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1. INTRODUCTION

The main purpose of this paper is to present improved error bounds for the
smooth rational interpolation schemes over triangles discussed in Barnhill,
Birkhoff, and Gordon [1]. This is accomplished by ar approptiate extension
of the Sard kernel theorem to triangles, a second purpose of this paper being
to show that the Sard kernel theorem can be used on more general regions
than rectangles.

In Ref. 1, an interpolation scheme using rational functions is described
which interpolates to a given function and its first £ — 1 derivatives on the
boundary of a triangle 7. In the case k = 1, or the trilincar case, the authors
prove that if ue C{T) the error in interpolation is O(h®) where A is the
diameter of 7. For the case & = 2, or the tricubic case, they state, but do not
prove that the error in interpolation is O(h®) for functions u € C¥(T).

In this paper we show that one obtains O(A®) in the trilinear case assuming
only that u is contained in a certain Sard-like space By, , a slightly weaker
assumption than u € C¥T). In the general case we show that the error in
interpolation is O(h%) assuming that u € By, ., where s = [3k/2], a slightly
weaker assumption than u e C3(7T"). Moreover, we show how to calculate
explicit bounds for the constants involved in these error estimates, and carry
out this calculation for the trilinear case. We remark that the determination
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that the order of the error is 3k can be obtained from Theorem 5 of Ciarlet
and Raviart [6] for u belonging to the Sobolev space W2(T) once one shows
that the interpolation scheme reproduces all polynomials of degree 3k — 1
or less. Our proof allows one, in principal, to compute the constants involved.

The interpolation scheme described in Ref. 1 has as one application that
it can be used to generate compatible triangular finite elements by taking the
boundary data to be polynomials of certain degrees. This is carried out in
Ref. 5. A second type of interpolant is introduced in Ref. 3. On one side of
the triangle, one could instead take the boundary data to be arbitrary
functions so as to incorporate finite elements over triangulated polygons
which satisfy boundary conditions exactly.

For algebraic simplicity, the authors of Ref. 1 considered a “standard”
triangle with vertices at (0, 0), (1, 0), and (1, 1), noting that any other triangle
can be obtained from it by an affine transformation which carries polynomial
and rational functions into polynomial and rational functions of the same
degree and preserves the order of approximation. We shall also find it
convenient to consider a “standard” triangle but choose to consider the
triangle T} with vertices at (0, 0), (A, 0), and (0, 4). Our methods, however,
are applicable to any triangle.

2. THE SARD KERNEL THEOREM IN TRIANGLES

In this section we describe the Sard kernel theorem as it relates to triangles,
in preparation for later sections. Our discussion parallels that in Barnhill and
Gregory [2]. We let T be any triangle with its longest side parallel to a
coordinate axis and let (a, b) be any point in T such that the rectangle with
opposite corners (a, b) and (x, y) and with sides parallel to the coordinate
axes is contained in T for all (x, y) in 7. For example, one can choose (a, b)
to be the point on the longest side which is the foot of the perpendicular to
this side from the opposite vertex. In the case of a right triangle one can also
choose (g, b) to be the vertex at the right angle.

For all u e C™(T), one has the Taylor expansion

ux,y) = Y. ua b)x — a)(y — b)?

i+j<m
+ 3 =00 [ D, (3 y)
i<a a
Y
+ ¥ =@ [ (r = 9D g (3, 5) dF
i<p b
x Yy - N - o~ - »
[ = 90— eV (& 5) dids, p g = m.
a 2.1)
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Here we use subscripts to denote partial derivatives and use the notation

(x —ay
T

(x — a)® =

Actually (2.1) holds for the wider class of functions B} , = B} (a, b) with
the properties
U; € C(T)’ i< D, .] < q,
Um_j_1.4(x, b) is abs. cont., u,_; (x,b)e L), 0<j<gq 2.2)
Uim—i—1(@, ¥) is abs. cont., u; ,a, y)e L), 0<i<p
uﬂ,a € l‘l(T):
where I, is the intersection of the line y = b with T and I, is the intersection
of the line x = g with 7. Since we will want to use certain Holder inequalities
later, we will want to restrict our class of functions to be the class
B . = B} (a, b), r = 1, with the properties (2.2) but with
um—i,i(x5 b) € LT(II): 0 < j < q,
ui,m—i(a> y) € LT(I2)’ 0 < i < Ps (23)
U, € LAT).
The class B} , is similar to the class of functions boldface B, , over rectangles

in Sard [8]. Also B , is similar to the class of functions 77%a, b) discussed in

Mansfield [7].
Let F be a linear functional of the form

Fu) = ) ﬂ Us (%, y) dpti(x, ) + ) f s, (%, b) dui(x)

i<p i+i<m

7<q izp

+ 3| e, i), (2.4)
i+i<m

[

where the functions u*/ are of bounded variation. Suppose also that F has
the property that F(q) = O for all polynomials g of degree m — 1 or less.
Then the Sard Kernel theorem [8, p. 175] can be applied to give the
representation

P = 3 | K305, 33 8ty 3, 5) d

i<e

+ X [ Km0 33 9) o, ) 9

i<p

+ [| K20y 8.5 wp o 5) didy,  ueBhfab) (25)
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where

K™ii(x, y; &) = Fepl(x — "7V (e, % x)(y — DP],  j<gq, (26)
Kimi(x, y; §) = Feul(x — )y — N2 b, 5, )L i<p, Q7)
K74(x, y; & ) = Foylx — &)@ §(a, & x)(y — )V (b, 5,)], (2.8)
where
f a<®<x

if x<&<a
otherwise.

e, &, x) =

O =

3. TRILINEAR INTERPOLATION IN TRIANGLES

In this section we derive a priori error bounds including constants for the
trilinear interpolant of Ref. 1. The trilinear interpolant on the triangle T
with vertices (0, 0), (#, 0), and (0, &) is given by Q*u where

*Z%[y1+gz+gs_$] (3-1)

where
2utx,) = (L) w0, ) + () k= nm, 62
Pou(x, y) (” = )u(x 0) + ( )u(x h—x), (3.3)
Pz, ) = (5= )u(x+y,0)+(x+y )u @ x +), (34

_(F x y
Lulx,y) = (L) w(0,0) + T ulh, 0) + FuO, B, (3.9
where the projector ¥ = P, #,P,, i # Jj, j + k, k = i, the product being
taken in any order. It is shown in Ref. 1 that Q*u interpolates u on the

boundary of 73 and also that Q* reproduces all quadratics but not all cubics.

THEOREM 2.1. If'u e B y(0, 0), then
17 — @*) u(x, )l r

h® . " "
< 3 [l t4s,0(%, O)HLOO[O.h] + || o 2(%, O)HLw[o.h] + 1| 0,500, y)||L°°[0.h]]

- 2 o Py - (36)
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If u € B} 4(0, 0), then

W — 0™ u(x, )’)”Lz(r,,)

< lz7x/—»ﬂluso(x OMlestos + | paCE, Olicos + 1 o0, o
+ 2 \/E Il 41, 2(%, Iy, - (3.7

In general, if u € B} 4(0, 0), then

12 — @) ulx, YL,z
KB + 1, ¢ + Q)P

o 2(r + D7
X Il ug,o(%, O)HL,[o,h] + | ug 1(%, O)HL,.[o,h] + || 14,20, 5’)”Lr[0,h]]
h? i
+ ZTI—/}W“ uy,o(%, DL,z » (3.9)

where B(u, 1) is the beta function.
Proof. We use (2.5) for u € Bf ,(0, 0) with F = I — Q*. First

k¥, y; 8) = (I — Q¥)x — HY
—3le =Y — (5 ) e —y—a®

)u+y—W” - h— .

—(x—{—y

Then H(a) = G(x, £ = ¥(x/o)(x — %) is a monotonically increasing
function of « for 0 < a << h, so that H(h) — H(h —y) > 0 and
H(x) — H(x + y) < 0. Also, G(a, %) is a monotonically decreasing function
of #for 0 <X & < hso that max,;, [G(h, &) — G(h — y, )] occurs at & = 0
and equals xy/4. Similarly ming;, [H(x) — H(x + y)] occurs at & = 0 and
equals —xy/4. Hence

[ K*x, y; B) < xy/2 (39

uniformly in £ We do not claim that this is a sharp result, but we do note that
K3%(x, y; &) is not a monotonic function of &. Next

K2Y(x, y; %) = (I — @9(x — %), y]
= =9y — (2

56—y =9, <o,
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and

: 2,1 N e Xyth—y —x)
Oléla?lghK (x,y’x)_K (x’y9x)" 2(h—y) d

K" (x,p; % ) = (I — 09)[(x — H1 (y — .]

=5 1= [@— a0 —

(3.10)

X
h—y

)=y — 2]

+ =2 [0 =9 — (E5) b= x =),

Since

=Bt = () =y — 0| <
and

|G =9 = () —x—p| < () t—x -,
then

| K2¥(x, y; % )| < 3(h — x). (3.11)
Finally K%3(x, y; #) is analogous to K3%(x, y; &) so that

| K*¥(x, y; P < xp/2 (3.12)
uniformly in 7.
Equation (2.5) and the triangle inequality imply that

(1 — @) u(x, y)|

<ﬂﬂm%nx@%A&Wde
h
+le%&ﬂﬂwiiwdi
+ [ 1Kk, s £, 9) o5, 9) i dy
h ~ ~ ~
+ fo | K*3(x, y; 9) 4,50, )| dy
<[ o, O e+ [ | 01 5+ {10, ) ]
2 0 N s 0 . t 0 \ »

h—x

+ ffrhwl,z(ﬁ,y”)l di &3,
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from which (3.6) and (3.7) follow. In order to obtain (3.8) we observe that the
integral | f; y'(h — y)+1 dy, after a change of variable to [0, 1] becomes the
beta function B(r + 1,r 4+ 2). If r is an integer, then B(r + 1,r + 2) =
[r! (r + DI +

4. HiGHER ORDER INTERPOLATION

We now give error bounds for interpolation by the projector
Y =3P+ P+ P — 2] (4.1)

where £* = PEPFP X i 5= j + I, the product being taken in any order.
Here the projectors #;* are the Hermite interpolants to values and the first
k — 1 directional derivatives (parallel to the ith side) on two sides of the
triangle T}, interpolated along parallels to the third side. Explicitly

Piu(x, y) = 3 (h— ) Hys (5775) 100, )

i<k

+ 3 (= ) Has (52 ) tah = 5,) “2)

i<k

Piux,y) = ¥ (h— ) Hyo (52—) (. 0)

i<k

+ % (= %) Hy i (52— o, h = ), @.3)

o) = ¥ 4o (55 )5 — 5] W ex o)
+ Z (x + ) H,,; (ﬁ—y-)([-% — %]l u) x+,0),
- 4.4

where the H;;, j = 1,2; i = 0,..., k — 1, are the cardinal Hermite poly-
nomials of degree 2k — 1 on [0, 1]. We now show that %%y is an element of
a1, the set of all polynomials which are of degree 2k — 1 on all parallels
toeach of thelinesx =0,y =0, A —x —y = 0.

LemMMmA 4.1. The product PFPFEPF, | = j = 1, in any order of the three
projectors P ¥, Pk, P* is a projector with range Fpy_; .

Proof. Since ., is invariant under any affine transformation that maps
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the set of vertices of T; onto themselves, we need only show that 2, *P*FP *
is a projector with range .J,,_, . First #;*%,*u may be expressed as

PEPru(x,y) = Y. pi(x, p) 1,40, 0)

+ 2o (7 -5) 5l en
+ ¥ ) ([% —~ %] u) (x + ,0) (4.5)

where the p'“?, ¢?, and 7 are rational functions. The first two terms come
from evaluating

A | R LA

To evaluate
i d i _ _8_ ’ {2
L et (5 e 5] 2 e+r0 @
we use the fact that H0) = §,;,0 < i,j <k — tand HJX0) = 0,0 < i,
J < k — 1. We also observe that

Lo —w s (725 e+ n0 =0,

and
ot ) ..
o [ =V Hus (25 )] G 40,00 =85, 0<i j<k—1L
Thus
3u+'n ) y
e [Z;c (h—xy Hy; ( 7 x ) Uy, i(x, 0)] = &, (x + »,0)

and (4.6) reduces to the third term of (4.5). Then
PrPFEPFulx, y) = 3, ax, y) u, {0, 0)

2,§<k

- 5,200 (o (- ] oo

t,j<k

+ Zk Yi(x, y) ([ 88); (a_ax _ _;_v)’] u) ©, n)
2,3< (47)
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where the ot?, 6.2 4.0 are apparently rational functions. We now show
that these functions are actually all elements of 75, . From the definition of
the 2, the range of Z,*P,*P,* certainly contains Z,,_, . Also the number
of elements in 7,,_, is exactly the same as the number of terms in (4.7). It then
follows that the interpolation conditions of (4.7) are linearly independent
over Iy, and the &9, B89 4.9 are all elements of Jy,_, . They are,
in fact, the cardinal functions for the interpolation scheme (4.7). Q.E.D.

In what follows it will be convenient to express #*u(x, y) as

Liux,p) = L Hrials (5 3) %0.0

v % e () (e~ )1 6o
+ 3 ey (il (G - 5) T o

where the o'&?, B9, .9 gre the cardinal functions for the corresponding
interpolation scheme on the triangle T; with vertices (0, 0), (1, 0), (0, 1). We
remark that for the case k = 2, ¥*u is the tricubic polynomial interpolant
constructed by Birkhoff [4].

We now show that Q*u interpolates u and its first & — 1 derivatives on the
boundary of T, . This will be implied by the following two lemmas.

LemMmA 4.2. Fori,j =1, 2, 3, i # j, the functions
(PrDPYu = (Pr+ PF— PFEPFYW  interpolate ue C+-Y2T)

and its first k — 1 normal derivatives on 8T, provided that u satisfies the
compatibility conditions

(ot 60 = (st o0 mon <k mtnot

at the vertex P, with adjacent sides i and j, where 6/0s; denotes directional
differentiation parallel to the ith side.

Remark. For the case k = 2, this is essentially a restatement of Lemma 4
of Ref. 1, except that the assumption u € C¥T) in Ref. 1 is stronger than
necessary.

Proof of Lemma 4.2. By affine invariance and symmetry, it is sufficient
to consider the case (2% @ £,%). First, it is clear that

u— (P @ P =(1— 25— PHu=1—PII— Pl
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is zero and has all its partial derivatives of order less than or equalto k — 1
zero on the sides x = 0 and A — x — y = 0. We now express (Z,* @ 2, )u
as

(&) @ PPy = [Py + P — P

Since (I — P#,%) u(x, §) = 0, P v with v = (I — PH)u is zero on y = § and
thus (Z;* @ £,*) u(x, 0) = u(x, 0). Now

(8?0)( y)__g

() piiCx y)am_jf(axz o, ))

% (") 80 (5 — ) (e = 0).
1<m<k (49
where

o) = & [ — ) Hos (75 )] fors - w=12

We now let v = (J — Z,")u and evalnate (4.9) at y = 0. Because of our
continuity assumption on u and the fact that v and all its partial derivatives
of order less than or equalto Xk — 1 are zeroon x = 0and 2 — x — y = 0,

o () 00 =0
and
(%—a—i)’(axi)(hm_o itj<k
Also

(%—%)j(gz)(h—y,y)zo, o<j<m O0<i<k—l,

since the last j derivatives are taken along the line h — x —y = 0 and
(I — P )ujoxt = Qthere, 0 < i < k — 1.
Thus

(ag?;kv)(x’ 0) = mi: 21( ) 25, 0) (or ay,:, (£22) o0
(4.10)

640(11/4-3
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By direct calculation, using the formula for &%—2,ku/ox*—* which can be
obtained from (4.9) by interchanging x and y, one finds that

( aiﬂ:_jj ( 6’;;‘?_2;” )) 0,0) = (_53;;‘:’;_ (—g:—:_yj—)) (0, 0). 4.11)

Hence

(ai:zn [ggk%—?lk(l——?gk)u])(x,o)z—g;;l—:—(x,()), 1<m <k_1
(4.12)
if and only if

o o o o™
'6—-})‘;%“(, )—W—a};’;u(o,m, m,n<k, m+n>k_—1,
(4.13)

which proves the lemma.

Lemma 4.3. If ue C*Y0T,) and satisfies (4.8) at each vertex, then Q*u,
where Q% is defined by (4.1) can be expressed as

Q' u=Wu=H{Pr@2N+@PF@PON, i+]), j#]

I#i0, i=1,23.
(4.14)

Proof.
W, =1—-HI—-2N -2+ U—-2PN— P}
and
*=1—HU -2 —PF + U= 2N~ P))
+U = ZHU — P2 — (T — PN — PN — PF)}.
Thus
W, — Q% = 12X — 271 — 2#F) =0

by Lemma 4.2.
Lemmas 4.2 and 4.3 immediately give

THEOREM 4.1. Letu € C*Y(0T,) and satisfy (4.8) at each vertex. Then Q*u,
with Q* defined by (4.1), interpolates u and its first k — 1 derivatives on the
boundary of T, .
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Remark. Note that Lemma 4.3 also shows that Q* is equivalent to the
operator § of Ref. 1, Theorem 4, defined by

3
Q=3P -3 )Y P}PF =} ) PFDPE

=1 7 i+

LemMMma 4.4.  Q* is exact for all polynomials of degree 3k — 1 or less.

Proof. QF clearly is exact for all polynomials in 5, ; . We need now
consider, only elements u € my;,_, , the set of polynomials of degree 3k — 1 or
less, such that £*u = 0. Thus we first consider polynomials of the form x?y/,
i+j<3k k<i j<2k—1. Then PiExiyl = Prxiyi = xiyi, and
Prxtyt = Frxy' = 0. Thus Q*x*y’ = xty’. Similarly £* 1s exact for ali
polynomials of the form xi(h — x — y)’ and yi(h — x — yY, i +j < 3k,
k < i, j < 2k — 1. These polynomials are linearly independent and total
I = 3k(k + 1)/2. Since 3k2 + | = 3k(3k + 1)/2, the number of elements in
a1 » the proof is complete.

Since Q*[x*y*(h — x — y)*] = 0, @* does not reproduce all polynomials
of degree 3k. This indicates that (/ — Q*)u is O(#**), a result which we now
prove.

THEOREM 4.2. Letue B} g _ (0, 0), s = [3k/2]. Then there exist constants
C, and C, independent of u and h such that

(I — @*) u(x, J’)HL,(T,,)

< O [T Nty e i@ Do+ T 1t o Ol o]

i<s 3<Bk—3

+ Coh™ | uy g (&, F)Ie (1) - (4.15)
Proof. First, it is easily shown that the kernels
K*¥ix, p; ) = I — @)l = 9PV, i<,
and
K¥x, i 8) = (I — 09 — D), j <3k —s,
can each be bounded on T by a constant times #%-1, and that the kernel

K, 335 9) = (I — @%enl(x — Py — I
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can be bounded on T, by a constant times 4342, Thus

(s Q*) u(x, < Z ci,ak—ihsk_1+1/T, Il u;,3%—-:(0, 5’)”1;,[0,7;]

i<s
+ ) Capy HF1H1 | g, (&, Ol 10,11
F<Bk—s
+ és.3k—$h3k—2+2/r’ ” us,ak—s(‘i” y)“h('ﬂ,) (416)

where 1/r + 1/r' = 1. Taking the L, norm of both sides of (4.16) together
with the triangle inequality gives (4.15) and proves the theorem.

We remark that a careful estimation of these kernels leads to explicit
bounds, as in the preceding section.
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