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A refined first-order expansion formula in R":
Application to interpolation and finite element error estimates

Joél Chaskalovic * Franck Assous

Abstract

The aim of this paper is to derive a refined first-order expansion formula in R", the goal being
to get an optimal reduced remainder, compared to the one obtained by usual Taylor’s formula.
For a given function, the formula we derived is obtained by introducing a linear combination
of the first derivatives, computed at n + 1 equally spaced points. We show how this formula
can be applied to two important applications: the interpolation error and the finite elements
error estimates. In both cases, we illustrate under which conditions a significant improvement
of the errors can be obtained, namely how the use of the refined expansion can reduce the upper
bound of error estimates.

keywords: Taylor’s theorem, interpolation error estimates, finite element, approximation error es-
timates.

1 Introduction

Evaluating and improving the accuracy of approximation are very difficult problems in numerical
analysis. In this article, we are interested in describing a new point of view on approaching the
topic. In particular, we are concerned with the difficulty of accurately determining the error esti-
mate of numerical methods applied to partial differential equations.

From a mathematical point of view, the origin of this problem [2] can be found in Rolle’s theorem,
and therefore, in Lagrange and Taylor’s theorems [3]: this comes from the existence of a non unique
unknown point which appears in the remainder of Taylor’s expansion, as the heritage of Rolle’s
theorem, leading to a kind of “uncertainty”.

Now, let us consider more specifically finite element problems. Basically because of this uncertainty,
most of the results focus on the asymptotic behavior of the error estimates which strongly depends
on the interpolation error (see for example [7], [8]). Indeed, error estimates generally consider, for
a given norm, the asymptotic behavior of the difference between the exact and the approximate
solution, as the mesh size h tends to zero (cf. [24]).

However, several approaches have been proposed to investigate how to improve the accuracy of
approximation. For example, in the framework of numerical integration, we refer the reader to
[5], [6] or [20], and references therein. From another point of view, due to the lack of information,
heuristic methods were considered, basically based on a probabilistic approach, see for instance [1],
[22], [23] or [9] and [11]. This allows to compare different numerical methods, and more precisely
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finite element, for a given fixed mesh size, see [12]-[13].

Nevertheless, Taylor’s formula introduces an unknown point preventing to precisely determine the
interpolation error, and consequently the approximation error of a given numerical method. Hence,
the question still remains whether the error upper bounds are as small as possible. Therefore, we
focus in this article on the values of the numerical constants which appear in such estimates, aiming
to reduce them as much as possible.

In this framework, we proposed in [14] a second order Taylor-like theorem for one dimensional
problems. Here, our focus is on refining the first order Taylor approximation formula of a function
f in R™ at a given point a, using f(a) and its derivative. To do this, we consider more known
values of the first order derivative on intermediary equidistant points between a and another given
point b. These values of the first order derivative are conveniently weighted in order to diminish the
associated reminder. Then, we study the resulting properties in the interpolation error estimates
and in Lagrange finite element error estimates.

The paper is organized as follows. In Section 2, we present the main result of this paper which deals
with a new refined first-order expansion formula in R™. Section 3 investigates the consequences in
interpolation errors. The case of dimension one and dimension n > 1 are separately investigated.
Application to finite elements errors estimates is studied in section 4. Some remarks are proposed
and a Conclusion follows.

2 A new first order expansion formula in R”
We consider a non-empty bounded and simply connected open domain U C R", (n € N*), and a
given point a € U. We also consider a function f which is twice differentiable on U.

We recall that the second order differential D?f(z) at a given point x € U belongs to the vector
space of linear and continuous forms £(R", £(R™, R)) which can be identified to the space of bilinear,
symmetric and continuous form B(R™ x R" R).

In other words, we have

V(h,h) € R" x R": D2f(x Zhhjaxax()
7.7_ ! ]

Above, and in the rest of this article, we adopt the following writing convention: For any linear
form L, we denote by L.(h) or L(h) the action of L on a given vector h € R", and by b.(h,h) or
b(h, h) the action of a bilinear form b on a given couple of vectors (h, h) € R x R" (see for example
A. Avez [4]).

Moreover, we assume that there exist two constants (mg, Ms) € R? such that

Va € U,Y(h,h) € R* x R" : ma||h[lh] < D?f(z).(h,h) < Ma|hll|IA], (1)
where || - || denotes a given norm defined on R”. Remark that condition (1) can be interpreted by
using the natural norm ||| - ||| of a bilinear and continuous form b, defined by:

[b(h, )|

Vb e BR™ x R, R) : |||b]|| = (2)

(hhyernscn” |7 [IAl



Then, applying this definition to the bilinear form b = D?f(z), inequality (1) can be written as:
IMy > 0,Vx €U : |||D*(x)]]| £ Ma, (Ms = max(|mal|, | Ma])).
We first begin with a straight consequence of the classical first-order Taylor formula.

Proposition 2.1 Let f be a twice-differentiable function defined on a non-empty bounded and
simply connected open set U € R™. Then, we have

fla+h) = f(a) + Df(a).(h) + [|h]lea,1 (h), 3)
where || - || denotes a given norm on R", the remainder €,,1(h) satisfiying:
h h
H2Hm2 < ég1(h) < ”2”M2 (4)

Proof : For a given twice-differentiable function f, we have the classical Taylor’s expansion (see for
example [21]):

¢, €)a.a+ [ such that f(a+h) = f(a) + Df(a).(h) + % D?f(€an)-(hs ),

where |a,a + h[ denotes the open line segment bounded by the two points a and a + h. For h
sufficiently small, |a,a + h[€ U. Then, by comparing this expression with (3), we have

hllcas(h) = 5 D (u)-(h, ). 5)

So, using (1) with A = h, we get (4) from (5). ]
Now, to derive the main result, let us first introduce the function ¢ defined as follows:

¢ : [0,1] — R (6)
t +—— Df(a+th).(h).

First, we remark that ¢(0) = Df(a).(h) and that ¢(1) = Df(a + h).(h). Moreover, the remainder
€q,1(h) introduced in (3) satisfies the following result:

Proposition 2.2 Let €,1(h) defined by the first order Taylor expansion (3). Then, we have

Ihlleas (k) = /0 (1— 0)¢/(t) dt. ()

Proof : Using the first-order Taylor’s formula with the integral form of the remainder gives:

1
fla+h) = f(a) + Df(a).(h) + /O (1 — t)D*f(a + th).(h, h) dt. (8)

Now, differentiating function ¢ defined by (6) with respect to ¢, we obtain:

) = j[Df(a—i—th ] jz::

d <~ 0f
= — thi,...,an + thy)h;.
dt - a$i(a1+ 1, y Qn, + )




Using standard rule of derivation [21] to derive a function of n variables, each depending on ¢, we
get:

d)/(t) = Z|:Z 1.0, (a1 +thi,...,an + thy)hihj|,
1%}

= D*f(a+th).(h,h),

and finally, the first order Taylor’s formula (8) leads to:

1
flah) = f(@) + Dfta).0) + [ (1= (0.

As consequence, the remainder €, (h) in (3) satisfies (7). ]

Consider now a given m € N*, for which we define €4 m41(h) by

fa+ 1) = 1@+ s (mDf (at 500 + il ), Q
k=0

where wg(m), 0 < k < m, denote real weights we want to determine to get a corresponding re-
mainder €, ,+1(h) as small as possible. Since we assumed that the domain U is open and simply

kh

connected, the set of uniformly distributed points (2)r=0m, defined by z;, = a + — belongs to the
m

segment [a,a + h).

The following theorem constitues our main result, and is devoted to the refined first-order expansion
in R,

Theorem 2.3 Let f be a twice differentiable real mapping defined on a non-empty bounded and
simply connected open U C R™, such that (1) holds, and let a € U be a given point.

If the weights wi(m), (k = 0,m), satisfy:

then, the following refined first-order expansion formula holds:

Df(a) + Df(a+ h) i
2m m

m—1
fla+h)= f(a) + ( Df ( >> .(h) + [[hlleams1(R), — (10)
k=1

where the remainder €, m+1(h) satisfies

]l
8&m

(TI”LQ — M. ) < €, m+1( ) ( mz). (]_1)

Moreover, for a uniform distribution of points, this result is optimal in the sense that the weights
wi(m) in (10) guarantee the remainder €, m+1(h) to be minimal.



Remark 1
m—1
1. In the theorem above, we use the convention that, when m = 1, the sum Z 1s identically

k=1
ZET0.

2. Remark that the error bounds in estimate (11) are, in the worst case, 2m smaller than the
usual bounds involved in estimate (4). This can be improved, for example, for convex functions
where mo = 0.

In order to prove the theorem 2.3, we will need the following lemma obtained in [15]:

Lemma 2.4 Let u be a continuous function on R, and let (ap)k=0m,(m € N*) be a sequence of
real numbers. We have the following formula:

m—1

Z/ apu(t) dt = Z/kHSku

k=0

where
k
Sk; = Z a.
=0

Let us now prove Theorem 2.3.

Proof : From (3) and (9), we have
kh
Df (a)-(h) + [[hll€a( Zwk )Pf{a+ = ).(h) + [|hlleam+1(h), (12)
that can be written, using the function ¢ introduced in (6),

6(0) + [[Hlea (2 Zwk ()+||h||eam+1<h> (13)

Using now Proposition 2.2, we get from (13) that the remainder €, ,+1(h) satisfies:

IFlléqms1(h) = 9(0) + /01<1—t dt—zwk o():

that can be written as (see details in [15], pages 5 and 6, Eq. (17)-(19))

hlleamn(h) = (1—§wk<m) Z / dt+z / omdd. (1)

Let us now transform the last integral of (14) by the help of Lemma 2.4. We set:

k
VteR:u(t) = ¢’<;>7 ar = wi(m), and Si = ij(m) = Sk(m).
5=0
Then, after substitution, (14) becomes:
m m—1 k+1
lleamia () = (1= Y entm) o)+ 3 [ (Sim) - 00 . (15)
k=0 k=0 " m



From now on, let us assume for simplicity (see Remark 2 below) that:

Zwk(m) =1, (16)
k=0
so (15) can be written
m—1 %
Ihllcamsa(t) = - [, (Sutm) - 0/ 6) (1)
k=0 "m

Using estimate (1) of the second order differential of f, and the definition (6) of ¢(¢), we get:
ma|[hl* < ¢'(t) = D°f(a+th).(h, h) < Ma||h]]*. (18)

So, to derive a double inequality on €4 ;m+1(h), we will consider the three following cases, depending

kE+1
on the location of Sy with regard to the interval [—, L]
m’ m

k k
For now, let us assume that — < Si(m) < Ere (the other two cases will be addressed afterward).
m m

Then, the integral in (17) can be split as follows:

k+1

kil Sk(m) -
7 stm) a0 = [ (Sum) - 000+ [ (Sm) - o0 (19

k Sk (m)

1
Now, considering the constant sign of (Sk(m)—t) on [k, Sk(m)} , and on [Sk(m), k—l—] , equation
m m

(18) allows us to obtain:
) Si(m) S (m) , ) Si(m)
1h2ms / (Su(m) — t)dt < / (S(m) — )¢ (£)dt < [|h]|> My / (Su(m) — t)dt,

k k k

m m m

and,
k+1 k+1 k+1
A [ (Slm) =t < [ (Sum) ~ 06 @)de < [P [ (Sy(m) byt
Sk(m) Sk(m) Sk(m)
that lead to the next two inequalities:
Atl Si(m) AL
[, (kom0 e <M 7 (Skm) 0 Py [ 7 (Sitom) 0, (20
and,
% Sk(m) L;;l
[, Sk 0@ 2 P [, (Sutom) 0+ [ [ (Shtm) — e (21)

Now, since Si(m) —t is a first-order polynomial in ¢, a straightforward computation of the integrals
yields

Sk(m) A2 e (A—1)?
g A _Hdt = — 22
| (Skm) ~ )t = 5 and /S oy (Sm) 1)t = =255 (22)

m

6



where A = mSi(m) — k. In these conditions, inequalities (20) and (21) lead to:

H H2

k+1

P < [ (8um) 09/ 0 <

m

h 2
e PN, (23)
where two polynomials P;(\) and P»()) are defined by:

Pi(\) = mad? — (A= 1)2My and Po(\) = MoA? — (X — 1)%my

Keeping in mind that we want to minimize €, ,+1(h), we find that the value of A which minimizes
1
the polynomial P(A) = Py(\) — P () = (M — mg)(2X2 — 2\ + 1) is A = 5

Then, for this value of A, (23) becomes:

ll2 bl 2
P s =2y < [ 7 () — 060yt < LU 01y — o). (24)
k k k
Now, in the case where Si(m) > kel then Si(m) —¢ >0 for all t € [—, L] and we have
m m’ m
k+1 k+1 k+1

Ialma [, (Su(m) ~ e < [ (Sum) — 06 @t [0, [, (Sutm) ~ )t

Using again the expressions (22), this yields

A2 S

om? " <A2 — - 1)2> < /zm (Sk(m) —t)¢'(t)dt < |;hHQMQ <)\2 (A — 1)2),

which also leads to (23) and then to (24), by simply using that mo < M.

1
In the third case where Si(m) < ﬁ, then Si(m)—t <O0forallte [E ki] In the same way as
m m’ m
above, we get
1P 3 (52 2\ o [ PP )
M2 (X2 = (=12 ) < [ (k) = 06 0 < s (4 - (3= 12)

m

that also gives estimate (23) and estimate (24).

Thus, in all cases, we arrive at the same estimate (24). Finally, by summing over k£ from 0 to m,
we obtain from (17) and (24):

Al
8m

1l

o (mg — Ma) < €qmy1(h) <

(M3 —ma). (25)

Using first the definitions of A and of Si(m), and using also that the weights wi(m), (kK = 0,m),
satisfy (16), we have

¥m € N*,Vk € [0,m[: Sp(m) = w;(m) =5+ (26)



and the corresponding weights wy(m) are equal to:

L (k=0,m—1). (27)

1
and, wg(m) = -

1
wo(m) = wm(m) = 5
This completes the proof of Theorem 2.3. [ |

To illustrate this refined first-order expansion formula, let us derive (10) when m = 2, (that is to
say with three points). In that case, we readily get:

2
4

Df(a)+2Df<a+ h) + Df(a+h)
fla+h) = f(a) +

(h) + l|hllea3(h),

where

_— — M) < ¢, < —(My — .
G (ma 2) < €q,3(h) 16 (M3 — mg)

Remark 2 Condition (16) on the weights wi(m),0 < k < m, in Theorem 2.3 is a kind of closure
condition that helped us to determine wy(m). But it is not a restrictive one. Indeed, without this
condition, one would have to consider (15) in the place of (17).

Hence, [ being twice differentiable, it also exists (my, M1) € R? such that
Vo € UVYh e R" :mi|lh|| < Df(x).(h) < Mi|h]|.
Then, using that ¢(1) = Df(a + h).(h), we obtain:
mu|h| < ¢(1) < Mil|hl],
that leads to, together with (15):

I
&m

My
2m

h m
<eammr(h) < W pgy gy =™

M) —
(m2 2) 8m

. 28
o) (28)
Here, we used that the weights wi(m), (k = 0,m), may be determined by the help of (26) without
taking into account anymore the closure condition (16).

More precisely, in that case, we get that the weights wi(m), (k = 0,m), are equal to:

1 1
wo(m) = om and wi(m) = — (k=1,m).
Consequently, we deduce from (28) that the bounds of the reminder €qm+1(h) are m times smaller
than the ones given using the classical first-order Taylor’s formula, see (4).

Finally, by considering the closure condition (16) and the corresponding weights wi(m), (k = 0,m),
determined by (27), we improved the result of (28), since the bounds of the remainder given by (15)
are 2m smaller than the ones given by the first Taylor’s formula.



3 Application to the interpolation error

3.1 The case of dimension one

In this subsection, we consider the refined first-order expansion formula (10) with two points, (i.e.
m = 1) in the one-dimensional case, namely with U =]z, z1[, (zo < x1). More precisely, formulas
(10)-(11) give in this case, for z¢g < a < x1:

Df(a)+ Df(a+ h)
2

Flath) = fla) + ( ).<h> T Ihfleaz(h), (20)

that can be simply written, in the one dimensional case, by using the derivative of f and the
absolute value as the norm in R:

fa+ )= @)+ (BT 1y e an), (30)
with " 5
!(mg — Ms) < €42(h) < !(Mz — ma).

Now, for xop < a < b < x1, let Il 4 (f ) be the usual interpolation polynomial of degree less than or
equal to one defined by:

T —b T—a
a—bf(a)er—a

Vo € [a,b]  Tiy(f) () = £ ).

Our aim is to investigate the consequences of formula (30) when we use it to estimate the error of
interpolation e(.) defined by

Va e [CZ, b] : 6(.7}) = H[a,b](f)(x) - f(x)v
and to compare it with the error obtained by the first order Taylor formula (3), written for n = 1.

Lemma 3.1 Let f be a function of C%(Jxg, z1[). The following interpolation error estimate holds:

(b—a)
4

b— 2
170 + 2= 1), (31)

Va € [a,b] : [ (f)(z) — fz)] <
where || - ||so denotes the classical norm on L.

Proof : We showed in [15] (see Formula (56)) that the usual interpolation polynomial ITj, ) (f)
introduced above can be written, using (30), as:

M (@) = £@) + (F I 0 - a)e -+ EZ 2D e ) - antal] - (22)

where €, 2(b) and €, 2(a) are the remainders of (30) for a and b respectively.

Consider now these two remainders written in the integral form. Due to (17), for m = 1, we have

€z2(a) = /01 <; - t> (a—2)f"(z+tla—x)) dt,



and
€x,2(b) = /01 <; - t) (b—)f"(z+t(b—x))dt.

1
As a consequence, using that /
0

1
5~ t’ dt = T these two remainders are bounded by

T —a b—=x
@] < T e and Jeaa ) < O

Now, using that sup (x —a)(b—x) = , together with (32) yields

a<z<b

(b—a)?
1

— o —a)? " o
oy ()(e) — (o) < =W ey 0=V e (33)

Considering now the usual Taylor’s formula, classically, the interpolation error e(.) is bounded by
(see for example [19], [17])

1
Vo € [a,8] 1 |f (@) =Ty (f)(2)] < 5(2 = a)(@ = )| /" loo-
. . (b—a)? .
So, using again that sup (z —a)(b—z) = T W get from this error bound that
a<z<b
(b — a)2 "
Va € [a,b] : |f(z) = Mo (f)(@)] < =" |- (34)

Now, we aim at evaluating the improvement obtained in the upper bound involved in (31), compared
to the one deduced from the usual interpolation error estimate (34). Hence, we are looking for
functions f and for a positive number 5 < 1 such that

b—a /OO b—a2 //OO b—a2 //OO
( zlllfll +( )16Hf I SB( )8||f l ’ (35)
that can be rewritten as
1
4
o e _ |
1 oo < 1 where A R (36)

Hence, our goal is to identify values of  and class of functions f such that (36) is satisfied.
Obviously, (36) does not hold for 0 < g < 1/2. In addition, since we are interested by illustrating
(36), we will also restrict ourselves by looking for functions f solutions to:

Vo e fad]: [7/)] < T, (37)

which implies that, in the sequel, we will only consider convex functions, i.e. functions such that
f"(x) > 0,Vx € [a,b], since it is clear that solutions of (37) also satisfy (36).

The next lemma determines a necessary condition for inequality (37) to be verified:

10



Lemma 3.2 Let f be a convex function of C?([a,b]), which satisfies inequality (37). Then, we
have

Va € [a,b], f(x) > max<f(a) + f/[(;l)(e/\(:v—a) —1), f(a) — f/j(\a)(e—A(x—a) _ 1)) )

Proof : From differential inequality (37), we get the two following second order differential inequal-
ities, for all = € [a, b]:

(@) = Af(x) = 0,

@)+ Af @) =0,

that can be rewritten, setting F(x) = f'(z),

{ F'(x) — AF(x)

v
o

F'(x)+ AF(z) > 0,

Now, multiplying the first inequality by the integrating factor e~ A(*~a)

integrating factor eX(*= we obtain that

and the second one by the

d

dzx

[F(a:)eA(I“)] >0, and di [F(x)e/\(x“)} >0.
x

This means that both functions F(z)e (*~% and F(z)e*(®~ are increasing on [a, b], or in other
words, returning to function f’:

Vz € [a,b] : f'(z) > eA(x*a)f’(a) and f'(x) > e*A(‘r*a)f’(a).

It suffices to integrate thes two differential inequalities on the interval [a, z], (x € [a,b]) to obtain
the inequality of Lemma 3.2. [ |

The next lemma enables us to determine sufficient conditions to determine a class of functions f
satisfying condition (37), and consequently condition (35).

Lemma 3.3 Let § > 0 be a real number and let f be the solution to the problem (P) defined by,
for all x € [a,b]:

f(z) = Af'(@) = o, (38a)
(P) 5
fla) = - (38b)
Then, we have
"(a eA(sc—a) _
VB €13 1] f(x) = fla) + fﬁ (Moo 1) 4 % [Al —(z—a)|. (39)

In particular, f given by (39) is a convex function which satisfies (37).

Proof : Two successive integrations lead to the solution f given by (39). Let us check now that
these functions f are convex. Their second derivative is equal to

) = (@) + At

11



which is positive, since f solution to problem (P) satisfies condition (38b).

Furthermore, remark also that, due to condition (38b), f solution to problem (P) satisfies as well

f'(z) + Af'(z) = 0,V € [a,b]. (40)
Indeed, considering that f is given by (39), we have, for all x € [a, b]:

5
(@) + Af(x) =2 <f’(a) + A)AeA(x_“) — 0.
Hence, for all x € [a,b], f"(x) + Af'(z) > 0 is equivalent to
A(z—a) g
e > ,Va € [a,b],

- 2<f’(a)+A>A

0
which leads to f'(a) > 0 using the minimum of the exponential for z = a.

Finally, we obtained that solutions f of (38a)-(38b) determined by (39) fulfill inequality (40). In
other words, solutions f given by (39) satisfy inequality (37). [ ]

With Lemma 3.3, we have checked that condition (37) does not lead to an empty set of functions.

Indeed, functions determined by (39) satisfy condition (37), and then (35), for any value of 3 €], 1].

For these functions, the interpolation error e(.) is 8 times smaller than the one found with the usual

first-order Taylor’s formula. So, the best we can obtain by the refined first-order expansion formula
1

(30) corresponds to a decrease of about 50 percents (5 = 3).

3.2 The case of dimension n, (n > 1)

Let us now consider formula (29) together with the related classical one (3) in R™, (n > 1).

First of all, let us rewrite both formulas by using the integral form of remainder. From propositions
2.1 and 2.2, for any function v € C?(U), the classical Taylor formula can be written as:

1
v(a + h) = v(a) + Dv(a).(h) + /0 (1—t)¢'(t)dt, (41)

where the function ¢ is defined in (6).

On the other hand, let us consider formula (17) of the remainder, corresponding to the refined
first-order expansion formula with two points, that is for m = 1. Using (26) and (27), we get the
following integral form of (29):

o(a+ h) = v(a) + (D”(“) * f”(“ * h)>.(h) + /01 @ - t) & (¢) dt. (42)

Let us now consider an open-bounded and non empty subset €2 of R” which is simply connected,
and let us denote by 99 its boundary, assumed to be a simplicial complex (i.e. the generalization
to R™ of a polygon in R?; [25], Chapter IX).

We consider a generalized triangulation 7y, of Q2 composed by a finite number of n-simplicies S, (1 <
k < N), which respects the classical rules of a “regular” discretization: the set {2 is expressed as the
set-theoretic union of a finite number of n-simplices S, (1 < k < N), whose interior are pairwise

12



disjoint, and such that, given any n-simplex of the triangulation, each one of its (n — 1)-face is
either a portion of the boundary 912, or an (n — 1)-face of another n-simplex of the triangulation,
(for more details, see for example [18]).

For all k € [1, N] !, we denote by hy = diam(S},) the diameter of the n—simplex Sy, (the diameter

being the greatest distance between two points inside Si), and by h the mesh size (h = km?)ﬁ[ hy)

of the corresponding triangulation 7y,.

Finally, we introduce the vertices Al(k) ,i € [1,n+1], associated to a given n—simplex Sk, k € [1, N].
Then, we define by m,(v) the piecewise polynomial of degree less than or equal to one which belongs
to C9(Q) such that

Vk € [1,N],VP € Sy : my(v)(P) = ms, (v)(P), (43)

where, VP € Si, we have
n+1

s, (v Z Ai(P)u(AM) (44)

Above, \; are the barycentric functions which satlsfy, VP € Sk,

n+1 n+1
ZA P)OAY = 0P,  with Y N(P) = 1, (45)

O denoting the origin of R".

Therefore, s, (v) is the unique polynomial of degree less than or equal to one which interpolates
the function v at the vertices Ay, k € [1,n + 1], (see [16] for example).

On a given n—simplex S (we drop the subscript  for simplicity), our aim is now to evaluate the
distance between a ”smooth function” v and its interpolated polynomial ws(v), first by the classical
Taylor formula (41), then, by our new refined first-order expansion formula (42).

To this end, let us recall some classical notations: If |[|-[|[ denotes the norm of the operator D?%(v)(P),
(VP € 5), defined in (2) and the corresponding one for D(v)(P), and on the other hand, we define
the L>®-norm || - ||« for any integer p and a p-linear mapping fields L : P € S — E((R”)p; ]R) by:

[ Llloo = sup [[|L(P)][]-
pPeS

Then, we have obtained the following interpolation error estimates:

Lemma 3.4 Let S be a given n—simplex in R™ defined by its vertices A;,i € [1,n+ 1]. Let v be
a function of C%(S), we have the two following interpolation error estimates:

ID?(v) |

YPeS : |ms()(P)—v(P)| < 5 diam(S)?, (46)
VPeS : |ns(v)(P)—v(P)| < HD(;])Hoodiam(S) + HDQZ})Hoodiam(S)Z. (47)

Proof : Let us begin to prove the estimate (46) related to the classical Taylor’s formula. Using
formula (41) by taking for a any point P € S, we obtain that

1
v(A;) = v(P) + Do(P).(hi) + /0 (1~ t)gl(t) dt

1. as usual, the notation [1, N] denotes all the integers form 1 to N
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where the functions {¢; }1<i<nt+1 are defined by:
Vit € [0, 1], qbl(t) = D’U(P + thl)(hz), and h; = PA;.
Let us compute now the quantity ms(v)(P) defined by (44). We have

n+1

n+1 n+1 n+1

(P)INE) + M PIDPLR) + 3 NP /1—wmw
=1 i=1
n+1 n+1
— u(P) —i—Du(P).(Z Ai(P) ) n ZA / (1— D)él() dt. (48)
=1

Above, we used that Dv(P) is a linear form together with the second property of (45). Moreover,
due to the two properties of (45), we also have:

n+1 n+1 n+1

> NP h_ZA JOA; — Z)\ JOP = OP —OP =0.

Then, (48) leads to:
n+1

mS()(F) = oP) + AP ) [0 s
that implies the following inequality, VP € S, and using that, Vi € [1,n +1],0 < \; < 1:
Ims()(P) = v(P)] < 5 max[|¢|oc - (49)
However, we also have the following property: Vt € [0,1],VP € S,Vi € [1,n + 1],

05)] = [D*()(P + t-hi).(hi, hi)| < ||| D*(0) (P + t.hi)l|| diam(S)?,

IN

1D? (v) | oo diam(S)?, (50)

where we set above h; = PA;.

Then, using (50), inequality (49) leads to the following result, VP € S:

[ms(v)(P) — v(P)| < HDQ(QU)HOO

diam(S)?, (51)
that proves the estimate (46) of the lemma.

Let us prove now the estimate (47) related to the refined first-order expansion formula. In a similar
way, we consider now formula (42) to compute the interpolation polynomial wg(v) defined in (44)
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at point P. We obtain that:

1 n+1 1 n+1
ms(0)(P) = o(P) + 5> N(P)Do(P).(hi) + 5 Y Ni(P)Do(4y).(hi)
=1 =1

=1
| ot n+l1 1/
= v(P = i(P)o; (P - — ! 2
oP) GNP+ 3N [ (5ot doa @)
and finally, that
1 1
_ < Z . Z A
ms(0)(P) — o(P)| < 5 max il + 7 max e (53)

Moreover, we also have, for the function ¢;(t):
[0i(t)] = [Do(P + t.hi).(hi)| < |[[D(0)(P + L.hi)l[| diam(S),
< [ID() oo diam(S),
that yields, using inequality (53):

L 1D

ID@)ss
7s(0)(P) = o(P)| < T2 diam(8) +

(diam(S))2. (54)
|

To conclude this section, we can summarize the lemma (3.4) in the following way: VP € S, the
interpolation error is smaller than the minimum between the upper bounds of (46) and (47), namely

2(0)]|oo . V) |loo .
[Ts(v)(P) — v(P)| < min <HD(2)”dzam(S)2, Mdzam(S)

, 1Dl
2

0 diam(S)2> . (55)

The next section is devoted to investigate consequences of our main result, regarding finite elements
applications.

4 Application to finite elements error estimates

In this section, we consider the refined first-order expansion formula (42), namely the general
formula (10) for m = 1. Then, we study the impact of this formula in the context of Lagrange
finite elements error estimate.

We first recall the mathematical framework. Let us consider again a non empty open-bounded
and simply connected subset € of R”, as introduced in section 3.2, together with the generalized
triangulation 7Ty, of Q. Classically, we denote by () the measure of 2 and by V a Hilbert space,
endowed with a norm ||-||;,, made of functions defined on €.

Then, we consider a linear continuous form [(-) defined on V, and a bilinear, continuous and
V —elliptic form a(-,-) defined on V' x V. Particularly, 3 (o, C) € R% x R such that

Vo € Vialolly < a(v,v) < Coff5. (56)
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Now, let u € V' be the unique solution to the second order elliptic variational formulation (VP)
defined by:
Find v € V solution to:

VP 3 a(uw) = 1(0), W0 € V,

(57)

and let also introduce the approximation uy of u, solution to the approximate variational formula-
tion (VP):
Find up € V}, solution to:

(VP), (58)

a(up, vn) = l(vp), Vop € V,

where V}, denotes a finite-dimensional subset of V.

The first step to estimate the error between u and uy, is given by Céa’s Lemma [7]:

Lemma 4.1 Let u denote the solution to (5 ;) and Uh the solution to (58) Th@’ﬂ, the ?O”O’U)’I,’Ilg
mequalzty holds:
u u 1 u v
h T o vhEeV, h ’

where the constant C' and « are respectively the continuity constant and the ellipticity constant of
the bilinear form a(-,-) defined in (56).

From Céa’s lemma, it results that, to estimate the approximation error |u — up|l;,, we have to
choose an element vy € V4 for which an estimate of |[u — vy|[;, can be computed. A convenient
well-known choice consists in choosing v, as an interpolation polynomial of a given degree.

In the sequel of this section, we will consider several choices of v;. We will study the consequences
of the refined first-order expansion formula compared to the classical Taylor formula.

4.1 The case of Vh(l)

In this subsection, we consider the case when the Hilbert space V is the Sobolev space H'(f2). As
a first choice for v}, we assume that the approximated variational space V; is equal to the finite

dimensional polynomial subspace Vh(l) C H(9), defined by:
v = {Ug” QR v e Q)0 € Pl(Sk)} : (59)
where Pj(Sk) denotes the set of polynomials defined on a given n—simplex Sy whose degree is less

than or equal to 1.

In this case, we have the following error estimate for P; finite element method:

Theorem 4.2 Let Q@ C R"™ be an open bounded and simply connected domain, and let 7jh be a
regular finite element mesh of Q. Assume that the exact solution u to (57) belongs to C%(Q) and

let ug) € Vh(l) be the corresponding approximate solution to (58).

Then, we have the following error estimate:

o=

Iy DDy W02y

< D= m(w)ll oy < & mi

L2(Q)
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Proof : Due to Céa’s lemma , we have

Y € Vh(l) : Hu — uﬁl)‘

pe S @ [u = ol p2(q) -

So, we choose as the particular element v, the P; interpolation function m,(u) defined by (43)

which belongs to Vh(l). This allows us to evaluate the L?— norm of the quantity u — m,(u) as

follows:
fu= (@l = 3 [ u=m@Pa= Y [
k k

SrETh SrLETh

2
o, (61

u‘Sk - 7T$k <U|Sk)

where we used the property that, VSk € Th, (mh u)|3k: Ts, (u‘sk). Moreover, due to the interpola-
tion error (55), we also have that

|2l D) HD2<u>lloo>. (62)

As a consequence, inequality (61) becomes:

2 2 2
=) ey < 3 min (P20 diamns2, I diam s+ P diamsg? ) s
Sr€Th
(63)
where 11(Sy) denotes the measure of Sk.

Finally, from (63) inequality (61) leads to the following error estimate:

c C 1D Wl s ID@lle, . 1Dl
< Chumm@lxe < S min (L e 120wy D0y ) gy,

Also in that case, this error estimate allows us to get a noticeable improvement of the upper bound

of the approximation error (around 50 percents smaller), as soon as the minimum involved in this
2

Dy | 1Dy

inequality is equal to

4.2 The case of Vh(2)

We propose now a second example of element v;;,. We choose, as Hilbert space V, the the finite

dimensional polynomial subspace Vh(2) C H'(Q) defined by:
VO =L i R e Q)07 |5 € Pa(SW

where P5(Sk) denotes the set of polynomials defined on a given n—simplex Si whose degree is less
than or equal to 2.

Let S denote a given n—simplex in R™. We first formulate an interpolation error result for a
polynomial function of degree less than or equal to two, but for a function v which only belongs to
C?(8S). For our purpose here, we introduce the corrected interpolation polynomial of 7s(v) defined

by:
n+1

VP eT:75(v)(P) = ms(v)(P) — % > Xi(P)Du(4;).(PA).
=1
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Corollary 4.3 Let S be a given n—simplex in R™ defined by its vertices A;, (i = 1,n+ 1), and let
v be a function of C*(S). Then, the following interpolation error estimate holds:

102 (v) oo

T diam(S)?, (64)

VPeS : |ni()(P) —u(P)| <

Proof : This is an immediate consequence of (52). |

Now, if we compare the interpolation error estimate (64) to the classical one (46), this naturally

leads us to derive a new upper bound for the finite elements error in Vh(z). We have obtained the
following error result:

Theorem 4.4 Let Q@ C R"™ be an open bounded and simply connected domain, and let 721 be a
reqular finite element mesh of Q). Assume that the ezact solution u to (57) belongs to C?*(Q) and

let u(2) € Vh(z) be the corresponding approximate solution to (58).

Then, we have the following error estimate:

C . C||1D?(w) || 0o
o= ) gy < N2 e /ey (65)

Proof : Again, by Céa’s lemma , we have

C
won e U fu—o?| < S = hllzag) (66)

L*(Q)

and we choose for v, the interpolation function 7 (u) introduced above. So we evaluate the L*—
norm of the quantity u — 7 (u) as we did in Theorem 4.2:

2
Ju— m@) o = 30 / lu — 2 (w) 2 = Jug, =5 o) a0
Sp€Th Sk€Th
that becomes, due to the interpolation error (64):
* 2 HD2 OO
lu —m(W)lz2q) < > diam(Si)* p(Sk), (67)
SreTh

1D?(u)|36, 4
——2"Ch* u(Q). 68
< 10 ) (68)

Finally, using this last estimate, inequality (66) leads to:

Cl|D*(u)|los

C
< e =m(Wllzeg) < Th2 1(82).

Hu B uf‘z)‘ 12(Q)

Remark 3

1. Using Py finite element, that is when V}, = Vh(Q), one can get [17] an error bound smaller than
what we got in (65). However, this result is obtained by assuming an additional regularity to
the ezact solution u, namely u € C3(Q). In our case, only the C*(Q)-regularity is requested,
and the classical result can not be applied anymore.
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However, even if up, belongs to Vh(Q), we can also choose here vy = my(u), that is, the interpolate
function of degree less than or equal to one, see (43). By performing the same computations
as those used to derive the above theorem, we obtain that

2 C C|ID*(u)|| 0
@ < - llu=m()l2q) < Thg

u = (),

L2(Q)

which corresponds to an upper bound that is two times greater than those derived in (65).

2. A practical consequence of Theorem 4.4 is the possibility of using a coarser mesh for a given

(2) ‘

accuracy. Indeed, assume that we want to ensure the approximation error Hu — U, to

L2()

be less than or equal to a given € > 0, € specifying the expected accuracy. Let h (respectively
h*) denote the mesh size required to get this accuracy with m,(u) (respectively with ) (u)).
Following (67) and (65), this requires

2
CID Oz — o
2« 4o

CID* (@)l _

Hence, h* can be \/2 times greater than h for a given accuracy. Roughly speaking, it means
that the same accuracy can be reached by the two approaches, but with a size mesh with
approximatively 0.7 times fewer nodes in each direction. For instance in dimension three,
this allows us to use, for a given accuracy, a mesh with about 0.73 ~ 0.34 which corresponds
to about 2/3 of nodes less than in the standard method.

5 Conclusions and perspectives

In this paper we derived a refined first-order expansion formula in R™ to minimize the unknown
remainder which appears in the classical Taylor’s formula. For a given function, this new formula
is composed by a linear combination of its first derivatives, computed at m + 1 equally spaced
points. We showed that the corresponding remainder can be minimized for a suitable choice of the
weights involved in this linear combination. In particular, we proved that the new remainder is, in
the worst case, 2m smaller than the one which appears in the classical first Taylor’s formula. This
can be improved, for example, for convex functions where mo = 0.

Afterwards, we considered two important applications: the interpolation error and the finite ele-
ments error estimates. In both cases, we showed that we can gain a significant improvement of
the error estimate upper bounds. For example, in the one-dimensional case, when m = 1 (with
two points involved in the refined formula), we showed that the upper bound of these errors is four
times smaller than the usual ones estimated by the classical Taylor formula.

Concerning the finite elements error estimates, for linear second elliptic PDE’s, since the approx-
imation error is bounded by the interpolation error, we proved that, by the help of the corrected
interpolation polynomial introduced in subsection (4.2), we obtained for the interpolation error, a
lower upper bound than the usual one.

Several other applications can also be concerned by this new refined first-order expansion formula.
For example, the approximation error involved in ODE’s approximation where Taylor’s formula is
basically used to derive numerical schemes.
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