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COMPLEMENTARY ERROR BOUNDS FOR ELLIPTIC
SYSTEMS AND APPLICATIONS

TOMAS VEJCHODSKY

ABSTRACT. This contribution derives guaranteed upper bounds of the
energy norm of the approximation error for linear elliptic partial differen-
tial systems. We generalize the complementarity error estimates known
for scalar elliptic problems to general diffusion-convection-reaction lin-
ear elliptic systems. For systems we prove analogous properties of these
error bounds as for the scalar case. A brief description how the pre-
sented general theory applies to linear elasticity is included as well as
an application to chemical systems with reactions of at most first order.
Numerical experiments showing the sharpness of the obtained upper
bounds and their behavior in the adaptive procedure are presented, too.

1. INTRODUCTION

Complementarity approach in the calculus of variation is connected with
the method of hypercircle which has deep roots going back to 1950, see [26]
and also [4]. This approach is based on a formulation of a complementary
problem for cogradients of the primal solution. The complementarity can
be practically utilized for computation of guaranteed upper bounds of the
energy norm of the approximation error.

The guaranteed upper bounds of the error are especially important for
reliability of numerical computations. They enable together with an adap-
tive procedure to solve the problem within the prescribed tolerance. Since
the upper bound is guaranteed, the error of the computed approximation is
guaranteed to be below this tolerance.

The complementary a posteriori error estimates posses interesting proper-
ties. Besides the fact they provide guaranteed upper bounds, they are inde-
pendent from the way the approximate primal solution is obtained and hence
they can be used for arbitrary conforming solution method. Further, pro-
vided they are evaluated exactly, the complementary error estimates bound
the total error of the approximation — including possible round-off errors,
iteration errors in the linear algebraic solver, quadrature errors, etc. Fur-
thermore, certain variants of these error estimates are fully computable in
the sense that they contain no problematic constants (like constants form
the Friedrichs’ and trace inequalities).

On the other hand, the evaluation of the complementarity estimates might
be complicated. Moreover, it requires suitable approximation of the com-
plementary solution. This approximation might be also complicated and/or
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expensive to compute. However, in certain cases fast and explicit formulas
for the complementary solution exist [2].

The complementary approach to a posteriori error estimates is well estab-
lished especially for scalar linear elliptic problems. Starting from 1970’s we
can find several results about the complementary approach (or dual finite
element methods), for example in [8, 9, 10, 12, 27]. The complementary
approach was worked out by S. Repin and his group into the concept of
so-called error majorants, see e.g. [11, 18, 20, 21, 23]. There are also other
papers [5, 30], where the complementary idea can be traced. Anyway, the
complementarity is not limited to elliptic problems only. There are appli-
cations to linear elasticity [16], thermoelasticity [15], Stokes problem [19],
Maxwell type problem [3], nonlinear problems [22], etc. In this contribu-
tion we generalize the complementary technique to general systems of linear
elliptic partial differential equations.

The rest of the paper is organized as follows. Section 2 introduces sys-
tems of linear elliptic equations and the needed notation. In Section 3 we
derive three variants of the complementary error bounds for linear elliptic
systems. In Section 4 we infer the corresponding complementary problems
and prove basic properties of the error bounds. In Section 5 we mention how
to generalize the presented theory to the system of linear elasticity which is
not — strictly speaking — elliptic. Section 6 presents an application to chem-
ical systems. Section 7 provides two numerical experiments and the final
Section 8 summarizes the findings, draws conclusions, and mentions further
possible generalizations.

2. SYSTEM OF LINEAR ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS

Let us consider a domain Q C R? with Lipschitz boundary and a system
of N linear elliptic partial differential equations in the following general form

N N N
=) div (AYVW) + > b7 Vel + ) Pl = inQ, i=1,2,...,N.
j=1 Jj=1 Jj=1

1)
Functions u! € R represent the solution, f* € R is the right-hand side, and
Al e R¥%d b1l ¢ RY and ¢ € R, 4,5 =1,2,..., N stand for the diffusion,
convection, and reaction coefficients, respectively. Although not explicitly
indicated, all these quantities are in general functions of a variable z € ).
Symbol V denotes the gradient of a scalar function and div stands for the
usual divergence. Further, let us notice that throughout the paper all vectors
are understood as columns. The transposition is denoted by v”.

To introduce the boundary conditions, we consider the boundary 92 to
be split into two disjoint parts I'p and I'y and we prescribe

u'=g4y onlp, i=1,2,...,N, (2)

N N
Zaijuj—l—ZVTAijVui:gf\I onI'n, 4=1,2,...,N. (3)
p j=1
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Here and below, v stands for the unit outward normal to the boundary 052,
g]iD € R is a function of x € I'p and gf\I € R and o € R are functions of
z eI'n.

System (1) and boundary conditions (2)—(3) can be reformulated in a
vector form:

—div(AVu) +BVu+Cu=f in Q, (4)

u=gp onlp, (5)

au+ (AVu)r =gy onI'y, (6)

where the column vector u = (ul,...,uN )T has N components, simi-
larly as f, gp, and gn. The gradient Vu € RV*? is defined in a stan-
dard way as Vu = (Vul, e ,VuN)T as well as the divergence divy =

(divy!,...,divy™)T € RY, where y’ stands for the i-th row of the N x d
matrix y. The fourth-order tensor A € RV*X4XNxd hag entries Ajgje = .AM,
the third-order tensor B € RN*Nxd hag entries Bijr = bk7 where 7,j =
1,2,...,N and k,£ = 1,2,...,d. The N x N matrices C = (¢’ )z]'Vj:I’ and
.. N ’

o= (O‘”)i,j:1

We will concentrate on the weak formulation of problem (4)—(6). Intro-
ducing the space

are defined in a natural way.

V= {v € [Hl(Q)]N :v =0 on I'p in the sense of traces }

and the Dirichlet lift gp, € [H 1(Q)]N of the Dirichlet data gp, we define
the weak solution u € [H*()] N as a function satisfying v — gp € V and

B(u,v) = F(v) YveV. (7)

The bilinear form B and the linear functional F are given by
B(u,v) = (AVu, Vv) + (BVu,v) + (Cu,v) + (au,v), (8)
F(v) = (f,v) + {gn,v) . (9)

By symbols (-, -) and (-, -) we mean the tensor forms of the L?(£2) and L?(Ty)
inner products, respectively, e.g.,

; Out O
(AVu, Vo) Z Z b fm 7,

QO i,0=1 k=1

In addition, we use the colon to denote the entrywise Euclidean scalar prod-
uct of tensors, e.g., if u,v € RV*¢ then u:v = Zf\il Zzzl U;LV;. We also
introduce matrices

D = (div bij)j\;: ae. inQ) and FE = (b” Z/)N

1 ijo1 A€ on I'n.

The well-posedness of problem (7) requires the following natural assump-
tions:

(A1) All entries of tensors A, B, and C are in L>®(Q2), o € [L>=(I'n)]V*V,
f e LX)V, and gn € [LX(TN)]Y
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(A2) Tensor A is symmetric and uniformly positive definite, i.e., Azjz =
Aj foralli,j=1,2,...,N and k,£ =1,2,...,d and there exists a
constant A > 0 such that

(A(2)€):€ > N€:€& Ve RV and for ae. x € Q. (10)
(A3) Coefficients b* satisfy
b =b" Vi,j=1,2,...,N.
(A4) Matrices C—%D and a+%E are symmetric and positive semidefinite

almost everywhere in 2 and on I'y, respectively.

Notice that condition (A1) guarantees integrability of the used integrals,
condition (A2) provides ellipticity of problem (7), and conditions (A3) and
(A4) enable to prove V-ellipticity of the bilinear form 5.

The unique solvability of system (7) follows from the Lax-Milgram lemma
due to the boundedness and V-ellipticity of the bilinear form 5. The bound-
edness is immediate from the boundedness of the equation coefficients, see
(A1), and from the trace inequality

0y = Cg,FN ||UH1Q Vv € HY(Q). (11)

lv

On the other hand, the V-ellipticity of B (see Proposition 2.1 below) requires
one of the following variants of the Friedrichs’ inequality:

loliie < Chr (IV0lGa +0l5r) ¥ e H'(Q), (12)

it < € s IVl o+ 01 5) Vo e H' (), (13)

where T' # () is a relatively open subset of 9Q and B C Q is a ball. For
proofs of inequalities (11)—(13) we refer for example to [6] and [17].

Proposition 2.1. Let assumptions (Al)—(A4) be fulfilled and let at least
one of the following conditions be satisfied:

(a) I'p is a relatively open subset of OS2,

(b) there exists a constant T > 0 and a ball B C Q such that
¢1(C - 1D)¢ > 7¢7¢ ae. in B, for all € € RV,

(c) there exists a constant o > 0 and a relatively open subset I'Y of I'x
such that €T (o + sE)¢ > otT¢ ae. onTY, for all € € RV,

Then the bilinear form B is V -elliptic.

Proof. This is a standard result for the scalar case, see e.g. [13]. Its general-
ization to elliptic systems is straightforward. Assumption (A3) and Green’s
theorem enable to express
B(v,v) = (AVv,Vv) + ((C — iD)v,v) + ((a + 3 E)v,v) YveV.
The V-ellipticity
Bw,v) >Clvlf, YweV

then follows from the uniform positive definiteness (A2), from the positive
semidefiniteness (A4), and from the Friedrichs’ inequalities (12)-(13). O
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3. GUARANTEED UPPER BOUND ON THE ERROR

In this section we derive the computable guaranteed upper bound on the
energy norm of the error of an approximate solution uy € V. The approach
is independent from the particular numerical method and the approximation
up, € V might be arbitrary.

The derivation of the upper bound is based on the divergence theorem.
We will use it in the following form

(divy,v) + (y, Vv) — (yr,v) =0 Yo € V Yy € [H(div, Q)]V, (14)

where the space [H(div,Q)]"V consists of N x d matrices whose rows lie
in H(div,). Hence, for the weak solution w € V of (7), for any field
y € [H(div,Q)]" and for any u;, € V and v € V we obtain the identity

B(u —up,v) = (f,v) + (gn,v) — (AVuy, Vo) — (BVuy,v) — (Cup,v)
— (aup,v) + (divy,v) + (y, Vv) — (yv,v)

= (r*, Vo) + (ro,v) + (ry, v), (15)
where we introduce the quantities
r* =y — AVuy, (16)
rq=f—BVu, — Cu, +divy, (17)
N = gN — Qup — YU (18)

to simplify the exposition. Relation (15) can be used in two ways to derive
the upper bound on the error. These two possibilities are presented below
as Lemmas 3.2 and 3.3.

For their formulations we introduce the notation ||v]|> = B(v,v) for the
energy norm and |[v|3; = (Mw,v) and (jv))3 = (Kwv,v) for norms in-
duced by a symmetric and uniformly positive definite tensors M and K,
respectively. We will use the same notation even if M or K are positive
semidefinite only. In this case |[v||, and (|v|)k are seminorms only. Fur-
thermore, we introduce the sets

Q(f un) = {y € [H(div, )
f =BV, — Cuy +divy € (Ker(C — 1D))" ae. in 0},
Glgn,wn) = {y € [H(div, )" :
gn - auy, — yv € (Ker(a + 3 E))" ae. on T},

where Ker stands for the kernel, e.g., Ker M = {q eRN: Mq= 0} is the
kernel of a matrix M € RN*N, Further, S*+ = {q eERVN:q-w=0 Vwe S}
denotes the orthogonal complement of S C RY. As an example, notice
that if the matrix C' — 1D is nonsingular then (Ker(C — %D))L = RY
and Q(f,up) = [H(div,Q)]V. On the other hand, if C — D = 0 then
(Ker(C — %D))L = {0} and Q(f,up) is a set of those vector fields whose

divergence is equal to —f + BVuy, + Cuy, ae. in Q. Finally, by M we
denote the Moore-Penrose pseudoinverse of M.
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Lemma 3.1. Let H be a Hilbert space with an inner product (-,-). Let
M : H — H be linear, continuous, symmetric, and positive semidefinite
operator. If p,w € H and p € (Ker M)+ then

(P, w) < llpllagi llwllag
where |[p||yr = (p, MTp) and ||w|j3; = (Mw,w) are seminorms in general.
Proof. Since M is symmetric and positive semidefinite, there exists an op-
erator K : H — H such that M = KTK. Further, we set ¢ = MTp.

Since p € (Ker M)+ and the range of M coincides with (Ker M)*, we have
Mgq = p. Now, we can directly compute

(p,w) = (KTKq,w) = (Kq, Kw) < (Kq, Kq)"*(Kw, Kw)"/?

= (Mq, )" [|[w]lar = Ipllars wllas
U
Lemma 3.2. Let assumptions (A1)—(A4) be fulfilled. If uw € V stands for
the weak solution of problem (7) then
lw — unll < n(un,y) Yur €V, Vy € Q(f, un) N G(gn, up) (19)
with
2 2
Pl ) = [P+ ol oy + (rsDiuypy (20
Proof. The statement follows from the identity (15). If we apply Lemma 3.1
to the term (r*, Vv) with M = A (since A is invertible we have AT = A~1),
to the term (rq,v) with M = C — %D, and to the term (ry,v) with
M=o+ %E, we obtain

Blu —un, ) < [y Vol + Irale i oy Plo-sp + §rsDias 5yt (2Das s
1/2
* (|2 2 2
< (I 11 + Irallio_ s pyr + b2 )

2 2 2 1/2
x (190l + o3 p+ (0D2, 1 p) = nun y)loll
Substitution v = u—wuy, yields immediately the statement of the lemma. O

Lemma 3.3. Let assumptions (A1)—(A4) be fulfilled and let at least one of
conditions (a)—(c) from Proposition 2.1 be satisfied. If uw € V' stands for the
weak solution of problem (7) then

lw = wnll < 7(un,y) Vuy €V, vy € [H(div, Q)}Y, (21)
with

N(un, y) = 7"l x—1 + Collralloo + Crllrxllory »
where the constant Cy is given in terms of constants from the uniform
positive definiteness (10), trace theorem (11), and the Friedrichs’ inequal-
ities (12)—~(13) and its value depends on the validity of conditions (a)—(c)
from Proposition 2.1. If (a) is satisfied then CZ = Cg’FD/)\, if (b) is sat-
isfied then C§ = C&B max{xfl,Tfl}, and if (c) is satisfied then C3 =
C’gro max{\~1,o71}. If more then one of conditions (a)—(c) are satisfied
LN

simultaneously then Cy attains the smallest of the possible values. Finally,
Cc? = C’&FN/)\, see (11).
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Proof. Let us consider arbitrary v € V. If condition (a) is satisfied then
2 2 3
0126 < Chry 1012 0 < Chipy Alol.
If condition (b) is satisfied then
1 1
2 F 2 2 F 2 2
ol < Gl (Iolia + 0l 5) < CEs (5 16V0lEa+ 2 ol )
< Cfpy max{A ' 7 o],
Finally, if condition (c) is satisfied then
1 1
2 F 2 2 F 2 2
ol < Chrg (IV0la -+ Iolrs,) < Chirg, (5 140130 + 5 0D,
< Of g max (31 o o]

Thus, in any case, we have [|v[|qq < Col|v||. Similarly, the trace theorem
implies [|v|y r, < Cilv]|. These estimates used in (15) yield

ory) Il

Similarly as before, substitution v = u — uy, gives the desired result. (]

Blu—up,v) < (|l + ColIralloq + Cr s

The estimates (19) and (21) have their advantages and disadvantages.
The value of n(up,y) can be easily computed only if the sets Q(f,u;) and
G(gn,up) can be handled well. This is the case if C — D and a — 3 E
are nonsingular, for example. On the other hand, estimate (21) is valid in
general for any y € [H(div,Q)]", but evaluation of 7(uy,y) requires the
knowledge of constants Cy and C; or of their upper bounds.

The error bounds (19) and (21) can be simplified if y € [H(div, Q)]V is
chosen in a special form. First of all, it is easy to constrain the y such
that rn = 0 a.e. on I'y. It is just a natural boundary condition of the
Dirichlet type for vector fields from [H(div,Q2)]"V. To handle this constraint
we introduce an affine space

Go(gn,up) = {y c [H(div,Q)]N D Yr = gN — Quy, a.e. on FN} C G(gN,up).
Notice that substitution gy = 0 and uwp, = 0 yields a linear space
Go(0,0) = {y € [H(div, Q)] : yv = 0 a.e. on I'y}.

Clearly, Go(gn,un) = yg + Go(0,0), where y is an arbitrary but fixed
element of Go(gn, up).
This constraint on y simplifies estimates (19) and (21) as follows

* (12 2
llee = wnll® < n*(un. y) = Ir* [ + Irellic_1 py: (22)
for any uj, € V and y € Q(f,un) N Go(gn, up) and
llw — wnll < Aun, y) = [Ir*]-1 + Co lrallog (23)

for any up € V and y € Go(gn, up).

Further, it is possible to constrain y even more such that rq = 0 a.e. in
Q) holds. This approach is advantagenous in particular if C' and B vanish
(or if they are small) and if f is a simple function (e.g. a constant). Then
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it is easy to construct such y that rq vanishes in €2 and the resulting upper
bound provides sharp results. Formally, we introduce an affine space

Qo(f,up) = {y € [H(div, Q)]N :divy = —f + BVuy, + Cuy, in Q} C Q(f,upn)
and observe that both n(up,y) and 7(up,y) collapse to

n(up,y) = |y —AVuy|,-1 forall up € Vand y € Qo(f,uh)ﬂGg(gN(, u;)l)
24
which is still an upper bound on the energy norm of the error.

The error estimate 77 has certain advantages. There are no constants Cy
and C7 as in 7). It is applicable in general and no Moore-Penrose pseu-
doinverse of C' — %D or a + %E is needed. However, there are also disad-
vantages. It might be complicated to construct suitable y € Qo(f,up) in
general. Moreover, if the coefficients C' or B dominates A than the upper
bound 7 is inaccurate. For more details how to handle the spaces Q(f,up)
and Qo(f,up) see [12, 28].

4. THE COMPLEMENTARY PROBLEM

For practical utilization of estimates (19), (21), and (24), it is neces-
sary to specify a suitable value of y. This value must be easily com-
putable and should lead to a sharp estimate of the error. A natural ap-
proach is to consider fixed uy € V and approximately minimize the quantity

n(un,y) with respect to y € Q(f,un) N G(gN, up), the quantity 7(un, y)
with respect to y € [H(div, Q)] and the quantity 77(up, y) with respect to

Y € Qo(f,un) N Go(gn, up).
Let us start with the minimization of n?. The minimization problem

reads: find y* € Q(f,up) N G(gN, up) such that
"7(Uha y*) < n(uha y) vy € Q(f:uh) N G(gN,Uh) (25)

Since n?(up, y) is quadratic in y, it is easy to see that this minimization
problem is equivalent to the variational problem: find y* € Q(f,up) N
G(gn,up) such that

B*(y",w) = Fy,, (w) VYw € Q0,0)NG(0,0), (26)
where the bilinear form B* and the linear functional F3, are given by
B*(y*,w) = ((C’ — %D)T div y*, div 'w) + (A‘ly*, 'w) + <(a + %E)Tyy,'wu> ,

Fup (W) = ((C - %D)T(—f + Cuyp, +BVuy,), div 'w) + (Vup, w)

+ <(a +3E) (gn — auy), w’/> :

The upper bound 7(up,y) can also be minimized with respect to y €
[H(div, Q)]N , but it is not a simple quadratic minimization. However, fol-
lowing [20], we can estimate 1(uy,y) for y € [H(div, Q)]V as follows

2
i (uny) = (Il + Collrallon +Cr Irllor, ) <5, (wn. ).

M, y) = 1+ 7Y 730 + (1 + B)(1 +7)CF [ralldq
+ 1+ B+ HCE rnllgr, VB >0, v >0.
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For a fixed 8 > 0 and v > 0, the quantity ﬁ% V(uh, y) is already a quadratic
functional in y. Formally, it is in the same form as n(up,y). As before, the
minimizer y* of ﬁ%ﬁ(uh,y) solves the following variational problem: find

y* € [H(div, Q)]" such that
B (" w) = Fy, (w) Vw € [H(div, )}, (27)
where the bilinear form B* and the linear functional ]?;;h are given by

g*(y, w)=(1+p8)1+ ’y)C’g (divy, divw) + (1 + 571) (Afly,w)
+ (14 B8)(1+ 7O (yv, wr),
Fi (w) = (14 B)(1+)C3 (—f + Cup, + BVuy, divew) + (1 + 571)(Vauy, w)
+(1+B)(1 4+ HCE (gn — oup,, wv) .

Finally, we introduce the minimization of 7%(uy,y) with respect to y €
Qo(f,un) NGo(gN,up). The minimization problem: find ¥* € Qo(f,up) N
Go(gn, up) such that

7 (un, ¥*) < 7 (un,y) Yy € Qo(f,un) N Golgn, ur)

is equivalent to the variational problem: find ¥* € Qo(f,ur) N Go(gn, un)
such that

(A‘lﬂ*,w) = (Vup,w) Yw € Qp(0,0) N Gp(0,0). (28)

Problems (26), (27), and (28) are called complementary problems to (7).
Consistently, we call y*, y”*, and y* complementary solutions, B*, B*, and
B* the complementary bilinear forms, etc. For the further reference we
introduce the complementary energy norm |Jw]||? = B*(w,w). Notice that
the unique solvability of the complementary problems (26), (27), and (28)
can be verified by the Lax-Milgram lemma.

In a special case, when the convection coefficients matrix B vanishes, the
complementary problem (26) has interesting properties. First of all, if B
vanishes then the complementary bilinear form B* and the linear function
F* simplify to

B*(y*,w) = (C’T div y*, div w) + (A_ly*,'w) + <aTy1/, 'wy> ,
Fuy, (W) = F*(w) = <—CTf,div w) + (gD, W) + <aTgN,wy> )

Notice that in this case the complementary problem is independent from
the approximate solution uy € V. The following theorem summarizes the
properties of the complementary solution y* of (26).

Theorem 4.1. Let assumptions (A1)—(A4) be fulfilled. Let B = 0. Further,
let w € V be the exact solution to the primal problem (7) and let y* €
Q(f,up) N G(gn,up) be the exact solution to the complementary problem
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(26). If up, € V is arbitrary but fived then
y" = AVu, (29)
n(un, y*) = flu—unl, (30)
n(w,yp) = ly" —yul« Vyu € QU un) N Glgn, un),
(31)
llw = wnll® + lly™ = yullZ = 0*(un, yn)  Vyn € Q(F, un) N Glgn, un). (32)

Proof. From the weak formulatin (7), from the facts that f — Cu € L?()
and from the definition of the distributional divergence, we immediately
conclude that AVwu € [H(div,Q)]Y. Hence the traces (AVu)r € L*(Tyx)
are well defined and we have (AVu)r = gn — au, see (6). Using y = AVu
in (16)—(18) we obtain

r*  =AV(u—wuy), rq=C(u—up), r~=a(u—uy), (33)

and, hence, AVu € Q(f,up) and AVu € G(gn, uyp,) clearly hold. In addi-
tion, relations (33) immediately yield

n(up, AVu) = ||lu — uy. (34)

Due to (19), we see that y = AVu € Q(f,up) N G(gn,up) is a minimizer
of n(up, AVu). Thanks to the equivalence of problems (25) and (26) we
conclude that the complementary solution to (26) is y* = AVu.

Equality (30) was already shown in (34). Equality (31) can be shown
similarly. Indeed, if we use u;, = u and y = y;, in (16)—(18) we find that

r* =y, — AVu =y, — y*,
rog=f—Cu+divy, = —div(AVu) +divy, = div(y, — y"),
rN =gN —au —y,v = (AVu)v —y,v = (y* — y,,)v.

These relations together with the definition of the complementary energy
norm immediately prove (31).
Finally, the relation (32) can be verified by a direct inspection. O

In the context of Theorem 4.1, we point out two important special cases.
First, if tensors C' and a are nonsingular then Q(f,up) N G(gN,un) =
[H(div, Q)]", Moore-Penrose pseudoinverse of these tensors turns into usual
inverse and the error estimate assumes more-less simple form. Second, if
both C and o vanish then Q(f, up,) = {y € [H(div, )]V : f + divy =0 a.e. in O},
G(gn,up) = {y € [H(div,Q)]V : yv = gn a.e. on I'v}, and the Moore-Penrose
pseudoinverse is not needed. This case is well treatable, especially if f and
g are simple functions, e.g. constants, see e.g. [12, 28, 29].

5. LINEAR ELASTICITY SYSTEM

In this section we briefly mention how the system of linear elasticity fits
into the general setting of elliptic systems. For simplicity, we restrict our-
selves to two-dimensional problem, i.e., d = 2. The classical formulation of
the problem of elasticity for an elastic body Q C R?, reads as follows: find
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the displacement u such that

—divo(u) = f* in Q, (35)
u=g onl}, (36)
o(u)y=t onl¥. (37)

The meaning of the above symbols is standard. The stress tensor o(u) €

R2*2 is defined by
o(u) =2ue(u) + A(divu)l

with e(u) = 3(Vu + (Vu)T) denoting the symmetric gradient of w and
I being the 2 x 2 identity matrix. Further, A € R and p € R are the
Lamé constants, f* € R? is the density of the volume force, g € R? is the
prescribed displacement on the part of the boundary I'f}, and t € R? is the
traction on the part of the boundary I'}.

Elasticity problem (35)—(37) can be seen as a special case of the general
elliptic system (4)—(6). Indeed, setting N = 2,

Ar111 = Agooo = 2p+ X, Aq122 = Agar1 = A, Ago12 = Ajaa1 = Ao = Agio1 = 1

and the other entries of A as zeros then AVu = Ae(u) = o(u). Further,
putting B =0,C =0, a =0, f = f*, gp =g, I'p =T, gn = t, and
'y =TI'}, the general system (4)-(6) transforms to (35)—(37).

The bilinear form (8) and the linear functional (9) are then

B (u,v) = (AVu, Vv) = (Ae(u), e(v)) = (o(u), e(v)),
Fh(v) = (f*v) +(t,v)

and the energy norm ||ul|? = B%(u,u) = (Ae(u), e(u)).

However, strictly speaking the elasticity problem is not elliptic — assump-
tion (A2) is not satisfied, because the tensor A is singular. Indeed, the kernel
of A consists of antisymmetric matrices:

KerA:Riﬁ.:{u:(_Og g) geR}.

Theoretically, there is a simple remedy to this problem. To generalize the
estimates (19), (21), and (24), we can handle the positive semidefinite tensor
A in the same way as the positive semidefinite matrices C — %D and a+ %E .
In particular, we will restrict the possible complementary solutions y to
those who are in the range of A. We define

R= {y € [H(div, Q)2 : y € (KerA)l} — {y € [H(div, Q)2 : y € RZ2},

where ]ngxf1 stands for the space of 2 x 2 symmetric matrices.
In general, estimates (19), (21), and (24) remain valid even in the case

of positive semidefinite tensor A, but the inverse A~! has to be replaced by

the Moore-Penrose pseudoinverse Af and the admissible y must lie in R.
In the case of linear elasticity, the Moore-Penrose pseudoinverse Af can

be expressed as AT = (4u(p + \)) "M, where
Mii11 = Magae = 2u + A, M99 = Mgo11 = —A,
Mi212 = Mi221 = Mo112 = Mlg191 =+ A

and the remaining entries of M vanish.
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Since the convection and reaction coefficients are not present in the linear
elasticity system, estimate (19) collapses to (24). For the singular tensor A
of the linear elasticity coefficients we obtain

|||U - Uhmu < ﬁu(uhv y)v
where
Nu(un,y) = ||y — AVuyl||+  for all up € V and y € RNQo(f, up)NGo(t, un),

Qo(f* up) = {y € H(div,Q)]? : f*+divy =0 a.e. in Q}, and Go(¢,up) =
{y € H(div,Q)]? : yv =t a.e. on I'n}.

The complementary problem (26) for linear elasticity system (35)—(37)
reads as follows: find y € RN Qo(f*, urn) N Go(t, up) such that

— (y,w)—M(tr y,trw) = (e(up), w) VYw € RNQp(0,0)NGo(0,0).
Notice that Qo(0,0) = {y € [H(div,Q)]* : divy = 0 a.e. in Q}, and Go(0,0) =
{y € H(div,Q)]* :yr =0 a.e. onI'y}. We point out that of the space
R N Qo(0,0) N Gp(0,0) corresponds to symmetric tensors with vanishing
divergence in 2 and with vanishing normal components on I'y. This space
might be practically problematic to handle.

Another possibility is to use a variant of (21). This approach is treated
in detail in [16, 20].

6. APPLICATION TO CHEMICAL SYSTEMS

The guaranteed upper bounds derived in Sections 3 for a general elliptic
problem can be directly applied to the diffusion—convection—reaction prob-
lem in chemistry. The same approach might be equally well applied to the
modeling of air pollution in the presence of convection (the wind) and chem-
ical reactions between various pollutants. A typical example is the traffic
pollution. The exhalations from the combustion engines undergo various
chemical reactions in the air. These reactions have various rates and the
result might be high concentrations of pollutants (e.g. of ozone) quite far
away from the original source.

The general elliptic system (4)-(6) describes the steady state concentra-
tions u', u?, ..., u" of chemical species Si, So, ..., Sy, which undergo the
following chemical reactions:

i

0 LS, i=1,2,....N, (38)
Si S, ,j=1,2,....N, i#j, (39)
s e i=12... N (40)

Reaction (38) is the production of S; with the constant rate ¢’. Reaction
(39) is the conversion of S; to S; and vice versa. Both directions have the
same rate constant k. Reaction (40) is the degradation of S; with the rate
constant k”. All these rate constants are nonnegative.
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The concentrations u', u?, ..., 4 can be computed by the following
diffusion-reaction-convection system
N N
—6'Au’ + div(u'b) + Z Kt — Z K9 =¢' in Q, (41)
j=1 j=1,j#i

where i = 1,2,..., N, §" is the diffusivity of S;, and b describes the velocity
field.

This system is readily in the form (1). We have A% = §'I for i =
1,2,...,N, Al =0fori+j,b% =band b’ =0fori+#j,i,j=1,2,...,N,
= divg+2§y:1 kY fori=1,2,...,N, and ¢ = —k¥ for i # j.

If the diffusivity coefficients ¢* do not vanish then the corresponding tensor
A is diagonal and invertible. The matrices D = (divb)I and E = (b-v)I

are just multiples of the identity matrix I in this case. If k% + % divb > 0 for
alli=1,2,..., N then the matrix C — %D is diagonally dominant. Hence,
since it is symmetric, it is positive definite. This elliptic system then satisfies
assumptions (A1)—(A4) and we can directly apply the presented guaranteed
upper bounds.

7. NUMERICAL EXAMPLES

In this section we present two numerical examples. In the first example
the exact solution is known and we test the sharpness of the guaranteed
upper bound (19). In the second example the exact solution is unknown
and we present an adaptive procedure which together with the guaranteed
upper bounds enables to compute the solution with guaranteed accuracy.

Example 1. Let us consider an elliptic system of N = 3 equations in
d = 2 dimensions in the form (4)—(6). The domain 2 = (0,3/2) x (0,1) is a
rectangle. The diffusion terms consist of Laplacians, i.e., Ajje = A}, with
AU =1T,4,7=1,2,3, k,f = 1,2. The velocity field 5(1'1,1'2) = p?(xo(1 —
12),0)7 is divergence free and B, = by, and Bijr =0fori+#j,4,5=1,2,3,
k =1,2. The constant p is a parameter. The reaction coefficients are given
by the following matrix

3 -1 -1
cC=r*| -1 3 -1,
-1 -1 3
where the constant x is the second parameter. We prescribe the Dirich-
let boundary conditions on the edge z; = 0 and the Neumann bound-

ary conditions on the remaining part of 9€2. The functions f, gp, and
gN are chosen in such a way that the exact solution is w = ul, where
u(w1,9) = sin(mw1) cos(mwz) and 1 = (1,1,1)T. Thus, gp = 0, gn = 0
on edges o = 0 and z9 = 1, gy = —msin(7wz1) on the edge z; = 3/2, and
f =272+ k2)u + p(b- Vu)l.

We solve this problem by the lowest-order finite element method to obtain
a piecewise linear approximation of uy. The used triangular mesh is shown
in Figure 1 (right). We use the guaranteed upper bound n(up,y;) given
by (20). The complementary solution y,; is computed as the finite element
approximation of the complementary problem (26). We use piecewise linear



14 TOMAS VEJCHODSKY

1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
OO 0.5 1 15 O0 0.5 1 15

FIGURE 1. The initial finite element mesh (left) and its uni-
form refinement (right).

pl =1 k=5 k=10 k=15 k=20 K=25

0 8.062 1.459 1.069 1.025 1.014 1.009

) 7.986 1.498 1.095 1.037 1.020 1.013

101 16.150 2.530 1.386 1.136 1.062 1.034

15129.373 4.375 2121 1446 1.198 1.101

20 | 42.600 6.256 3.042 1.967 1476 1.249

251 55.490 8.145 3.940 2.580 1.874 1.492
TABLE 1. Index of effectivity I.g for the error bound (19)
for various p and x (Example 1).

approximation y; on the same mesh. Since the exact solution is known,
we can test the sharpness of the computed upper bounds n(up,y;). More
precisely, we evaluate the index of effectivity I.g = n(un, yy)/|lu—up|. The
results are presented in Table 1 for various values of k and p.

In [2] and [29] we investigate the complementary error estimates for a
scalar diffusion-reaction problem. These results show that the upper bound
(20) provides sharp results if the reaction term dominates the diffusion.
Results in Table 1 confirm that this is the case even for systems and for
problems with convection. The results clearly show that the error estimate
(20) is very sharp for elliptic systems if the reaction term dominates both the
diffusion and convection. On the other hand, if reaction does not dominate
then the estimate gives quite inaccurate results. To obtain sharp results even
for small values of the reaction coefficient &, it is necessary to implement
the error bound (21) or (24).

We also point out that all indices of effectivity in Table 1 are greater or
equal to one. Hence, as Lemma 3.2 predicts, the computed error estimates
are really greater than the energy norm of the error.

Example 2. Let us consider a system of three chemical reactions of
the form (38)-(40) with the rate constants k% = k2 and ¢' = x?/2 for
i,j = 1,2,3. The diffusivity is considered as " =1 for i = 1,2,3. The
domain 2 and the velocity field b are considered the same as in Example 1.
Using these data in (41) and translating them to the form (4)—(6), we obtain
the same A, B, and C as in Example 1. On the other hand, the source terms
f, gp, and gn differ. The production coefficients ¢* yield f = (x?/2)1. On
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the Dirichlet edge x1 = 0 we prescribe
g]i:)(ﬁlaxZ) = €xp (_9(4IE2 _2)2) ) 1= 13273'
These are Gaussian functions with peaks at xo = i/4, i = 1,2,3. On the
remaining parts of the boundary 02 we consider homogeneous Neumann
boundary conditions:
(Vu)r =0.

The goal of the presented numerical computations is to obtain an approx-
imate solution with relative error at most 5%. This can be achieved by
a standard adaptive procedure, in combination with the guaranteed upper
bound (20). A general adaptive procedure follows these steps, see e.g. [7]:

(1) Construct the initial mesh 7p.

2) Find the finite element solution u; on 7p,.

) Find the error indicators ng for all elements K € Ty,

) Stop, if 2 =3 KeT, 1% is under the prescribed tolerance.
) Mark those elements for which nx < d maxgeT;, K.

) Refine the marked elements and create a new mesh 7y,

(7) Go to 2.

The guaranteed upper bound (20) can be well used both as the local
error indicators nx and the global error estimator 1. Indeed, n?(up,y,) =

ZKETh n%(uh, yy,), where

(
(3
(4
(5
6
7

2 2
U%{(uh»yh) = HT*HAfl,K + HTQH(cu%D)T’K + <|TN|>?Q+%E)T,K

and the local (semi)norms are defined in a natural way as

II'vII?w,Kz/ v’ Mvdz and <|'v|>%v17K:/ v Mo dz.
K I'nNOK

As above, the complementary solution vy, is computed by the finite element
method using the piecewise linear approximation on the same mesh as for
up.

The initial mesh for the adaptive procedure is depicted in Figure 1 (left).
The relative error tolerance of 5% was met in the seventh adaptive step.
More precisely, after seven adaptive steps we obtained the ratio n(up, yp,)/||wn|
less then 5 %. Thus, Lemma 3.2 guarantees that the energy norm of the true
relative error [|u — wp||/||us|| is below the prescribed tolerance.

The three components of the finite element solution uy and the adapted
mesh in the final adaptive step are shown in Figure 2. As expected, the mesh
is refined close to the edge 1 = 0, where the solution possesses steep gradi-
ents. On the other hand, the solution is almost constant in the opposite half
of the domain and we observe very coarse mesh there. This, confirms that
the approximate complementary solution y; used in nx(up,y;) provides
quality indicator of the local behaviour of the error.

8. CONCLUSIONS

In this paper we generalized the complementary a posteriori error esti-
mates to systems of linear elliptic problems. We introduced three variants
of these error estimates: (19), (21), and (24). We proved the upper bound
property for these variants, we derived the corresponding complementary
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FIGURE 2. The three components of the finite element so-
lution w;, at the last adaptive step and the corresponding
adapted mesh (Example 2).

systems, and for the case (19) we proved properties (29)—(32). All these
properties are analogous to the scalar case, see [29]. However, a nontrivial
feature of systems which is not present in the scalar case is the fact that the
equation coefficients might be nonzero and singular matrices. This technical
difficulty was solved by the use the Moore-Penrose pseudoinverse.

There are also other properties of the complementary a posteriori error
estimates known from the scalar case which are not treated in this paper.
For example, if the coefficients B, C, and « vanish the upper bound (24)
possesses properties analogous to those listed in Theorem 4.1. Another result
known from the scalar case is the so-called method of hypercircle. It enables
to construct an approximation whose error is known exactly [4, 14, 27, 29].
It is very likely that all these results and properties generalize to systems as
well.

Further, we point out that the approximate complementary solution yy,
was computed as finite element approximation of the corresponding comple-
mentary problem. This approach is not practical due to its high computa-
tional cost. If we use the same mesh for both primal and complementary
problem, we need several times more degrees of freedom to solve the comple-
mentary problem than the primal one. Computationally cheap approximate
complementary solution y; can be found by suitable postprocessing of uy,
and its gradient. One possibility is the method of equilibrated residuals [1].
This method was employed in [2] and a fast, robust, and guaranteed upper



COMPLEMENTARY ERROR BOUNDS FOR ELLIPTIC SYSTEMS 17

bound for a scalar diffusion-reaction problem was derived there. General-
ization of this result to systems of elliptic equations is possible as well.

Anyway, the presented numerical experiments show the capability of the
complementary error estimates to provide sharp upper bounds even for ellip-
tic systems at least if the reaction term dominates. In addition, the experi-
ments confirm that the localized version of the complementary bounds may
serve as precise local error indicators for guidance of the adaptive process.

Furthermore, an efficient software for solution of systems of partial differ-
ential equations has to approximate each component of solution on its own,
individually adapted mesh. An automatically hp-adaptive strategy of this
kind is developed in [24, 25]. We stress that the complementary error esti-
mates can be well used even in this case. Evenmore, the complementary
approach is completely independent from the way how the approximate
solution wy, is obtained and the complementary error estimates are valid
for arbitrary approximation of the complementary solution y;. This raises
a question suitable for further research: how to construct an optimal y,
yielding sharp, robust, and fast complementary error bounds provided uy,
has been computed in a particular way.
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