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Abstract.

The article studies integral relations (error identities) that characterise distances between exact solutions
of nonlinear evolutionary problems and functions considered as approximations. The restrictions imposed on
such a function are minimal and actually come down to the condition that it belongs to the same functional
class as the generalized solution of the problem under consideration. Functional identities of this type
reflect the most general relations between deviations from exact solutions of parabolic initial boundary value
problems and those data that can be observed in a numerical experiment. The identities contain no mesh
dependent constants and are valid for any function in the admissible (energy) class regardless of the method
by which it was constructed. Therefore, they can serve as basic tools for deriving fully reliable a posteriori
estimates of approximation errors as well as for analysis of modeling errors. The corresponding examples are
discussed in the paper.
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1 Introduction

Traditionally, accuracy of approximate solutions is studied by error estimates derived for certain
error norms. A priori estimates operate with sequences of approximations and examine the question
in an asymptotic sense, assuming that all calculations in solving finite-dimensional problems are
performed absolutely exactly. A posteriori estimates follow another concept. They deal with a
particular numerical solution and may be focused on estimation of guaranteed error bounds or on
generation of suitable error indicators to be further used in mesh adaptive procedures. There is a
fairly large freedom in choosing a measure by which the accuracy of the approximate solution is
estimated. Some estimates operate with global (energy) norms while others use specially selected
(goal oriented) quantities or may be aimed at comparing local errors in different areas. The choice
of a measure depends on many factors and tasks posed by the researcher. However, there is a
class of error measures that are defined by the problem itself. They emerge in the so—called error
identities. Such an identity is derived by purely functional methods without using special features of
approximations and exact solutions (e.g., Galerkin orthogonality or extra regularity). It holds for
any function compared with the exact solution provided that the function belongs to an admissible
functional class. A practically useful identity must satisfy a number of additional requirements.

Consider an abstract boundary value problem Au = f generated by a continuous bounded
operator A : V — V* where V is a reflexive Banach space and V* is its dual. Let v € V be an
approximation compared with the exact solution w. The problem of controlling the accuracy of
approximate solutions would be completely solved if we have the identity

p(v,u) =F(v,D) Yv eV, (1.1)

where p(v,u) is a suitable measure of the error (which tends to zero if v tends to w in V'), D is the
set of problem data (domain, coefficients, boundary conditions, known parameters etc.), and the
functional F is computable. However, getting (1.1) with the above indicated properties may be a
very difficult task. For example, the identity

I Aellv = [|R()||v=, Rw)=Av—f, e=v—u (1.2)

holds for a linear operator .A. The difficulty lies in the fact that the right side of (1.2) is represented

by the norm, which may be practically incomputable. For example, if V' is the Sobolev space ];’ L(Q)),
then the space V* = H~1(Q2) has the norm defined as supremum over infinite amount of functions.
Therefore, the identity (1.1) should be treated as a theoretical fact rather than a tool for direct
computations.

Difficulties of another kind may appear if one tries to obtain easily computable identities and error
estimates by changing V* to a space containing more regular functions. They arise in connection
with a quite natural requirement: the norm of R(v) used in error relations must be consistent with
standard properties of approximation sequences (that follow from the classical a priori convergence
theory, e.g., see [1, 3, 6]). This requirement imposes certain restrictions that "simple" relations often
violate. An example of this kind gives the identity ||Ae||q = ||Av + f]|, which is easy to deduce for
the problem Au + f =0 in a bounded Lipschitz domain 2 with the boundary condition v = 0 on

090. Regrettably, for a sequence {vi} converging to u in the energy space IO{ L(Q) such an identity is
useless even if u and vy possess extra differentiability. Analogous relations involving strong norm of
the residual R(v) can be derived for various linear problems, e.g., for the parabolic heat equation.
In this paper, we investigate computable error relations that hold for the widest possible class of
approximate solutions, and therefore identities and estimates of such a type are excluded from the



consideration. Instead, we try to keep a proper balance between the regularity and computability
conditions.

There is one more reason why practically useful identities have forms that differ from (1.1).
Modern numerical methods are often based on advanced posings of boundary value problems, where
the solution is understood as a set of two (or more) functions. For example, mixed methods operate
with a pair of functions (u,p*) € V- x Y*, where Y* is an (energy) space introduced for the second
component. Thus, the solution consists of the primal and dual components v and p*, respectively.
Practically useful error identities must be well adapted to these and others advanced approximations
of PDEs. Let v € V and y* € Y* are approximations of v and p*, respectively. Then, instead of (1.1)
we need the identity

(v, y*;u,p*) =F(v,y*, D), (1.3)

where pu(v, y*;u, p*) > 0 is a measure of the distance between (v, y*) and (u, p*). The functional F
depends on the approximations v and y* (which are supposed to be known) and problem data D.
The measure continuously depends on v and y* (in the topology of V and Y™, respectively) and
vanishes if and only if v = u and y* = p*. For elliptic boundary value problems error identities of the
type (1.3) have been deduced for a class of variational problems

1}2{/ J(v), J(v) = G(Av) + F(v) (1.4)

by the method suggested in [14, 15]. In (1.4), G and F are convex l.s.c. functionals and A is a
bounded linear operator. The problem (1.4) includes a wide range of boundary value problems and
variational inequalities of elliptic type. The corresponding error identity has the general form (2.19).
The book [17] contains detailed analysis of error identities for elliptic boundary value problems and
their applications to evaluation of modeling and approximation errors.

In the paper, we consider initial boundary value problems associated with the equation

ur + Au) = f, (1.5)

where A(u) = —divp* 4+ o and p* and o are defined as subdifferentials of certain convex potentials.
In this case, A is a maximal monotone operator. Correctness of problems with monotone operators is
based on the Browder—Minty theorem. For parabolic equations with monotone differential operators,
existence of generalized solutions is well established (e.g., see [2, 4, 10, 18]). Our goal is to derive
functional error identities for problems of the class (1.5) and study their implications.

In short, the outline of the paper is as follows. Section 2 contains preliminary results related
to convex analysis and monotone operators. The main error identity is established in Section 3
(Theorem 1). Examples associated with various evolutionary problems are considered in Section
4. Here, together with error identities we also discuss estimates that follow from these identities.
The next section 5 is devoted to numerical verification of identities and estimates. Numerical tests
confirm that the identities hold for various approximations regardless of their origin and closeness
to the exact solution. Finally, in section 6 we discuss applications of error identities to analysis of
modeling errors generated by simplification of coefficients and changing the initial condition.

2 Preliminaries

2.1 Compound functionals

Let X be a reflexive Banach space and X* denote the space conjugate to X with the product
operation < z*,x >€ R for x € X and z* € X*. A convex ls.c. functional ® : X — R has a



counterpart ®* : X* — R defined by the relation

(") :=sup { < z*,x > —O(z) },
zeX

which is called the Fenchel conjugate to ®. The pair of functionals ® and ®* generates the compound
functional

Dy (x,2%) := @(z) + D" (z")— < z™,x > .
It is easy to see that
Do (x,2*) > 0 Vee X, z" e X" (2.1)
An important property of this functional is (e.g., see [9])
Do(z,2") =0 < z* C 0®(z) and x C IP*(z™). (2.2)

If & (resp. *) is Gateaux differentiable, then the subdifferential inclusion in (2.2) is replaced by a

simpler relation * = ®'(z) (resp. © = ®*'(x*)), where prime denotes the derivative. If X is a Hilbert

space and ®(z) = ||z||%, then ®*(z*) = 3||z*[|%. and (since X and X* are isomorphic) we may
write the compound functional in the form Dg(z,z*) = 3|z — z*||%. Due to this fact squared norms

play the role of natural error measures for many linear problems associated with Euler equations for
quadratic energy functionals.

Lemma 1 Let ® and (/I;g* be two convex functionals that differ by a linear functional £* € X*, i.e.
() = O(z)+ < I*,z > Ve X.
Then for any x € X and «* € X*, it holds
Dy (x,2") = Dg(x,2" — £). (2.3)
Proof. We have
i(x*) = sgp{< (" =0,z > —P(x)} = P* (2™ — £%).

Dy(z,2") = () + B (a*)— < ",z >= () + O* (2" — (*)— < a* — ",z >= Dy (z,2* — *).

Lemma 2 Let n € X and n* € X* satisfy the relation Dg(n,n*) = 0. Then for any « € X and
x* € X* it holds

Do(x,2") = Do(x,n") + Do (n,2*)+ <n* —a*,z —n >. (2.4)
Proof. Using (2.4), we can rewrite Dg(z,2*) as follows:

Do (z,2%) = ®(z) + *(2¥)— < x, 2™ >
=®(n) + 0" (2")— <a”,n>+0(z) + " (n")— <’ x>+ <z’ n>
+<ne>—<nn>—<zz" >
=Dg(n,2*) + Dy (x,n")+ <n* — a2 —n>.



2.2 Notation and nomenclature

Throughout the paper Q denotes a bounded set in R? (d > 1) with a Lipshitz boundary T', V(£2)
denotes a reflexive Banach space of functions defined in €2, and V; is a subspace of V' containing the
functions vanishing on I'. It is assumed that V' C V', where V is a Banach space with the norm || - ||y
and V is compactly embedded in V. The spaces V* and V* are dual to V) and V, respectively. We
assume that the norms || - ||y, and || - ||+ are of integral type (computable). If ¢* € V* C V* then the
product (¢*,() can be expressed by the integral [ (*(du.

Q

For vector valued functions, we introduce another triple of spaces Y C U C Y*, where Y* is the
corresponding dual space and U := L?(Q,R%). In particular, Y contains Vv for any v € V. The
pairing of y and y* is denoted by (-,)q. It can be also written as the integral [y - y* dz provided

Q

that the components possess necessary integrability. The operator of spatial divergence is defined as
an element of V* such that

(y*,Vw)q + (divy",w) =0  Vw e . (2.5)
Let the operator A be defined by the identity
(A(u),w) = (p*, Vw)q + (o, w) Yw €V, (2.6)
where p* and o satisfy the relations
Da(Vu,p*) = G(Vu) + G (p") = (p, Vu)o =0, (2.7)
Dr(u,0) = R(u)+ R*(0) — (o,u) =0 (2.8)
and the functionals G : Y — R and R : V — R have the form
G = [ glw)ds and R(w) = [ plu)da, (2.9)
Q Q

where g and p are convex functions and G(y) — +00 as ||y|]ly — +oo. Henceforth, we assume that
[wly < COQ)[[Vuwlly  Vw e Vo, (2.10)

where C'(£2) > 0, so that the functional G(Vw) is coercive on V5 ().

For simplicity we assume that g and p do not depend on ¢, so that the operator A also do not
depend on t. However, this restriction is not related to principal difficulties and the results discussed
below can be extended to a wider class of problems with time-dependent coefficients.

It is easy to see that (2.7) defines a constitutive relation that relates Vu and the flux p* (cf. (2.2)).
Indeed, since g(Vu) 4 g*(p*) — Vu - p* > 0 (2.7) means that

g(Vu) +g*(p*) = Vu-p* =0 for a.e. z € Q. (2.11)

If g is differentiable, then (2.11) amounts p* = ¢/(Vu). In particular, if g(y) = 3|y|?, then we arrive
at the linear model with the simplest diffusion law p* = Vu.

Analogously, the condition (2.8) defines properties of the lower term, which in physical models
often reflects generated by chemical reactions. It means that o € 9p(u), if p is differentiable, then
(2.8) yields the relation o = p/(u).



Lemma 3 Let uy,us € V, 01,02 € V*, and pj, p5 € Y* satisfy the relations
Da(Vui,p;) =0 and Dg(u;,0,) =0 i=1,2. (2.12)
Then
(A(u1) = A(uz),u1 — u2) = De(Vuy, p3) + Da(Vuz, pi) + Dr(ur, 02) + Dr(uz, 01).  (2.13)
Proof. We have
(A(ur) — A(uz), up —u2) = (p7 — p3, V(u1 — u2))a + (01 — 02, u1 — u2) . (2.14)

In view of (2.12), the right hand side of (2.14) has the form

/ (9(Vur) + g°(07) + 9(Vuo) + g (p3) — Vs - 7 — Vg - pl)de
Q

4 [(plur) + 7 (02) + () + 97 (02) = 102 — a0 )do
Q

and coincides with the right hand side of (2.13). The relation (2.13) shows that the operator A is
monotone (cf. (2.1)). O

2.3 Error identities for nonlinear elliptic problems

Error identities of the type (1.3) have beed deduced for a class of variational problems

Ulg‘f/ J(v), J(v) = G(Av) + F(v) (2.15)

generated by convex l.s.c. functionals G and F' (see [14, 15, 17]). It includes a wide range of boundary
value problems and variational inequalities of elliptic type. The corresponding dual problem has the
form

sup I"(y"),  I'(y") = =G (y") = F"(A"y"). (2.16)
y*EY*

If u and p* are the solutions of (2.15) and (2.16), respectively, then J(u) = I*(p*) and (e.g., see [9])

G(Au) + G*(p*) — (p, Au)g = 0, (2.17)
F(u) + F*(=A*p*) + (A*p*,u) = 0. (2.18)

For this class of problems, the identity (1.3) is known (see [14] and Chapter 3 of the book [17]). For
example, if Av := Vv and A*y* = —divy*, then the identity is

p(v,u) +p*(y",p*) = Da(Vv, y*) + Dr (v, divy”). (2.19)
where
IJ’(U7 U) = DG(VU,p*)+DF(U, lep*) and l"’*(y*7p*) = 'DG(VU, y*)+DF(u7 ley*)

are nonnegative measures that vanish if v = u and y* = p* (this fact follows from (2.17) and (2.18)).
The converse is also true.



Lemma 4 If p(v,u) =0, then v is a minimizer of (2.15). If p*(y*, p*) = 0 then p* is a maximizer of
(2.16).

Proof. If u(v,u) = 0, then
0= G(Vv) + G*(p*) — (p*, Vo) = G(Vv) — G(Vu) — (p*, V(v — u))a, (2.20)
0 = F(v) + F*(divp*) — (divp*,v) = F(v) — F(u) — (divp*,v — u) . (2.21)
Adding (2.20) and (2.21), we find that
G(Vu) + F(u) = G(Vv) + F(v),

i.e., v is a minimizer.
Analogously, the condition p*(y*, Vu) = 0 implies the identities

0=G"(y") —G*(p*) — (y" —p", Vu), (2.22)
0 = F(u) + F*(divy™) — (divy*,u) = F*(divy*) — F*(divp*) — (div(y* — p*),u). (2.23)

From (2.22) and (2.23) it follows that G*(p*) + F* (divp*) = G*(y*) + F*(divy*). Taking into account
(2.16), we conclude that y* is a maximizer of (2.16). O

Lemma 4 shows that p(v,u) 4+ p*(y*, p*) can be viewed is a natural measure of the distance between
the pair of approximations (v,y*) and the pair of exact solutions (u,p*). The identity (2.19) holds
for any v € V and y* € Y* and its right hand side contains only known data and approximations v
and y*. Below we deduce similar identities for evolutionary problems generated by monotone spatial
operators.

3 Error identities for a class of evolutionary problems

3.1 The problem

Consider the following class of initial boundary value problems:

ug + A(u) = f in Qr, (3.1)
u(z,t) =0 on St, .
u(z,0) = up(x). (3.3)

Here Qr := (0,T) x Q is the space—time cylinder, St := (0,7) x I', and the spatial operator A is
defined by the relations (2.6), (2.7), and (2.8). For the functions in @7, we use the following Bochner
spaces

V(Qr) = L((0,T); V(Q)), Vo(Qr) := L1((0,T); Vo (2)),
VH(Qr) == L9 ((0,T):V*(Q),  V*(Qr) = LT ((0,T); V") € V*(Qr),

where ¢ > 1 and ¢* = q%l. For fluxes, we introduce the space
Y*(Qr) == {y" = L ((0,7),Y*(Q)) | divy* € V*(Qr)}

and its subspace _ i _
Y*(Qr) :={y* € L? ((0,T7),Y*(?)) | divy* € V*(Qr)}.



Multiplying (3.1) by the test function and recalling (2.6), we define a generalised solution of the
problem (3.1)—(3.3) as the function u € V(Qr), us € V*(Qr) such that

T
/ut, + (0 Vo + (0 — fu)dt =0  Yw € Vo(Qr), (3.4)
0

which holds together with the relations (2.7) and (2.8). Using them, and (3.4) with w = u, we obtain
the evolutional variational inequality

T

/((ut,w )+ G(Vw) ~ G(Vu) + R(w) — Rlw))dt > / (Fow—uydt  YweVo(Qr), (3.5)

where u(z,t) is subject to the initial condition (3.3).

Evolutionary problems with monotone spatial operators are well studied (e.g., see [2, 7, 10, 12, 18])
Henceforth, we assume that the problem (3.5) has a unique solution u € Vo(Qr) and the relations
(2.7) and (2.8) uniquely define p* € Y*(Qr) and o € V*(Qr).

3.2 The main error identity

Theorem below presents the main error identity that holds for approximations v, y*, and 7 of u, p*,
and o, respectively.

Theorem 1 For (v,y*,7) € H(Qr) := Vo(Qr) X Y*(Qr) x V*(Qr) it holds
T

/(u(v,y*,T; u,p*, o) + {(es, e))dt = /(Dg(VU,y*) + Dgr(v,7) — (R(y", 7,v), e))dt, (3.6)
0

0
where
R(y*,m,v) :=divy* —7+ f —
and

H’(U, y*v T3 ’I.L,p*, J) = DG(vuv y*)+DG(Vvap*) + DR(ua 7_) + DR(va U)'

Proof. In view of Lemma 2,

T
/DG (Vu,y") :/ Da(Vu,p*) + Da(Vu,y*) + (p* — y*, V(v —u))g>dt (3.7)
0
and
T T
/ / Dr(v,0) + Dr(u, T)+<07T,U7u>)dt. (3.8)
0 0

Consider the integral

T
/p —y"),Ve)a + (o — 7,e) dt.
0



Since e € Vo(Qr), we use (3.4) and find that

T T
/ p Ve)a —‘r o, 6 = / — Uy, e
0 0

By this relation and (2.5), we reform the integral as follows:

T T
:/<divy*—7—|—f—vt, dt+/ (er, e (3.9)
0 0

Summation of (3.7) and (3.8) yields

T

T
/Dc(Vv,y*)dt+/DR(U,T)dxdt:u(v,y*,T;u,p*,0)+I(6)-
0 0

and using (3.9) we get (3.6). O

Theorem 1 presents the most general form of the identity. Let f € @*(QT) and other data of the
problem be sufficiently regular so that

o,u € V5(Qr), p* e Y (Qr). (3.10)

Consider approximations that possess the same properties, i.e., 7,v; € v* (Qr) and y* € Y* (Qr). In
this case, the product (R(y*,7,v),e) is expressed via the integral [R(y*,7,v)edz and
Q

T T
/ e, e ://etedwdt.
0 0 Q

Since ¢; € V*(Qr) we have

/

Qr

eV<—|—oo.

Hence using the Fubini’s theorem, we find a more transparent presentation of the term

T

/et, )ydt = //etedxdt

0

[llelz]q-

l\D\»—l

& dedt — 3 [le( ) ~ lleC- 03] =

I
{O\
D\H

N =
&‘&

10



Now the main error identity (3.6) is written in terms of Lebesgue integrals:

T
/mvy it o)t + 3 [ elR ]
0

T

:/(DG(Vv,y*)+DR(U,T)>dt7/R(y*,T,v)ed:cdt. (3.11)

0 Q
The last integral in (3.11) can be excluded if we set
T =715 :=divy" + f — v

Then, the error identity reads

T
/ (P6(Vu,y")+ Do (Vo,p*) + Dl 75) + Do, o) )t + 1 [ el ]
0

T
- / (De(Vo,y*) + Drlv,77))dt, (3.12)
0

where

Dr(v,75) = /(p(v) + o (divy” + f — o) —o(divy” + f — i) da.
Q

Notice that the right hand side of (3.12) contains only approximations and known data and, therefore,
is directly computable. It vanishes if

divy* + f —v; € Op(v) for ae. t€[0,7] and Dg(Vu,y*) =0,

what implies v = u and y* = p*.

3.3 Comments

1. For v =0, y* =0, and 7 = 0, (3.11) is reduced to the identity

T

/ (G(Vu)+G*(p*)+R(u)—|—R*(a))d1:dt+ [tz ] / fudadt,

0

Using (2.7) and (2.8) we rewrite it in the form

/ (» Vu—l—au)dxdt—i— [tz / Fudadt, (3.13)
Qr

Since p* = p*(u) and o = o(u) this is a form of the energy balance identity for the exact solution u.
For example, if p* and o are defined by (4.1) and (4.2), then we arrive at the identity

/(AVu-Vu+up’(u))dmdt+ ||uHQ /fud;vdt
Qr

11



which is the well known energy balance relation (e.g., see §3 of Ch. 3 in [11]). The identity, (3.6)
reflects a more general form of balance that holds for all energy admissible deviations from the exact
solution. It implies (3.13) as a rather special case.

2. Tt is worth discussing the identity (3.12) from one more side. Adaptive approaches to
solving boundary value problems arose as a successful computational technology (e.g., see [8]) whose
effectiveness has been confirmed by a huge number of experiments. At present, the adaptivity concept
is increasingly acquiring the form of a complete mathematical theory (a unified approach and many
related references can be found in [5]). Error identities naturally fit this concept and generate error
indicators to be used in adaptive computations. Indeed, the integrand of the right side of (3.12) is a
function of x and ¢. Since (3.12) is an identity, this is exactly the function that should be used as an
error indicator if the goal is to minimize the measure in the left side of (3.12). In other words, correct
error indicators automatically follow from (3.12) and its particular forms (4.5), (4.11), and (4.19).
Examples of using this type error indicators are presented in [13], where error identities and related
a posteriori estimates are discussed in the context of IgA approximations of parabolic problems.

3. If p = 0, then the reaction term vanishes, so that formally ¢ = 0. Error identities for this
case has been earlier derived and studied in [16]. Also, they follow from Theorem 1. Notice that
Dr(v,7) =0if 7 = 0 and Dr(v,T) = +00 in all other cases. Hence both sides of (3.11) are finite
provided that 7 = 0 and we arrive at the identity

T
[ (Pa(Vu.) + Do(Te.pm))de+ 5 Tl
0

T
/ Da(Vu,y™) /(divy* +f—w)e dx)dt. (3.14)
0 Q

Using Lemma 1, we can rewrite (3.12) in terms of the functional F(u) := R(u) — (f,w). Since
DR(’U7Tf):DF(rUva_f) and DR(U,Tf):DF(U,Tf—f),

we have

T
/(DG(VU, ¥y )+Da(Vvu,p*) + Dp(u,divy* — v;) + Dp (v, divp* — ut))dt
0

T
+ % [lel2]s = /(Dg(vv,y*) + Dy (v, divy* — vt))dt‘ (3.15)
0

This identity can be regarded as a natural generalization of (2.19) to the class of initial boundary
value problems.

4  Examples

1. Linear diffusion problem with nonlinear reaction term. Let f € L?(Q), g(y) = %Ay -y, where A is
a symmetric positive definite matrix with bounded coefficients a;;(x) such that

allP<Ch =A< ef¢)? V¢ eR?

12



for some cg > a > 0. Next, let p be a convex function such that p(0) = 0 and p(v) < y|v|” + 72,
where v € [1, -2 = 2) Y1,72 € R, and 77 > 0. This choice of g and p leads to a problem with linear
diffusion and nonlinear reaction. If p is a differentiable function, then (3.1)-(3.3) reads

—divp* + p'(u) = f, (4.1)
p* = AVu, (4.2)
u(z,t) = 0on Sr, u(z,0) = up(x). (4.3)
In this case, V = Hl(Q), =L3(Q),V* = H Y(Q),V(Qr) = L?>((0,T7); V), V*(Qr) = L*((0,T); H~*(Q)),
and V*(Qr) = L2((0,T),V(R)). Let 7,v; € V*(QT) and y* € Y*(Qr). Then
1 1
Do(Vu,p*) == [ V(v —u)|4dz, a(Vu,y*) = = (v —u)|4 -1 d,
:/ 2!
and the identity (3.11) reads
[ (3176 + 3le s + Dyto.0) + Dyt ) dade + 5 el [
Qr
= /(%|y* — AVo4_1 4+ D,(v,7) — R(y*, T, v)edx)dxdt, (4.4)

Qr

where D, (v, ) := p(v)+ p*(7) —v7. The first and the second terms in the right hand side of (4.4) are
directly computable, but the last term contains unknown function e. This difficulty can be overcome
by different methods.

If we set 7 = 7y := divy* + f — v, then R(y*, 7f,v) = 0 and (4.4) is transformed into the identity

1 1, 1
[ (317el + 3le" s + Dy(w.0) + Dyl ) ) dde + 5 [ elfs T
Qr

1
= /<§|y* — AVU|?471 + Dl)(vaf)>d'rdt7 (45)

Qr
whose right hand side is directly computable.
Another option is to use the estimate
* 1 0522 2 2
2| | R(y*,1,v)edz| < 30 < |R(y T,0)|]° + B(t)|Vel|; | dx (4.6)
Q Q

with a positive function 8(¢). Then (4.4) implies fully computable two sided estimates

/((1 — B) VeA 1" 41 + 2D, (v,0) + 2D, (u,7) )t + [ [lel}3 ]

Qr
* 2 Cgl * 2
< [l — AV + 2D, (0. 7) 4 CHIRG" 7,0 et (4.7)
1
QT
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and

J (@8 IVl 416+ 2D,(0,0) + 2D, ) ) ddt + [ el I

Qr
2

> /(|y AV 42D, (0, 7) — SRy 7, v)|2)dazdt (4.8)
s 1

In (4.7) 0 < <1 and in (4.8) f is any positive function. The freedom to choose this function can
be used to optimize the estimates.

2. Obstacle problem Another example is related to the problem u; — divAVu = f with two
obstacles. Let ¢(x) and 9 () be two given functions in H?(f2) such that

P(x) > p(x), @) <0, P(z)>0 Vze
We set V = HY(Q), Vo 210{1(9), V = L?(Q), and define
Koy :={v e Vo(Qr) | p(r) <v(z,t) <o(z)}

In this case, the functionals R and R* have the forms

L 0 ifv e wa, « B
o ={ 0 e mO= [(0e0 - )¢
Q
where (7)+ := max{0,7} and (7)_ := —min{0, 7} and (3.5) is reduced to the parabolic variational
inequality
/ (ut(w —u)+AVu - V(w — u))dajdt > / flw—u)dzdt Yw € Kyy. (4.9)
Qr Qr

Since Tv = ((7)+ - (T)_)U, we find that

S{pr(vﬁ)dx ifve Ky,

Dr(v,) { Dy (v,7) := (7)1( —v) + (7) - (v = ).

400 ifv e Koy,

Notice that Dg(v,7) > 0 and the relation Dr(v,7) = 0 means that 7 and v € K, satisfy the
relations:

T=0 if (‘T7t) € Q%,O = {('Tvt) €Qr | (p(:L‘) < U($7t) < 1/}(.%')},
(1) =0 if (z,1) € Q7 , :={(z,1) € Qr | ¢(z) = v(z,1)},
(1)- =0 i (0.t) € Qhy i= {(@8) € Qr | ¥(x) = ol 1)

Here Q%,sa and Q7 ,, are the upper and lower coincidence sets defined by the function v(z,t). If v is
the solution u, then they coincide the exact coincidence sets.
For v € Ky, the identity (3.11) reads

1 1, ., 1 T
[ (GI7el + 31" Buos + D)+ Dul0,0)) ot + 5 el 2 T
Qr

= /(|AV1} —y*|4-1 + Dyy(v,7) — R(y*,7,v)e>d:cdt. (4.10)
Qr

14



Setting 7 = 74 := divy* + f — v, = 0 in (4.10), we obtain the identity

1 2 1 a2 1 29T

(51Vel + 5le s + Do, 77) + D (0,0) ) dat + 5 [ el ],
Qr

= /<|AVU —y*4-1 + Dyy (v, Tf))dacdt, (4.11)
Qr
which is a form of (3.12) for the obstacle problem. The left hand side of (4.11) consists of nonnegative

quantities and the right hand side contains only know functions and, therefore, it is computable.
Assume that the right hand side is equal to zero. Then

y*=AVv and Dyy(v,7) = 0.
The latter equality means that

divy* + f—v; =0 if (x,t) € Q7.0,
divy* + f—v, >0 if (2,t) € QF 4,
divy* + f —v, <0 if (2,) € QF .

Hence for any w € Ky

/(vt —divy* — f)(w— v)dzdt = /(vt— divy™ — f)(w — ¢)dzdt + / (ve— divy* — f)(w — p)dzdt > 0,
Qr Qr Qr,

so that v satisfies the variational inequality (4.9). We see that the right hand side of (4.11) vanishes
if and only if v coincides with w. _
If 7 is not chosen in a special way, but is considered as a function from V*, then an estimate can

be deduced from (4.10). Using (4.6) and same reasoning as before, we obtain a computable upper
bound

J(@=B)IVelRy + fe" s + 2D (0.0) + 2D, ) )t + el [
Qr
2

< /<|y — AV + 2Dy (v, 7) + %|R(y*,7, v)|2>d:r,dt. (4.12)
1
Qr

A lower bound is quite analogous to (4.8). It is easy to see that the right hand side of (4.12) vanishes
if and only if v = u, y* = p* and 7 = 0 := divp™* + f — wy.

3. Parabolic equation with nonlinear Laplacian operator. Consider the problem with nonlinear
diffusion, where

1 1 x o
Vu) = —|Vu|® d (p*) = —1p*|*, >1, a" = . 4.13
9(Vu) = —|Vu|* an g (") = I’ o af=——7 (4.13)
In this case, Vu and p* are joined by the relations
p* = |Vul|*?Vu, Vu = |p*|%p*, (4.14)
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and (1)—(3) is reduced to the Cauchy problem

— div|Vu|*"2Vu + p'(v) = f in Qr, (4.15)
u(z,t) =0 on St, (4.16)
u(z,0) = up(x). (4.17)

*

Let V = Who(Q), Vo =W 1(Q), V = L%(Q), V* = L' (Q), V* = W' (Q), V* = Lo (Q,RY).
Taking into account (4.14), we have

1 1
Dg(Vv,p*) = /(E|Vv|°‘ + — VUl = Vv Vu|Vu|* ) de = p, (v, ),
Q
* 1 x| 1 *|a* * *| k|t —2 * * ok
Da(Vu,y™) = [ (" [* + —p" " —p" -y |p"|* 7%)de =2 po. (y", p").
Q

The quantities g, (v,u) and - (y*, p*) are nonlinear measures of the distance from v to « and from
y* to p*, respectively. Now the identity (3.6) reads

/IJ‘a v,u) + po-(Y° p*))dt+/(Dp(U70)+Dp(U77))d$dt+ [lel? 1,
0 Qr

T

1 1 .

:/ /(5|V’u|a+5|y*|a — Vv -y )dz — (R(y*,7,v),€) dt+/Dp(v,T)dxdt. (4.18)
0 Q Qr

Setting 7 = 77, we obtain a form of (4.18)

T
/ua v,u) + - (y ,p*))dH/(Dp(v,0)+Dp(uan))dxdt+ [lleliz ],
0

Qr
T

:/Dg(Vv,y*)dt—i—/Dp(v,Tf)dxdt (4.19)
0 Qr

whose right hand side is fully defined by the functions v and y*.
There measures p,, (v, u) and p’. (y*, p*) can be bounded from below by norms in the standard
Lebesgue spaces L and L . Let jo : R x R — R be defined by the relation

1 1
pala,b) = ~lal” + —[b[" —a- p[*2
o o
In [16] it was proven that for a > 2 it holds
to(a,b) > cola —bl® Ya,b € RY, (4.20)

where ¢, = “L(1 4 Xg)?2™® and A is defined by the equation A ™' + Xo(1 —a) = a — 2 (e.g.,
co.5 ~ 0.3072, c3 ~ 0.1953, and ¢4 ~ 0.0833).
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From (4.20) it follows that

B (v,10) 2 cal V(v —u)l5 o, ifor > 2,

pha(v,u) > e lly* —p*||g:7QT ifa® > 2.

Hence the right hand side of (4.19) provides a guaranteed bound for the corresponding Lebesque
norms of either gradients or fluxes.

Remark 1 The measure ji,(a,b) is not symmetric. Let 1, (a,b) := 3(pa(a,b) + pa(b,a)) denote the
symmetrization of uq(a,b). It is easy to see that for a > 2

us,(a,b) := m —a- bw > cola —b|® ifa>2, (4.21)

However, the constant in (4.21) can be improved. The exact constant in (4.21) is ¢5, = 2172 > ¢,,.

5 Numerical verification of error identities

In the tests below, error identities are verified for different functions g and p(v) and various approxi-
mations v € Vo(Qr) and y* € Y* (Q1). The approximations are generated randomly so that some
of them are very close to u and p* while others may be essentially different. The functions v(z,t)
satisfy the boundary conditions but may not satisfy the initial condition. The tests show that the
identities hold for any v and y*. Also, we verify the efficiency of error estimates that follow from
them. In the examples, Q = (0,1) and T = 3. We consider exact solutions of three different types:
up (z,t) = sin(w x)# (decreasing with respect to t), uz(x,t) = x(z — 1) sin(37 t) (oscillating), and
us(z,t) = sin(27 ) (t — 1) + sin(7 2)t3/2 (growing with respect to t). These functions are depicted in
Fig. 1.

P
0T
l:mln|"|',,'.,','§.l'.'.','
Lo
i il

il
il
ity
i

i i
il mn.,",'" i A
‘ th,
flllllll',lllllllllll"lllllll"'"""ﬂln "l'l" 'll 'lln a
e

ﬁllllllﬂlllllllm""'llllnnn',"lllnu,,, Fo
A
A gty
L

!

N 3 t 3

Figure 1: The functions u; (left), ug (center), and ug (right).

Example 1. First, we consider the problem (4.1)—(4.3) with the unit matrix A, and reaction term
p(v) = 2[v|?, 6 > 0. Then, D,(v,7) = 3|7 — 6v[?, 0 = u, and 7, := dv. The functions v and y*
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are chosen randomly in the vicinity of u and p*, and the distance to the exact solution gradually
increases with the test number. Thus, numerical tests verify the identities (4.4) and (4.5) and the
estimates (4.7) and (4.8) for both good and rough approximations. In the first series of tests T1.1, it
was taken § = 1, u = w1, and 7 was also selected randomly at the vicinity of the exact function o.
In the series T1.2, 4 = ug, 6 = 0.01, and 7 = 7,,. The series T'1.3 corresponds to the choice u = ug,
0 =0.1, and 7 = 7¢, where 7y — 0 = divy* + f — vy — 0 = dive® — ¢;. In the latter case, the identity
(4.5) reads

T
JOTels el + e s + 5 iver = eal)de + e, DI
0

T
_ 2 * 2 1 2
= lleC, 0)lle + [ {lly" = AVolla— + Slimy = ov]”)dt. (5.1)
0
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Figure 2: The identity (5.1) in the test T1.3 (left) and the estimates (4.7) and (4.8) in the tests T1.1,
T1.2, and T1.3(right).

Blue line in Fig. 2 (left) shows the ratio INDfL((gll; in different tests (test number is indicated
on the x-axis). In all the tests IND is equal to 1 (up to very small errors caused by numerical
integration). The symbols * and o mark the quantities F := ||[V(v — u)||? and E* := |ly* — p*||?,
respectively, which are quite different in different tests. The picture shows that the identity holds for
any pair of functions (v, y*) regardless of the proximity to (u,p*).

Fig. 2 (right) shows the ratio between the right and left parts of (4.4) (blue line) and behaviour of
the estimates (4.7) and (4.8) (that follow from (4.4)). Here InMajlfL((j;)) and Ianlf%
in the test series T1.1. The same quantities for T1.2 and T1.3 are denoted by InMaj2, InMin2 and

InMaj3, InMin3, respectively.
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Example 2. These examples are related to problems with nonlinear reaction term. In the test
series T2.1 and T2.2, p is a function with power growth: p = %|’U|“, w>1(p=3and § =0.1in
T2.1, p =15 and 6 = 2 in T2.2). In T2.3, we consider the case, where p is a linear growth function

)=

This type nonlinearity may arise in certain variants of the reaction law with saturation.

As before, the tests verify the main identity and the estimates for various randomly selected v, y*.
In T2.1 and T2.3, the function 7 was selected randomly and in T2.2 7 = 7,,, where 7, = v if [v| < 1
and 7, = 1 if |v| > 1. In the latter case, D,(v,7,) = 0. Fig. 3 (left) exposes the results related to the

3ol
v—% ifv > 1,

—v—% ifv < —1,

ifjv] <1, v

plo)y=4 1
-1

ifjv] <1,
ifv > 1,
ifv < —1,

L
+00

if|7] <1,

plv) = if|r| > 1.
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Figure 3: efficiency of the estimates (4.7) and (4.8) in the tests T2.1, T2.2, and T2.3 (left) and values
of error measures (right).

estimates (4.7) and (4.8) (with 8 = 0.5). It shows that the estimates well represent the corresponding
error measures. The right part of Fig. 3 depicts values of the error measure in (forming the left side
of (4.7)) in different tests. Line 1 is related to T2.1, line 2 to T2.2, and line 3 to T2.3. Fig. 3 shows
that the corresponding majorants and minorants efficiently estimate values of the error measure in
the diapason from 1073 to 102.

Fig. 4 (left) shows results of numerical verification of the identity (4.4) in the example T2.3,
where D, is generated by a linear growth function. As before, the computations confirm correctness
of the identity.

We note another interesting observation. Analysis of a large number of tests leads to the
conclusion that Dg(Vo,y*) and Dg(v, ) well reflect the values of Dg(Vu,y*) + Da(Vv, p*) and
Dr(u,7) + Dgr(v,0), respectively. Fig. 4 (right) shows the corresponding data. Here

Dr(u,7) + Dr(v,0)

IR :=
R DR(’U,T)

and IG:=
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Figure 4: The identity (5.1) (left) and the values IR and ID (right) in the test T2.3.
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Figure 5: The identity (4.19) (left) and the values IR and ID (right) in the test T3.1.

We cannot say that the quantity Dg(v,7) (which is directly computable) is a majorant (or a
minorant) of the quantity Dg(u,7) + Dr(v,0). However, in the vast majority of cases Dr(v,T)
gives a correct presentation on this sum of measures (red line). To an even greater extent, this
statement is true for the computable quantity Dg(Vv,y*), which efficiently represents the measure
Da(Vu,y*) + Da(Vu,p*) (black line). Additional results that confirm this observation are presented
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Figure 6: The identity (4.19) (left) and the values IR and ID (right) in the test T3.2.

in Figs. 5 and 6 below.
Example 3. Now we consider the problem (4.15) — (4.17) and verify numerically the identities
(4.18) and (4.19). As in previous examples, the calculations confirmed that the identities hold. Here
are some results.
In the test T3.1, we set a = 3, p(v)

IND::%) in the tests.

In the series of examples T3.2, we set u =4, a = 1.3, and u = us. As before the identities (4.18)
and (4.19) hold in all tests. Fig. 6 exposes the results, which are quite similar to those in Fig. 5.

%|v|“, =15, and u = ug. Fig. 5 (left) shows the quantity

6 Estimates of modeling errors

Since the identities (and respective estimates) were obtained by purely functional methods without
using special properties of approximations, they can also be used to analyse errors of mathematical
models. Next, we will look at two cases. In the first case, we compare the exact solutions of
evolutionary problems that differ in the initial data and in the second case compare solutions with
different spatial operators.

6.1 Errors generated by initial data

Let the functions % and p* solve the problem (4.1), (4.2), and (4.3) with the initial condition g(x)
instead of ug(z). Then, we can use (3.6) to estimate the difference between two solutions. We have

Da(Vi,p*) =0 and Dr(u,5) = 0.
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Besides, it holds the equation divp* 4+ f — & — u; = 0. Therefore, the right hand side of (3.6) vanishes
and we obtain

T

-~ X 1, - 1,
/u(u,p*,o;u,p yo)dr + Sl = w) (- TG = 5 lldo — uollg- (6.1)
0

t+A _
Notice that for any interval (¢,¢ + A), A > 0, the quantity my ;1 a := [ p(u,p*,o;u,p*, 0)dz is
t
nonnegative, so that the first integral in (6.1) is a non—decreasing function of 7'. Since the right hand

side does not depend on T, the norm ||(z — u)(-, T)||q is a bounded and non-increasing function of 7.
Thus, we conclude that

my i n — 0 ast— +oo. (6.2)

The asymptotic relation (6.2) can be viewed as a form of the stabilization property well known for
parabolic problems with monotone operators (e.g., see [7, 18]).

Using properties of g and g* associated with a concrete class of problems one can deeper investigate
convergence of & to u by estimating the first term in (6.1). Consider the functions g and ¢g* defined
by (4.13). The identity (4.18) reads

T

[ b + e o5 + 1@~ 0D = 0~ ol (63)

Consider the case o > 2. Since % and p* satisfy (4.14), we have

_ 1 1 - - -
i) = | (aml“ + L v - v wwuw—?) o,
Q

1 1
. (p*,p*) = / <aVﬂ|°‘ + J|Vu|a - Vau - VuVuo‘2> dx.
Q

Therefore,

T
/ o (T, u) + pi (p*,p*))dt = / (IVa|™ + |Vu|® = Vi - Vu(|Vu|* 2 + |Va|*?)) dedt
0 Qr
) / 18, (Vu, VE)dzdt > 265 (Ve
Qr
Hence (6.3) implies the estimate

1 1
(- TG < 5o — o, (6.4)

264 IV ell3 g, + 5

which shows that the norm ||Vella,g, is uniformly bounded with respect to T' and, therefore,
t+A
f |Vel|&dt must tend to zero as t — +oc.
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Assume that 1 < a < 2. In this case, * > 2 and it is convenient to rewrite the error identity in
~ 2—a ~
terms of fluxes. Using the relation Vu = |p*|==1p*, we find that

palin) = [ I
Qr

~ 1, ~ 1 x ~ *_
por 507) [ LI 4 L =0
Qr

R RO
i b Y %)dz,

and

T
[ (@) + w5t = /ﬁm¢+wW—ﬁWWfW*ﬂwWﬂMMt
0 Qr

=2 / s (p*, p*)dadt > 265 (6.5)
Qr
From (6.1) and (6.5), we deduce the estimate
1 , 1, )
2¢3-le"lla.qr + S llel Tl < 5llwo — uollg, (6.6)

t+A
tends to zero as T — oo so that [ |le*||& dt must tend to zero

t
as t — +o0o. Notice that the estimates (6.4) and (6.6) characterise the stabilization phenomenon
quantitatively.

6.2 FErrors generated by simplification

Identities (3.6), (3.11), (3.12), and (3.15) can be used to compare solutions of different mathematical
models. For example, the problem (4 1)—(4.3) contains the matrix A whose entries are functions of x.
We replace it by a simpler matrix A. Analogously, let p and f be certain simplifications of p and f,
respectively. Thus, we arrive at the problem

— divp* +7'(@) = f,
P = AV, .
u(z,t) = 0on St, u(z,0) = up(x), (6.9)

which is a simplified version of (4.1)—(4.3). Techniques of this kind (the so—called defeaturing of
a model) are used in modern computer simulation methods. Simplifying the model by discarding
irrelevant parts often allows us to get a good approximation at a significantly lower cost. However, in
this case, it is important to evaluate the arising error caused by simplification. In [17] this question
is discussed in the context of elliptic boundary value problems. Below we shortly consider it in
connection with parabolic problems.
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In view of (6.8), the identity (4.4) reads as follows:

/ (V@ =) + |7 — p* % s + 2D, (@, 0) + 2D, (u, 7))ddt
Qr

o~

_ /(Bva- Vi + D,(@,8) - 2(f — Pededt,  Bi=(A— A)AN(A—A). (6.10)
Qr

~

It is natural to assume that simplification of f does not change integral values, so that [(f— f)dz =0
Q
for all ¢ € [0, T]. Then,

/ (f — Pedr < f—fnwwunf—ﬂm, (6.11)

Q

where Cp is a constant in the Poincare inequality for the finctions having zero mean in 2. We use
(6.11) and the relation p(u) + p*(d) — g = 0 to represent (6.10) in the form

J(@=BOIV@= 0+ 17~ 5 Pros +2(6() - o(w)(@ - w))duds
Qr

T
C? ~

= [ (BVa-Vu+D,(u,c —L I f—fI? 12

[ BV Vi D, @.5) st + [ ol Tl 612

Qr 0

where B(t) € (0,1]. Notice that and the norm ||f — f||q and the "deflection" matrix B are directly
computable and the term (¢(u) — o(u))(@ — u) is nonnegative. Therefore, the right hand side of
(6.12) contains only known data and solution of the simplified problem (6.7)—(6.9). It provides a
guaranteed upper bound of the modeling error.
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