,z';,@'g)T). I

a = Hf:o & # 1, the lattices coincide at the common r-face iff one of the following
possibilities holds (see Figure 3.21):

(a) w (i) =1 and

lrpt1—1 f;ﬁLl—l
I 0= 11 &> E=0.1,....r; (3.37)
t=Ly, t=0),
(b) w(@")=r and
Op1—1 O -1
H gm(t) =a" H f;n(t)7 k:O,l,...,T.
t=Ly, t=£),

3.3.2 Extension to a simplicial partition

We are now ready to prove the Conjecture 3.4 in general. The following theorem and
its proof provide an approach to the construction of a global (d + 1)-pencil lattice over
a regular simply connected simplicial partition. This leads to an efficient computer
algorithm for the design of a lattice. One of the main ideas of the proof is the assumption,
that the product of lattice parameters should be equal to the same constant o™ for all
local lattices on simplices of a partition. Namely, it would be to complicated to control
the behavior of a global lattice if we would allow both a and i to interchange.
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THEOREM 3.21. Let T be a reqular simply connected simplicial partition in R with
V > d+1 vertices
T)T,...,Ty ;. (3.38)

Then there exists a global (d+ 1)-pencil lattice on T with precisely V' degrees of freedom.
Proof. For any simplex A € 7, let us order the vertices similarly as in (3.38), i.e.,
N\ = <TQ,T1,...,Td> = <Ti07Ti17---7Tid>7 OSZO <i1 < - <id < V—l,

and let us choose the local barycentric representation of a lattice on each of the simplices
accordingly (see Figure 3.22).

Te
T5 4

Figure 3.22: A global labeling of all vertices implies the order of vertices (and conse-
quently the positions of control points) for all local simplices.

Note that this choice of local lattice control points assures that any pair of simplices
NN eT,
AN=(T

with a common r-face, denoted in A as

T 7Tid>7 A/:<T‘/ TZII,,TZ&%

oy L i1y - i)

<Tij07Tij17"'7Tijr>7 ijo<ij1<"'<ijr7

and corresponding vertices in A’ given by
TZ'/_/:T k:O,l,...,T,
Tk

’L]’k Y

. . . T -/ ./ -/ T
w ((zjo,zjl,...,zjr) ) =w (zj{),zj{,...,zﬂ) = 1. (3.39)

The proof proceeds by the induction on the number of simplices in a simplicial partition
T' C T, with an additional assertion that a product of local barycentric lattice param-
eters for each simplex considered is equal to the same constant o”. Since 7 is regular,

satisfies
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we may, without loss of generality, assume that 7’ grows from a single simplex to 7 in
such a way that each simplex added has F', 1 < F' < d, facets in common with simplices
in the instantaneous partition 7'. If 7/ = «gA}, then by (2.29) the lattice has d + 1 free
parameters £ = (é}-)fzo, defining o = [];_,&. The number of degrees of freedom is
clearly equal to the number of vertices of 7’. Thus the assertion holds true. Suppose
now that it holds true for 77, and let us show that it holds also for

T U{AY, AN =(Ty,Ty,....Ty) ¢ T

Let the local barycentric lattice representation on A’ depend on parameters £ = (5{)?20,
and let {f1, fa2, ..., fr} be the set of all distinct facets of /A’ that are shared with simplices
in 7'. Since (3.39) holds, the relations (3.37) confirm that the lattice can be extended
from the common face f; to /\’ provided particular d relations concerning &’ are satisfied.

With an index r uniquely determined by Ty € A'\ fi, these relations determine d values

T
(567517 ce 75;—27 éylnfl ’ éqlﬂu 57/«+17£7/~+27 s 7§(lj) )

and assure H?:o =a" fF=1,T; ¢T'. SoT — T'U{A'} brings up precisely one
additional vertex as well as one additional free parameter, and the induction step in the
case F' = 1is concluded. Let now 2 < F' < d. The number of vertices in 7'U{A’} is equal
to the number of vertices in 7". At least one of the edges (T |, Ty ) and (T, T, )
belongs to fo. Let us denote it by e. Since « has already been determined, a restriction
of the lattice to the edge e determines the last free parameter in & uniquely. Note that
the lattice given by ¢ by the construction agrees with any lattice on f,, inherited from
T',on fiNfyand e. But G ((f1 N f2) Ue) spans G (f2), so by Corollary 3.17 both lattices
have to coincide on all of f5. Similarly, G ((f1 N f;) U (f2N f;)) spans G (f;) for any
4, 3 < j < d, and the lattice given by & agrees with inherited lattice on any f;. The
induction step in the case F' > 1 is concluded too, and the proof is completed. Il

In the last theorem and in similar theorems in previous sections it was always assumed
that G(7) is d-vertex connected.

DEFINITION 3.22. A graph G is said to be (-vertex connected if the cardinality of a
smallest set of vertices, whose removal renders G disconnected, is greater or equal to (.

Let us extend Theorem 3.21 to such simplicial partitions.

COROLLARY 3.23. Let T be a reqular simply connected simplicial partition in R?
with V' wvertices, such that G(T ) is 2-vertex connected. Then there exists a global (d+1)-
pencil lattice on T with precisely V' degrees of freedom.

Proof. As in Theorem 3.21, we will assume that for all local lattices the product of lattice
parameters is equal to the same constant ™. Clearly, G(7) is at most d-vertex connected.
If G(T) is d-vertex connected, then the proof follows by Theorem 3.21. Let now G(7) be
k-vertex connected, 2 < k < d, but not (k + 1)-vertex connected (see Figure 3.23, e.g.).
Then there exists a d-simplex A, which has only ¢-simplices, ¢ < k — 1, in common with
adjacent d-simplices. Let A’ be a simplex, such that AN A’ is a (k — 1)-simplex. Since
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there are d + 1 — k vertices of A’ that are not vertices of A, we have exactly d — (k — 1)
free parameters to determine the rest of the lattice on A’. Note that a lattice on an
r-simplex is determined by r parameters, since o’ is known. Thus, there are again V
degrees of freedom to construct a lattice on such a simplicial partition. O]

Figure 3.23: An example of a tetrahedral partition 7 in R® such that G(7) is not
3-vertex connected.

REMARK 3.24. [t is straightforward to verify, that for a simply connected reqular
simplicial partition T in R? with V wvertices, such that G(T) is not 2-vertex connected,
the number of degrees of freedom equals V + m, where m is the cardinality of a set of

vertices, which have a property, that removing any of them causes G(T') to be disconnected
(see Figure 3.24).

Figure 3.24: An example of a triangulation with 17 vertices, where a global three-pencil
lattice with 20 shape parameters can be constructed.

Let us conclude this and previous two sections by considering an example of a star in
R3 with 2m —2, m > 3, tetrahedrons, where m and m —2 tetrahedrons are glued together
in such a way, that they share a common edge, respectively (see Figure 3.25). This
example also covers the minimal possible star in R? (see Figure 3.10) with 4 tetrahedrons
(m = 3). Our aim is to explicitly express (d + 1)(2m — 2) = 8(m — 1) parameters

€950, j=01,23 i=1..2m2,
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Figure 3.25: The star with 2m — 2 tetrahedrons, where m and m — 2 tetrahedrons have
a common edge, respectively.

with V' = m + 2 independent free parameters that determine the global lattice on this
simplicial partition with V' vertices and 2m — 2 tetrahedrons. Here & j(»l) is the parameter

that determines the control point P;i) of a lattice on the i-th tetrahedron A;. Let us
label the vertices of the simplicial partition with T;, = 0,1, ..., m+1, and let us denote
the simplices by (see Figure 3.25)

Ai = <T07T17Ti+17Ti+2>7 1= 17 s, Tm+2 = T27

and
A= (T1,Tzem+17Tzem+27Tm+1 >7 i=m+1,...,2m— 2.

The construction in the proof of Theorem 3.21 gives us the relations between the pa-
rameters {’J@ so that the lattice points on all common faces of the star agree. Let
us consider how the parameters for the lattices on /A; and /Ay are related. Since
w((0,1,3)7) = w((0,1,2)) = 1, the lattice on A, is by Corollary 3.20 determined

by parameters 5](-1), 7 =20,1,2,3, and the additional one 652) as

&

&' =g’ o' =dla" &7 =g 67 = G
2
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Using a similar approach for all simplices /\;, all parameters can be expressed by V
parameters

1 1 1 1 2 3 m—1
SR NS SN S S ORI S )

as
(4) (1) i) (1) (1) - ) (4) (4) (4) 5§1)
&' =6, & =q¢"[le" & =& & -=-="=%
j=2 Hj:2§2

fort=2,3,...,m—1, and

m—1 (1)
- 1 m 1 m 1 ] m f
V=g, gm=q", gV =¢"[1& & ="
=2 Hj:2 2

(b)) pmtl) 1) pmbl) | TT LG pmin &5 ES)
& =& & =& & :H§]7£ =

2 3 = Tl
j=2 H;nzz éj)
() o) TT o) clmbd) o) plmbd)  TT oG) ) &Ved)
§o =& & H§2] S =& & = H 52] & = Hme1.0)’
Jj=2 Jj=i+1 Hj:2 3

fort=2,3,...,m— 2.

3.4. Lattices on simplicial partitions which are not
simply connected

In this section, (d + 1)-pencil lattices on non-simply connected simplicial partitions in
R? will be studied. Since such simplicial partitions appear quite often in practice, it is
important to consider them too. A straightforward but naive construction of a lattice
would enlarge the original partition 7 to a simply connected one, construct a lattice
over it, and restrict it to 7. But such an approach would clearly neglect the structure
of the original partition. For this reason, we will study the lattice construction over the
original partition, and show that the additional degrees of freedom obtained can be used
to increase the flexibility of the lattice. Furthermore, the data on the boundary of holes
may be of a particular importance, and a lattice, which does not consider the holes, may
not be appropriate.

In Theorem 3.21 and in Corollary 3.23 it was shown, that for a regular simply con-
nected simplicial partition 7 C R? with V vertices, there exists a global (d + 1)-pencil
lattice on 7 with precisely V' degrees of freedom. In this section, this result will be
extended to more general simplicial partitions.

Recall two basic ideas of Theorem 3.21 that will be important later on. First, the
product of lattice parameters should be equal to the same constant " for all local
lattices on simplices of a partition. Furthermore, by (3.37), we have to assure, that for
both index vectors on every common face the winding number is equal to 1. Recall, that
this can be assured if we label all vertices of a simplicial partition by Ty, T,..., Ty _4
and order the vertices of any local simplex A € T as (see Figure 3.22)

A=(To,Ts,...,Ta) = (TiTi,...,Ti,), 0<ig<iy <---<ig<V—1 (3.40)
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Before extending Theorem 3.21 to a more general case, we have to answer the follow-
ing question. By Corollary 3.17, the lattice on a simplex A, with known a”, is uniquely
determined if its restriction to at least two facets of A is known. Suppose now, that
d-pencil lattices on r facets of A are given, where r € {2,3,...,d + 1}, such that they
coincide on common faces. Are they a restriction of some (d + 1)-pencil lattice on A?

LEMMA 3.25. Suppose that the product o™ = HZ:O &k, which corresponds to the
barycentric representation of a (d + 1)-pencil lattice with parameters € on a simplex
A C R is known. Let d-pencil lattices with the same o™ be given on r facets

{fitioy €A, ref{2,3,...,d+1},

such that they coincide on common faces. If d > 3 or (d = 2 and r = 2), then there
exists a unique (d + 1)-pencil lattice on A\, such that its restriction to {f;}i_, coincides
with given d-pencil lattices.

Proof. By (3.37), a d-pencil lattice given on f; can be extended to a (d+ 1)-pencil lattice
on A with one free parameter. As the case d = 2, r = 2 is straightforward, let d > 3.
Since a lattice on fi N fy is a (d — 1)-pencil lattice, which can be extended to the d-pencil
lattice on f, by one additional parameter, the (d + 1)-pencil lattice on A is uniquely
determined by lattices on f; and fy. Furthermore, since f; have a common facet with
both f; and fo, 3 < ¢ < d+ 1, the restriction of the lattice on f; to f; N fr, k = 1,2, is
known by lattices on f; and fo. Thus, by Corollary 3.17, the whole lattice on f; is given
by lattices on f; and fo, for 3 <¢ < d+ 1. O

Result of Lemma 3.25 does not hold for the planar case with » = 3. This is confirmed
by the following example. Let A;, i = 1,2,3,4, be triangles as in Figure 3.26 and let
a lattice on A; be determined by parameters &€ @ for all 4. Further, let the product of

Figure 3.26: The planar case, where the lattice is predetermined on all facets of a triangle.

local lattice parameters be equal to the same constant o™ for all four lattices. Let us
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first determine the lattices on A\;, i = 1,2,3. They are given by 7 parameters as

T T
T n a™
(1) . (1) (1) (1) (2) ._ @ (3) ._
§ T (60 »S1 752 ) ) £ (50 ) 76(2)5(2)> ) € T (g() 751 ) (3)5 3)) )
0 1 1

(3.41)
where " = 50 §1 (1 . By these three lattices a lattice on A\ is already determined
on all three edges. If Lemma 3.25 would hold for this case too, then the lattice on Ay
would now be uniquely determined. But, by Theorem 3.21, all four lattices should be
determined by only 6 parameters, since there are only 6 vertices in this partition. Thus,
the 7 parameters in (3.41) must be dependent, in order to be able to construct a lattice
also on Ay4. If we label the vertices of the partition as in Figure 3.26, then (3.37) and
(3.40) imply

&' =4 6= and 067 =77,

Therefrom, the relation between the parameters in (3.41) is

2) ~(2
@, &G
0o -

&

We have seen, that if we would like to construct a lattice on A4, we have to adjust one of
the lattices on other triangles. Note that if we would add an additional vertex inside of
A4 in order to split the lattice on A4 into three lattices, we would still have to adjust one
of the lattices on A\;, i = 1,2, 3, although now the number of vertices of the partition
would coincide with the number of parameters in (3.41). This will be more precisely
proved in Corollary 3.33. Let us now extend Theorem 3.21.

THEOREM 3.26. Let T be a connected reqular simplicial partition in R? with V > d+1
vertices and H interior holes, which are homeomorphic to a simplicial ball. Further let
G(T) be 2-vertex connected. Then there exists a global (d + 1)-pencil lattice on T with
precisely

V + 642H

degrees of freedom, where 0, ; is given in (2.1).

Proof. Asin Theorem 3.21, we will assume that for all local lattices the product of lattice
parameters is equal to the same constant ™. If H = 0, then by Theorem 3.21 there are
V' degrees of freedom. Suppose now that H # 0. Without loss of generality, we may
assume that H = 1 and that the hole, which can be identified with a simplicial partition
homeomorphic to a simplicial ball, consists of one simplex A. Let first d = 2. There are
3 free parameters to determine 2-pencil lattices on all facets of A (one for each lattice,
since ™ is given in advance). But that is one more than we have available to determine
the lattice on the whole A (since " is known). Therefore, each hole brings up one new
parameter. Let now d > 3. Since there are d-pencil lattices, which coincide on common
faces, given on all facets of A, the lattice on the whole A is by Lemma 3.25 with these
lattices uniquely determined. Thus, a hole implies no additional degrees of freedom. [J
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3.5. Extension over holes

Suppose that a lattice constructed on 7 has already been used in an interpolation process.
But then, some slight changes in the topology of 7 appear. As a model problem, one may
think of a diffusion process over a partition 7 with many holes. During the process it may
happen that the substance will break into some of the holes. One would clearly tend to
preserve the original data, particularly if the evaluation of the function being interpolated
is very expensive, but the new data (over these holes) have to be interpolated too. This
gives an impetus to study how a lattice on 7" can be extended over some particular holes.
Obviously the extension should preserve at least the continuity of the interpolant and
consequently the lattice points should agree on all common faces of simplices.

Let 7 be a connected regular simplicial partition which is not simply connected and
let us extend the global lattice from 7 over some holes. In order to do this, we have to
somehow bound and partition the hole into simplices, such that it becomes a simplicial
partition, which will be denoted by H. A lattice is predetermined on some parts of the
boundary of ‘H and we have to determine the rest of it on the whole H. We will further
need some definitions (see Figure 3.27).

e An interior facet of a simplicial partition 7 in R? is a (d — 1)-simplex, which is a
facet of two simplices in 7. Otherwise it is called a boundary facet of 7. The set

of all boundary facets of 7 will be denoted by B(T).

e An interior vertex of a simplicial partition 7 is a vertex, which has a property that
all (d — 1)-simplices, containing it as a vertex, are interior facets of 7. Otherwise
it is called a boundary vertex of 7.

e An interior simplex of a simplicial partition 7 is a simplex with all facets being
interior facets of 7. Otherwise it is called a boundary simplex of 7.

e An interior hole of a simplicial partition 7 is a simplicial partition H, such that
all boundary facets of H are interior facets of 7 U H.

Figure 3.27: A triangulation 7 with an interior hole. Examples of an interior vertex,
interior facet and interior simplex of 7 are colored black, while the examples of the
boundary ones are colored dark gray.




76 Lattices on simplicial partitions

From Lemma 3.25 we can conjecture that the planar case will differ from higher
dimensional cases. This is perhaps due to the fact that (d+ 1)-pencil lattices are defined
differently for d = 1.

3.5.1 The planar case

In the planar case, all possible holes of a connected triangulation are homeomorphic
to the 2-dimensional simplicial ball. Therefore, all holes can be considered in a same
manner. Let H be a hole with V; interior vertices and let A be an arbitrary triangle
in H. From (3.37) and Lemma 3.25 it follows that there are V; degrees of freedom to
extend the lattice over H\{A}. Therefore, we can further assume that the hole consists
of only one triangle Ay (Figure 3.29, left).

In the example in the previous section, we have seen, that it is not always possible to
extend a lattice over a hole Ay, without adjusting some parts of the lattice on 7\{Ax}.

DEFINITION 3.27. A sequence of triangles Ny, N, ..., Ay, such that two consecu-
tive triangles \; and N;y1 have an edge in common, is called a strip of triangles (see
Figure 3.28).

Figure 3.28: An example of a strip of triangles.

THEOREM 3.28. Let T be a connected reqular triangulation in R? with an interior
triangular hole Ny and let L be a global (d 4+ 1)-pencil lattice on T. Then there exists
a global (d + 1)-pencil lattice L' on T' .= T U{Ay}, such that L and L' differ only on
one strip of triangles: Ny, No, Ns, ..., N\, where /\,, is any boundary triangle of T’
(Figure 3.30).

Proof. Let the construction of the lattice £ start at Ay. By Lemma 3.25, a lattice on
any triangle is uniquely determined by lattices on two adjacent triangles, which share a
common edge with this triangle. Thus, in order to construct a lattice on /Ay we have to
choose an edge of Ay, where this lattice will not coincide with £ (Figure 3.29, right). Let
us further construct a lattice on the adjacent triangle A, containing this edge. Again
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we have to choose on which of its remaining edges the lattice will not coincide with L.
Next, the construction of £’ proceeds on the adjacent triangle Az, which contains this
edge. We continue with this procedure until we reach a triangle A,,, m > 2, with at
least one of its edges in B(7"). Furthermore, let £’ be the same as £ on

7\{@}

Therefore £ and L differ only on the strip of triangles Ay, Ao, As, ..., A\, O

Clearly, there are many possible ways to choose a strip, where the lattices £ and £
will differ (see Figure 3.30, e.g.). Let us define an optimal strip as a strip containing the
minimal number of triangles among all appropriate strips. Since in practice not all strips
are available (it may not be allowed to change the lattice on some particular triangles),
we have to choose one of the optimal strips among all available. Optimal strips can be
found by searching for the shortest paths in the dual graph of the graph G(7”) from the
vertex corresponding to Ay to the one corresponding to R*\G(77).

Figure 3.29: A global lattice on a triangulation, which is not simply connected (left)
and an extension of the lattice over a hole before the adjustment of the existent lattice
(right).

In Figure 3.31 (top) an example of a more realistic triangulation 7 is presented. The
triangulation 7 contains three holes. Suppose that £ is a global lattice on 7, which
is further extended over all three holes to a global lattice £. An example of strips of
triangles, where both lattices £ and £’ would differ, is shown in Figure 3.31 (bottom).
We can see that in practice the number of triangles, where the initial global lattice has to
be adjusted in order to be extended over the holes, is small in comparison to the number
of all triangles in a triangulation.

3.5.2 The case d > 3

In higher dimensions (d > 3), the problem how to extend a lattice over a hole becomes
much more complicated. We shall prove two important topological lemmas first, which
will be needed later on.
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Figure 3.30: Two different optimal adjustments of the lattice given in Figure 3.29, left.
Both global lattices differ with the one in Figure 3.29 only on the strip of gray triangles.

LEMMA 3.29. Let T C R% d > 2, be a simplicial partition homeomorphic to a sim-
plicial ball with no interior vertices. Then there exists a simplex in T with at least two
of its facets in B(T) (see Figure 3.32, left).

Proof. Suppose that 7 is constructed by adding one simplex at a time, in such a way
that the current simplicial partition 77 is homeomorphic to a simplicial ball with no
interior vertices at each step. We may assume, without loss of generality, that in each
step one of the simplices, which are adjacent to most simplices in 7", is added. Since
7T is homeomorphic to a simplicial ball and contains no star as a subpartition, 7’ grows
from a single simplex to 7 in such a way that each simplex added has F', 1 < F < d—1,
facets in common with simplices in the instantaneous partition 7’. Therefore, each newly
added simplex has at least two facets in B(7"). Since the same holds for 7/ = 7, the
proof is completed. [

LEMMA 3.30. Let T C R%, d > 2, be a simplicial partition homeomorphic to a simpli-
cial ball with Vi interior vertices. If all simplices in T have at most one facet in B(T),
then there exists a simplex in T having exactly one facet in B(T) and containing one of
the interior vertices of T as the remaining vertex (see Figure 3.52, right).

Proof. Suppose first that V; = 1 and let the only interior vertex of 7 be denoted by T'g.
Then Ty is necessarily the interior vertex of some star Sy C 7. But it is straightforward
to see that in this case 7 itself is necessarily a star. Indeed, the next possible partition
with the property, that it does not contain any simplex with at least two facets in B(7),
is a union of two stars SpUS;. But SpUS; already contains two interior vertices Ty and
T. Thus, inductively, the partition 7, which satisfies the assumptions of the lemma, is
necessarily of the form
80U81U"‘USVI,1,

where S; is a star with the interior vertex T';. Take now a star S;, which contains at
least one simplex A that is a boundary simplex of 7. Clearly, such a star exists. Then
A has exactly one facet in B(7) and T; as the remaining vertex, which completes the
proof. O]
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Figure 3.31: A triangulation 7" which is not simply connected (top), and 7 with gray
colored triangles, where the global lattice, extended over holes, differs with the initial
global lattice on 7 (bottom).

We are now able to prove the following theorem, which unfortunately does not hold
in the planar case (see Theorem 3.28).

THEOREM 3.31. Let T C R%, d > 3, be a simplicial partition homeomorphic to a
simplicial ball with Vi interior vertices. Furthermore, let d-pencil lattices be given on all
its boundary facets, such that they coincide on all common faces. Suppose that a product
of local lattice parameters is equal to the same constant o™ for all simplices in B(T).
Then there exists a global lattice on T, whose restriction coincides with the given lattices
on B(T). Moreover, there are Vi degrees of freedom to construct the lattice on T .

Proof. The proof proceeds by the induction on the number of simplices in 7. Suppose
that |7] = 1. This implies 7 = {A}. Since the lattice on A is predetermined on all
facets of A, then by Lemma 3.25 the lattice is uniquely determined on A. Thus, there
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Figure 3.32: A triangulation 7" with no interior vertices (left), and a triangulation 7"
with no triangles, containing two boundary edges of 7.

are no degrees of freedom, which corresponds to no interior vertices in A. Let now
|7| > 1. This case will be proved by the induction on the number of interior vertices V7.
Suppose first that V; = 0. By Lemma 3.29, there exists a simplex A, which has a lattice
predetermined on at least two of its facets. If there are more such simplices, let A be one
of the simplices with a lattice predetermined on most of its facets. Thus 77 := T\{A}
is still homeomorphic to a simplicial ball. By Lemma 3.25, the lattice is completely
determined on A and we can construct it uniquely. Since for 77, |7'| = |T| — 1, the
result follows by induction, we have no degrees of freedom to construct a lattice on
7. Let now V; > 0 and consider the pair (7, V7). We can, by Lemma 3.25, uniquely
construct a lattice on each simplex in 7', which has at least two facets in B(7). Thus, we
are left with the pair (77, V7), |7’| < |7|. Since V; > 0, there exists at least one interior
vertex T'. Lemma 3.30 assures the existence of a simplex A, having exactly one facet in
B(7") and T as the remaining vertex. Thus, by (3.37), there is one degree of freedom
to construct a lattice on A. The result follows now by the induction for (7”,V; — 1),
T" =T'\{A}, and the proof is completed. O

While the only possible holes in connected regular simplicial partitions in R? are
interior holes homeomorphic to a simplicial ball, this is not the case for d > 3. Let us
therefore consider the second most natural kind of a hole in R?: a hole, which is not an
interior hole, and can be bounded and partitioned into simplices in such a way, that it
becomes homeomorphic to a simplicial ball. Therefrom, the hole becomes a simplicial
partition where the lattice is not predetermined on all its boundary facets. An example
of a partition with such a hole is a simplicial torus. To consider this kind of holes, we
will need the following lemma.

LEMMA 3.32. Let T be a triangulation in R? homeomorphic to a simplicial ball and
let L be a lattice on T. Moreover, let T have ezactly three boundary facets {e;}3_, and
let A be a triangle with edges {e;}3_,. Suppose that a product of local lattice parameters

is equal to the same constant for all triangles in T. Then there exists a lattice Lg on
N, which coincides with £ on {e;}3_, (see Figure 3.33, e.g.).

Proof. Suppose first that 7 is a star of degree 3 consisting of triangles {/\;}3_, and let
L; be a lattice on A;, i =1,2,3. Since 7T U{Ap} can be identified with a tetrahedron in




3.5 Extension over holes 81

Figure 3.33: A triangulation with exactly three boundary edges (left) and a unique
extension to a three-pencil lattice on a triangle Ap consisting of these three boundary
edges (right).

R3 (Figure 3.34, left), the lattices £3 and Lp are by Lemma 3.25 uniquely determined by
{L£;}2_, and Lp coincides with £ = U?_, £; on all common edges. Therefore, the lemma
holds for a star of degree 3. Consider now two adjacent triangles A and A, with lattices

Az

Figure 3.34: A star of degree 3 (left), and two adjacent triangles together with their dual
triangles (right).

Ly and Ly, which coincide on a common edge e; (Figure 3.34, right). Construct two new
adjacent triangles Az and A4 by connecting the vertices of A; U A, which are not on ey,
by an edge ey. Since {A;}1 | can again be identified with a tetrahedron, lattices £3 and
L, on Az and /A4 are by Lemma 3.25 uniquely determined by {£;}?_;, and they coincide
on ey. We will call {As, Ay} the dual triangles of {Aq, Ao} and {L3, L4} the dual lattices
of {L£1,Ls}. Let now 7 be an arbitrary triangulation satisfying the assumptions of the
lemma. We can apply the following procedure for reducing 7 and L to a star of degree 3
with a lattice £, such that £ coincides with £" on {e;}?_;. At each step of the procedure
some of the following operations are used.

e Replace two adjacent triangles together with lattices with their dual triangles and
dual lattices.

e Replace a subtriangulation 7", which is a star of degree 3, with a triangle, whose
edges are the boundary edges of 77, and construct a lattice on it.

e Replace a triangle with a star of degree 3 (Clough-Tocher split) and construct a
lattice on it.
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Clearly all operations do not change the lattice on {e;}?_;. Note, that the last operation
is inverse to the second operation and is needed only for very special triangulations.
Using these three operations one can reduce a star of degree 3 to a triangle, a star of
degree 4 to two adjacent triangles, and a star of degree 5 to a strip of three triangles.
Since by (3.19) and (3.20), for each such triangulation there exists at least one vertex
with the degree 3, 4 or 5, we finally obtain a lattice on a star of degree 3 (see Figure 3.35,
e.g.), for which the lemma already holds. O]

)

D
P

Figure 3.35: An example of the reduction procedure on the triangulation.

The following corollary follows directly from this lemma.

COROLLARY 3.33. Let A be a triangle in R? and let 2-pencil lattices (with the
same constant o) be predetermined on all three edges of /. If these lattices can not be
extended to the 3-pencil lattice on the whole A\, then they can also not be extended to
a global 3-pencil lattice on a reqular simply connected triangulation obtained from /\ by
adding some additional vertices to the interior of A\ (see Figure 3.35, e.g.).

Now we are able to prove the following theorem.

THEOREM 3.34. Let T C R% d > 3, be a simplicial partition homeomorphic to a
simplicial ball. Furthermore, let d-pencil lattices be given on T' C B(7T), such that they
coincide on all common faces (see Figure 3.30, e.q.). Suppose that a product of local
lattice parameters is equal to the same constant for all simplices in B(T). Then there
exists a lattice on B(T), which coincides with the given lattices on T'. Moreover, there
are Vg degrees of freedom to extend the lattice from T' to B(T), where Vg is the number
of those boundary vertices, which are not the vertices of T".

Proof. Without loss of generality, we can assume that G(B(7)\7") is d-vertex connected.
Since B(7)\7' can be identified with a simplicial partition in R4~!, homeomorphic to
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Figure 3.36: A simplicial partition with a lattice predetermined on some of its boundary
facets.

a simplicial ball, where the lattice is predetermined on all its boundary facets, The-
orem 3.31 confirms the theorem for d > 3. Let now d = 3. The whole B(7) can
be identified with a particular simplicial partition P in R?, which has exactly three
“boundary” facets ey, e5 and ez composing a triangle A, which is also a part of P (see
Figure 3.35, e.g.). Since the lattice is predetermined on P’ C P, where G(P\P') is d-
vertex connected, the theorem will follow by (3.37) and Lemma 3.25 as soon as we prove
it for P\P’ = {A}. Thus, we can assume that the lattice is given on P\{A}. We need
to prove the existence of a lattice on A, which coincides with the lattice on P\{A} on
common edges {e;}5_,. But now, Lemma 3.32 completes the proof. ]

Theorem 3.31 and Theorem 3.34 can be combined to obtain the following corollary.

COROLLARY 3.35. Let T be a simplicial partition in R, d > 3, homeomorphic to
a simplicial ball. Let a lattice be predetermined on some simplices T' C B(T). Then
there exists a global (d + 1)-pencil lattice on the whole T . Furthermore, the extension is
determined by Vi + Vg degrees of freedom, where Vi is the number of all interior vertices
of T and Vg the number of those boundary vertices of T, which are not vertices of T".

We are now able to answer the question how to extend a lattice over a hole ‘H of a
simplicial partition 7. First, we have to partition the hole into simplices, such that H
becomes a bounded simplicial partition. Next, we have to extend H in such a way, that
it becomes homeomorphic to a simplicial ball (add some simplices of 7\'H to H). Now
‘H has a lattice predetermined on some boundary facets of H. If d > 3, the lattice can
be extended over H by Corollary 3.35. If d = 2, the extension is assured by only some
small corrections of a lattice on 7\H (see Theorem 3.28).

Let us conclude the section by considering an example for the case d = 3. Let
7 be a tetrahedral partition in R3 as in Figure 3.37. Suppose that 7 has 3-pencil
lattices predetermined on all its boundary facets (triangles). These lattices coincide on
all common edges of adjacent boundary triangles. Since 7 has only one interior vertex,
we have to show, that these lattices can be extended to a global lattice on the whole




84 Lattices on simplicial partitions

Tg'

Figure 3.37: A tetrahedral partition with a chosen labeling of vertices.

7T by an additional free parameter, in order to certify Theorem 3.31 on this particular
example.
Let us label the vertices of 7 with T, T, ..., T4 as in Figure 3.37 and let us denote

the simplices
Ny =(To, T\, T2, T3); = (T, T}, Ty, T7), i=12,...,5
Ny ={To,T1,To,T3); = (T, T, T, 5, Ts), i=78,...,11,
N =(To, T, Ty, Ts)i = (T, T, T, Ty, 1), 1=06,12.

Moreover, let the boundary triangles of 7 be denoted as
fi= <T07T1,T2 >z = <T17T2>T3>A“ 1=1,2,...,12,
where (T,T9, T3 ), is the facet of A; on vertices T'1, Ty and T'3. Let a lattice on f; be

L NT , o NT
determined by g := (77(()1)7 i, 775”) and a lattice on A; by €9 .= (fél)7 e, e, €§1)> :
Since the lattices, which are predetermined on B(7), coincide on all common faces of
boundary triangles, (3.37) implies

(4)

i) — ie{1,2,...,10}\{5,6},

T (i41)?

ot
St =i =1,2,...6, (3.42)
Y =g, =511,

7 % 1—5 i—5 .
oy’ =mg iV, i=6,12,

Since the product of local lattice parameters is equal to the same constant

2
o=

Jj=0




3.5 Extension over holes

85

for all lattices, it is easy to show from (3.42) that the predetermined lattices on B(7)

are given by 8 parameters

4 5 1 1 7
77(() )7 77(() )a 77(() )7 77(() )7 77(() )7 77% ),775 )7 77% :

as

T

(1+6k) nH

(+6k) . .G T j= 2770 . B

n = <770, - DL 7 , 1=1,2...5, k=0,1,
[T_ong’ m Tl

( 5 o) n(1+6k) on T
(6+6k) . _ H J 1 EL=0.1
"7 . T]O 9 ) 1 146k > ) 9 L
el | AT A S

Now we can extend the lattice to 7 by an additional parameter 5(()1) as

( o p{L+60) on T
i+6k) ._ - —
3 =1& Hno ,770, ) T ) aaen | 1=1,2,...,5, k=

i 1
HJ 2770 501)770 )771

( H (1+6k) o T
£(6+6) ;:< 7, - 16k> . k=0,1.
[1_yns” & ng nit o







Chapter 4

Newton-Cotes cubature rules

In this chapter, Newton-Cotes cubature rules over (d+ 1)-pencil lattices on simplices and
simplicial partitions will be studied. The multivariate integration has been quite a chal-
lenge in numerical analysis since integrals, encountered in many mathematical models,
can rarely be calculated analytically. Multivariate integration appears in practical appli-
cations, such as finite elements methods, statistical models, computer graphics, financial
mathematics, etc. A cubature rule over a simplex A C R? of the form

Qna(f) :Zwvf(X7)7 X, €A, (4.1)

where f(X ) are values of a function f at points X, w~ are weights, and =y is a multiin-
dex, is one of the usual ways how to approximate a multivariate integral over a compact
domain in R?, partitioned into simplices. The choice of points X. and weights w~, usu-
ally does not depend on the function f. There are several criteria to classify cubature
rules based on their behavior for specific classes of functions (see [18], e.g.). Probably
the most often used rules of the form (4.1) are polynomial-based ones, which are exact
for a particular set of polynomials. In this case, the points X, should provide a basis for
the correct interpolation with the polynomial class concerned. If integration points are
to be determined in advance, as is the case of Newton-Cotes cubature rules, this is not
a trivial job in the multivariate case. The principal lattices lead to the Newton-Cotes
cubature rules that can be viewed as a straightforward generalization of the equidistant
univariate case. These Newton-Cotes rules can already be found in [46]. Even though
(d + 1)-pencil lattices are nowadays quite important in multivariate polynomial inter-
polation, their impact on Newton-Cotes numerical integration was not well understood.
This is perhaps due to the fact that it was not clear how to continuously extend a lattice
from a particular simplex to its neighbours.

Newton-Cotes cubature rules over principal lattices are here carried over to (d + 1)-
pencil lattices. The generalization is based upon a simple form of the Lagrange basis
polynomials in the barycentric representation (see Theorem 2.7). A similar form of the
Newton basis polynomials enables us to derive a closed form of the error remainder too.
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Moreover, it is possible to efficiently extend the rules to global (d + 1)-pencil lattices on
simplicial partitions. Since usually most of the lattice points lie on facets of simplices,
it is therefore very important to evaluate the function f at these points only once. As a
bonus, if the function as a mapping is known too, we can improve the approximation by
using an adaptive algorithm. Therefore a subdivision step that refines a (d 4 1)-pencil
lattice on a simplex to its subsimplices is presented. Moreover, if the number of function
evaluations is at stake, the additional freedom of (d 4 1)-pencil lattices can be exploited
to obtain a more efficient adaptive algorithm over simplicial partitions.

The extended Newton-Cotes cubature rules are useful in many practical applications.
Suppose that the function values over a (d+ 1)-pencil lattice on a simplicial partition are
known in advance (for example, they were computed for the construction of a continuous
interpolant over the lattice). Then these values should be used also for the numerical in-
tegration over the simplicial partition. We can further apply an adaptive algorithm based
on the extended Newton-Cotes rules in order to improve the obtained approximation.
Moreover, the cubature rules over (d 4 1)-pencil lattices can be used if the evaluation of
a function is much more expensive over some particular parts of a simplicial partition.
The additional freedom of (d + 1)-pencil lattices can be used to diminish the number of
points on the undesired parts.

4.1. Newton-Cotes cubature rules over a simplex

Let SA(f) denote the integral of a scalar field f : A — R over a simplex A. The
cubature rules will be based on the barycentric form. As expected, this enables us to
extend the rules to an arbitrary simplex in R? by a simple transformation only. Let

Q(f) == QM (f:18) =Y _ wy(&)fy, (4.2)

YEL]

where f is the value of a function f at the point with the barycentric coordinates B,
denote a cubature rule of degree n in the barycentric form over the standard simplex
A4, C R given in (2.2). Since Newton-Cotes rules are interpolatory, the weights
w~ (&) are determined as

wy(§) = SA§+1(£7>7 v el (4.3)

where L., are the Lagrange basis polynomials in the barycentric form. They have been
explicitly determined in Theorem 2.7. In this chapter it will be more convenient to write
hyperplanes h; j~ as (see (2.36))

hij )
hij~(x;€) = #ﬁ:%’

where
s n—jl.. t=i
hij(z;€) = arj(&) T, a(€) = { R '
’ 2 (=i, —[)) TTz &) t >

t=1
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Note that indices of a; ;(€) are not taken modulo d 4+ 1. Recall that
hij(z:€) =0

is the equation of the hyperplane H;; in the barycentric form, based upon the center
C';+1 and lattice points

B‘W(&)? 'Ylez-ga 71/:.7

Therefore
d vi—1 d
hij(z;€)
Ly(2: ) = H H m7 z = ()L, € R™, Zﬂcz =1
i=0 j=0 I\ i=0

Let us introduce the sets of indices Afy, i=0,1,...,d, and A, (see Figure 4.1). If 7, # 0,
let

A= {x‘ = (AL N )T N =i N e {41, i+ d), 0<j§%-—1},
and ‘Afy| = (d+1)"7", otherwise A’ := . Further,

T n i i T i
Ay i= A= (AL XS AN X )T ENG (X ) e AT

and clearly

Ay = ﬁ(d + 1) et (4.5)
=0

8 +
7T o O O
6 T OO @
5T O O © O O
4 + @) o O O O @
3T O @ OCi®@ O O O
2T @) O @
1+ Oi@®@ O O
o+ @ O

x N % N

Figure 4.1: Index vector A = (0,2,1,3,2,3,5,4,6,4)" € A, is an example for d = 4,
n = 10 and v = (2,3,0,4,1)T. Any other selection of grey points would determine
another index vector in A, what corresponds to (4.5).

We can now state the following theorem.
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THEOREM 4.1. The weights w~ (&) of the cubature rule (4.2) are

O =K(©) Y (Hf[aM ) S (1.6

AeAy \i=0 j=0

where

d vi—1
<H H hij(B+; &) ) ;o k= (ko kags - kx,d)T,

=0 5=0

and kx; denotes the frequency of i in A.

Proof. By (4.3),
wy(§) = SAgﬂ(["y) = / (H ﬁ hij(x > =

=0 j=0
d 1 i+d
: /n(n o)
Agﬂio
d

7=0 t=i

= H ZH@N- Txi dz =

Ad+1 =0 XeAZY 7=0

= K@) Y (ﬁwla /Ad Hhxy da:).

AeAy \i=0 j d+1 i=0 j=0

With the help of the notation ky; we count the multiplicity of z; in the product

and obtain

Now, w~(§) becomes

O =K Y (n o [ T dz) | n

AeAy \i=0 j=0 d+1 1=0

Further, with I" being the gamma function,

/ H k}\zd k’)\o—|— )F(kA,1+1)F(kJ)\7d+1)
D(kxo+kag+...+kxa+d+1)

d+1z 0
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where for z € R, Z?:o r; =1,

d+1
Since
d
Z k)\,i =n,
i=0
it follows

d
kx s Exolkaa!- - kxal
L d = 2 ! !

/Ad [[adz n+d!

d+1 1=0

and the proof is concluded.

1 1—z -4 d
/ flz)d=z ::/ dxl/ dl’g"'/ f((l—in, xl,...,xd)T) dzg.
Nl 0 0 0 i=1

(4.8)

]

As an example, let us compute the weights for d = 2 and n = 3. The barycentric

form of the cubature rule is given by

QW(f:8) = wy(&)fy,

~€eI2
and w~(§), v € Z3, is equal to one of the following possibilities:

v € {(3,0,0)",(0,3,0)",(0,0,3)" }, i := (v, = 3) :
o (1 +a)+agn(l+&40) (@°(1+a) = (1 +aB+a)E)

20 60 (1 + 0‘)51'251‘2“ 7

ye{(2,1,07,(2,0,1)",(0,2, )"}, i= (v, =2), j:= (1, = 1) :

_ (a+a?+ T2 &)3 (7 = )%a® + 2611 (0 = (j = )(1 + @)&))

(j —4)12002(1 + @) (1 + a + a2)E2¢ |

v€{(1,2,00",(1,0,2)",(0,1,2)"}, i= (v, =2), j == (7, = 1) :

) (a2 + (1 + ) T2 @)3 (207 + (i = )& (1 = j)o* = 2(1 + @);))

(i—5)12005(1 + @) (0 — (14 a)?) &7
’Y - (1’ ]‘7 1)T :

(0 + &la+ &)’
12009636,

For two particular choices of parameters £ and for I = {(3,0,0)7, (0,3,0)7, (0,0,3)7,
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(2,1,0)7, (2,0,1)7, (0,2,1)7, (1,2,0)7, (1,0,2)T, (0,1,2)T, (1,1,1)T}, the weights are

(507 517 éQ)T - (1, 17 1)T

s (2 3\"
=(=,1,=) :
(€07€17€2) (37 72
3 17 17 8 8 1 343 343 1 343}

nN=J3- -- - > _° —
twpy €1} {80’1080’1080’ 405’ 405’ 20" 5184’ 5184’ 20" 1440

Note that for n > 4, the weights can be negative also for principal lattices (& = 1 for all

i). Furthermore, it is obvious that 3w =+ =3

Consider now a simplex A = (V, V..., V) C R? and let
X, 7veIf

denote the Cartesian coordinates of lattice points, obtained from the barycentric repre-
sentation as in (2.39). We are now able to state the following corollary.

COROLLARY 4.2. A Newton-Cotes cubature rule of degree n for a simplex /\ C R?
18
Qalf) = QR(f:8) = D wyal€) f(X5) = dlvol (8) Y~ ws(€) F(X-),

~eTd ~eTd

where w~ (&) are the weights given by (4.6) and vol (A) is the volume of the simplex /.

Proof. Let us take the standard simplex A¢ and let @ := (4;)%, € A% Then the
barycentric coordinates of @ w.r.t. A? are

J T
(1 = iy, ,ad> =: (g, )"
i=1
Using (4.7) and (4.8), we obtain

W, Ad (&) = wy (&)

Suppose now that A C R? is an arbitrary simplex, and let u := (u;)%, € A. Further,
let z(u) := (z;(u))L, be the barycentric coordinates of u w.r.t. A. By the definition of
barycentric coordinates,

(xi(u));'izo = (ai)lz‘i:o'

Since

w~y,n(§) = Sa(Ly) = K(§) Z (H 1_[ axij / Ha:z('u,)k“ du)

AeA, \i=0 j=0 i=0
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and
d . d
ai“dﬁzj-/ ()" du,
/. I1 RIEE
with .
7 — det du\ _ vol(A) _ 1 |
ou vol(A)  d!vol(A)
where £ a'u, is the Jacobian matrix, it follows
1
wra(8) = = (€)= AVOl(D) s (€).
The proof is concluded. Il

Our next goal is to derive the error term of the cubature rule (4.2) in the barycentric
form for a sufficiently smooth function f. Let us recall (2.31). The error is then obtained
as

(f pn)

So we have to derive the interpolation error (see Chapter 1) in a convenient form first.
But then the Newton basis polynomials in the barycentric form need to be determined,
too. Recall that they are the polynomials of total degrees |y| < n, that vanish at
particular subsets of interpolation points. In order to determine these sets precisely, let
us use the abbreviated lattice point indexation introduced in (2.30) (see Figure 2.11).
Since the Newton polynomials N satisfy

d+1

N‘Y'(Bﬂ'): ~'.8 V’)’/,ﬂIENg, |ﬂ/| < |’7/| <n,
they also have a very simple barycentric representation

d vi—1

SIS

=1 j=0 ’J B7 7£
This follows from the facts that a hyperplane with the equation h; ; = 0, given by (4.4),
vanishes at lattice points Bg, 3; = j, and that for 8’ # v/, 8| < |7’|, there exists an
index i € {1,2,...,d}, such that §; < ~;. Let us recall some notation from Chapter 1
and translate it to the barycentric form.

With any path
H = (“6711’,17 s ’I‘I"IIZ)T € Zn,

where =, is given in (1.2), let us associate a set of lattice points B w» @ number II,, and
a corresponding n-th order differential operator D,

B, = B,(£) = {B,

v B, B,

n—1

I, =& = H./\/ (B“/H,f)

J=0
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D}, =D, =Dp, -8, -Ds, -B, DB, -B,-
Lad = 1 1 0

But the construction of the Newton basis polynomials on (d + 1)-pencil lattices gives
I, =0if p & =,, where

En={p €S, piy =+ (i), ke{l,2,...,d}, j=0,1,....n—1}.

This reveals the barycentric form of the interpolation error, given in Theorem 1.21, as

d
f( ) pn$€ ZN "EE / Dm—B“/DZfa zeRd+17 sz:]-v
B T i=0

pes, s @]

where

This proves the following theorem

THEOREM 4.3. Let f € C""(R?). The barycentric form of the error of the cubature
rule (4.2) is given as

B(f) = Sag,, | X N (a:6)T /[B Das, Did

EE-—n

4.2. Lattice refinement

Using the lattice extension approach, presented in the previous chapter, the cubature
rule (4.2) can be efficiently extended from a simplex to a simplicial partition. Since for
small enough degrees most of the lattice points lie on facets of simplices, the described
extension enables us to evaluate the function at these points only once.

Newton-Cotes cubature rules become really useful in practice when one applies them
in an adaptive way. A globally adaptive algorithm over a simplicial partition is usually
based upon successive refinements or subdivisions of simplices. Though it is obvious
that such a refinement could be carried out for principal lattices, it is far away of being
obvious that this can be done for (d + 1)-pencil lattices too. In this section, a lattice
refinement step that is a basis of the adaptive algorithm in the next section, is presented.

A lattice refinement approach is quite useful also in multivariate interpolation. Name-
ly, it can happen that the approximation by the interpolating polynomial is not satis-
factory on some simplex of the partition. An obvious remedy is to increase the number
of interpolation points on this simplex (Figure 4.2). A natural way to do this is to refine
a lattice. Let A € T be the simplex where a lattice refinement is needed. In order to
retain regularity of a simplicial partition, let us refine the lattice by adding a new vertex
into the interior of AA. The refinement of a lattice on the simplicial partition 7 consists
of the following steps (Figure 4.2):
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Choose a simplex A € 7, where the refinement is needed.

e Add a new vertex T into the interior of A.

Add d+1 edges from T to the vertices of A. These edges split the simplex A into
d + 1 new simplices.

Construct new lattices on these simplices such that two adjacent simplices share
the lattice restriction to the common face.

Figure 4.2: A given surface and two different continuous piecewise polynomial inter-
polants over lattices on underlying triangulations.

The following theorem precisely determines the last step of the lattice refinement.
Recall, that B(A) denotes the boundary (the union of all facets) of a simplex A.

THEOREM 4.4. Let (B(§)),ca be the barycentric coordinates of a (d + 1)-pencil

lattice on N = (T, T1,...,Ty), and let Tyyq be a verter in the interior of /\ that
splits I\ to d+ 1 simplices { A\ YL, Then there exist (d 4 1)-pencil lattices on {A\;}&}
which coincide on common faces of {A\;}E7 and agree with the initial lattice on B(A).

Moreover, there is one degree of freedom to construct these lattices (see Figure 4.3).

Proof. Let us order the vertices of A;, i =1,2,...,d+ 1, as
Ai: <Ti0,Ti17‘..,Tid>, 0<to<ty <+~ <Zd:d+]_ (49)

Note that the indices of vertices are not taken modulo d + 1 here. Any pair of simplices
A;, A; has a facet in common. Let this facet be in A; denoted as
(Ti s Ty Tiy )y 0 <y <y <00 <y, <d+ 1,

iro 3
with the corresponding vertices in A; given by

Tj :T

Tl irk7

k=0,1,...,d—1.
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By (4.9),
w ((z’,,o,z'm, . ,z',,dfl)T) = w ((jm,jm, . ,de*l)T) — 1. (4.10)

Assume that the product of local barycentric lattice parameters on each simplex in
{AH! is equal to the product of local barycentric lattice parameters for the lattice
on A. All simplices A;, 7 = 1,2,...,d + 1, have one facet in common with A. Let
us first construct the lattice on A;. Since a similar relation as in (4.10) holds on the
common facet, the lattice can be extended from this facet to A; with one additional free
parameter (Corollary 3.20). Now the simplices A;, i = 2,3,...,d + 1, have two facets in
common with AU A ;. Therefore by the same argument as in the proof of Theorem 3.21
all lattices on Ag, Ag, ..., Agyq are uniquely determined and agree with the given one
on B(A) U B(Ay). In order to conclude the proof, it only has to be shown that the
lattices agree on common facets

Since A\;; are (d—1)-simplices, the case d = 2 has to be considered separately. For d > 3,
lattices on A\;; are already uniquely determined by the lattices on AUA; (Corollary 3.17)
and therefore the lattices on A; and A agree on A;;. Now let d = 2. The same corollary
can not be used now, since facets of (d— 1)-simplices are vertices and they do not include
any information about the lattice. However, the idea already used in Lemma 3.32 proves
the theorem for the planar case. Namely, all four triangles Ay, Ay, A3 and A together
can be identified with a tetrahedron in R3®. Then by Corollary 3.17, the lattices on A\,
and Aj are uniquely determined with lattices on /A and /A\; and they agree on a common
edge Nos. O

Figure 4.3: A lattice with parameters {, = 1/2, & = 3/5, & = 4/3, and two different
refinements with the additional shape parameter ( = 7/3, 1/2, respectively.

In Figure 4.4, an example of the lattice refinement approach is shown in an adaptive
way.

Also some other approaches to refine a lattice on a simplex may be appropriate
for some applications. For example, in the Romberg type multivariate integration, a
refinement shown in Figure 4.5 may be used.
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Figure 4.4: An example of the lattice refinement in an adaptive way.

Figure 4.5: Three-pencil lattices of order 2,4 and 8 with (&, &, )T = (%, %, 1)T .

4.3. Adaptive cubature rules

In this section, we will study derived cubature rules, applied in an adaptive way. Let us
consider the integrals of the form

/Tf(u) du:;U/Af(u) du, (4.11)

where 7 is a simplicial partition in R?, using an adaptive algorithm that consists of a
sequence of stages, where each stage has the following steps:

(a) from the current simplicial partition 7" (at the beginning 7' = 7') select simplices
A, where the cubature rule does not give a satisfying approximation,

(b) subdivide selected simplices and determine the lattices on the newly obtained sim-
plices,
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(¢) update the simplicial partition 7’ with new simplices, apply a local cubature rule to
any new simplex by carefully avoiding extraneous function evaluations, and update
the global integral (4.11) for 7".

At the beginning of the algorithm we have to determine a global integral approximation
based upon the initial (d+1)-pencil lattice on the simplicial partition 7 and then continue
with the step (b). Since the step (c) is straightforward, we only have to describe steps
(a) and (b). In the step (a) we select, for a given constant € > 0, collections of simplices

{A17A27 .. '7Ad+l}a

for which
d+1
Qalf) =Y Qa(f)| >
i=1
where A is the simplex that was split into Ay, Ao, ..., Agy1 in the previous stage.

Clearly, there are several ways how to perform step (b), which requires a subdivision
of selected simplices (see [19], e.g.). But since our main goal is to keep the number of
function evaluations at new points as low as possible, we will choose the subdivision
strategy that will be based upon the lattice refinement approach, presented in the pre-
vious section. Recall that in this case we have to determine a subdivision point T in the
interior of a simplex, which defines d 4+ 1 new simplices

Ai: <T0,T1,...,Td,i,Td,iJrQ,Td,iJrg,...,Td,T>, Z: 1,2,...,d+ 1 (412)

~
d+1—1 i—1

Moreover, we have to determine the lattices on the newly obtained simplices, i.e., we
have to choose a shape parameter ¢ used by the lattice refinement (Figure 4.3). Let us
now consider two different possibilities how to determine a subdivision point and the
lattices on new simplices.

Algorithm 1. We subdivide a simplex A = (T, T4,...,T4) to d + 1 new simplices
(4.12), where

and the lattice on each simplex is a principal lattice. This is possible only if the lattices
on all simplices in the original simplicial partition are principal lattices. We obtain the
standard Newton-Cotes adaptive rule.

Algorithm 2. Using the lattice refinement approach presented in the previous section, we
subdivide a simplex A = (T, T,...,T4), having a (d+ 1)-pencil lattice determined by
parameters & = (&,&1,...,&)7, to d+ 1 simplices {A;}&] given in (4.12), with lattices
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determined by parameters

T
£(Ay) = (50,51,...,@_2,4, @‘f") ,

£(AJ) = (507 517 R 7£d7j717 éd*j ' gd*j+17 gd*j+27 .. é-d 1, —
=23, d—1,

¢ &1—1&1) g
a1’ ¢ 7

T
§(La) = (50'51,52,53,...,&5 1 SC fdlgd) , (4.13)
-1 G
€(Ad+1) = (§17§2a s 7§d 1, fC_ gd 2§d€0> )

where ( is a free parameter. Suppose now that the number of function evaluations is

crucial. The subdivision point
. T
T:=2z= (Zl,ZQ,...,Zd)

and the additional free parameter ¢ in (4.13) can then be determined by a particular
procedure, which can substantially decrease the number of function evaluations needed.
Before we state this procedure, let us introduce the set of

n+d—1
d—1
monomials of total degree n,

Po = {u?, [yl =n, v € Nj},
and the closed ball Qx C A = (T, Ty,...,Tq) C RY

1
Op=aler) ={ueh Ju-clh<r), c¢=-——-3T,

vl e )
min —C .
2 2

1
2 0<i<j<d

=

procedure ChooseParameters (d, n, A, €)

1. wvalue(z,() :=0;

2. forpe P,

3. sum(z,Q) = d S0 vol(A) (Seny @ (€80 p(XA(8))
4. value(z, ¢) = value(z, () + (Sa(p) — sum(z, ¢))?;

5.  end;

6. {z,(}:= (value(z,g_) = min Value(z,o>;

2€Q, 3<(<4

7. Return {z,(};
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Note that this procedure does not depend on the integrated function f. If our aim
is to integrate several functions over the same simplicial partition, we will store all the
computed parameters {z,(}.

Let us compare both algorithms on several interesting functions (Table 4.1, Fig-
ure 4.6). Let

T C[-1,2] x [-3/2,3/2] C R?

be a star and let d = 2 and n = 3. As expected, the number of function evaluations is
significantly smaller for the second algorithm, since there is a freedom of choosing the
subdivision point T" and the free parameter ( at every step. Note that the choice of the
parameter ¢ brings approximately 20% to this fact.

Figure 4.6: The points where the function evaluations are needed in both Newton-Cotes
algorithms for the last two rows in Table 4.1.

Let us conclude the section with a brief efficiency comparison between particular
Gaussian type adaptive formulae, and the cubature rules outlined in this chapter. How-
ever, it should be emphasized that the computational complexity is not the only issue to
be kept in mind when one is comparing these two classes of cubature rules. The Gaussian
type requires the integrated function more or less to be known in a closed form. On the
other hand, Newton-Cotes formulae, which were here extended to (d + 1)-pencil lattices,
are closed form rules based upon the function values evaluated at particular unisolvent
sets of points that can be simply generated in any dimension. Thus the data may be
supplied in a tabular form only. Also, since it is straightforward to generate the lattice
points, a way to make a computer program may be shorter. As for the numerical test,
let us recompute the examples by a similar adaptive algorithm, but based upon two
different Gaussian rules for d = 2 and n = 3. In the barycentric form, the weights and
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d=2,n=3 Alg. 1| Alg. 2 | Qf | Q%
flug,ug) \ If \ |E(f)| | number of function evaluations
(uru2)? + (cos(u1 + ug))? 2.86003 | 0.005 | 724 | 411 | 767 | 245
cos(uy + ug) sin(uy + uz) 0.09144 | 0.0002 | 1129 | 351 434 | 407
cos(uy + ug) et tu2) 4.35648 | 0.0005 | 832 | 471 | 308 | 254
e~ ((0-4(11-0.3))" +0.2 (u2-02)?) 551201 | 0.0001 | 1345 | 651 | 488 | 317
e~ (2Tu1=02[+0.6[uz+04]) 4 7 8.33514 | 0.001 | 1102 | 411 | 1217 | 1541
Syge (=2 tu3) _ 8y 0-(ui+ud) 41 | 7.74886 | 0.0002 | 3397 | 2211 | 1487 | 1046

Table 4.1: The number of function evaluations needed to achieve the error |E(f)| is
shown for both Newton-Cotes algorithms and for algorithms based on rules Q¢ and Q..

the points of these two rules are (see [18], e.g.)

25 9
4 .
: i ) = ]-7 27 ) - - 9
Qe w % 7 3 Wy 32

311\ 13 1\" 11 3\" 11 1\"
Bi=(222) Bo=(=2=) Bs=(222) Bi=(==-=
1 <57575) ’ 2 <57575) ) 3 (57575> ) 4 (37373> )

1
P i=-—, i=12...,6
QG w 127 ? ) S )

71 := 0.10903900907288, 75 := 0.23193336855303, 73 :=1— 73 — 7o,

B, = (71,72>T3)T, B, = (71773772)T> B; = (Tz,Tl,T?,)T,

B, = (72773>7'1)T7 B; = (73771,7'2)T, B = (73,7'2,71)T-
The number of function evaluations in the adaptive Gaussian algorithms based upon
these two rules are shown in Table 4.1.
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Razsirjeni povzetek

Teorija aproksimacije je ena izmed glavnih tem na podro¢ju numeric¢ne analize. Znotraj
nje ima posebno mesto polinomska interpolacija, saj nam da aproksimant v zakljuceni
obliki, kar lahko s pridom izkoristimo v aplikacijah. Morda je v praksi najpomemb-
nejsa polinomska interpolacija v ve¢ razseznostih, saj najdemo njeno uporabo tudi pri
kubaturnih pravilih (integracijskih pravilih v ve¢ dimenzijah), konénih elementih, rekon-
strukciji ploskev, optimizaciji ... V nasprotju s polinomsko interpolacijo v eni dimenziji,
ki je dobro raziskana, je vecdimenzionalna polinomska interpolacija mnogo kompleksnejsa
in zato Se vedno delezna precejSnje pozornosti.

Za lazje nadaljevanje vpeljimo standardno notacijo, ki se uporablja v vecdimenzional-
nih problemih. Z d bomo oznacevali dimenzijo prostora, zapis T := (21, Ts, ..., 74)T nam
bo predstavljal tocko v R?, s I1¢ bomo identificirali prostor vseh polinomov d spremenljivk
7 realnimi koeficienti, medtem ko nam bo I1¢ predstavljal podprostor v I1¢, ki ga tvorijo

polinomi oblike
Z CaX®.

lee|<n
Pri tem zapisu je @ = (ay, as, ..., aq)T, a; € Ng := NU{0}, multiindeksni vektor dolZine
| == 2?21 Q;, Cq realno Stevilo in £® monom oblike 7 x4? -+ - x5, Zlahka dokazemo,

da je dimenzija prostora I1¢ enaka (”;d). V nadaljevanju bomo potrebovali Se oznaki

,3§a<:>ﬁi§042-, i:1,2,...,d, al = alag! -yl

Najpomembnejsa med interpolacijskimi problemi sta seveda Lagrangeev in Hermiteov
interpolacijski problem. V disertaciji se ukvarjam le s prvim, zato si poglejmo, kako
formalno definiramo ve¢dimenzionalen Lagrangeev interpolacijski problem.

DEFINICIJA 1. Za dane N -dimenzionalen interpolacijski podprostor P C 1%, mnoZico
razlicnih interpolacijskih tock x; € R, i = 1,2,...,N, in vrednosti y; € R, i =
1,2,..., N, polinom p € P, za katerega velja

p(.’l:l):yl, i:1,27...,N,

imenujemo Lagrangeev interpolacijski polinom za dane interpolacijski prostor, tocke in
vrednosti.
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Obicajno so vrednosti y; podane s funkcijo f : R? — R, zato lahko definicijo zapisemo
tudi nekoliko drugace.

DEFINICIJA 2. Za dane N -dimenzionalen interpolacijski podprostor P C I1¢, mnoZico
razlicnih interpolacijskih tock ¢; € R, i = 1,2,..., N, in funkcijo f : R — R, polinom
p € P, za katerega velja

p(.’Ez):f(Ez>, 7::1,2,...7]\],

imenujemo Lagrangeev interpolacijski polinom za dane interpolacijski prostor, tocke in
funkcijo f.

Zanimivi so predvsem interpolacijski problemi, pri katerih je interpolacijski polinom
dolocen enoli¢no.

DEFINICIJA 3. Naj bo P C II¢ N-dimenzionalen interpolacijski podprostor. La-
grangeev interpolacijski problem na mnozici N interpolacijskih tock €1, o, ..., Tn € R?
imenujemo korekten v P, ¢e za poljubne podatke y1,ys,...,yn € R obstaja enolicen
polinom p € P, da velja p(x;) =vy;, i =1,2,..., N.

Medtem ko v eni dimenziji n + 1 tock vedno interpoliramo s polinomi iz prostora
T} v ve¢ dimenzijah ni ve¢ povsem jasno, kateri polinomski podprostor izbrati za dano
mnozico interpolacijskih tock. Namre¢, dimenzije standardnih podprostorov, kot so I1¢,
doloc¢ajo le neko podmnozico v N. Torej, interpolacijski problem ne bo nujno korekten
v takSnem prostoru za poljubno mnozico interpolacijskih tock. Drugace receno, Stevilo
interpolacijskih tock se mora ujemati z dimenzijo interpolacijskega prostora, ¢e zelimo
upati na enolicnost interpolanta, zal pa to ni vedno tudi zadosti. Velja namre¢ naslednji
izrek:

IZREK 4. Lagrangeev interpolacijski problem na mnoZici interpolacijskih tock X je
korekten v prostoru P C I1¢ natanko tedaj, ko interpolacijske tocke X ne lezijo na kaksni
algebraicni hiperploskvi, katere polinom, ki j0 podaja v implicitne obliki, pripada prostoru

P.

Iz tega lahko izlus¢imo ugotovitev, da moramo pri Studiju Lagrangeevega interpo-
lacijskega problema obravnavati dva aspekta. Pri prvem imamo vnaprej podane inter-
polacijske tocke, poiskati pa moramo interpolacijski prostor, ki porodi korekten interpo-
lacijski problem. V drugem pristopu imamo podan interpolacijski prostor, obi¢ajno II¢,
iS¢emo pa mnozico interpolacijskih tock, ki nam enolicno doloc¢a interpolacijski polinom
v danem prostoru. V disertaciji se ukvarjam le z drugim pristopom, zato si ga oglejmo
podrobneje.

Omejili se bomo na, v praksi, najbolj razsirjen interpolacijski prostor, to je I1¢. Ker
algebrai¢na karakterizacija korektnosti, podana v izreku 4, ni uporabna na primer v
aritmetiki premicne pike, smo primorani iskati mnozice interpolacijskih tock, ki bodo
korektnost interpolacijskega problema v prostoru I1¢ zagotavljale vnaprej. Pomembnejsi
raziskovalci, ki se s tem ukvarjajo, so C. de Boor, J. M. Carnicer, K. C. Chung, M. Gasca,
J. Maeztu, G. M. Phillips, T. Sauer, Y. Xu, T. H. Yao ...
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Najnaravnejsi in najpreprostejSi nacin izbire ustreznih interpolacijskih tock so os-
novne mreze (slika 1.2 (levo)), kjer so interpolacijske tocke dobljene kot preseki d + 1
Sopov po n + 1 vzporednih hiperravnin. Natanc¢neje, vsaka tocka je dobljena kot presek
d+ 1 hiperravnin, po ene iz vsakega Sopa. V baricentricnih koordinatah, glede na oglisca
simpleksa, jih lahko zapisemo kot

1
{—a, a € NIt |a| = n}
n

Za te mreze velja, da zadoScajo pogoju geometrijske karakterizacije, zato porodijo ko-
rektnost interpolacijskega problema.

DEFINICIJA 5. Mnozica interpolacijskih tock X = {x1,Zs,...,ZNy} zadoic¢a pogoju
geometrijske karakterizacije (GC pogoju), ée za vsako tocko x; € X obstajajo hiperrav-
nine H;;, j = 1,2,...,n, tako da z; ne leZi na nobeni od teh hiperravnin, medtem ko vse
ostale tocke iz X leZijo na vsaj eni od njih. Natancneje,

goe| JHy; & i#l i l=12. N
j=1

Vcasih bomo GC pogoj oznacili kot GC,, pogoj, da poudarimo stevilo hiperravnin,
asociiranih s posamezno tocko.

IZREK 6. Ce mnoZica interpolacijskih tock X = {xy,zy,..., 25}, N = (”;d), zadosca
GC, pogoju, potem X porodi korektno interpolacijo v prostoru I1¢.

OPOMBA 7. Ce mnozica interpolacijskih tock zadosca GC pogoju, potem so Lagrange-
evi bazni polinomi produkti linearnih polinomov. Ceprav je to vedno res v eni dimenziji,
v veé¢ dimenzijah velja le takrat, ko mnoZica interpolacijskih tock zadoscéa GC pogoju. Je
pa to vsekakor pomembna prednost pri implementaciji.

Osnovne mreze lahko posplosimo na tako imenovane posplosene osnovne mreze:

DEFINICIJA 8. Posplosena osnovna mreza redan v R? (slika 1.3 (desno)) je mnoZica
(") tock

X ={zo, acNI |a|=n},
za katere obstaja d + 1 Sopov po n + 1 hiperravnin (H;,)"_,, i =0,1,...,d, tako da je
vsaka tocka o € X dobljena kot

d
T = ﬂ Hi,ai-
=0

Pomemben poseben primer teh mrez so mreze d + 1 sopov (slika 1.4 (levo)), kjer se
hiperravnine v posameznem Sopu sekajo v tako imenovanem centru, ki je hiperravnina
kodimenzije dva. S temi mrezami se natancneje ukvarjam v nadaljevanju disertacije.

Ko govorimo o interpolaciji, je seveda vedno potrebno obravnavati tudi vprasanje
o napaki interpolanta. Obstaja vec¢ razlicnih pristopov, najpomembnejsi pa je najbrz
pristop preko koncnih diferenc, ki sta ga uvedla T. Sauer in Y. Xu v [44].
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V disertaciji so podrobno obravnavane mreze d+ 1 Sopov, saj je ta tip mrez uporaben
v Stevilnih aplikacijah. Sprva se osredotoc¢im na mreze Sopov na posameznem simpleksu,
kjer izpeljem baricentricne koordinate tock taksne mreze. Podana je tudi formula v
zakljuceni obliki za Lagrangeev interpolant nad temi mrezami. V nadaljevanju mreze
Sopov posplosim na globalne mreze na simplicialnih particijah. Pokazem, da na eno-
stavno povezani simplicialni particiji z V' vozlisci obstaja globalna mreza d + 1 Sopov, ki
ima V prostostnih stopenj. Ta mreza je taksna, da je odsekoma polinomski interpolant
nad to mrezo avtomati¢no zvezen. Analizo mrez na simplicialnih particijah zaklju¢im z
obravnavo le-teh na particijah, ki niso enostavno povezane, ter s sorodnim problemom,
kako razsiriti mrezo Cez izbrane luknje v simplicialni particiji. Disertacijo nadaljujem s
studijem Newton-Cotesovih kubaturnih pravil nad mrezami d 4+ 1 Sopov na simpleksih.
Kubaturna pravila nato prenesem Se na simplicialne particije in izpeljem adaptivni al-
goritem, s katerim pokazem, kako lahko dodatna svoboda, ki jo imamo pri teh mrezah,
pripomore k obé¢utnemu zmanjsanju potrebnih izracunov funkcijskih vrednosti.

Mreze d + 1 Sopov

V tem poglaviju obravnavam mreze d + 1 $opov na simpleksu v R?. Vpeljimo za
zacetek nekaj definicij, ki jih bomo potrebovali skozi celotno disertacijo. Simpleks v R?
je konveksna ovojnica d + 1 tock T;, i = 0,1,...,d. Ker bo zame pomemben tudi vrstni
red oglis¢ simpleksa, mi bo oznaka (T, T, ...,T;) predstavljala simpleks s predpisanim
vrstnim redom oglis¢. Pomembno vlogo bo igral d-simpleks z ogliséi T; = ((51-4-)?:0,
0,1,....,d, kjer je &; ; Kroneckerjev delta, in ga bomo oznacevali z Aj ; C R Mreza
d+1 Sopov reda n sestoji iz ("Zd) tock, dolocenih s preseki d+1 Sopov po n+1 hiperravnin.
Vse hiperravnine v posameznih Sopih se sekajo v tako imenovanih centrih C;, ki so
hiperravnine kodimenzije dva. Izkaze se, da je celotna mreza pravzaprav doloCena z

d + 1 afino neodvisnimi kontrolnimi toc¢kami

7 =

P,cRY i=0,1,...,d,

kjer kontrolna tocka P; lezi na premici skozi ogliséi T'; in T';,1, a izven daljice T';T;,4
(slika 2.2). Kontrolne tocke nato enolicno dolo¢ajo vse centre, pri ¢emer je center C,;
dolocen s kontrolnimi tockami P;, P;yq, ..., P;iq_2. Velja tudi

{Piy1,Pio,...,Piya 2} CC,NCi.

Opazimo (slika 2.1), da so v ravninskem primeru centri C; kar enaki kontrolnim tockam
P;, medtem ko za d > 2 temu ni ve¢ tako (slika 2.2). Tukaj in tekom celotne disertacije je
privzeto, da se indekse oglis¢ simpleksa, kontrolnih tock, centrov, tock mreze, parametrov
mreze ... razume po modulu d + 1. Kjer je potrebno, to posebej poudarim s funkcijo
m(i) :=imod (d+1).

Pomembno vlogo bosta v nadaljevanju igrali tudi naslednji preslikavi. Prva je bijek-
tivna vlozitev u : ZT] — Ny,
X (i — ik+1)> )

Jj=0

j—1

w( (i) ) = (z'j +(d+1)

k=0
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kjer je
(s) = 1, s>0,
X L O,

sicer,

obicajna Heavisideova stopnicna funkcija. Druga pa je preslikava w : Zgjﬁ — N, defini-
rana kot

w ((ij);:o> = §X (ik — drg1) + x (3 —i0)

r

Sliko te preslikave imenujemo ovojno stevilo indeksnega vektorja (ij)j o- Obe preslikavi
sta prikazani na sliki 2.4. V nadaljevanju bomo zapis skrajsali tudi z oznako

j—1 7, a=1,

Ul,=) a'=< 1-qJ , j € Ny.
. , sicer,

l—«

Izpeljimo sedaj baricentri¢ne koordinate tock mreze d+ 1 Sopov. Naredimo to najprej
za ravninski primer, ki je tudi najpomembnejsi v praksi. V tem posebnem primeru lahko
baricentricne koordinate, glede na oglisca trikotnika, pisSemo kot

B,y jrj k,j=0, k+j<n,
z danimi koordinatami oglis¢ trikotnika
Bn,O,O = (17 07 O)T y BO,n,O = (07 17 O)T 5 BO,O,n = (07 07 1)T .

Zapisimo baricentricne koordinate centrov (ki se v tem primeru ujemajo s kontrolnimi
tockami) v obliki

1 0 B &
1— & ! 1—6&
C(): . 50 , 01: 1_51 s 02: 0 ) (1>
=% & !
0 14 1-6&

kjer so & > 0, ¢ = 0, 1,2, prosti parametri (slika 2.5). To posebno obliko uporabimo
z namenom, da pokrijemo tudi primere vzporednih premic (§; = 1). Opomnimo, da
obmocje 0 < & < 1 pokrije poltrak od premice v neskon¢nosti do ogliséa T';, medtem ko
obmocje 1 < & < oo pokrije poltrak od T;4; do premice v neskonénosti (slika 2.6). Prvi
korak pri dolocitvi baricentri¢nih koordinat B,,_;_; ; je naslednja lema.

LEMA 9. Naj bodo B,,_j_j1j, k,j > 0, k+ 5 < n, baricentricne koordinate tock mreZe
treh Sopov, doloc¢ene s centri C;, podanimi v (1). Potem velja

B, kro= (11— Tk,O)T, k=0,1,...,n,

pri cemer je

n k

o’ — o /
Tk::Tk<§0) = an_ak‘—}—(ak_l)fo’ k::0717"'ana Q= n&)glg?‘
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Dokaz temelji na tako imenovani “cik-cak” konstrukciji, reSevanju posebne rekurzivne
enacbe, ter enacbi z reSitvami, ki so sorazmerne korenom enote.
S pomocjo Pappusovega izreka lahko nato dokazemo naslednji izrek.

IZREK 10. Naj bodo centri C; mreze treh Sopov dolo¢eni s parametri &;, kot v (1), in
naj bo a = Y&p&1&2. Nadalje naj bodo

v = Al wi::E vj, 1=20,1,...,n.

Baricentricne koordinate tock mreZe treh sopov so enake

Uk+jWn—k—j
Ukt jWn—go—j + (vjwr + w;i&1) &o

Un— Wk

By i—jr; = | vn—rwi + (Un_p—jw; + wyp_i—;&) &

Up—;Wy

Un—jW;j + (VW ——j + wi&o) &2

Posplosimo sedaj to analizo na mreze d + 1 Sopov na simpleksu v R?. Tocke mreze so
ponovno dolocene z d + 1 kontrolnimi tockami. Kontrolne tocke lahko v baricentri¢nih
koordinatah sedaj zapisemo kot

T
1 &i .
P, = |(0,0,...,0, ,— ,0,0,...,0 , i=0,1,...,d—1,
— 1-¢ 1-¢; 71,_/
T
1
Pd = _iaoaoa"'aoa— )
1— éd —_—— 11— fd

kjer so & = (&, &, - .. ,5d)T prosti parametri. Kot vidimo, gre za direktno posplositev

ravninskega primera. V nadaljevanju bomo potrebovali indeksne mnozice

d
Ircf = {’7_(707717"'77d)T6Ng+17 ‘7‘_271_n}
=0

Naslednji izrek nam poda baricentri¢ne koordinate tock mreze d + 1 Sopov.

IZREK 11. Baricentricne koordinate tock mreze d + 1 Sopov reda n na simpleksu A\ =
(T, Ty,...,Ty), glede na oglisca A\, so dolocene z d + 1 pozitivnimi parametri & =

(§0a STRR ,fd)T kot
(B'Y)'YGI;'{ = (B'y (5))7€Ig )

pri cemer je

2 T
(Ozn_w Nola > €0 @™ 07 [y1],, , &o&a @™ 2= o]y &g e e Egmy @ hd]o‘)

(2)

B. =
K D%E
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mn
Dye=0a""yl, +&a™™ ™ " y], +...+&& a1 [yal,, o= Hfi-
i—0

Iz dejstva, da mreze d + 1 Sopov zadoscajo GC pogoju, sledi, da so Lagrangeevi
bazni polinomi produkti linearnih faktorjev. Naslednji izrek podaja Lagrangeeve bazne
polinome v baricentri¢ni obliki.

IZREK 12. Naj bo mreza d + 1 Sopov reda n na simpleksu /\ podana v baricentriéni
obliki s parametri & = (&, &1, - - ,§d)T, kot v izreku 11, in naj bodo

fvER, yeIi

dani podatki. Polinom p, € 112, ki interpolira podatke (f+)yeza nad tockami (B.)
je oblike

~yeTL’

d
pu(m€) = Y [ Ly(m:8),  zeRWL Y a=1.

~yezd i=0

Lagrangeevi bazni polinomi L~ so produkti linearnih clenov,

d vi—1

Ly(2:€) = H H hij~(x:€), (3)

pri demer je i=0 j=0
e 62—7]“ (xz " <1 N %) i (x;€>> ’ (4)

1_[?1—%' n—17

[n_j]a

m

i+d n— ). 1
g (z;€) == Z 1 Tt Ciy = <1 - 7] )
t=i+1 kl:[ gk o

Linearni faktorji h; ;4 v (4) so odvisni le od (i + 1)-ve komponente pripadajoce tocke
B.,. Tega dejstva iz klasicne predstavitve Lagrangeevih polinomov ni mo¢ razbrati, je
pa vsekakor pomembno za uc¢inkovito implementacijo.

Mreze na simplicialnih particijah

V tem poglavju je obravnavana razSiritev mreze d + 1 Sopov z enega simpleksa
na koné¢no, regularno simplicialno particijo v RY.  Simplicialni particiji re¢emo, da
je regularna, ¢e ima poljuben par sosednjih simpleksov skupno celotno r-lice za nek
r €40,1,...,d — 1} (slika 3.1 (levo)). Zanimajo nas globalne mreze, kjer se tocke na




116 Razsirjeni povzetek

skupnih licih simpleksov ujemajo, saj taksne mreze zagotavljajo vsaj zveznost inter-
polanta nad to mrezo. Razsiritev mreze temelji na baricentri¢ni predstavitvi, ki smo jo
izpeljali v prejsnjem poglavju.

Obravnavajmo najprej mreze na triangulacijah, torej ravninski primer. To nam bo
sluzilo kot osnova za Studij v visjih dimenzijah. Privzemimo, da imamo dva trikotnika in
mrezi na njima. Poglejmo si, kaj mora veljati, da se tocke obeh mrez ujemajo na skupni
stranici obeh trikotnikov.

IZREK 13. Naj bosta N = (T, T1,Ty) in N = (T, T,,T,) dana trikotnika in naj
bosta pripadajoci mreZi definirani s parametri &€ = (&9, &1,&)T in & = (&), &1,&)T. Bari-
centriéne koordinate tock mrez se ujemajo na stranicah (To,Ty) in (T4, T} ) natanko
tedaj, ko velja

fofifg = 5651527

v primeru n = 2, in

6152 = §1§;7 50 - §(I)7 (a/ = a)? ali g(]gigé =1, §6§1§2 =1, (O/Oz = 1)7
zan > 3.

Dokaz izreka temelji na Descartesovem pravilu o stevilu pozitivnih realnih nicel re-
alnega polinoma. Nekatere primere ujemanja dveh mrez na skupni stranici trikotnikov
vidimo na slikah 3.3 in 3.4.

Poenostavimo za nekaj ¢asa notacijo in oznac¢imo oglisca trikotnika T'y, T'; in T'y z 0, 1
in 2. Izrek 13 nam da relacije, ki zagotavljajo ujemanje tock na skupni stranici za posebno
stevilcenje oglisc trikotnikov. Ker zelimo skonstruirati mrezo na celotni triangulaciji, bi
morali podoben rezultat imeti za poljubna steviléenja. To resimo tako, da uporabimo
rotacije in zrcaljenja iz simetricne grupe S;3 na ogliscih triotnikov. Zrcaljenja okrog
simetral kotov trikotnika nam predstavljajo permutacije (0 1), (0 2) in (1 2), medtem ko
nam rotacije predstavljajo permutacije (0 1 2), (02 1) in (0)(1)(2). Zanima nas seveda,
kako te transformacije vplivajo na parametre ;. Za rotacijo (0 1 2) po zvezah (1) velja

§O_>€17 61 _)€27 52 _)g()a a — «,

medtem ko zrcaljenje (0 1) implicira

-1 -1 -1 -1
50_>507 51_>£27 52_>£17 a—«a .

Ker je grupa S3 generirana s permutacijama (0 1 2) in (0 1), lahko vse ostale transfor-
macije centrov dobimo s kompozicijami teh dveh.

Mrezo na dani regularni triangulaciji lahko sedaj skonstruiramo na naslednji nacin.
Najprej izberemo poljuben trikotnik in uporabimo izrek 10. Sedaj ponavljamo naslednje
korake, dokler nimamo mreze dolocene na celotni triangulaciji:

e izberi poljuben trikotnik, tako da je trenutna podtriangulacija enostavno povezana;

e uporabi transformacije iz grupe S3 in izrek 13 ter skonstruiraj mrezo na novem
trikotniku.
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Mreza na prvem trikotniku je seveda dolo¢ena s tremi parametri. Izrek 13 pove,
da vsak naslednji dodan trikotnik doprinese en prost parameter, razen, ¢e je mreza
ze dolocena na dveh stranicah trikotnika, kar se zgodi, ko dopolnimo neko celico, t.j.
triangulacijo, ki ima natanko eno notranjo tocko.

IZREK 14. Naj bo n > 2. Globalno mrezo treh Sopov na reqularni, enostavno povezani
triangulaciji z V' vozlisci lahko skonstruiramo s pomocjo izreka 13 in transformacij iz
grupe Ss. Pri tem je mreza dolocena z V' prostimi parametri (glej sliko 3.7).

Izrek nakazuje, da bi to morda lahko veljalo v splosnem, zato postavimo naslednjo
domnevo.

DOMNEVA 15. Naj bo T regularna, enostavno povezana simplicialna particija z V.
vozliséi v R, Potem obstaja globalna mreza d + 1 Sopov na T, ki ima V prostostnih
stopeny.

Obravnavajmo sedaj mreze stirih Sopov v R? ter poskusimo dokazati domnevo 15 za
ta primer. Podobno kot v ravninskem primeru, odgovorimo najprej na vprasanje, kaj
mora veljati za parametre dveh mrez, da se ujemata na skupni stranici obeh tetraedrov.

IZREK 16. Naj bosta A\ = (T, T1,T,T3) in N = (T, T,,T5,Ty) dana tetraedra
in naj bodo (B4(§)) cza in (Bv(f’)),ygd baricentricne koordinate obeh mrez Stirih Sopov
reda n, n >3, na AN in AN'. MreZi se ujemata na skupni stranici

<Ti07Ti1>:<T;67T;/1>7 0<1 <1 <3, O§Z6<’l/1<3,

natanko tedaj, ko velja

i1—1 i1—1

i —1 -1
H@zh{} in o =a| ali Hfj:a"hf} in da=1|,

j=io =it j=io =it

kjer sta o™ = H?:o & ina'" = H?:o &

Tetraedra imata poleg skupne stranice lahko tudi skupen trikotnik (slika 3.9).
POSLEDICA 17. Naj bosta N = (Ty,T1,T2,T3) in N = (T,,T,,Ty,T;) dana
tetraedra in naj bodo (By(§)) cza in (B‘Y(f,))—yezg baricentricne koordinate obeh mrez
Stirih Sopov reda n, n > 3, na A in AN'. Naj bo Se o™ = H?:o & #1in

A = <Ti07

o / / /
TiuTiz) - <Ti6>Ti’1’Tz”2 >7

0 <ig <ip <ip <3,0 <) <iy <ify <3, skupen trikotnik obeh tetraedrov. Potem se
mrezi ujemata na A\ natanko tedaj, ko velja

. s
igpp1—1 Y1

1
H § = H &, k=01, in o =oa

J=tk J=i},
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Sedaj smo si pripravili orodja, da lahko mrezo razsirimo z dveh sosednjih tetraedrov
na tetraedrsko particijo. Torej, dokazati Zelimo domnevo 15 za d = 3. Dokazimo jo
najprej za poseben primer, ko je tetraedrska particija kar celica v R3.

LEMA 18. Naj bo S celica, sestavljena iz V — 1 tetraedrov. Potem obstaja globalna
mreza Stirih Sopov na S, ki je dolocena z V' prostostnimi stopnjami.

Lemo najprej dokazemo za minimalno celico v R?, to je celica, ki sestoji iz §tirih
tetraedrov (slika 3.11). Pokazemo, da lahko na njej skonstruiramo mrezo s petimi pros-
tostnimi stopnjami. Nato dokazemo, da lahko poljubno celico dobimo iz minimalne celice
s posebnim postopkom. Ta temelji na Eulerjevi formuli in dejstvu, da ima vsaka triangu-
lacija na sferi vsaj eno vozlisce stopnje 3, 4 ali 5. Ta postopek zagotovi, da lema velja za
poljubne celice. Brez vecjih tezav lahko sedaj lemo posplosimo na tetraedrske particije.

IZREK 19. Naj bo T regularna, enostavno povezana tetraedrska particija z V' vozlisci.
Potem obstaja globalna mreza $tirih Sopov na T in je dolocena z V prostostnimi stop-
njama.

Dokaza domneve 15 za d = 2 in d = 3 sta zelo specifi¢na in ju ni mozno direktno
posplositi na poljubne dimenzije. Zato bomo za dokoncen dokaz domneve 15 potrebovali
Se nekaj novih orodij in lastnosti mrez Sopov. Kot prvo si poglejmo, kaj velja za zozitev
mreze d + 1 Sopov na poljubno lice simpleksa (slika 3.15).

IZREK 20. Naj bo mreza d+ 1 Sopov na d-simpleksu N = (To,T4,...,Tq) v baricen-
tricni predstavitvi dolocena s parametri & = (&, &1, . . . ,{d)T, kot v (2). Naj indeksi

i = (ig,i1,...,0p) , 0<1i;<d, Kjerje i #1ij, cejek#j, r<d, w(i)=1,

doloc¢ajo r-lice N' = (T;,,T;,,...,T;.) C A. Zozitev mreze na A" je mreza r + 1
Sopov na /' z baricentriénimi koordinatami, glede na /', dolocenimi s parametri & =
(€0, €)", pri demer je

j+1—1

H é—m(k)v jzo,l,...,T,
k=¢

J

L
£ =

in €= ;)71 = u ( (i, i1, . . - ,ir,io)T); (glej sliko 3.16).

Ta izrek lahko uporabimo seveda tudi za zozitev zgolj na eno stranico oziroma
povezavo simpleksa. Mrezo, ki jo dobimo kot zozitev na eno stranico simpleksa, imenu-
jemo mreza dveh Sopov. Iz te zozitve lahko ugotovimo, ali je pripadajo¢i « enak 1 ali
razlicen od 1. V primeru, da je razlicen, obstajata dva tipa mrez, ki imata isto zozitev
na to povezavo. Za en tip velja, da je produkt vseh parametrov, ki dolo¢ajo mrezo, enak
a”, za drugi tip pa je enak /™ = 1/a". Naslednji izrek pove, da lahko mrezi pripadajoci
a enolicno doloc¢imo Sele, ¢e poznamo zozitev mreze na nek cikel povezav oz. stranic
simpleksa.
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IZREK 21. Naj bodo baricentri¢ne koordinate mreze d+ 1 Sopov reda n na d-simpleksu
AN =(TyT,,...,Ty) podane s parametri & = (&o, &1, - - - ,fd)T in naj bo szo & #£ 1.
Zozitev mreze na cikel povezav

<Tik7Tik+1>7 /{::0,1,...,7“, Z.r+1 = io, i: (Z.k)zzo,

r+1
2

doloca pripadajoci o = 1/ HZ:O &, enolicno, natanko tedaj, ko velja w(i) # (glej

sliko 3.18).

Ocitno je, da poznamo celotno mrezo, ¢e poznamo njeno zozitev na vse stranice
simpleksa. Izkaze se, da je dovolj poznati Ze zozitev na zgolj d + 1 izbranih stranic. Z

S. Spomnimo Se, da graf G(S1) napenja graf G(S), ¢e se mnozici vozlis¢ obeh grafov
ujemata.

IZREK 22. Mreza d + 1 $opov na simpleksu &N = (To,T1,...,Ty) s parametri & =
(€0, &1, - .-, &2)T je enolicno dolocena z zoZitvami na povezave e, = (T, T, ), k =
0,1,...,d, natanko tedaj, ko graf g .= G (Uzzo ek) napenga graf G (A) in velja
(0) Ty =1 ali
(b) g vsebuje cikel e;, = (Titq,Tjtq ), a=0,1,....r, iy =gy, q=0,1,...,mr =1,
Jt. = 11y, tako da je
.ON\T r+1
w(()y) # 5

Ce produkt a” poznamo vnaprej, potem velja naslednja posledica.

POSLEDICA 23. Privzemimo, da je produkt o" = HZ:O & znan vnaprej.  Potem
je mreza enolicno dolocena z zoZitvami na stranice simpleksa ey, = (T;,, T, ), k =
1,2,...,d, natanko tedaj, ko graf G (Uzzl ek) napenja graf G (A).

Sedaj nas zanima, kaksne zveze morajo veljati med parametri mrez na dveh sosednjih
simpleksih, ki imata neko skupno lice, da se mrezi na tem skupnem licu ujemata.

IZREK 24. Naj bosta N = (To,Ty,...,Tyq) in N = (T, T,,...,T;) dana sim-
pleksa in naj bosta mreZi na njima doloceni s parametri & = (&o,&1, - - - ,fd)T in & =
., ... ). Oznacimo z

<Ti07Ti1w'-7Tir>:<T;67T2’17‘-'7T§;>7 ]_STSd,

0<1iy <t <--- <14, <d, skupno r-lice obeh simpleksov, kjer velja T;, = T;;ﬁ. Naj velja
se (607 s 7€T+I)T =u <(7:07 ce 7iT7i0)T) m (667 te 7€;“+1)T =u ((267 s 7i;ﬂ7 Z6>T> : C’E j@

a = H?:o & # 1, potem se mrezi ujemata na skupnem r-licu natanko tedaj, ko velja ena

1zmed naslednjih moznosti:
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(a) w(@)=1 1in

lep1—1 e;c-;-l*l
H 5m(t) = H é';n(tﬁ k:O,l,...,T; (5>
t=C, t=0,,
(b) w(@)=r in
Chyr—1 b1
H gm(t) =" H f,ln(t), k:O,l,...,T.
t=Ly, t=£),

Ce bi privzeli, da je & = 1, potem bi se mrezi lahko ujemali tudi v kaksnem drugem
primeru, vendar bi s tem izgubili eno prostostno stopnjo, ¢esar pa ne zelimo.
Sedaj smo prisli do koraka, ko lahko dokon¢no dokazemo domnevo 15.

IZREK 25. Naj bo T reqularna, enostavno povezana simplicialna particija v R? 2z V
vozliséi. Potem obstaja globalna mreza d + 1 Sopov na T z natanko V' prostostnimi
stopnjams.

Glavna ideja dokaza je, da najprej globalno osteviléimo vsa vozlis¢a simplicialne par-
ticije in nato oglisca vsakega posameznega simpleksa osteviléimo v skladu z globalnim
stevilcenjem (glej sliko 3.22). Posledica taksnega Stevilcenja je, da imata poljubna sim-
pleksa na skupnem licu ovojni stevili enaki ena, zato lahko uporabimo relacije (5).

V domnevi 15 in v vseh izrekih, ki so jo dokazovali, smo potihoma privzeli, da je graf
G(7T), pri ¢emer je 7 nasa simplicialna particija, vsaj 2-povezan. Grafu recemo, da je
(-povezan, Ce je mo¢ najmanjSe mnozice vozlis¢, katere odstranitev iz grafa povzroci, da
graf postane nepovezan, vsaj £.

OPOMBA 26. Ce je T reqularna, enostavno povezana simplicialna particija v R* z V
vozlisci, taksna, da G(T) ni 2-povezan, potem je mreia na T dolocena z V + m pros-
tostnimi stopnjamai, pri cemer je m moc¢ mnozice vozlisc, za katera velja, da odstranitev
poljubnega od njih naredi graf G(7) nepovezan (glej sliko 3.24).

Simplicialne particije, s katerimi smo se ukvarjali do sedaj, so bile enostavno poveza-
ne. Ker imamo v praksi mnogokrat opravka tudi s particijami, ki niso enostavno pove-
zane, je potrebno obravnavati tudi te. Naivno gledano bi seveda lahko povecali taksno
particijo do enostavno povezane, skonstruirali mrezo nad to novo particijo in jo zozili
na prvotno. Toda taksen pristop povsem zanemari dejstvo, da simplicialna particija ni
enostavno povezana. Pokazali bomo, da je mo¢ to dejstvo izkoristiti, saj nam dodatne
prostostne stopnje lahko povecajo fleksibilnost mreze.

Da lahko posplosimo izrek 25, potrebujemo naslednjo lemo.

LEMA 27. Privzemimo, da poznamo produkt o™ = szo &k, ki ustreza baricentricni
predstavitvi mreze d + 1 Sopov s parametri € na simpleksu /N C R, Naj bodo mreze d
Sopov z istimi o dane na r (d — 1)-licih { f;}I_, simpleksa A\, r € {2,3,...,d+ 1}, in
naj sovpadajo na skupnih licih. Ce je d > 3 ali (d=2inr =2), potem obstaja enolicno
dolocena mreza d + 1 Sopov na A\, katere zoZitev na { fi}i_, sovpada z danimi mreZami
d sopov.
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H notranjimi luknjami, homeomorfnimi simplicialni krogli. Poleg tega naj bo G(7T) 2-
povezan. Potem obstaja globalna mreza d + 1 Sopov na T, ki ima natanko V + 6q0H
prostostnih stopeny.

Privzemimo, da smo mrezo na simplicialni particiji 7, ki ni enostavno povezana,
ze uporabili za interpolacijo. Naknadno se lahko na nekaterih mestih, katerih lokacij
vnaprej ne poznamo, topologija particije spremeni. Kot modelni problem lahko vzamemo
difuzijski proces nad particijo z veliko luknjami. Tekom procesa se lahko zgodi, da
tekocina vdre v dolocene luknje. Ker seveda zelimo obstojeco mrezo ohraniti ¢im bolj
nespremenjeno, Se posebej, ce je izracun funkcijskih vrednosti zelo drag, interpolirati pa
moramo tudi podatke, ki smo jih na novo pridobili nad nekaterimi luknjami, nam to
da motivacijo za obravnavo problema, kako razsiriti mrezo na simplicialni particiji, ki
ni enostavno povezana, ¢ez dolocene luknje. Seveda pri tem zelimo, da nova mreza Se
vedno porodi zveznost interpolanta nad njo. Torej, da se tocke razsirjene mreze Se vedno
ujemajo na vseh skupnih licih simpleksov.

Preden mrezo razsirimo ¢ez luknjo, moramo luknjo seveda nekako omejiti (¢e ni
omejena) in jo razdeliti na simplekse, tako da postane simplicialna particija, ki jo bomo
oznacevali s H. V splosnem je problem takSen, da imamo mrezo vnaprej dolo¢eno na
nekaterih delih roba luknje H, doloc¢iti pa moramo preostanek mreze na celotni particiji
‘H. Za nadaljno obravnavo potrebujemo naslednji definiciji:

e Notranje (d—1)-lice simplicialne particije 7 v R? je (d—1)-simpleks, ki je (d—1)-lice
dveh simpleksov v 7. Sicer ga imenujemo robno (d — 1)-lice particije 7. MnoZzico
vseh robnih (d — 1)-lic particije 7 oznacimo z B(7T).

e Notranje vozlisce simplicialne particije 7 je vozlisce, za katerega velja, da so vsi
(d — 1)-simpleksi, ki ga vsebujejo kot oglisce, notranja (d — 1)-lica particije 7. V
nasprotnem ga imenujemo robno vozlisce particije 7.

Obravnavajmo najprej ravninski primer. V tem primeru so vse luknje povezane tri-
angulacije homeomorfne simplicialni krogli, zato lahko vse obravnavamo hkrati. Lema 27
nam nakaze, da se mreze ne bo dalo razsiriti ¢ez luknje, brez da bi jo na dolo¢enih mestih
popravili. Bistvo ravninskega primera je zajeto v naslednjem izreku.

IZREK 29. Naj bo T reqularna, povezana triangulacija v R? z notranjo trikotno luknjo
Ay in naj bo L globalna mreza d 4+ 1 Sopov na T . Potem obstaja globalna mreza d + 1
Sopov L' na T':=T U{Ay}, tako da se L in L' razlikujeta zgolj na nekem traku trikot-
nikov (slika 3.28): Ny, Do, Ns, ..., D, kjer je 2N, poljuben robni trikotnik particije T'
(sliki 3.29 in 3.30).

V vi§jih dimenzijah postane problem, kako razsiriti mrezo cez luknjo, precej bolj
zapleten. Za dokaz naslednjih izrekov potrebujemo tudi nekaj orodij iz topologije.

IZREK 30. Naj bo T C R? d > 3, simplicialna particija, homeomorfna simplicialni
krogli, z Vi notranjimi vozlis¢i. Nadalje naj bodo mreze d Sopov dane na celotnem B(T)
in naj se ujemajo na skupnih licth. Naj bo produkt parametrov lokalnih mrezZ enak isti
konstanti o™ za vse simplekse v B(T). Potem obstaja globalna mreza na T, katere zoZitev
sovpada z danimi mrezami na B(7T) in je dolocena z Vi prostostnimi stopnjami.
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V visjih dimenzijah velja, da lahko ima H mrezo dolo¢eno le na nekaterih robnih
licih. Primer particije s taksno luknjo je simplicialni torus. Za obravnavo teh tipov
lukenj, potrebujemo naslednjo lemo.

LEMA 31. Naj bo T triangulacija v R%, homeomorfna simplicialni krogli, in naj bo L
mreza na T . Nadalje naj ima T natanko tri robne povezave {e;}3_, in naj bo Ap trikotnik
s stranicami {e;}3_,. Naj bo produkt parametrov lokalnih mreZ enak isti konstanti o™ za
vse simplekse v T . Potem obstaja mreZa treh Sopov Lp na Ap, ki sovpada z £ na {e;}3_,

(glej sliko 3.33).
S pomocjo te leme lahko dokazemo naslednji izrek.

IZREK 32. Naj bo T C R? d > 3, simplicialna particija, homeomorfna simplicialni
krogli. Nadalje naj bodo mreze d Sopov dane na T' C B(T), tako da se ujemajo na
vseh skupnih licih (glej sliko 3.36). Naj bo produkt parametrov lokalnih mreZ enak isti
konstanti o™ za vse simplekse v B(T). Potem obstaja mreza na B(T), ki se ujema z
danimi mrezami na T'. Za razsiritev mreZe imamo na voljo Vg prostih parametrov, kjer
je Vg Stevilo robnih vozlisc, ki niso vozliséa particije T'.

Sedaj lahko dokonc¢no odgovorimo na vprasanje, kako razsiriti mrezo ¢ez luknjo H
simplicialne particije 7. Najprej je potrebno luknjo razdeliti na simplekse in jo po potrebi
omejiti, da postane omejena simplicialna particija. Nato moramo particijo ‘H razsiriti,
da postane homeomorfna simplicialni krogli. Sedaj lahko recemo, da imamo mrezo dano
na nekaterih robnih licih particije H. Ce je d > 3, lahko to mrezo razsirimo na celotno
‘H po izrekih 30 in 32. Za d = 2 pa moramo po izreku 28 nekoliko popraviti obstojeco
mrezo na 7 \'H.

Newton-Cotesova kubaturna pravila

V tem poglavju obravnavam Newton-Cotesova kubaturna pravila nad mrezami d + 1

Sopov na simpleksu in na simplicialni particiji. Kubaturna pravila na simpleksu A C R,
oblike

> w f(Xy), Xy€D,
>

kjer so f(X,) funkcijske vrednosti nad tockami X., w~ utezi, ¥ pa multiindeksi, so
najobicajnejsi nacin, kako aproksimirati vecdimenzionalen integral nad kompaktnim
obmo¢jem (razdeljenim na simplekse) v R?.

Newton-Cotesova kubaturna pravila so v disertaciji posplosena z osnovnih mrez na
mreze d+1 Sopov. Posplositev temelji na preprosti obliki Lagrangeevih baznih polinomov
v baricentri¢ni obliki (glej izrek 12). Ozna¢imo s Sa(f) integral skalarnega polja f : A —
R nad simpleksom A in z

QU(f:8) = > wy(&)fy, (6)

~YeTd
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kubaturno pravilo stopnje n v baricentriéni obliki nad standardnim simpleksom A% 1 €
R+, Ker so Newton-Cotesova kubaturna pravila interpolacijska pravila, lahko utezi
w~(&) izracunamo kot

0r(€) = Sna (Ly), vETL

Pri nadaljnji izpeljavi je primerneje pisati hiperravnine h; ; kot

hz‘,j<$§ f)
hi (% €) = Ty (B €)'
kjer je
itd n—=Jla, t=1
hij(z;€) = Zat] T, (€)= { (Jn — 4] — [n].) ( Z_:liék)_l’ t>1.
Pri tem indeksov pri a; ;(§) ne racunamo po modulu d+ 1. Sedaj lahko (3) zapisemo kot

d vi—1

d
HH h”B,\”f T = (Ii>§l=oeRd+l, 21}21.

Uvedimo $e indeksne mnozice Afy, i=0,1,...,d, in A, (slika 4.1). Ce je »; # 0, potem
naj velja

AL = {)\ = ()\0,)\1,...,/\%__1) s A=10 Ase{ii+ 1, i+ dE, 0< S%-—l},
sicer naj bo Al := (). Nadalje naj velja

AV::{,\::(Ag,M{,... A )T eNn (N )T eAi,}.

» =1 ? ya—1 » =l

Naslednji izrek nam da formulo za utezi kubaturnega pravila nad mrezami d + 1 Sopov
v zakljuceni obliki.

IZREK 33. Utezi wy(§) kubaturnega pravila (6) so enake
d vi—1 k’)\'
)= 116 3 (I osst0)) 24 o
AeAy \i=0 j=0

pri cemer je

d vi—1

(H H hij(B~; €) ) o kx= (ko kag, - kA,d)T

=0 j=0

in nam kx,; oznacuje frekvenco indeksa i v vektorju A.

Vzemimo sedaj simpleks A = (V,Vy,...,V;) C R? in naj bodo X., v € Z¢,
kartezicne koordinate tock mreze.
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POSLEDICA 34. Newton-Cotesovo kubaturno pravilo reda n nad simpleksom /\ C R?
je oblike

QU (f:8) = wya X)) =dlvol (A) > w,(€) f(X,),

YEL] YEL
kjer so wy(&) utezi dane v (7) in vol (A) oznacuje prostornino simpleksa A.

Razsirimo sedaj kubaturna pravila nad globalne mreze d + 1 Sopov na simplicialnih
particijah. Ker za dovolj majhne stopnje vecina tock mreze lezi na licih simpleksov,
nam dobljene globalne mreze iz prejSnjega poglavja omogocajo, da izracunamo funkcij-
ske vrednosti nad temi tockami le enkrat in tako dobimo uc¢inkovita kubaturna pravila
nad simplicialnimi particijami. Pravila Newton-Cotesovega tipa dobijo pravo vrednost
Sele, ko jih uporabimo v adaptivnem smislu. Pomembno vlogo pri globalnih adaptivnih
pravilih igra nacin zgostitve mreze, zato si poglejmo, kako lahko zgostimo mrezo na
nekem izbranem simpleksu v nasem primeru (glej sliko 4.2).

e Izberi simpleks A € 7, kjer je potrebna zgostitev lokalne mreze.

e Dodaj novo vozlisée T' v notranjost simpleksa A\, da simplicialna particija ostane
regularna.

e Dodaj d + 1 povezav od tocke T' do oglis¢ simpleksa A. Te povezave razdelijo
simpleks A na d + 1 novih simpleksov.

e Skonstruiraj nove lokalne mreze na teh simpleksih tako, da se za poljubna sosednja
simpleksa tocke mrez ujemajo na skupnem licu.

Naslednji izrek natacneje opise zadnji korak algoritma.

IZREK 35. Naj bo mreza d + 1 Sopov dana na simpleksu /N in naj bo T tocka v no-
tranjosti /\, ki razdeli A\ na d + 1 novih simpleksov {/A\; Y4}, Potem obstajajo mreze
d+1 3opov na { N}, ki sovpadajo na skupnih licih simpleksov {A\ Y4 in se ujemago
z zacetno mrezo na B(A). Za konstrukcijo teh mrez imamo na voljo en prost parameter

(glej sliko 4.3).

Sedaj lahko sestavimo globalen adaptiven algoritem, kjer vsak nivo sestoji iz nasled-
njih korakov:

e Iz trenutne simplicialne particije 7' (na zacetku je 7/ = 7') izberi simplekse, kjer
kubaturno pravilo ne da zadovoljive aproksimacije.

e Razdeli izbrane simplekse na d + 1 novih simpleksov in dolo¢i mreze na teh sim-
pleksih.

e Nadgradi simplicialno particijo 7’ z novimi simpleksi, uporabi lokalno kubaturno
pravilo na vsakem novem simpleksu, pri ¢emer se izogni nepotrebnim veckratnim
izracunom funkcijskih vrednosti nad istimi tockami, ter nadgradi globalno aproksi-
macijo za integral.
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V disertaciji se posebej posvetim drugemu koraku tega algoritma ter primerjam dva
postopka. Pri prvem imamo ves cas opravka le z osnovnimi mrezami, novo tocko pri
delitvi simpleksa na d + 1 novih simpleksov pa vedno izberemo kot sredisce simpleksa.
Pri drugem postopku nam poseben algoritem, na osnovi iskanja minimuma funkcije ve¢
spremenljivk, dolo¢i, kje naj lezi nova tocka in kaksen naj bo prost parameter iz izreka 35
pri zgostitvi mreze na doloc¢enem simpleksu. Na Stevilnih primerih pokazem, da lahko
z uporabo drugega postopka precej zmanjSamo Stevilo potrebnih izracunov funkcijskih
vrednosti, kar je v praksi lahko zelo pomembno (glej tabelo 4.1 in sliko 4.6).
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