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§1. Introduction

Interpolating scattered data is a common problem in a wide range of application
areas. It is often required that the interpolant preserves known shape properties
inherent to the data. Common shape properties are convexity, monotonicity and
nonnegativity. In this paper we consider the nonnegativity-preserving interpolation
problem.

Problem 1.1. Given a set of scattered data points {v; :== (z;,y;)}_; in a domain
Q c R? and corresponding nonnegative data values {f;}?_,, find a function s
defined on ) such that s(z;,y;) = f; for i = 1,...,n, and s(z,y) > 0 for all
(x,y) € Q.

A standard approach for solving this problem is to work with either polynomial
splines [2,5,6,9,16] or rational splines [1,8,11,12,15]. These splines are defined on a
triangulation with its vertices at the data points. Problem 1.1 is often solved as an
optimization problem in order to find a visually pleasing, nonnegative spline that
interpolates the data. Such methods are mostly global in nature, i.e., the spline
coefficients globally depend on all of the data. Our aim here is to focus on the
construction of local and easy to use methods based on standard C'' macro-element
spline spaces.

The paper is organized as follows. In Sects. 2 and 3 we describe nonnegativity-
preserving interpolation methods using the C' Powell-Sabin and Clough-Tocher
macro-elements, respectively. We discuss the approximation order of the methods
in Sect. 4, and in the following section we explain how to treat certain range-
restricted interpolation problems. Sect. 6 is devoted to some numerical examples.
We conclude with some remarks.
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§2. A Method Based on the C! Powell-Sabin Macro-element

Suppose A is a triangulation with vertices at the data points {v;}~,. For each
triangle T' € A, choose a point vr inside of T" and connect it to each of the three
vertices of T'. Connect vy and vz whenever the triangles 7" and T" share a common
edge. We assume that the points v are chosen so that these lines cross the common
edges. It is well known that this is insured if the vy are taken to be the incenters. In
addition, connect the center of each boundary edge to the point v in the associated
triangle. The resulting triangulation A, is called a Powell-Sabin (PS-) refinement
of A, see Sect. 4.8.2 of [7]. Let S3(Ars) be the corresponding space of C! piecewise
quadratic splines defined on A 5. In this section we describe a method for solving
Problem 1.1 based on this spline space. We may think of the nonnegative values
{fi}_, as coming from an unknown nonnegative function f defined on Q.

2.1. Hermite Interpolation with S} (As)

It is well known (cf. [7]) that for any {f;, f7, f/}7_, there exists a unique (Hermite)
interpolating spline s € 83 (A ps) such that

S(xhyi) = fi7 st(x’wyz) - fzx Dys(xiuyi) - fqiy for ¢ = ]-7 <.y (21)

In Problem 1.1 we are not given gradients, but there are many methods for esti-
mating them, see Remark 1.

In general, this Hermite interpolant is not guaranteed to be nonnegative, even
if the data values and gradients come from a (smooth) nonnegative function f.
Indeed, at vertices v; where the value f; is near zero, the spline can become negative
at some points in a neighborhood of v; if the gradient is too large at v;. For an
explicit example, see Sect. 6. In the next subsection we show how to adjust the
gradients to get a spline which does solve Problem 1.1.

2.2. Adjusting the gradients

We now describe a local method for adjusting the gradients in (2.1) so that the
corresponding Hermite interpolating spline will provide a solution of Problem 1.1.

For each vertex v; of A, let {e;; := (v;, vij)}?gl be the set of edges of A, attached
to v;. Note that the v;; may be incenters of triangles of A, split points on interior
edges of A, or midpoints of boundary edges of A. Suppose the coordinates of v;;
are (z;5,Yij), and let dij 1= (vij — 23) f§ + (yij — ya) [}

Algorithm 2.1. Foreachi=1,...,n:

1) set v, =1,
2) forj=1,...,n7%: ifd;; <0, set v; = min{v;, —2f;/d;;},

(2

3) set ff = f¥ and f;y = f.

It is easy to see that the {v;}I'_; obtained by this algorithm satisfy 0 <~; <1
for all 4.



Theorem 2.2. Given a set of scattered data points {v;}?_, inR?, let A\ be a trian-
gulation with vertices at these points, and let A\ ,s be the associated Powell-Sabin
refinement. Suppose we are given {f;, f¥, f/}*_, with f; > 0 fori =1,...,n. Let
{ fzr'”, fiy »_, be the adjusted gradients produced by Algorithm 2.1. Then the spline
s € S}(Aps) that interpolates the adjusted data { f;, 2-”5, fiy »_, solves Problem 1.1.

Proof: We examine s|r for a fixed macro-triangle T' in A. Suppose vy, va, v3
are its vertices, and let ¢y, ..., c19 be the Bernstein—Bézier (B-) coefficients of s|r
associated with the domain points in 7', see Sect. 6.3 of [7] and Fig. 1. Then
(cf. equation (6.5) of [7]),

ca = [(&13 — 21) fF + (ms — y1) f7)/2 + fu,

where ({13, 113) are the coordinates of the vertex of A,g lying on the edge (v1, v2).
Clearly, the choice of the factor v; implies ¢4 > 0. A similar argument shows that
the coefficients cs, ..., c12 are also nonnegative. Since all remaining coefficients of
s|r are convex combinations of these coefficients (cf. equations (6.3) and (6.4) of
[7]), we conclude that s|p(z,y) > 0 for all (z,y) € T. Since T was arbitrary, it
follows that s(x,y) > 0 for all (z,y) € Q. O

C3

C1

Fig. 1. B-coefficients of the C'! PS-macro-element.

For a numerical experiment using this method, see Sect. 6. It is clear from
the proof of Theorem 2.2 that we could have constructed a nonnegative spline by
simply setting all of the v; = 0. However, this is not a good strategy as it creates
flat spots in the surface at every data point.

§3. A Method Based on the C'!' Clough-Tocher Macro-element

Suppose A is a triangulation with vertices at the data points {v;}I' ;. For each
triangle T' € A\, let v be a point in the interior of T, and connect vy to each of
the three vertices of T'. The resulting triangulation A is called a Clough-Tocher
(CT-) refinement of A, see Sect. 4.8.1 of [7] where the split points were chosen to
be the barycenters of the triangles of A. Here we allow more general split points.
In this section we describe a method for solving Problem 1.1 based on the spline
space Sa(Acr) of O piecewise cubic splines defined on A
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3.1. Hermite Interpolation with S3(A.r)

For each edge e := (v;,v;) of A, let ne := (v; + v;)/2 be the midpoint of e, and let
D,,. be the directional derivative associated with the unit vector u. corresponding
to rotating e ninety degrees in a counterclockwise direction. Suppose we are given
{fi, f¥, f7}, along with additional real numbers {g.}.cs, where £ is the set of
edges of A. Then it is well known (cf. Sect. 6.2 of [7]) that there exists a unique
(Hermite) interpolating spline s € S1(/Acr) such that

S(xhyi) = fi7 st(xzayz) = fz:c Dys(xiayi) = fzy for ¢ = ]-7 ceey Ny (31)

and
Dy s(ne) = ge, for all e € £. (3.2)

In Problem 1.1 we are not generally given the gradient values {f7, f¥)}7_, or the
cross derivative values {ge}cce, but there are many methods for estimating them,
see Remarks 1 and 2.

In general, the above Hermite interpolant is not guaranteed to be nonnegative,
even if the data values and gradients come from a (smooth) nonnegative function
f. As in the Powell-Sabin case, at vertices v; where the value f; is near zero, the
spline can become negative at some points in a neighborhood of v; if the gradient
is too large at v;. For an explicit example, see Sect. 6. In Sects. 3.4 and 3.5 we
show how to adjust the gradients {f, f/}™_, and the values {g.}cce to get a spline
which solves Problem 1.1. First we need to derive some sufficient conditions for a
C! CT-macro-element patch to be nonnegative.

3.2. Nonnegativity of a cubic CT-macro-element patch

Given a triangle T' := (vy,v9,v3), let Ter be the CT-refinement obtained by split-
ting T' into three subtriangles by inserting a vertex vp := olevl + agvg + agvg,
where the af > 0 and af +af +al = 1. Tt is well known (cf. Sect. 6.2 of [7]) that
dim S (Tor) = 12. Now fix s € S3(Ter), and suppose its B-coefficients are {¢;}12,
as shown in Fig. 2, where we orient T so that ¢; is the coefficient associated with
vy. Then as shown in Theorem 6.5 in [7], s is uniquely determined by the coeffi-
cients {c;}12,, and the remaining coefficients are determined (from C' smoothness
conditions) by the formulae

C13 = a{cl —+ a2Tc4 + 043TCQ,

cra = of ¢5 + a5 o + A cg,

Ci5 = aFng + 042TC7 + ongc;g,

Clg = Oé,{clg + Oégclo + achlQ, (33)
c17 = 041T010 + 045014 + OégTCn,

C18 = 04{012 + 045011 + OégTC15,

T T T
C19 = 7 C16 + Q5 17 + Q3 C18.
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Cc1 Cq Cs C2
Fig. 2. B-coefficients of a CT-macro-element.

In this section we discuss conditions on the coefficients of s that guarantee that
it is nonnegative on 7T'. Since ¢; = s(v;) for i = 1,2, 3, it is clear that one necessary
condition is that

m = min{e¢y, ca,c3} > 0. (3.4)

Finding a complete set of necessary and sufficient conditions seems to be a compli-
cated problem, and has not even been solved for a single cubic polynomial defined
on a triangle, see Remark 3. In view of the formulae (3.3) and the nature of the
B-form representation, the conditions ¢; > 0, ¢ = 1,...,12, are sufficient. Inspired
by ideas in [6], we now derive a weaker set of sufficient conditions. Fix

1— T 1— T 1— T
a > max {1, gl , 2? , 253 } , (3.5)
3o 3o, 3as

where we recall that (af, o', al) are the barycentric coordinates of vr relative to

triangle T

Lemma 3.1. Let {c;}}2, be given numbers such that (3.4) holds. Suppose in
addition that

ciz—%, 4<i<9, (3.6)
where a satisfies (3.5), and let

1 af ol

> ——mi T T i ) ) 3.7

€10 2 —5 mm{og o7 min{cs, 14} (3.7)
1 T T

c11 > —= min {a—;, a—gﬁ} min{cyy, €15}, (3.8)
a3 Q3
1 T T

C12 > —— min {a—;, a—;ﬁ} min{c;s, €15} (3.9)
a3 g

ot



Let {01}213 be given by (3.3). Then the corresponding spline s € Si(Acr) is
nonnegative on 1.

Proof: Combining (3.4)—(3.6), we see that

Teo+ales+alco > T O‘g 0‘3? T (1 1—041T >0
Cl3 =0 C1 +ascy +anc ml|la; — —= — —= ) =ma —
13 14 2™ 379 = L' 3¢  3a ! 3aal )~
(3.10)

Similarly, ¢14, 15 > 0. Now inserting (3.7) and (3.9) in (3.3) gives
1 1
c16 = Qi c13 + ag c10 + a3 c12 > 01304{<1 5 5) > 0.

A similar computation shows that c¢i7,c18 > 0. It then follows from (3.3) that
c19 > 0.

We now focus on the micro-triangle ¢ := (vy, v, vy). Following an idea from
6], fix 0 < & < 1, and consider the restriction pg of s to the line from vy to the
point ve := (1 — &)v1 + &ve. Then p; is a univariate cubic polynomial which can be
written in Bernstein—Bézier form as

pe(7) = do(1 — 7)% +3dy7(1 — 7)% + 3do7?(1 — 7) + d372, 0<7<1, (3.11)

where dy = c19 and

dl = 616(1 - 5) + 617€, (312)
dg = 613(1 — 6)2 + 2610&(1 — f) + 014§2, (313)
ds = c1(1 = €)% +3cs6(1 = €)% + 36567 (1 = &) + e2(1 - €)°. (3.14)

It is known (cf. [3,17]) that a cubic polynomial of the form (3.11) is nonnegative
for 0 < 7 <1 if and only if

a) do,dy,dz,d3 >0,
or
b) do, d3 Z 0 and 4(d0d% + Clgd?) + d%d% - 6d0d1d2d3 — 3d%d% Z 0.
We now verify that a) holds. First, since ¢4, c17 > 0, it follows that d; > 0.
It is known (cf. [10,17]) that a necessary and sufficient condition for the quadratic
polynomial ds to be nonnegative for 0 < & < 1 is that ¢13,¢14 > 0 and ¢y9 >
—y/C13¢14. In view of (3.10) and (3.7), it follows that do > 0. To show that d3 > 0,

we first verify that the analog of b) holds with the coefficients ¢; = ¢ = m and
cs = c5 = —m/(3a) and a > 1. With these coefficients we have

m4

57 (27a* — 18a® — 8a — 1) > 0.

3 3 2 2 2 2
A(cre5 + cacy) + cic; — 6crcacsea — 3cics =

But then the polynomial ds is also nonnegative for any choice of ¢1,co > m and
cq,c5 > —m/(3a).



We conclude that pg(7) > 0 for all 0 < 7 < 1. Since this holds for all 0 < ¢ <1,
we conclude that s is nonnegative at all points in the triangle (vy, v, v7). A similar

argument shows that it is nonnegative at all points in the other two subtriangles of
T. O

Based on this lemma, we can now develop an algorithm for solving Problem 1.1
with a spline s € 83(Acr). The algorithm proceeds as follows:

1) estimate the gradients at the data points {v; }},,
2) estimate the normal cross-derivatives at midpoints of each edge e of A,

3) adjust the gradients so that (3.6) is satisfied for every triangle T' € A. Compute
a spline s € S3(Acr) interpolating this adjusted data,

4) further adjust the coefficients of s so that the remaining conditions of Lemma 3.1
are satisfied for every triangle 7.

For references to some methods for steps 1) and 2), see Remarks 1 and 2. We
discuss steps 3) and 4) in the following two sections.

3.3. Adjusting the gradients

As a first step towards constructing a spline s € S2(/Aor) solving Problem 1.1, we
now describe a local method for adjusting the gradients { f*, f/}*_, so that the B-
coefficients of the corresponding Hermite interpolating spline satisfy the inequalities
(3.6) of Lemma 3.1 for every triangle T' € A,

For each vertex v; of A, let {e;; = (v;,vs5) ?;1 be the set of edges of A
attached to v;. Suppose the coordinates of v;; are (x;j,yi;), and let d;; = (z;; —
) fE+ (yij —vyi) fY. Let my; := min{ fy : f is a data value associated with a vertex
of a triangle containing e;;}. Let

l1—al 1—0al 1—-af
a;; > max max < 1, 31 , (;62 , 253 , (3.15)
TeT; 3o 30, 3as

where 7;; is the set of all triangles sharing the edge e;;.

Algorithm 3.2. Foreachit=1,...,n:
1) set v; =1,
2) fOI’j = 1, o, Nyl lfd” < 0, set v; = min{%, (—3f1 — mij/aij)/dij},
3) set f¥ =~ fF and f! =~ f}.
It is clear that the {7;}I; produced by this algorithm satisfy 0 < ~; < 1 for
all 4.

Lemma 3.3. Given a set of scattered data points {v;}?_, in IR?, let A be a trian-
gulation with vertices at these points, and let /\., be the associated Clough-Tocher
refinement. Suppose we are given { f;, f, f/}%_, with f; > 0 fori =1,...,n, along
with additional values {g.}ece, where £ is the set of edges of . Let {f*, f¥}7,
be the adjusted gradients produced by Algorithm 3.2, and let s be the spline in
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SY(Acr) that interpolates as in (3.1) to this adjusted data. Then the B-coefficients
of s satisfy (3.6) for every triangle T € /.

Proof: Fix T in A. We may suppose v1, vo, v3 are its vertices, and let ¢y, ..., cg
be the B-coeflicients of s|7 associated with the domain points in T as in Fig. 2.
Then (cf. equation (6.2) of [7]),

ca = [(x2 — 1) ff + (v2 — 1) F1/3 + f1,

and the choice of 7; insures that ¢4 satisfies (3.6) with m := min{f1, fo, f3}. A
similar argument shows that the coefficients cs, . .., cg also satisfy (3.6). O

3.4. Adjusting the coefficients of s

The spline s in Lemma 3.3 is not necessarily a solution of Problem 1.1, since if the
given cross derivatives {ge }ece are too large for certain edges, we may get negative
values for s near these edges. While it is possible to adjust the {ge}ece in the same
way that we adjusted gradients in the previous section, in this section we instead
show how to adjust the B-coefficients of s directly to insure that conditions (3.7)—
(3.9) hold for each triangle 7. This must be done with care when two triangles
share an edge since we need to make sure that all C'! conditions across the edge are
satisfied.

For each boundary edge e of A, there is one triangle T, := (v§,v5,v§) of A
containing e. We denote the corresponding micro-triangle which contains e by
te := (v§,vs,vr, ), where vy, is the split point in T,. If e is an interior edge of A,
there is a second triangle T, := (v§,v§,05) of A containing e. Let vz, be the split
point in 7., and let £, := (v§, v, ’UT6> be the corresponding micro-triangle containing
e. Let (af,a3,a5) be the barycentric coordinates of vz, relative to T., and let
(a5, a5, &5) be the barycentric coordinates of vz, relative to T.. Suppose (3¢, 55, 55)
are the barycentric coordinates of UT relatlve to te, Le., vy = Bvf + P05 + B5ur,.
We note that 85 < 0. We write {c¢}12, and {¢¢}12, for the coefficients of s|7. and
8|7, , where the orientation is Chosen so that c{, and ¢y are next to the edge e.

Algorithm 3.4.
1) For each boundary edge e of /\: if necessary, increase c§ to satisfy (3.7).

2) For each interior edge e of A: if necessary, increase c§, so that it satisfies
(3.7). Then compute the corresponding coefficient ¢$, from the C' smoothness
condition across e, i.e., set ¢{y = Bicq + B5cE + B5cTy. If necessary, increase cf,
so that it satisfies the analog of (3.7). Then recompute the coefficient ¢, from
the C! smoothness condition across e.

We shall show in Theorem 3.6 below that after applying both Algorithms 3.2
and 3.4, the resulting spline will be a solution of Problem 1.1. But first we need
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to discuss whether step 2) of Algorithm 3.4 is well-defined. For this to happen, we
need

1 a7 a5 re
I:= o =, =% min{¢fs, 14} + Bieg + Bocs
5 O
e . ae ae .
— 73 mm{—i, —i} min{c{s,cf,4} > 0. (3.16)
2 o7

The interval [0, ] is a shifted version of the intervals to which ¢§, and ¢§, are
restricted by inequality (3.7) and by the C! smoothness condition across edge e.

Lemma 3.5. Suppose T, and T. are neighboring triangles of .+ sharing an edge
e, and suppose (7, 35 > 0. Suppose we choose a so that (3.5) holds for both T, and
T., and that in addition

2+ A(1-B
a Z %, (3.17)
where
e e A e Ae
A::min{a—i,% 04_(137(243}7 and B::min{oﬁ,ag,&f,&g}.
a5 af a5 afg

Suppose {c;}?_; and {¢;}}_, satisfy (3.4) and (3.6). Then (3.16) is satisfied.
Proof: Combining (3.6) with (3.10), we can bound I from below as

1 1
rza-ma|(ve ) B o] - ety

=m(1—f5) [(g(B—l)—1>3ia+ATB},

which is nonnegative by the choice of a. O

The condition on ff and 3 in Lemma 3.5 is equivalent to requiring that the
line joining the split points vz, and vy inside T, and T. must intersect the line
segment e. This is equivalent to the restriction on the split points used in defining
Powell-Sabin refinements. Lemma 4.19 in [7] insures that this will be the case if
we take the split points to be the incenters. It is not hard to construct an example
showing that if this condition is not satisfied, then the quantity / in (3.16) cannot
be made nonnegative no matter how we choose a, see Remark 6. The following
theorem is now obvious.

Theorem 3.6. Given a set of scattered data points {v;}7_, in R?, let A be a
triangulation with vertices at these points, and let A, be the assoc1a1:ed Clough-
Tocher refinement such that the lines joining split points of adjoining triangles of
A\ intersect their common edge. Suppose we are given {f;, f*, f/}*, with f; > 0
for i = 1,...,n, along with additional values {g.}ecce, where £ is the set of edges
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of A. Suppose for each edge of /A, we choose a;; to satisfy (3.15), and also (3.17)
if it is an interior edge. Suppose the gradients at the data points are adjusted by
applying Algorithm 3.2. Let s € Si(/¢r) be the corresponding interpolating spline
in Lemma 3.3, and suppose its B-coefficients are further adjusted by Algorithm 3.4.
Then the resulting spline solves Problem 1.1.

For many triangulations A, the choice of barycenters for the split points results
in a refined triangulation Ao, with 5, 35 > 0 for all interior edges. In this case
we can choose all a;; = 8/3 in this theorem.

84. Approximation Order

In this section we provide error bounds for our interpolation methods measured in
the maximum norm. To measure smoothness of the interpolated function f, we use
the standard Sobolev semi-norms

£l = max |IDZDy S,

where in this section || - || always refers to the maximum norm on 2. We denote the
diameter of triangulation A by |A|. For comparison purposes, we also quote results
giving error bounds for unrestricted Hermite interpolation with C' Powell-Sabin
and Clough-Tocher macro-element spaces.

4.1. The Powell-Sabin Case

The following result gives an error bound for the unrestricted Powell-Sabin inter-
polant Zpg, see Theorem 6.12 in [7].

Theorem 4.1. For every f € CF1(Q) with 0 < k < 2,
1D DY (f = Zps Il < Ky [ A0 fliga, (4.1)

for all 0 < a+ (B < k. If Q is convex, then the constant K, depends only on the
smallest angle in /. If € is not convex, then K also depends on the Lipschitz
constant of the boundary of €.

We now establish an analogous error bound for our nonnegative Powell-Sabin
interpolant I}fs. Given a triangulation A, let V be its set of vertices.

Theorem 4.2. Suppose f is a nonnegative function in C**1(Q) with 0 < k < 2.
Given a triangulation /\ of ), let {~, },ey be the factors arising in Algorithm 2.1.
Then

If = ZpsfIl < Lia |A]+ Ki| AP fli, (4.2)

where

Lin = Iggg[(l = 1) () + £y (v)])/2],

10



and K is the constant in Theorem 4.1. Moreover, L1 an < |f|1, and if f is positive
on Q) then Ly o — 0 as |A| — 0.

Proof: Fix f € C**1(Q), and let T be one of the triangles of A. Then

\f = Zhofllr < IIf —Zpsflir + 1 Zpsf — ThefllT-

In view of Theorem 4.1, it suffices to estimate the last term. Let {c¢}12; and
{cH}1o

119, be the B-coefficients of Zpg|r and Zjg|r, respectively, see Fig. 1. Then
examining the proof of Theorem 2.2, we see that

1 —cf| < Liald, i=1,...,19.
Using the fact that the Bernstein basis polynomials are bounded by one, we get
1Zpsf = Tisfllr < LialAl.
Since this holds for every triangle 7', (4.2) follows.
Since 0 < 7, < 1 for every v € V, it is clear that Ly o < |f|];. We now

examine the behavior of L1 o when f is positive on 2. Let v be a vertex of A. By
construction 7, is either one, or 0 < 7, < 1 with

L 20
! ha fu(v) + by £y (V)

for some 0 < h, < |A|and 0 < by < |A|. But then

2 (v)
" Z AT ) + 1))

Since f > 0, this lower bound for 7, increases as |A| — 0, and 7, eventually
becomes one for sufficiently small |A|. It follows that

L1 n < max {O,max (

veEQ

L) +1£,0)] f@)
I (43)

By the continuity of f, there exists € such that f > ¢ > 0, and it follows that
Lip—0as|Al—0. O

This theorem shows that for all triangulations with |A| sufficiently small,
our nonnegative Powell-Sabin interpolant provides optimal approximation order
of smooth functions.
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4.2. The Clough-Tocher Case

The following result gives an error bound for the unrestricted Clough-Tocher inter-
polant Zer, see Theorem 6.8 in [7].

Theorem 4.3. For every f € C*1(Q) with 0 < k < 3,
IDSDE(f —Ter f)l] < Ko | AP iy, (4.4)

for all 0 < a+ (B < k. If Q is convex, then the constant K5 depends only on the
smallest angle in /. If ) is not convex, then K5 also depends on the Lipschitz
constant of the boundary of ().

We now derive an analogous error bound for our nonnegative Clough-Tocher
interpolant Ié’T. Given a triangulation A, let V be its set of vertices, and let £ be
its set of edges. Suppose that the initial gradient values {f, f/}7_, at the vertices
and the normal cross-derivative values {g.}ecs at the midpoints 7. of the edges are
sampled from a smooth nonnegative function f. We define Z¢. f as the Hermite

interpolating spline in S3(Ar) that satisfies

Zepf() = f(v), Dilerf(v) =1Daf(v), Zorf(v)=1wDyf(v),

for all vertices v € V, and

DueIé’Tf(ne) = Duef(ne)a

for all edges e € £. Here, -, are the factors produced by Algorithm 3.2, 7, are the
midpoints of the edges, and D,,, are the directional derivatives defined in Sect. 3.1.
The B-coefficients of interpolants Ié?T and 77, are distinguished by a superscript
plus and star, respectively.

Lemma 4.4. Suppose f is a nonnegative function in C**1(Q) with 0 < k < 3.
Given a triangulation /\ of €0, let Ao+ be the associated Clough-Tocher refinement.
Suppose that for each triangle T' and each edge e of T', the orthogonal projection
of the split point of T onto e lies on e. In addition, for each interior edge e of /\,
suppose (3.17) holds with strict inequality, i.e.,

2+ A(1— B)

3AB ’ (45)

with A and B the constants defined in Lemma 3.5, and suppose the same inequality
holds for each boundary edge e of /\ with

af of
A= —, =2 d B:=min{af,03}.
min { ag’ ot } , an mln{ozl, az}
Then
‘Due (Ié‘T IEJFT)J%TIE)} < L3 A, (4.6)



where Lz a is bounded from above by K3 |f|1 with K3 a constant depending only
on the smallest angle in A.,. Moreover, if f >0 on € then Ls o — 0 as |A| — 0.

Proof: Let t. := (v§,v§,vr,) be a micro-triangle in A, containing e. Let 0 :=
(01,02, 93) be the directional coordinates of the unit vector u, relative to t.. Then

the cross derivative D, f(n.) can be expressed in terms of the B-coefficients of
Ttple, (cf. Fig. 2) as

* 3 e,* e,* e,%
Dy, f(ne) = Du Zor f(ne) = 1 [(5101’ + d2¢y” + 03chy)
+ 2(5102’* —+ 5208’* + (530;’0*) + (5166’* + 5266’* + 5366’*)} . (47)

Since the coefficients of Z7.- and ICT appearing here agree except for cjj and c1 ,
we have

* 3 e,* e,
‘Due (Zér — IéT)f(ne)! = _|53||Clb - 010+|- (4.8)
2

It now suffices to consider the case where ¢{y fails to satisfy the inequality
(3.7), since otherwise c{3 equals c10 . Suppose e is an interior edge, and that the
other triangle sharing edge e is t, € Agyp. A similar argument will hold for a
boundary edge. Suppose also that 010* < é7y. In this case clb+ is equal to the
right-hand side of (3.7), and ¢§y < ¢§5". Using 01 + &2 + 63 = 0, |6;] < K5 |A|71, i
follows from (4.7) and the nature of the B-coefficients that

|61€i7* + 526?* + 536?’0* |f|17te'
In view of our restriction on the CT-refinement, d1,d2 > 0 or d1,92 < 0. Then,

Ke|fl1t. > |01 + 02| min{cy™, 2"} — |35y >|(53|(rnln{cél*,c5 }—010)

or
163/ (Y = €16") = —Kg | fle. + 0] (min{cf™, 5"} — iy )
Using [03] > K7 \A| I and our assumption that c5y < 53", we find that

1,6, — K7 [A|T 1(m1n{ci*,c5 }—010 )}

M;:TAK1 1)B—i}
2 3a 3a

where m is as in Lemma 3.1, (3.6), (3.7) and (3.10) imply min{cy", ¢z} > —m/(3a)
and cibJ’ < —M. Thus,

[6s]|c10

Defining

03] 55 — €| < max {0, K

wo—Ka AT (M=)} @)

Since m > 0, using (4.5) we have M —m/(3a) > 0. Thus, we can bound (4.9) from
above by Kg |f|1. If f > 0 then m > 0, and using (4.5) we get M —m/(3a) > € > 0.
It follows that the right hand side of (4.9) decreases to 0 as |A| — 0. O

The restriction on the CT-refinement in Lemma 4.4 is satisfied when the split
points are chosen to be the incenters. This restriction is stronger than the one
imposed in Theorem 3.6.
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Theorem 4.5. Suppose f is a nonnegative function in C**1(Q) with 0 < k < 3.
Given a triangulation A\ of 2, let A1 be the associated Clough-Tocher refinement.
Suppose that for each triangle I' and each edge e of T', the orthogonal projection
of the split point of T' onto e lies on e, and suppose for each edge of /A, we choose
a;; to satisfy (3.15) and (4.5). Then

||f_Ing|| §L47A|A‘+K2\A|k+l|f|k+1, (4.10)

where K is the constant in Theorem 4.3, and Ly n < K4 |f|1 with K4 a constant
depending only on the smallest angle in A.,. Moreover, if f is positive on ) then
Lyan —0as|A|— 0.

Proof: By the triangle inequality,

If = Zr fI S f = Zer I + Zerf = Zon I + 1 Zen f = Zér £l

The first term on the right-hand side can be bounded by Ky |A|**!|f|r41 using
Theorem 4.3. By an argument similar to the one in the proof of Theorem 4.2, we
find that the second term can be bounded by Li A |A].

Let T be one of the triangles of A. Let {c;}}2; and {c]}!2; be the B-
coefficients of Zjp|r and I/,|r, respectively, see Fig. 2. Combining (4.6), (4.8)
and |d3| > K7 |A|71, we get

. L3 A .
|C,L—C;’—|§T7|A|, Zzl,...,lg.

Using the fact that the Bernstein basis polynomials are bounded by one, we get

IEWN
= A
K7| |

|Z&r f —IEJLTfHT <

Since this holds for every triangle T', (4.10) follows. O

If we interpolate slightly different cross-derivatives, we can weaken the restric-
tion on the CT-refinement in Theorem 4.5 to the restriction used in Theorem 3.6.
For each interior edge e of A, let w, be a unit vector parallel to the line joining the
split points of the two triangles sharing e. For every boundary edge e of A, let w,
be the unit vector parallel to the line joining the midpoint of e and the split point
of the triangle containing e. We now take {gc}ecs, such that the (unrestricted)
Hermite interpolating Clough-Tocher spline Jor f satisfies

Dy, Jorf(ne) = Duw, f(ne),

for all edges e € £. Let Jé’T f be the corresponding nonnegative Clough-Tocher
spline. The next theorem can be proved in a similar way as Theorem 4.5.

14



Theorem 4.6. Suppose f is a nonnegative function in C**1(Q) with 0 < k < 3.
Given a triangulation A\ of ), let A.r be the associated Clough-Tocher refinement
such that for each interior edge e, the line joining the split points of the two adjoining
triangles of A\ intersect e. Suppose for each edge of A, we choose a;; to satisfy (3.15)
and (4.5). Then

If — Tarfll < Laa |A] + Ko AR g, (4.11)

where K is the constant in the analog of Theorem 4.3 for Jeor f, and Ly n < Ky | f|1
with a constant K, depending only on the smallest angle in A.r. Moreover, if f
is positive on ), then Ly o — 0 as |A| — 0.

When the diameter of the triangulation is small enough, we get optimal ap-
proximation order for IaLT f and jérT f.

§5. Range Restricted Interpolation

In this section we discuss how the above methods can be adapted to deal with
interpolation of scattered data with range restrictions.

5.1. The case of a one-sided constraint

Suppose we want to construct a spline s interpolating given values {f;}I; at scat-
tered data points {v;}; in a domain §2, where s should also lie above a given
surface s;, defined on 2. In general this can be a difficult problem, but if sy, is
taken to be a spline from the same space as s, it is straightforward. Indeed, in this
case, we can take s = sy + s4, where s4 is a nonnegative spline interpolating the
values {f; — sp(x;,v:)}7, at the data points. We can use this approach with both
of the spline spaces discussed above. The same idea can be used to construct an
interpolating spline lying below a given surface sg;.

5.2. The case of two-sided constraints

In this section we consider interpolation of scattered data with a spline satisfying
L < s(xz,y) <U for all (z,y) € 2, where L < U are given constants. This problem
can be solved with minor modifications of the above methods.

For the Powell-Sabin method, we simply replace step 2) in Algorithm 2.1 by
the following:

2&) for j=1,.. LnfSif dij <0, set v; = mln{%,2(L — fz)/dz]},

(3

2b) for j = 1, .. .,HPSI if dij > 0, set v; = mln{%,2(U — fz)/dw}

(3

The situation for the Clough-Tocher method of Sect. 3 is similar. First, in
Algorithm 3.2 we must replace step 2) by

2&) fOI‘j = 1, ey NGt lfd” < 0, set Vi = min{%, [3(L—f1)+(L—mU)/aw]/dw},
Zb) fOI‘j = 17 ey Ny lfdw > 0, set Vi = min{’yi, [3(U—fz)—|—(U—MU)/aw]/dw},
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where for each edge e;; attached to v;, m;; is defined as before, and M;; := max{ f} :
fr is a data value associated with a vertex of a triangle containing e;; }.

We also have to adjust Algorithm 3.4. What we need now is to make the
coefficients of the form cf, satisfy a modified form of (3.7), i.e.,

af a3
€ €
clo > L — s minq —, — s min{c{; — L, cfy — L},
Qg g

with analogous adjustments on the conditions for ¢{.

§6. Numerical Examples

In this section we give some examples to illustrate the performance of our algo-
rithms.

Example 6.1. Consider the test function

flay) = (2" - 1)" (y* - 1) (6.1)
on the domain Q) := [—1.5,1.5] x [—1.5,1.5].

Discussion: Let {v;}?_; be the set of 25 data points shown in Fig. 3. Let A
be the corresponding Delaunay triangulation, and let A.; be its Clough-Tocher
refinement as shown in the figure. In Fig. 4 (left) we show a plot of the unrestricted
Hermite interpolating spline s, € S3(Ac,) with data sampled from the function
f. Fig. 4 (right) shows a plot of the nonnegative spline s; € Si(A.r) produced
by the method of Sect. 3. We can see clearly that s, takes on negative values (its
minimum is -1.02), while s, remains nonnegative. Moreover, ||f — s1| = .98 while
IIf — sul| = 1.03, measured in the maximum norm on a 400 x 400 grid. Thus, our
restricted spline actually provides a slightly better fit than the unrestricted one. 0O
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v v Iy v
e
£ VA £ 4
<,
0.75
D
\ N
~ N\ T T
RN
IS X /A A
. \/
15 0.75 0.2 0.95 15

Fig. 3. A Delaunay triangulation of 25 points in the domain €2 of Example 6.1,
and the corresponding CT-refinement (indicated with dashed lines).
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Fig. 4. The Hermite Clough-Tocher interpolant of the function in Example 6.1
and our nonnegative Clough-Tocher interpolant based on the triangulation in
Fig. 3. The plane z = 0 is shown as a grid.

To understand better how our nonnegative spline interpolants compare to their
unrestricted counterparts, we now compare errors on a sequence of nested triangu-
lations.

Example 6.2. Let f and ) be as in Example 6.1. Let Ng,/\1,... be a nested
sequence of type-1 triangulations of {2, where /\qy consists of 8 triangles, and the
successive triangulations are obtained by uniform dyadic refinement.

Discussion: For each ¢ =0, 1,..., the number of triangles in /\; is easily seen to be
8x4'. We compare our methods with the standard Hermite interpolants for both of
the spline spaces Sa(Aps) and S3(Acr), where in all cases we use exact derivatives
of the test function as data. Tab. 1 shows the results for levels ¢ = 0, ..., 6, where
we have reported the maximum errors on a 400 x 400 grid for the unrestricted spline
interpolants along with the errors for our nonnegative interpolants. We also give
the minimum values of the unrestricted spline interpolants on ).

The table shows that for the coarser grids, the unrestricted splines fail to be
nonnegative by substantial amounts, but for the finer grids they become almost
nonnegative. This is to be expected since for the finer grids, the splines are very
close fits to the true function. It also shows that for the coarser grids, our nonnega-
tive splines actually produce smaller errors than the unrestricted splines. The errors
for the unrestricted Powell splines are of order O(|A|3), while for the unrestricted
Clough-Tocher splines they are of order O(|A|*). This matches with the known er-
ror bounds for these spaces, see Theorems 4.1 and 4.3. The order of approximation
for both of our nonnegative-preserving methods seems to be O(|A?).

We now examine the behavior of quantity L; A in Theorem 4.2 for the function
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Powell-Sabin Clough-Tocher

unrestricted nonnegative unrestricted nonnegative

level min  error error min error error
0 -3.76 3.76 1.47 -3.17 3.17 1.67

1 -1.17 1.21 5.99%e-1 -1.02 1.03 8.10e-1

2 -6.89e-2 1.98e-1 2.02e-1 |-4.86e-2 1.41e-1 1.23e-1

3 -8.94e-3 2.54e-2 2.54e-2 |-4.40e-3 1.25e-2 1.90e-2

4 -9.07e-4 3.04e-3 3.27e-3 |-2.17e-4  9.24e-4 3.14e-3

) -4.70e-5 3.73e-4 8.60e-4 [-5.19e-6 6.26e-5 6.85e-4

6 -3.17e-7 4.61e-5 2.02e-4 |-2.96e-7 3.45e-6 1.44e-4

Tab. 1. Hermite interpolation versus nonnegativity preserving interpolation for
Example 6.2, using Powell-Sabin and Clough-Tocher splines. The first column
denotes the number of mesh refinement levels. For each level, the minimal value
and the error of the unrestricted splines are shown, together with the error of
the corresponding nonnegativity preserving splines. All errors are measured in
the Loo-norm.

f in (6.1). Using the upper bound (4.3), we have

D0 < mox fo, e ({12, )} (01} - T ) |

< max (7 — 17 (thele? -1 - 10

25 (22 —1)2
< —1 - .
- [nllagil 5] 16 (6|$ - |A|

Let |A] < 1/3. Then the maximum value is obtained at the points & = £+4/1 £ 3|4,

and we get

225
Lia < IAI

which explains the quadratic convergence of the error. O

Example 6.3. Consider the positive test function
flz,y) = (2* —1)* (y* — 1)* + 0.001 (6.2)

on the domain Q) := [—1.5,1.5] x [-1.5,1.5]. Let Ao, A1, ... be the nested sequence
of type-1 triangulations of €2 in Example 6.2.

Discussion: We compare our nonnegativity preserving methods with the standard
Hermite interpolants for both of the spline spaces Si(Aps) and Si(Acr), where
in all cases we use exact derivatives of the test function as data. Tab. 2 shows the
results for levels ¢ = 0,...,6, where the maximum errors are given for the unre-
stricted spline interpolants along with the errors for our nonnegative interpolants.
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Powell-Sabin Clough-Tocher

unrestricted nonnegative unrestricted nonnegative

level min  error error min error error
0 -3.76 3.76 1.47 -3.17 3.17 1.67

1 -1.17 1.21 5.98e-1 -1.02 1.03 8.10e-1

2 [-6.79e-2 1.98e-1 2.0le-1 [-4.76e-2 1.41e-1 1.22e-1

3 |-7.94e-3 2.54e-2 2.54e-2 |-3.40e-3 1.25e-2 1.83e-2

4 9.32e-5 3.04e-3 3.04e-3 | 7.83e-4 9.24e-4 2.43e-3

5) 9.53e-4 3.73e-4 3.73e-4 | 9.95e-4 6.26e-5 1.37e-4

6 1.00e-3 4.61e-5 4.61e-5 | 1.00e-3 3.45e-6 3.45e-6

Tab. 2. Hermite interpolation versus nonnegativity preserving interpolation for
Example 6.3, using Powell-Sabin and Clough-Tocher splines. The first column
denotes the number of mesh refinement levels. For each level, the minimal value
and the error of the unrestricted splines are shown, together with the error of
the corresponding nonnegativity preserving splines. All errors are measured in
the Loo-norm.

The minimum values of the unrestricted spline interpolants on {2 are also shown
in the table, and we see that they are positive on A\; with ¢ > 4. On the coarser
grids our nonnegative splines actually produce smaller errors than the unrestricted
splines, and for levels ¢ > 6 the corresponding restricted and unrestricted splines
are identical.

For |A| < 1/3, the quantity L a in Theorem 4.2 for function f in (6.2) satisfies

225 1
Lin < 0 - A
La = max{ ’ ( 16 1000|A|2) | |}’

which reveals that the approximation order is better than quadratic, and that
the restricted and unrestricted Powell-Sabin spline interpolants are identical when

|A] </10/375. O

Our next example deals with range-restricted interpolation.

Example 6.4. Consider the function

]_, y—$>%;
2(y — z), 0<y—az<g3,

flo.y)= 1 3\2 1)2 1 3\2 1)2 1
boos (4m /o= 7+ - 17) 44 @D -1 <
0, otherwise,

on the domain Q) := [0,2] x [0, 1].

Discussion: This function is taken from [6], and is bounded below by the plane
z = 0 and bounded above by the plane z = 1. We will use again a nested se-
quence of triangulations Ao, A1, ..., where /\g is a type-1 triangulation consisting
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of 8 triangles, and the successive triangulations are obtained by uniform dyadic
refinement.

We compare our range-restricted methods with the standard Hermite inter-
polants for both of the spline spaces Si(A,s) and Si(Acr), where in all cases we
use exact derivatives of the test function as data. We require our range-restricted
spline interpolants to satisfy 0 < s(z,y) < 1 throughout Q. Tab. 3 shows the
results for levels ¢ = 0,...,6, where we have reported the maximum errors for
the unrestricted spline interpolants along with the errors using our range-restricted
methods. We also give the minimum and maximum values of the unrestricted spline
interpolants on 2.

Powell-Sabin Clough-Tocher

unrestricted restricted unrestricted restricted
level min max  error error min max  error error
0 -3.33e-1 1.167 1.0 1.0 |-3.01le-1 1.148 1.0 1.0
1 -1.66e-1 1.167 6.95e-1 6.95e-1 [-1.50e-1 1.148 6.23e-1 6.23e-1
2 -8.33e-2 1.083 1.56e-1 1.56e-1 |-7.52e-2 1.075 1.29e-1 1.29e-1
3 -4.16e-2 1.042 4.16e-2 4.17e-2 |-3.76e-2 1.038 3.76e-2 3.76e-2
4 -2.08¢-2 1.021 2.08e-2 2.08e-2 [-1.88e-2 1.019 1.88e-2 1.88e-2
5 -1.04e-2 1.010 1.04e-2 1.04e-2 |-9.38¢e-3 1.009 9.38e-3 9.39¢-3
6 -5.20e-3 1.005 5.20e-3 5.20e-3 |-4.69e-3 1.005 4.69e-3 4.69e-3

Tab. 3. Hermite interpolation versus range-restricted interpolation for Exam-
ple 6.4, using Powell-Sabin and Clough-Tocher splines. The first column denotes
the number of mesh refinement levels. For each level, the minimal and maximal
value of the unrestricted splines are shown, and the Loo-norms of the errors of
the unrestricted and range-restricted splines are given.

The table shows that for the coarser grids, the unrestricted splines fail the
range constraints by substantial amounts, but for the finer grids they are almost
satisfied. For this example, the range-restricted splines actually have essentially the
same errors as the unrestricted splines. The errors in all cases are of order O(|A])
due to the fact that the test function is only C°. Fig. 5 shows both the unrestricted
Hermite interpolant based on Clough-Tocher splines on AA; and the corresponding
range-restricted interpolant. O

§7. Remarks

Remark 1. The problem of estimating the gradients of an unknown function given
only values of f at a set of scattered points {v;}I* ; has been heavily studied in the
literature. Typical methods involve doing local least squares with low degree poly-
nomials or radial basis functions. For some specific methods and further references,
see [4,14].
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Fig. 5. Hermite interpolation versus nonnegativity preserving interpolation to
function (6.3) using Clough-Tocher splines on the type-1 triangulation A of .
The planes z = 0 and z = 1 are shown as grids.

Remark 2. The same methods for estimating gradients at the {v;}}_; can be used
to estimate cross derivatives at points on the edges of a triangulation when needed.
Alternatively, we can assume the cross derivatives vary linearly along each edge, in
which case the needed values can be computed from the gradients at the endpoints
of the edges.

Remark 3. A complete set of necessary and sufficient nonnegativity conditions
for bivariate quadratic polynomials was established in [2,10]. However, because of
their complicated nonlinear structure, these conditions are rather difficult to use in
practice. A set of necessary and sufficient conditions for bivariate cubic polynomials
is not derived yet. A sufficient criterion for nonnegativity is to require that all B-
coefficients of the polynomial are nonnegative. Weaker sufficient conditions were
given in [1,11].

Remark 4. In carrying out Algorithm 2.1, it suffices to perform step 2) only
for edges of A,g that are not interior edges of A. Making ¢5 (and the analogous
coefficient in the neighboring triangle) nonnegative insures ¢4 > 0.

Remark 5. The method of Sect. 2 implicitly solves a linear programming problem
to determine the parameters ~;:

max 7;, subject to
2fi+vidi; 20, forj=1,...,n"

(2

For some related optimization strategies, see [9].
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Remark 6. It is easy to construct a simple example to show that Lemma 3.5
does not hold for any choice of a on some triangulations containing a negative
3¢ or a negative 35. Suppose that t, := (v§,v§,v7,) and t, = (v$,vf, vz, ) are
two micro-triangles of a CT-refinement A, sharing an edge e := (v{,v5), and
that the split points vy, and U7, are taken to be barycenters of macro-triangles

T. and T,. Suppose in addition that the shape of these triangles is such that
B85, 85 < 0, while 85 > 0. We choose the values at v{ and v§ so that ¢§ > 0
and ¢§ > —c5((1 — 55)/2 + 55)/05. One can easily see that in this case ¢f > 5,
since 5 = 1+ |65] + |05| implies that —((1— 55)/2 + 65)/65 > 1 —3/(265) > 1.
Then, with zero gradients at both v{ and v§, we get c{3 = ¢{3 = ¢§ = c{ and
cfy = €y = cg = c§. This gives

1 e
1= S minfef, ) + 07 + Bk — 2 minfef, o5)

2
1
S B5)c + s + s

1 e e 1 e e e e e

5(1 - 53)02 - (5(1 - ﬁa) +ﬁ2) ¢y + By = 0.

Remark 7. The nonnegativity restriction imposed on our Powell-Sabin spline is a
sufficient but not a necessary condition, see Remark 3. Therefore the method de-
scribed in Sect. 2.2 is not able to reproduce all nonnegative quadratic polynomials.
However, any nonnegative linear polynomial can be exactly represented. It is easy
to see that in this case Algorithm 2.1 produces v; = 1 for all i, since, e.g., for any
point v;; on triangle T := (v;, vy, v;), we have 2f; + d;; > fi + min{f;, fx, fi} >0,
or —2f;/d;; > 1if d;; < 0. In a similar way one can check that the method based
on the Clough-Tocher macro-element can exactly reproduce any nonnegative linear
polynomial, but not all quadratic or cubic polynomials.

Remark 8. In [6] it was suggested to choose each parameter a;,; = 8/3. This
is a valid choice in the case where all CT-split points are allowed to be taken as
barycenters. However, this is not generally applicable, see Remark 6.

Remark 9. In [16] the author proposed a global optimization strategy to ob-
tain nonnegativity preserving interpolants based on reduced Clough-Tocher macro-
elements. All B-coefficients of such interpolating spline are required to be nonneg-
ative. In this approach the same restriction on the CT-split points is imposed as

assumed in Theorem 4.5, which is stronger than the restriction in Theorems 3.6
and 4.6.

Remark 10. If one already has an implementation of a Hermite interpolation
method for Powell-Sabin or Clough-Tocher macro-elements, it can be adjusted in
a straightforward way to produce our nonnegativity preserving interpolatnt. Our
methods can also easily be integrated in more advanced data interpolation strate-
gies, e.g., as the one proposed in [13].
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Remark 11. The methods developed here can be easily modified to work with
other classical macro-elements such as the ones based on the Powell-Sabin-12 split,
the double Clough-Tocher split, and triangulated convex quadrilaterals, see Chap. 6
of [7]. For the double CT-split, this leads to somewhat weaker conditions on the
parameters a;; that play a role in the analog of Algorithm 3.2. On triangulated
convex quadrilaterals, the parameters a;; in the analog of Algorithm 3.2 have to
be set to infinity. The same technique can also be used for the construction of
nonnegative C'' cubic macro-elements on a rectilinear partition, consisting of both
triangles and convex quadrilaterals.

Remark 12. Nonnegative smoothing of noisy data using C'! Powell-Sabin macro-
elements has also been studied in the literature, see [18,19], but it is a global
method.

Acknowledgments. Hendrik Speleers is a Postdoctoral Fellow of the Research
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