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Abstract

This paper presents a methodology for computing upper and lower
bounds for both the algebraic and total errors in the context of the con-
forming finite element discretization of the Poisson model problem and an
arbitrary iterative algebraic solver. The derived bounds do not contain
any unspecified constants and allow estimating the local distribution of
both errors over the computational domain. Combining these bounds,
we also obtain guaranteed upper and lower bounds on the discretization
error. This allows to propose novel mathematically justified stopping cri-
teria for iterative algebraic solvers ensuring that the algebraic error will lie
below the discretization one. Our upper algebraic and total error bounds
are based on locally reconstructed fluxes in H(div, ), whereas the lower
algebraic and total error bounds rely on locally constructed Hg (€)-liftings
of the algebraic and total residuals. We prove global and local efficiency of
the upper bound on the total error and its robustness with respect to the
approximation polynomial degree. Relationships to the previously pub-
lished estimates on the algebraic error are discussed. Theoretical results
are illustrated on numerical experiments for higher-order finite element
approximations and the preconditioned conjugate gradient method. They
in particular witness that the proposed methodology yields a tight esti-
mate on the local distribution of the algebraic and total errors over the
computational domain and illustrate the associate cost.
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1 Introduction

Most a posteriori error analyses of numerical approximations of partial differ-
ential equations still assume that the discretized algebraic problem is solved
ezactly. This is an unrealistic assumption that cannot be satisfied in large scale
numerical computations. There is, fortunately, a growing body of work avoiding
it, based on different approaches, see, e.g., [19, 5, 8, 49, 60, 47, 54, 11, 31, 34, 7,
53, 2, 24], the references given in the survey [3, Section 4], and in the monograph
[38, Chapter 12]. Despite this development, a rigorous, mathematically justi-
fied, cheap, and accurate estimation of the discretization and algebraic errors
that would allow for their comparison in practical computations is not, in our
opinion, a fully solved problem. On the algebraic side, such comparison should
include localization of the algebraic error. Since the algebraic computation aims
at approximating the inverse of the discrete operator with respect to the given
right-hand side, the algebraic error is of global nature and its distribution over
the computational domain can be very different from the distribution of the
discretization error; see, e.g., [45] and the references therein. To point out chal-
lenges that any approach that aims at mathematically rigorous incorporation of
the algebraic error into a posteriori error analysis must consider, we now discuss
several ways of how the algebraic error in numerical PDEs is estimated.

The conjugate gradient (CG) method minimizes the energy norm of the
algebraic error over the Krylov subspaces associated with a symmetric positive
definite matrix A and the initial residual; see, e.g., [32], [36, Section 2.2]. The
estimates for the error of the CG approximations are widely studied; see, e.g.,
[28, 12, 55, 41], and the references given there. The estimates can be associated
with the relationship of CG to the Gauss quadrature; see, e.g., [36, Section 3.5].
We will briefly discuss the upper bound based on the Gauss—Radau quadrature;
see [17, 28, 30, 42] and called in [2, p. A1548] “[t]he only guaranteed upper
bound for the A-norm of the CG error”. Considering a preassigned node A,
0 < A < Anin(A), where Apin(A) is the smallest eigenvalue of the matrix A,
the Gauss—Radau quadrature gives indeed, assuming ezact arithmetic, an upper
bound on the energy norm of the algebraic error. In [2, Section 4.2] the Poincaré
inequality adaptive approach for bounding A, (A) from below and setting the
value of X\ is proposed.

Numerically, however, the situation is very subtle. In short, if 0 < A <
Amin(A), then the Gauss—Radau quadrature bound may largely overestimate the
actual error. On the other hand, for A very close to Apin(A), which can make
the upper bound tight, it might be impossible to compute the upper bound to
a sufficient accuracy because of numerical instabilities. The derivation of the
estimate includes (implicitly or explicitly) inversion of the matrix Al — T;, where
| stands for the identity matrix and T; is the Jacobi matrix associated with the
ith CG iteration. For A very close to Apin(A) < Amin(T;), and, at the same
time, Amin(T;) very close to Amin(A), the matrix Al — T; may become close
to numerically singular. It should be emphasized that the numerical difficulty
may not be immediately visible from the final formulas giving the bound; see,
e.g., [42]. The numerical stability analysis provided in [30] explained that al-
though the estimates based on the relationship of CG with the Gauss—Radau
quadrature can be very useful, they cannot be considered generally applicable
guaranteed and computable upper bounds for the energy norm of the algebraic
error. The meaning of the terms guaranteed and computable is within numerical



linear algebra restricted only to the cases where the results are justified for all
possible input data by a rigorous numerical stability analysis.

Multigrid or, more general, multilevel computations can serve as a second
example. Here a standard assumption for a posteriori bounds on the algebraic
error, which might require further substantial analysis, is that the algebraic
problem on the coarsest grid is solved ezxactly; see, e.g., [5, 54]. Moreover, the
literature known to the authors does not provide computable upper bounds on
the algebraic and the total errors. This topic has recently been addressed in [46].
Alternatively, in the multilevel context the a priori arguments are often used;
see the discussion in Section 3.3.

A remarkable early concept relating the algebraic and discretization errors
is represented by the Cascadic Conjugate Gradient method; see [19, 52]. In [19],
the algebraic error is estimated assuming the superlinear convergence behavior
of the CG method in the subsequent iterations, and using several heuristics
and empirically chosen parameters. The analysis of [52] relies on the upper
bound for the CG method based on Chebyshev polynomials that is typically
not descriptive, and its refined version based on composite polynomials may not
hold in finite precision computations; see [27]. The CG iterations can exhibit
locally the so-called staircase behavior (see [36, Chapter 5]) that makes the
analysis difficult.

The general a posteriori error estimation framework of [51] provides a guar-
anteed upper bound on the total error independent of the algebraic solver. How-
ever, the estimates do not generally allow to distinguish and compare the parts
of the error corresponding to different sources and seem not suitable for con-
structing stopping criteria for iterative solvers.

The widely used residual-based error estimators (see, e.g., [54, 6, 2] and the
references in [58]) provide upper bounds on the total error (and possibly on its
components) with unspecified generic constants that can be of large value. The
proposed practical stopping criteria and algorithms then require an empirical
choice of these constants. A review of these and other approaches can be found
in the survey [3]; see also the discussion in the Introduction of [34].

The presented paper elaborates further on the ideas used in [34] for finite
volume discretizations, and a more general framework in [24]; see also their ap-
plication to discontinuous Galerkin finite element discretizations in [21]. Here
we consider the conforming finite element setting and derive an upper bound on
the total error that will be proved locally efficient and polynomial-degree-robust
in the spirit of [9, 25]. All results account for the presence of the algebraic
error of an arbitrary iterative solver. The paper newly presents a guaranteed
upper bound on the algebraic error and thoroughly discusses its relationship to
formulas derived purely algebraically. Fast and reliable numerical computations
using iterative algebraic solvers rely on meaningful stopping criteria. The stop-
ping criteria from [34, 24] are modified here in order to avoid a possible early
stopping that could invalidate the computed results.

The paper is organized as follows. The diffusion model problem considered
in the paper and the notation are described in Section 2. In Section 3 we
discuss known results on estimating the algebraic error using algebraic worst-
case bounds, a priori arguments, and techniques using additional iteration steps
of the algebraic solver. Section 4 gives, following previously published results,
an upper and a lower bound on the total error. In Section 5 we derive new
upper and lower bounds on the algebraic error and discuss the relationship of



the upper bound to the bounds presented in Section 3. Section 6 is devoted to
estimates of the discretization error and to discussion of the stopping criteria.
We also derive there new mathematically justified stopping criteria balancing
the algebraic and discretization errors. We finally illustrate the obtained results
numerically in Section 7 and give a concluding discussion in Section 8. We
provide the details on the quasi-equilibrated flux reconstruction in Appendix A.
The proofs of the global and local efficiency of the presented upper bound on
the total error are given in Appendix B.

2 Setting and notation
Let Q C R% d = 2,3, be a polygonal (polyhedral) domain (open, bounded, and

connected set). We consider the Poisson model problem: find u : & — R such
that

—V-(Vu)=f inQ, u=0 on 09, (2.1)
that can be equivalently written as the system of two first order equations for the
scalar-valued potential u and the vector-valued function called flur o = —Vu,

V T |u 0 .
[0 vl [a‘}_[f} in Q, =0 on 0.

Assuming f € L?(Q2), the weak form of the model problem (2.1) is as follows:
find u € V = H}(Q) such that

(Vu, Vo) = (f,v) Yo eV, (2.2)

where H} () denotes the standard Hilbert space of L?(£2) functions whose weak
derivatives are in L?()) and with trace vanishing on Q. For v,w € L*(Q),
(v, w) stands for [, v(x)w(x)dx (and similarly in the vector-valued case). Here-
after || - || denotes the L? norm, ||w| = (w,w)'/?, w € L?(2). Owing to (2.2),
the flux o is in the space H(div, Q) of the functions in [L?(£2)]¢ with the weak
divergence in L?(Q); see, e.g., [16, Section 6.13].

Let T, be a simplicial mesh of 2. We suppose that the mesh is conforming
in the sense that, for two distinct elements of 7}, their intersection is either an
empty set or a common ¢-dimensional face, 0 < ¢ < d — 1. We denote a generic
element of 75, by K and its diameter by hx. We denote by P,(K), p > 0, the
space of pth order polynomial functions on an element K and by P,(7;) the
broken polynomial space spanned by vy |k € Pp(K) for all K € Tp,.

Let

Vi, ={on €P, (Th) NC(Q) | v, = 0 on 9Q} C H(Q)

be the usual finite element space of continuous, piecewise pth order polynomial
functions, p > 1. The discrete formulation corresponding to the problem (2.2)
reads: find uy, € V}, such that

(Vup, Vop) = (f,vn)  Vop € V. (2.3)
The (exact) solution u, of (2.3) satisfies the Galerkin orthogonality

(V(up —u),Vup) =0 Yoy, € V. (2.4)



Let ¢; € Vi, j=1,..., N, denote a basis of V},, ¥ = {¢1,...,¢¥n}. Employ-
ing these functions in (2.3) gives rise to the system of linear algebraic equations

AU=F, (2.5)

where u;, = Zjvzl U,¢; = WU, U = [U,] is the vector of unknowns, the sys-
tem matrix A = [Aj] is symmetric and positive definite, Aj; = (Vibg, Vi),

j,¢=1,...,N, and the right-hand side vector F = [F,] is given by F; = (f,%;),

7 =1,..., N. Within this model problem setting, we consider an iterative al-
gebraic solver approximating the exact solution U of (2.5). At the i-th step,
i=0,1,2,..., we obtain the approximation U’ = [U;} and the algebraic residual

vector R” = [R}] with

R*=F - AU". (2.6)
By u! we denote the approximation to the solution u of (2.2) determined by the
coefficient vector U’, u} = Z;\;l U%y; = TU’. We also rewrite (2.6) in a func-
tional setting. For this purpose, let a function r¢ € L?(2) be a representation
of the algebraic residual vector R* satisfying

(ri, ;) =RL,  j=1,...,N. (2.7)
Two examples are given in Section 5.1 below. Then (2.6) can be rewritten as
(rhs5) = (f45) = (Vuj,, Vi) Vji=1,...,N (2.8)
and, together with (2.3), it also implies
(i vn) = (f,on) — (Vub, Vo) = (V(uy, — ul), Vop,) Yo, € Vi, (2.9)

This representation will play the key role in the construction of the estimators
below as it allows to bound from above the energy norm of the algebraic er-
ror. A function satisfying (2.7) was used for error estimation also in [5]. The
construction proposed in Section 5.1 below is different and computationally less
costly.

The total error between the exact solution u and the approximate solution
uj, is measured in the energy norm |[V(u — uj,)||. Analogously, the algebraic
energy norm of the error u, — uj, is

i i i i\ 1/2
IV (un —up)|| = [JU = U']la = ((U = U"),A(U - U"))
= (A7'R,R)? = ||R'|| o1,

where (V,U) denotes the standard inner product of the vectors U and V,
V|| = (V,V)Y/? stands for the Euclidean norm of the vector V, and ||A] is
the induced spectral norm of the matrix A.

3 Algebraic bounds

This section presents some well-known algebraic bounds, with a few comments
towards the conjugate gradient method and multilevel methods.



3.1 The L? (Euclidean) norm residual bound

The simplest algebraic error upper bound consists in
IV (un = up)l| = R |a-r < [ATHM2 (R (3.1)

For a symmetric positive definite matrix, the norm ||[A™"|| is given by the re-
ciprocal of the smallest eigenvalue of the matrix A. It is clear that for A ill-
conditioned, the bound (3.1) can significantly overestimate the algebraic error.
Note that equality is attained for a vector R’ collinear with the eigenvector
corresponding to the smallest eigenvalue of A.

Even this simplest worst-case bound may not be easy to compute. The
smallest eigenvalue of A is typically not available, and, if it is close to zero,
then the cost of its reliable and accurate approximation may not be negligible;
see, e.g., [39, 40]. We derive easily computable L? norm residual bounds in
Section 5.2 below, based on the residual representation T;L in (2.7); see the
estimates (5.3), (5.4), and (5.8).

3.2 Bounds using additional algebraic iterations

The following simple idea was to our knowledge first presented for algebraic
error estimates in [30, pp. 262-263] for the CG method; see also [55, 41]. For
estimating the total error it was then used in [34] and in [24], where an arbitrary
algebraic solver was considered.

The triangle inequality gives, at the cost of v > 0 additional iterations,

IU=U'la < U = Ufla+ U= U ]la = U = U'f|a + [IR™[a-1. (3.2)

Assuming that for a given parameter « > 0, the choice of v ensures

[ATH2 R < AU = U, (3-3)
we have, using (3.1), an easily computable upper bound

IU = Ul < (147U = U7l (3.4)
Moreover,

JU —Ula < JU = Ulla + U = U la < U = Ula + U = U,

so that, assuming that 0 < v < 1, we get the lower bound

(1= = U < [JU = U]a. (3.5)

Here (3.4) and (3.5) show that the accuracy of the estimate |[U*T” — U?||a is
controlled by the user-specified parameter ~.
We must, however, take into account the following principal issue. If

IU = U™[la = R |[a-1 < [ATHY2 IR,

the value of v satisfying (3.3) can be very large. In the worst case, the value of v
can be even comparable with the size of the problem. Such situation is highly
improbable in practical problems where preconditioning is used in order to get



a reasonable convergence behavior. Still, for a given parameter -y, the smallest
vy, respectively v, satisfying

IR [as < 4U —Ulfla resp. [[A7H[Y2 - [[R2 < 4| U2 — U,

(3.6)

where both sides of the inequalities depend on vy respectively vs, can signifi-

cantly differ with 11 < v5. Section 7.1 below presents a numerical illustration.

Estimating the algebraic error in the CG method in [30, pp. 262-263] con-
sidered performing v additional iterations and using the relation

IU = U3 = U™ = U3+ [IU = U™ = U™ = U*[I3 + IR”"IIi(l :
3.7

that is based on the global A-orthogonality of the CG direction vectors. The
detailed rounding error analysis (see [55, (4.9)], [56, (3.7)] with the reference to
the original paper [32]) leads to the following mathematical (exact arithmetic)
equivalent of (3.7)

7 CG,i,v 1+v
U = UlIR = (g )% + IR IR0 (3.8)

This relation can be derived assuming only local orthogonality that is well-pre-
served also in finite precision CG computations as a consequence of enforc-
ing numerically the orthogonality among the consecutive direction vectors and
residuals. Therefore (3.8) holds, apart from a small inaccuracy proportional to
machine precision, also for the computed quantities. The same, however, has
not been proved for (3.7).

In [55, 56], it was shown how to compute ,uaclg’z’” at a negligible cost directly
from the coefficients in the CG recurrences; see also [29], [41, Section 5.3]. The
resulting lower bound

CG,i,v 7
Malg < ||U - U HA (39)

holds until the ratio ||[U—U?||a/||U—U°||a becomes close to the machine precision
(for details see [55, Section 10]), and it is tight providing that the actual energy
norm of the error decreases reasonably fast. Analogously to (3.3), assuming
(nontrivially) that for a given parameter v > 0, the number v > 0 of additional
iteration steps is such that

- : CGyi,
AT IR < A2 (g ™),

CG,i,v

then Palg

gives (neglecting the terms proportional to machine precision)
CG,i, i CG,i,
(g ™")? < MU = U'JIR < (1497) (g ") (3.10)

In conclusion, the general bounds in (3.4) and (3.5) do not require any addi-
tional assumptions. Their value can be determined directly from the computed
quantities U?, U*+*. The bounds for the CG method in (3.10) can be evaluated
at almost no cost, but their validity for numerically computed approximations
U?, U™ had to be proved using a careful numerical stability analysis. As a re-
ward, which is based on the particular properties of the CG method, we get an
improved accuracy of the bounds, with the factor characterizing the gap between
the lower and the upper bound reduced from (14 +)/(1 —+) in (3.4)—(3.5) to

V1+72% in (3.10).



3.3 A priori arguments in multilevel methods

Convergence of multilevel methods is typically proved using the a priori con-
traction argument _ _
IU = U < ~[U = U'a,

where 0 < v < 1. Then the triangle inequality immediately gives the algebraic
error bound

i 1 i i
[U—U'fla < EHU 1 —U'a.

Though such bounds with a priori determined constant v can be useful (see,
e.g., [7, (2.17)—(2.18)] and the references therein), we believe, as discussed in
the introduction, that a posteriori bounds such as that of [5] or its unknown-
constant-free improvement in [46] are preferable.

4 Estimating the total error

We give in this section computable upper and lower bounds on the total error.
The upper bound based on flux reconstruction following [18, 10, 34, 24, 25]
is derived in a form where the component associated with the algebraic error
actually turns out to give its upper bound; see Section 5. The lower bound on
the total error is given in Section 4.4 using conforming residual reconstruction.
We will frequently use the following representation of the energy norm of the
total error

IV(u—wup)ll= sup  (V(u—uy), Vo). (4.1)
veV, | Vu]|=1

4.1 Concept of the flux reconstructions

The motivation for our approach is to mimic the continuous world, where (us-
ing (4.1), (2.2), the Green theorem, and the Cauchy—Schwarz inequality),

Viu—ub)| = inf sup f—=V-d,v)— (Vui +d, Vv
IV =)= B gy 0 ) = (Vi +d,V0)}
= inf |V, +d|;
deH(div,Q), V-d=f
the equality occurs for d = 0 = —Vu. We also wish to use an upper bound

on the algebraic error based on the representation r}l. This allows to relate the
algebraic and discretization error components.

Practically, a reconstructed flux is a piecewise polynomial function in the
Raviart-Thomas-Nédélec subspace V, of the infinite-dimensional space H(div, ).
It is constructed in an inexpensive local way, around each node of the mesh 7y,
and it satisfies, on each iteration step ¢ > 1,

V-di, = fn—rh. (4.2)
Here f, is a piecewise polynomial approximation of the source term f satisfying
(f=fn k=0 VKE€ET. (4.3)

The precise definition of the space V), and the detailed construction of d
following [24, Section 6.2.4] are given in Appendix A.



4.2 Upper bound using the L? norm of the algebraic resid-
ual representation

Similarly to Section 3.1, to illustrate the ideas, we first present a simple upper
bound on the total error following [34, Section 7.1]. It typically yields a large
overestimation. It follows from (4.1), the weak formulation (2.2), the construc-
tion (4.2), and the Green theorem that

IVu—up)l = sup  {(f— fa,v) + (7}, 0) = (Vuj, +d},, Vo) . (44)
veV, [|[Vu|=1

Using (4.3) and the Poincaré inequality on the mesh elements,

1/2
(f - fhav) S nOSCvaH’ Tosc = < Z ngsc,K> 9 nosc,K = h%”f - fh||K7
KeTh,
(4.5)
see, e.g., [24, p. A1767]). The Friedrichs inequality states that there exists a
generic constant 0 < Cg < 1 such that

lv|| < Crha|| VY| Yv eV, (4.6)

where hq denotes the diameter of the domain 2. The value of Cg can be
bounded! using, e.g., [50, Chapter 18]. Thus, from the Cauchy-Schwarz in-
equality and from (4.6),

(rh,v) < llrllllvll < llrhlICrha | Vo, (4.7)
(Vuj, +dj, Vo) < [[Vug, + di[[[[Vol|.

Then (4.4) immediately gives the upper bound on the total error
IV (u = up)|| < nose + Crhallryll + [ Vuj, + dj, . (4.9)

The part 7. measures the oscillations in the right-hand side f and it is often
negligible in comparison to the discretization error. The part Crhq||r} | in (4.9)
bounds the algebraic error; see (5.3) below. Finally, we will associate the last
term ||Vui + di || with estimating the discretization error as in [24].

4.3 Upper bound using additional algebraic iterations

Following [24], the idea of using v > 0 additional iterations described in Sec-
tion 3.2 can be analogously applied here to substantially improve the bound (4.9).

Given the computed approximation u’ﬁ, we construct the algebraic residual
representation ri satisfying (2.7) and a reconstructed flux d, € V), satisfy-
ing (4.2). After v > 0 additional iterations of the algebraic solver, giving the
approximation u?f”, we construct r,’f” satisfying (2.7) with 4 replaced by i + v
and a reconstructed flux dj;" € V), satisfying V-d}t" = f; — 7. Thus,

rh==Vedi 4 fo = —Vedj o+ Vod (4.10)

1For example, for a square domain Q C R? we can take Cp = 1/(27), corresponding to the
smallest eigenvalue of the Laplace operator; see, e.g., [50, relation (18.48) on p. 196]



and we have as above

IVu—up)| = sup  {(f = fnv)+(dj —d;, Vo)
veV, || Vo|=1

+(rit? v) — (Vuj, + diy, Vo),
which immediately leads to, cf. [24, Theorem 3.6]:

Theorem 1 (Upper bound on the total error). Let u be the weak solution
given by (2.2) and let u}, € V}, be its approximation given at the ith algebraic
solver iteration with the corresponding algebraic residual representation ri given
by (2.8). Let a reconstructed fluz dj, € Vy, satisfy (4.2). Consider v > 0
additional algebraic iterations, resulting in rﬁf” and d;f”. Then

IV (= ui) || < miar = Mose + |3 = diy | + Crhallry™ || + [ Vuj, + dil,

where the data oscillation term nos. s given by (4.5) and Crhg is the constant
from the Friedrichs inequality (4.6).

Remark 1. The statement of Theorem 1 deserves several comments that point
out to the results presented later in the text. We typically choose v in concor-
dance with the theoretical justification (global efficiency) of Theorem 7 below;
see also (7.3c) in the numerical experiments. Local efficiency of 7. | is proved
in Appendix B for 7 and v based on local stopping criteria. Note that the sum
[di” — di|| + Crhallrit”|| gives an upper bound on the algebraic error (see
Theorem 3 below), whereas the term ||Vui + dj | can be associated, at least in
the case of a small algebraic error, with the discretization error; see the further
results in Section 6 and Section 7.4.

4.4 Lower bound

Following the ideas in [4, Section 5.1], [51, Section 4.1.1], or [25, Section 3.3],
we bound the total error ||V (u — u})|| from below using the solution of local
conforming finite element problems.

Let V, denote the set of mesh vertices with subsets Vi for interior vertices
and VX! for boundary ones. Let ¢, € P1(7,)NH'(2) stand for the hat function
associated with a vertex a € V, (i.e., ¢a(a) =1, ¢a(a’) = 0 for a # a’ € V).
We denote by 7, the union of elements sharing the vertex a € V, and by w, the
corresponding open subdomain.

For each vertex a € V,, consider the infinite-dimensional space H} (w,)

v € HY(wa); (v,1)y, =0 a€ynt

1 —
H. (wa) = { v € HY(wa); v =0 on w, NN ae VPt (4.11)

For the functions from the space H}(w,) the following Poincaré-Friedrichs-type
inequalities hold: there exists a positive constant Cpp,, , depending on the
shape of the elements of the patch 7, but not on their diameters, and a positive
constant Ceont, PF,w, = 1+ CPF w, s, || V¥alcow. (S€€, €.8., [25, inequality (3.29)])
such that

V)|we < CPF 1w, s, [| VU], Yo € H (wa), (4.12)
IV (av)[| < Ceont,PF w, || VV]|w, Vv € Hi (wa)- (4.13)

10



For convex patches 7, around the interior vertices a we have Cpp ,, = 1/7; see,
g., [48]. For nonconvex patches we refer to [25, 57] and the references therein.
For a shape-regular mesh Ay, ||Vtba|loo,w, = O(1) (see, e.g., [15, relation (3.1.43)
on p. 124]), giving Ceont prw, = O(1); see the discussion in [25, Remark 3.24].
For each vertex a € V,, let W2 be a finite-dimensional subspace of H} (w,).
The simplest choice, which we use in numerical experiments in Section 7.4, is
Wi =P, (Ta) N H!(wa). We then have the following bound:

Theorem 2 (Lower bound on the total error). Let u be the weak solution
given by (2.2) and let u}b € Vj, be its approzimation given at the ith algebraic
solver iteration with the corresponding algebraic residual representation r' given
by (2.8). For each vertex a € V), let my o € W2 be the solution of

(Vinn,a, Von)w, = (f; ¥avn)w, — (Vtg, V($avn))w,  Yon € Wi
Set my, = Eaev, Yampa € V. Then

2

V(u—ud)| > pln =
H ( h)” Z Htotal ||th||

Proof. Since my, € V by construction, we have from (4.1)

IV(u—up)| = sup  (V(u—up),Vv)
veV, || Vo|=1
1 )
> ——(V(u—up), Vm
||v hH( ( h) h)
||vth Z (/wamh a))w

|Vm 7 Z{ £ amina)o. = (Yl V(barmn o))

||v | Z ||th a”wa

agV,

where we have used the fact that y¥,my 5 € H}(w,) for all vertices a € V), and
the definition of my, 5. O

O
Remark 2. The bound ui,,,; can further be localized using (4.13) as

, 1 1/2
A 19maz)
Hiotal = (d+D)V2Ceontpr

where Ceont,pF = maxaey, Cecont,PF,w,- Denoting by Vi the vertices of an ele-
ment K and using the fact that each simplex has (d + 1) vertices, this can be
seen from

IVmall? = >

2

Z (V(wamh,a))h( d+1 Z Z HV wamha ”K

KeTy " a€Vk KeTy a€Vik
d + 1 Z ||v ¢amh a)”w = (d + 1)Ccont PF Z ||vmh ana
acV, acV,
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5 Estimating the algebraic error

We will now derive upper bounds on the algebraic error with the help of the
representation of the algebraic residual 7} satisfying (2.7) and of the flux re-
construction di of Section A. We will make links to the bounds of Section 3
derived purely algebraically and to the total error bounds of the previous sec-
tion. Section 5.4 recalls the lower bounds on the algebraic error of Section 3
and proposes a (function-based) construction of a lower bound analogously to
Section 4.4.

5.1 Representation of the algebraic residual

We first propose two piecewise polynomial representations of the algebraic resid-
ual ri satisfying (2.7).

The choice 7 € Vi, = P,(Tn) N HL () given by (2.7) requires solving the
linear algebraic system with the global mass matrix

GC' =R’, G = (Yo, 5), 4, L=1,...,N. (5.1)

Then 7, = WC' = WG 'R This representation of the algebraic residual has
been considered in [5, Section 4], where it is called the discrete residual.

Equation (5.1) represents a global problem of the same size as (2.5). In order
to avoid performing a global solve, we introduce a piecewise discontinuous poly-
nomial representation r}l € P,(71) using mutually independent local problems.
For the ease of notation, the construction below is described for the Lagrangian
basis of V},. Denote by n; the number of mesh elements forming the support
of the basis function ;, j = 1,..., N. Then, for each element K € 7Ty, define
i € Pp(K), 75|50 = 0, such that

(ri, i) = R;-/nj for 4; nonvanishing on K. (5.2)

Summing (5.2) over all elements K € Tj, we see that (2.7) indeed holds. De-
noting by R% the vector on the right-hand side of (5.2) and by Gk the local
mass matrix

(Gk)je = (Yo, )k for 1), ; nonvanishing on K,

we have

|k = V| (Gx'Ri) VK € Tp,.

Construction (5.2) requires solving the system of the size (p + 1)(p + 2) sepa-
rately on each element K € 7Tj,.

5.2 Bound using the L? norm of the residual representa-
tion

Similarly to (4.1), using (2.9) and (4.7), the energy norm of the algebraic error
satisfies

IV (wy, — )| = sup  (V(uy, —up,), Vou) = sup (f,» vn)
’L))LGV}L,HVU}LH:l v EVE, HV’L}h,l‘:l
< Crha|r |-
(5.3)

12



We first discuss the bound (5.3) for the representation ’I";L constructed globally
using (5.1). The discussion shows the relationship of (5.3) to the algebraic
worst-case bounds of Section 3.1 and the role of the Friedrichs inequality con-
stant Crphg. In the case (5.1),

Irall* = (¥G™'R, ¥G™'R’) = (G 'R")"G(G™'R") = (R)"G™'R" = R[] 1,
and therefore
IV (uy, —up) || = U = Ulla = [R"]]a-1 < Cphq|R||g-1- (5.4)

An analogous estimate for the finite volume method is given in [34, Section 7.1],
where it was observed in numerical experiments that this estimate can signifi-
cantly overestimate the algebraic error. We note that

||RZH271 — (Ri,AflRi) — (G71/2Ri,G1/2A71G1/2G71/2Ri)

. , (5.5)
<[IGV*ATIGY |- |GTVARY? = |G PATIG 2| - RY[G s

Because (5.4) holds also for the special choice of R® giving the equality in (5.5)
(when G '/?R¢ is collinear with the eigenvector of G/?A"1G'/? corresponding
to its largest eigenvalue), we have

IGY2A~1GY?| < (Crhg)?. (5.6)

This means that the reciprocal of the squared Friedrichs inequality constant
(Crhg)~2 (and through that the related smallest eigenvalue of the continuous
operator; see, e.g., [50, Section 18]) gives a computable lower bound on the
smallest eigenvalue of the (preconditioned) matrix G~/2AG™/? (cf. also [33],

[2, Section 4.2]),

1
(Ceha)? = ' A 5.7
(CFhQ)2 - )\Esp(GEIll/lglAGfl/Z) ( )

The local construction (5.2) leads to

1/2 1/2
IV (uy, — )| < CFhQ< Z |TZ|%(> —OFhQ< Z ||R3(||éK1> . (5.8)

KeTy, KeTy,
There holds

1/2
IV (wy, = up) || < Crha|R[lg-1 < OFhQ< > ||R§<2K1> : (5.9)
KeTn

i.e., the bound (5.8) is weaker than the bound (5.4). The second inequality
in (5.9) can be proved, e.g., using the results well-established in the domain
decomposition methods; see, e.g., [20, Section 7.8]. A purely algebraic proof is
given in [44, Section 5.2].

5.3 Upper bound using additional algebraic iterations

Analogously to Sections 3.2 and 4.3, we can bound the algebraic error using
v additional iteration steps. From (2.9), (4.10), and the Green theorem, for
vp, € Vi,

(V(u, — u}l), Vo) = (r27vh) = (d}L — d;;”ﬂ Vo) + (Tff”,vh). (5.10)

13



Thus the following upper bound on the algebraic error immediately follows from
(5.3):

Theorem 3 (Upper bound on the algebraic error). Let the assumptions of
Theorem 1 be satisfied. Then
IV (up, — )l < maj = 1A}, = dj || + Crhallry™ |-

Remark 3. The upper bound of Theorem 3 on the algebraic error allows evalua-
tion of the local indicators 1y, , = ldj;t” = dj, ||k + Crhallry™ ||k for the mesh
elements K € 7Ty, with subsequently using these indicators for estimating the
local distribution of the algebraic error ||V (u;, —uf )| k. This can indeed be very
useful in localization of the significant components of the algebraic error over
the discretization domain 2, which represents an important problem; see [45]
and the numerical illustrations in Section 7.2.

In order to show the relationship between (5.10) and (3.2), we note that,
using (2.9),

(di — dit”, Vup) = (rf, — rit op) = (V(ubt” —ul), Vo),
so that

U —U'[]a = . (V(up,™ = up), Vor) < [|d;" = dj .
VR EVR, Vh||=

Employing also (5.3) for ¢ + v in place of 4, the upper bound of Theorem 3
appears weaker than the algebraic bound (3.2),

IU = U'fla < U = Ul + [RT]la-1 < (5T = dj ]| + IR oo

The fluxes d} (and dff”) are, however, essential for bounding the total error
in Theorem 1 and, importantly, the algebraic estimator in Theorem 1 indeed
bounds the algebraic error as we see from Theorem 3.

5.4 Lower bound

As seen in Section 3.2 (see (3.3)—(3.5)), a lower bound on the algebraic error is
given by

1=V = U'fla < [IU = U'[la
Uit¥ —U%|| s with a parameter 0 < v < 1. For the CG
method, the estimator uglg’i’l’ of (3.9) should be used instead. Alternatively, we
can construct (cf. [46, Theorem 5.2]) a lower bound using homogeneous Dirichlet
problems on patches w,, a € V,, (or larger subdomains of ):

whenever CFhQ”T;:rVH <7

Theorem 4 (Lower bound on the algebraic error). Let the assumptions of
Theorem 2 be satisfied. For each vertexr a € V,, let mp ., € Vi, N Hi(wa) be the
solution of

(Vmpa, Vor)w, = (f,08)w, — (Vufl, Von)w. Yo, € Vi N H& (wa).

Set my, = Zaev, Mp,a € V. Then

Saev, [Vmial2,

IV (up, — )| = gy =

14



Proof. Using (5.3) and the fact that my € V},,
2

Wa

1

| > ZaGVh ||th,a
— [Vma|

O
[V

IV (up, = ui)] (V(up —up), Vinp) =

O

6 Estimating the discretization error and con-
struction of stopping criteria

A posteriori estimation of the discretization error ||V (u — u,,)|| is rather com-
plicated as both u and u,; are unknown. The standard approaches proposed in
literature are based on additional assumptions or properly justified heuristics
on the algebraic error. Using

IV (= ui)I* = [V (= wp)[* + 1V (uy, — )| (6.1)

that follows from the Galerkin orthogonality (2.4) and the results of the two
previous sections, we give upper and lower bounds on the discretization error.
We then propose global and local stopping criteria for a linear algebraic solver.
In distinction with the previous works [34, Section 6.1] or [24, Section 3.3],
the new stopping criteria guarantee that the iterations will not be stopped
prematurely.

6.1 Lower bound

The first result follows easily from (6.1) and from the bounds of Theorems 2
and 3:

Theorem 5 (Lower bound on the discretization error). Let the assumptions of
Theorems 2 and 3 hold. Let i .., > n;’lg. Then

. L (2112
19 0= )l > i = | (k) = ()

In practice the assumption uéotal > 77;’1'; may not be satisfied in the iterations
where ||V (u;, — uf)|| & |V(u — uf)||. The accuracy of the bound in Theorem 5
becomes good from the point where 77;’1’; gets small enough; see Section 7.4 for
numerical illustrations.

6.2 Upper bound

One can similarly combine the upper bound on the total error of Theorem 1 and
the lower bound on the algebraic error of Theorem 4 (note that 7} > pif,):

Theorem 6 (Upper bound on the discretization error). Let the assumptions of
Theorems 1 and 4 hold. Then

, NG S RV
||V(u - uh)” < n(zigcr = |:<T]E(7)I;;al) - (M;lg) :| :

When the CG method is used for solving the algebraic system (2.5), ,uglg’i’” of

(3.9) is suggested to be used instead of u;lg above.
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6.3 Stopping criteria balancing the error components

Stopping criteria for algebraic iterative solvers typically aim at stopping the
iterations when the algebraic error does not substantially contribute to the total
error. Using the (global) energy norm, it seems natural to require that

IV (up, = )| < eIV (= wi) ] (6.2a)

where v, > 0 is a prescribed tolerance. As mentioned above, the spatial
distribution of the discretization error and of the algebraic error can be very
different from each other and the criterion (6.2a) may not be descriptive; see [45].
Therefore one may rather require that

IV (up, = )|

wa < Valg |V (u = 1) [, Va eV, (6.2b)

The stopping criteria proposed in [34, Section 6.1] or [24, Section 3.3] re-
placed ||V (u;, —u})| and ||V (u — u,,)|| above by their computable estimates of
the form (in the present setting) 77;’1'; and ||Vui + di||. Such criteria seem to
work well in practice and allow to prove efficiency of the total error bound (see
also Theorem 7 below), but they do not guarantee (6.2a) and there is a danger
that the algebraic iterations can be stopped prematurely.

Using the upper bound on the algebralic error 77;’1'; of Theorem 3 and the
i,V

lower bound on the discretization error uji..,

stopping criterion

of Theorem 5, we propose the

Nale < YalgHdicer (6.3)

that guarantees balancing the error components while implying the validity of
(6.2a). Note that (6.3) is equivalent to requesting

77;’12‘ S ﬁalgy’zotal Wlth ﬁalg = "Yalg/(l + 731g)1/2 < 1.

Following [34, equation (6.3)] or [24, equations (3.13)—(3.15)] a local stopping
criterion that mimics (6.2b) can be set as

1V 2 lese VacV,. (6.4)

cont,PF,w,

A5 — di ||, + Crha ] . < Falgw

Unfortunately, the error estimator of Theorem 3 is not guaranteed to locally
bound the algebraic error from above, so that (6.2b) may not be, in general,
satisfied. Nevertheless, the criterion (6.4) is sufficient to prove the local efficiency
of the total error estimator 72, ., (see Theorem 8 in Appendix B below) and it
seems to ensure the local balance of the algebraic and discretization errors; see
numerical experiments in Section 7.5.

7 Numerical illustrations

For numerical illustration we use two Poisson test problems that were consid-
ered, e.g., in [37, 1].
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Figure 1: Left: solution (7.1) of the peak problem. Right: solution (7.2) of the
L-shape problem.

Peak problem The model problem (2.1) with the square domain Q = (0,1) x
(0,1) and the right-hand side f chosen so that the solution u is given by

w(z,y) = z(z — Dy(y — 1) exp (—100 (z —0.5)% — 100 (y — 0.117)2) ,(7.1)

illustrated in Figure 1 (left). In the experiments, we discretize the problem
on an adaptively refined mesh with 3463 nodes using the piecewise quadratic
polynomials. The corresponding algebraic system has 13633 unknowns.

L-shape problem We take Q= (—1,1) x (—1,1) \ [0,1] x [-1,0] and solve
—Au=0 1in u=up on Jf,

where the (inhomogeneous) Dirichlet boundary condition up is chosen so that
the solution w is in polar coordinates (r,8) given by

u(r,0) = r?/®sin <§9> , (7.2)

illustrated in Figure 1 (right). The extension of our estimates to up # 0 is
possible following [22]. In particular, the flux reconstruction of Appendix A and
the upper bound of Theorem 3 for the algebraic error remain unchanged. In the
upper bound (4.9) and in Theorem 1, an additional term corresponding to the
approximation of up by a piecewise polynomial function is added. This term is
neglected in the experiments. We discretize the problem on an adaptively refined
mesh with 628 nodes using the piecewise cubic polynomials. The corresponding
algebraic system has here 5098 unknowns.

The experiments are performed in Matlab R2014b with Partial Differential
Equation Toolbox. We use our implementation of arbitrary degree conforming
finite element method and of Raviart-Thomas-Nédélec spaces. We set p’ = p,
i.e., the reconstructed fluxes d% are of the same order as the FEM approximation
ul. The algebraic system (2.5) is solved using the CG method preconditioned
by the incomplete Cholesky decomposition with zero fill-in (Matlab ichol com-
mand) and starting with the zero initial guess. The exact solutions of the
algebraic systems are approximated using the build-in Matlab “backslash” di-
rect solver; in the performed numerical experiments, the algebraic error in this
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approximate solution is negligible. We point out that the experiments do not
aim at the preconditioning tuned to the problem, but at demonstrating fairly
the issues that might be encountered in practical use of the presented bounds.

The initial (uniform) meshes are generated using the Matlab Delaunay tri-
angulation (initmesh command). For generating the sequence of adaptively
refined meshes we, for the reproducibility of the results, refine according to
the actual distribution of the discretization error, i.e., we compute (up to a
quadrature error that is in the given experiments negligible) the discretization
error ||V(u — up)||x on each element of the triangulation (recall that wy, is for
the purpose of the experiments sufficiently accurately approximated using the
direct solution of the algebraic system). We mark the smallest subset of ele-
ments that contributes to the squared energy norm of the discretization error
by at least 25%. This requires ordering the elements according to the error size,
which is in practice usually avoided, e.g., by proceeding as in [23, Section 5.2]
or [54, pp. 10-11]. The refinement of the mesh uses the newest-vertex-bisection
algorithm implemented in the Matlab refinemesh command.

7.1 Algebraic error: the cost of the additional iterations

o PCG convergence The values of v, Jyem = 1
10 ‘ ‘ ‘ .
——algebraic error 80 . g
e dliscretization error e, e Uy
—10? ’ ) 4
=2 2 60
3 (e
L 10 o
5 = 40
> =
- -6 L
10 20
108 0 ' ' '
0 50 100 150 0 50 100 150
PCG iteration PCG iteration
The values of v, e = 0.5 The values of v, yyem = 0.1
...... . . . 120F
80l 100 b
N
G 601 % 80
E 40 £ 60
< 401 i G
s =~ 40
20 20
0 ‘ : : 0 ‘ ‘ :
0 50 100 150 0 50 100 150
PCG iteration PCG iteration

Figure 2: Peak problem: PCG convergence and the values of 11, vo, v3 deter-
mined by (7.3) for different choices of Vyrem-

We first compare the cost of the upper bounds on the algebraic error of

Sections 3.2 and 5.3 in terms of the number v of the additional algebraic iter-
ations. For the given tolerance Yem = 1,0.5,0.1, we identify 14, 1o, and v3 as
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the smallest values satisfying

IR [[a-1 < Yrem U = U7l (7.32)
IATHYZ IR || < e U2 — U7 a, (7.3b)
Crhallr,™ || < Yremlld;,™ — dj, |, (7.3¢)

for each iteration step i. The number of additional iterations vy of (7.3a) is
always smaller than vy, v3. We recall, however, that |[R¥1 | a-1 = ||U— U1 ||s
is not available in practice. The criterion (7.3b) corresponds to the worst-case
algebraic bound for ||R*"2||5-1 described in Section 3.1; see (3.6). For the
purpose of the present study we (tightly) approximate the norm ||A71|| using
the Matlab eigs command estimating the smallest eigenvalue of A. Finally, the
criterion (7.3¢) corresponds to the computable upper bound of Theorem 3 on
the algebraic error based on the flux reconstruction.

The values of v, Jyem = 1

PCG convergence

10? ‘
——algebraic error 251 R v3
discretization error P e vy
= 10° 2
= N 20 P e,
= ks
151
‘f 1072 2 SE i ™ enndd
3 2| e e
v e T N N
~ 107
5
10® 0 ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 0 10 20 30 40 50 60
PCG iteration PCG iteration
The values of v, Yyem = 0.5 The values of v, yem = 0.1
30 T T T T T T T T T
R = v 0~ [ Al
o5l e vy . R P v
v 25 vif]
2 E ™ s, K N
52 200 e LT
915 . gt T e
= M S I
=10 e T = 10
5F 5
0 10 20 30 40 50 60 0 10 20 30 40 50 60
PCG iteration PCG iteration

Figure 3: L-shape problem: PCG convergence and the values of vy, vo, v3
determined by (7.3) for different choices of Yyem-

In the experiments (see Figures 2 and 3) we observe relatively large values of
v9 and vs, with vo < v3. The large value of v3 indicates a possible nonnegligible
cost of the upper bound of Theorem 3 (and also of the upper bound of Theorem 1
on the total error). The comparison with 14 reveals that there may be a room
for further improvements. However, as demonstrated below, for the cost of the
additional vz iterations, we get in our experiments upper bounds for the total
and algebraic errors with very favorable effectivity indices and, in particular, a
remarkably accurate information on the local distribution of these errors.

We also comment on the difference between the upper bound on the alge-
braic error (5.8) corresponding to the locally constructed representation of the

19



algebraic residual and the bound (5.4) corresponding to the global construc-
tion of 7”29 see the inequality (5.9). In our numerical experiments, the relative

overestimation Lo
(Swer, IRiclE)" = IR

IRl

is below 18% (peak problem), respectively below 12% (L-shape problem).

7.2 Algebraic error: effectivity indices and localization

In this section we study how far the upper bounds on the algebraic error are
from the actual error. For the ease of notation, let, corresponding to the bounds
of Sections 3.2 and 5.3,

Moty = U — U fla + [R7 | a0, (7.42)
iz, = U2 — U la o+ ATV R (7.4b)
sy = [ — dj || + Cphallry ™. (7.4¢)

Here 11, vo, and v are determined by (7.3). For these bounds, the effectivity
indices

i,Ve
1 1 Malg,e
1 1,Ve — alg,
’ == 7.5
Cﬁ(nalg7o) ||U _ UZHA ( )
are given in Figures 4-6. They confirm our expectation (see (3.4) and (3.5))
that Iég(n;’lg‘,) ~ 14+7rem, S0 that, for the cost of v, additional iterations, we get
the estimates with the efficiency controlled by the parameter vyep,. In Figure 5,
we give additionally the effectivity index
CG,i,v
i (uCC) = Halg
eff \Malg - ||U _ UiHA

that illustrates the efficiency of the lower bound ugg’i’y (see (3.9)) from [55, 56],

with the values of v fixed for the peak and the L-shape problems to v = 5,
10 and 2, 5 respectively. We note that Iéﬁ(uglg’”’) strongly depends on the
decrease of the energy norm of the algebraic error between the iteration steps
i and i + v. With a more powerful preconditioner resulting in a faster PCG
convergence, analogous results will be achieved for much smaller number of
additional algebraic iterations.

As discussed in Remark 3, the flux-reconstruction-based upper bound of
Theorem 3 allows evaluating the local indicators ||[d;™ — d} || x + Crhalrit ||k
and estimating the local distribution of the algebraic error ||V (u, —u})| k. As
we can see in Figures 7 and 8, the local indicators provide a remarkably accurate
description of the local distribution of the algebraic error. We observed similarly
good results also in other iteration steps, choices of Yyem = 0.1, 1, and other test
problems. Please note that the algebraic error can be localized in parts of the
discretization domain € where the discretization error can be small, see [45]
and Figures 10 and 11 below. We point out that the algebraic error does not

equilibrate over the domain using the adaptive mesh refinement.
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Figure 4: Effectivity indices Ig(n,.%) (7.5) of the algebraic error upper

bounds (7.4) in the peak (left) and L-shape problems (right). The values of
V1, V2, v3 are determined by (7.3) with yyem = 1. Here ;3% is simply denoted
as .

Efficiency of the estimates, Yrem = 0.5 Efficiency of the estimates, Yyem = 0.5

g
o

I
i

=
(N}

Effectivity index
Effectivity index
o

o
©

o
)

: : : 04 : : : : :
50 100 150 0 10 20 30 40 50 60
PCG iteration PCG iteration
. . .. . . i 1,Ve :
Figure 5: Effectivity indices Ieff(nalg.) (7.5) of the algebraic error upper
CG,i,v CG,i,v

bounds (7.4) and the effectivity index Iéﬁ(,ualg ) of the lower bound 4,
with the fixed values of v in the peak (left) and L-shape problems (right). The

values of vy, vo, v3 are determined by (7.3) with vem = 0.5. Here n;’lgk and

ugg’i’y are simply denoted as 7, and p”, respectively.
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Figure 6: Effectivity indices Iéﬁ(n;’lg.) (7.5) of the algebraic error upper
bounds (7.4) in the peak (left) and L-shape problems (right). The values of
i,V

v1, v2, v are determined by (7.3) with Yem = 0.1. Here 7,35 is simply de-
noted as 7.
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Figure 7: Peak problem, iteration i = 137: elementwise distribution of the
algebraic error ||V (u;, — uj)||x and the local algebraic error indicators ||d};t" —
di ||k + Crhalr; ™| k. The value of v, v = 48, is determined by (7.3c) with
Yrem = 0.5.
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Figure 8: L-shape problem, iteration i = 39: elementwise distribution of the
algebraic error ||V (u;, — uj,)||x and the local algebraic error indicators |dit —

tllx + Crhallri™ || k. The value of v, v = 18, is determined by (7.3c) with
Yrem = 0.5.
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7.3 Bounding and localizing the total error

We now illustrate the upper bound ni;’fcal of Theorem 1. Figure 9 depicts the
total error |V (u—u})||, the upper bound, and the error indicators ||Vu} +d; ||,
[di” —di ||, and Crhql|/r;t"||. We observe that ;7 | tightly follows the actual
value of the error. The parameter Jyem in (7.3¢) is set to 0.5.

) Total error and its upper bound Total error and its upper bound
107 g N
—total error —total error
L. == upper bound 0 o == upper bound
| “EE
N s, ===|d;, —d;"" \.\ ..... ., —-||di, — dj, v
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Figure 9: Total error ||V(u — u},)||, the upper bound of Theorem 1, and the
error indicators ||Vul + d3 ||, [|d};™ — di ||, and Crhg||r} | in the peak (left)
and L-shape problems (right). The value of v is determined by (7.3c) with
Yrem = 0.5.
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Figure 10: Peak problem: elementwise distribution of the total error
[V(u—uj)||x and the local error indicators 7osc,x + [diF — diflx +
Crho|lrj ™ |k + ||V, + dj ||k in the iteration i = 137 with v = 48.

In Figures 10 and 11 we give the comparison of the local distribution of the
total error ||V (u—uf )| x and the sum nose,x + || —di || + Crhal|rit ||k +
[Vui + di| |k of the local indicators. Here the iteration step ¢ and the num-
ber v of additional iterations are set as the smallest values determined by the
conditions (B.3a)—(B.3b) as described in Appendix B with vaig = Yrem = 0.5.

7.4 Estimating the discretization error

We illustrate the discretization error bounds of Section 6. In Figures 12 and 13
we plot these bounds together with the estimator ||[Vu} + di| that we have
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Total error ||V (u — u})||x Local error indicators

ull

Figure 11: L-shape problem: elementwise distribution of the total er-
ror |[V(u—uj)|lx and the local error indicators noscx + [} — dj ||« +
Crha|rit” ||k + || Vui, 4+ di || in the iteration i = 39 with v = 18. We plot in
both figures the part [— 0.02, 0.02] x [-0.02,0.02] of the discretization domain €.

identified with the discretization error in Theorem 1. As in the previous exper-
iments, the number v of additional iterations is determined by (7.3c) with Yrem
= 0.5.

Discretization error and its estimates

Efficiency of the estimates
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Figure 12: Peak problem: the discretization error [[V(u — u,)]|, the estimate
CG,i,v

alg > and the lower

Vi, +di |, the upper bound 7., of Theorem 6 with u
bound Mé’iscr of Theorem 5 (left); the efficiency of the estimates (right).

Estimating the discretization error via Theorems 5 and 6 is naturally in-
accurate in the iterations where the energy norm of the total error is mostly
dominated by the algebraic error; cf. upper left parts of Figures 2 and 3. When
the algebraic error drops below the discretization error, our upper and lower
bounds get close to each other and provide a tight estimate for the discretiza-
tion error.

In all performed experiments with the Poisson model problem (here we
present just a small sample), we have observed that | Vui +d} || > [V (u—u,)|,
i.e., the estimate ||Vu} + di| gave an upper bound on the actual discretiza-
tlon error. However, an extrapolatlon from these observations can lead to false
statements. As demonstrated below in Section 7.6 on the test problem with
inhomogeneous diffusion tensor, the component associated with the discretiza-
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Discretization error and its estimates Efficiency of the estimates
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Figure 13: L-shape problem: the discretization error ||V (u — u,)||, the estimate
[Vui +d} ]|, the upper bound 7. of Theorem 6 with ugg’l’y, and the lower
bound of Theorem 5 (left); the efficiency of the estimates (right).

tion error drops, in some iterations, below the energy norm of the discretization
error. This emphasizes a need for guaranteed bounds on the errors and a need
for mathematically justified stopping criteria that ensure balancing the error
components as in (6.2).

7.5 Local stopping criteria and the spatial distribution of
errors

We use the L-shape problem to illustrate that the local stopping criterion (6.4)
prevents the algebraic error from dominating locally, as it can happen under
the global criteria; cf. the numerical experiments of [45]. We consider the
approximation u}’ determined by the global stopping criterion (6.3) with yae =
0.5 (the value of v = 20 is determined by (7.3¢) with yem = 0.5), and the
approximation u}’ satisfying the proposed local stopping criterion (6.4) with
Valg,wa = %1g,wa/(1+’y§1g)wa)1/2, Valgw. = Yalg, Va € V, (the number v = 20 of the
additional algebraic iterations is here determined by (B.8a) with Vrem, k' = Yrem,
VK € Tp).

Figure 14 depicts the differences u —u}’, u—ul? and u;, —u}’, u, —ul® that
visualize the total and algebraic errors respectively. We note that the algebraic
part u;, — uff substantially affects the shape of u — uf in most of the domain
Q. This is not the case for u — u}? as |u(x) — u;,(x)| > 10~7 in most of the
domain Q.

7.6 Numerical results for a problem with inhomogeneous
diffusion tensor

In order to further demonstrate a possible use of the presented methodology for
obtaining the bounds on the total error and its components, we consider also the
test problem with inhomogeneous diffusion tensor proposed in [43, Section 5.3]
(based on the formulas published in [35]),

—V-(SVu)=0 inQ=(-1,1) x (-1,1), u=up on d, (7.6)
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Figure 14:  L-shape problem: the difference u — u}’ counting for the total

error of the approximation u}’ determined by the global stopping criterion (6.3)
(upper left), its analogy u —u}° for the approximation u}’ determined by the
local stopping criterion (6.4) (upper right), the algebraic part u, —u}’ (bottom
left), and its analogy u;, — u}’ (bottom right). Vertical axes are scaled by 1077,
107°, 1072, and 1077, respectively.

where the domain 2 is divided into four subdomains €2; corresponding to the
axis quadrants numbered counterclockwise. The diffusion tensor S is a piece-
wise constant multiple of the identity matrix, S|o, = s;I, with s; = s3 =
161.4, s =s4 =1. These values and the Dirichlet boundary condition up
are used such that the solution w of (7.6) exhibits a singularity at the ori-
gin, u € H*17¢(Q), Ve > 0. We discretize the problem using piecewise affine
functions on adaptively refined mesh with 8040 nodes. The adaptive mesh re-
finement and the setting for iterative algebraic solver are analogous to those
described above for peak and L-shape test problems. The stopping criteria are
given by (B.3) with with va1z = Yrem = 0.5.

The left part of Figure 15 gives, analogously to Figure 9, the energy norm of
the total error ||SY/2V (u—uj, )|, its upper bound 1}, of Theorem 1 modified for

total O -
the test problem (7.6), and the corresponding error indicators ||S/2Vu} + S~1/2

[S~1/2(d;™ — di)||, and C’thcgl/2||rfl+”||. Here cg denotes a uniform lower
bound on the smallest eigenvalue of S in 2; in the considered test problem,
cs = 1. In this experiment, we can in some iterations observe

ISY2Vuj, +8712dj | < 1812V (w = wy)|,

i.e. the indicator ||SY/2Vu} + S~1/2d} || associated with the discretization error
1S*/2V (u—u,,)|| does not provide, in general, its upper bound; cf. the discussion
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in Sections 6.3 and 7.4. The right part of Figure 15 depicts the effectivity indices

Mo ISTVAAR - )]+ Orhacs |
||S]'/2V(U_U;L)||’ ||Sl/2v(uh _U;L)H

(7.7)

of the upper bounds on the total and algebraic errors, respectively. We can see
a similar behavior as for the Laplace operator; cf. Figure 9. Figure 16 gives,
analogously to Figures 7-8, the local distribution of the algebraic error and the
corresponding local error indicators. The local indicators provide again a very
accurate description of the local distribution of the algebraic error; however, the
evaluation of the error estimators is very costly because of v = 50 additional
algebraic iterations.

Total error and its upper bound Effectivity of the upper bounds

102 ‘ ‘ 10 : :
——total error —==total error
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Figure 15: Problem with inhomogeneous diffusion tensor: total error ||S'/2V (u—
uf)|, the upper bound ngy., of Theorem 1 modified for the test prob-
lem (7.6), and the corresponding error indicators [SY/2Vui +S~1/2d; ||,
[S~1/2(d; — d})||, and C’thcgl/2||rz+”|| (left); effectivity indices (7.7) of the

upper bounds (right).

Algebraic error [|SY2V (u), — up) || %1074 Local error indicators, Yem = 0.5 «10™

Figure 16: Problem with inhomogeneous diffusion tensor, iteration ¢ = 50:
elementwise distribution of the algebraic error ||S*/2V (u,, —u} )| x and the local
algebraic error indicators ||S™Y/2(diT —d})|| +CFth§1/2 it || k. The value

of v, v = 50, is determined by (7.3¢c) with Yyem = 0.5.
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8 Conclusions and open questions

We have exposed in this paper in detail the methodology of H(div, 2)-conforming
flux and H{ (Q2)-conforming residual reconstructions for estimating total, alge-
braic, and discretization errors for finite element discretizations and iterative al-
gebraic solvers. The proposed upper and lower bounds are guaranteed and they
contain no undetermined constants. We have used them for proposing stopping
criteria for algebraic solvers that balance the algebraic and discretization errors
and avoid stopping the algebraic iterations prematurely. As demonstrated on
the model problems, they can practically localize very well the distribution of
all errors and they can also avoid a possible local dominance of the algebraic
error. The results provide a rigorous background for error estimators that can
be extended to various problems and discretization techniques, including non-
linearity; see [24] for nonlinear problems and [59, 13] for unsteady nonlinear
problems in an industrial application.

One part of the cost to be paid consists in a possibly nonnegligible amount of
additional algebraic iterations that need to be performed. We have studied and
reported this cost on two model examples in a rather unfavorable setting without
a powerful preconditioner that would ensure very fast convergence and decrease
this part of the cost to minimum. We believe that the presented methodology
can be useful for many practical problems. Nevertheless, finding less costly
alternatives within the presented framework is highly desirable and it represents
one of our active research directions.

Acknowledgment. The authors wish to thank Ivana Pultarova, in particular
for pointing out to us the inequality (5.9) including its proof. The authors are
also grateful to anonymous referees for their numerous helpful comments.

A Details of the flux reconstruction

In this appendix we present the construction of the flux dj. It follows [24,
Section 6.2.4] (see also [18, 10]) with the difference in the construction of the
algebraic residual representation r! satisfying (2.7), which allows to bound the
algebraic error in Theorem 3.

For K € Ty, let RTN, (K) = [Py (K)]?+xP, (K) be the Raviart-Thomas-
Nédélec finite element space of order p’ > 0. We set

RTN_ ! (Ty) = {vi € [L*(Q)), vi|x € RTN,(K) VK €Ty}

and RTN, (75) = RTN;,l(ﬂL) NH(div, Q). We use a similar notation for these
spaces on various patches. Let RTNZI:I,’O(Ta) be the subspace of RTN,, (7,) with
zero normal flux through the boundary dw, for a € Vi"* and through dw,\0f2
for a € Vi*' (corresponding to a homogeneous Neumann condition). Let P, (7.)
be spanned by piecewise p’th order polynomials on 7., with zero mean on T,
when a € V"t

For all vertices a € V,, we first solve the following mixed finite element
problems on the patches 7,: find d’liua € RTNE’O(’Y;) and gna € Py (Ta), p' =p
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or p' = p+ 1, such that

(dz,a; Vh)wa - (Qh,aa V- Vh)wa = —(1/JaVUZ7 Vh)waa (A-la)
(v dﬁha? Xh)cua = (fhwa - VUZ - Vb, Xh)wa - (Tfﬂﬁaa Xh)wa (Alb)

for all (vi,xn) € RIN)(T2) x P%,(72). Then we set

¢ = Z dz’a. (A.1lc)

aeV,

We typically choose f;, to be the L?(f2)-orthogonal projection of f onto the
space of the piecewise polynomials of degree p’, and 7} € P,(7); see Sec-
tion 5.1. Since ¥, € V},, (2.8) gives the Neumann compatibility condition of the
problem (A.la)—(A.1b),

(Vuﬁl, V¢a)wa = (f7 '(/)a)wa - (T‘;-L, ¢a)wa-

Consequently, we can in (A.1b) take all test functions x € Py (7a), which allows
to show that di given by (A.1) satisfies (4.2), i.e., that V-d}, = f, — r}, holds.
Indeed, let K € T, and let vy, € Py (K) be fixed. Since Zaevh Ya|x =1 and

Zaev, Viba|k = 0 (10, form a partition of unity on K), we infer

(V d27vh)K = Z(v d§17a7vh)K = Z [(fh¢a - VU’Z : V’(/)avvh)K - (’I"Z’(/Ja,vh)[(jl

acV, aeV,
= (fwon)x — (rh, vn)k,
and (4.2) is proved as f, — 7% € Py (Th).

We now briefly comment on the algorithmic construction of df in (A.1).
Denote by by ®, the basis of RTN;I,’O(Ta), and by &, the basis of P}, (7.), Then
we construct di as

h=2_ ®aD,,
aeV,

where 5; forms the part of the vector DY solving the algebraic form of (A.la)-

(A.1b)
R K. K. D
KiDi—E, Koz | %, . oDi= (P (a2
(Ka) 0 D!

—a,

Here (Ra>kj = (d)jv ¢k)wa and (Ka)kg = (gfa V- ¢k>wa with ¢ja¢k € &,
Xe¢ € X,. The right-hand side vector is given as

; 0 [ 0
Ea = Ea,f - Ea7u2 - Eaﬁ}'l = E s - E - E .|’
=a, =a,ul, =a,r},

(Ea,ui)k = (%VUZ, (bk)waa
(Ea,f)e = (fi//aa%é)ww (Ea,ug)é = (vu% : V'L/)aa)zé)wav (Ea,’r;)[ = (T;;ﬂ/)aaYZ)wﬂ

where

29

d)k € (I’aa
%@ € X..



Since “Z = WU?, where, recall, ¥ is the basis of V3, we have uﬂwa = YU for
W, C U a subset of basis functions that are nonvanishing on w, and U} the
associated entries of U*. Then

; Ea Ea . == aV iy Wa )

Ea ut = Ea,‘I’aUzn Ea7\1/a = e ) ( ,‘Ila)k] (QZ} 1/’3 (bk)Na

o Ea,\lla (Ea7‘1’a)€j = (ij : vqpaaX@)way
where ¢; € Wy, @p € ®a, X¢ € X.. Similarly, denoting by X, the basis of P, (7a),
we have for the coefficient vector R% such that r} |, = X.R%,

i 0 ~
Ea,rfL = Ea,XaRav Ea,?(a = [E X:| ) (Ea,Xa)éj = (Xj¢a7Xl)wav

where x; € X,, X¢ € /'Fa. Consequently, the vector D¢ can be assembled as
Di = K. 'Ea; — (Ki'Eaw,) Ul — (K;'Eax,) RL. (A.3)

This means that we can solve the system with K, only once with multiple right-
hand sides [E. f,Ea w,,Eax,| prior the start of the iterative solution of (2.5)

and, at any iteration i, get the local coeflicients 5; of the flux reconstruction dj,
simply by matrix-vector multiplication and summing the vectors. This is par-
ticularly appealing when the error estimator is evaluated many times (e.g. when
many iterations of the algebraic solver are performed). Note that assembling
Ka, Eaf, Eaw,, Eaw,, a € V,, and solving the systems corresponding to (A.3)
can be done in parallel (indeed, the individual patch problems (A.2) are mu-
tually independent). Also, this can be done independently of assembling the
system (2.5).

B Efficiency of the total error bound

We prove in this appendix the global and local efficiency of the upper bound of
Theorem 1, which follows and extends the results in [24, 25, 46]. To simplify
the presentation, we require that the source term f is piecewise polynomial,
f €Pp_1(Tn). Consequently, we choose fj, = f, and the oscillation term van-
ishes, 770sc = 0.

The following lemma extends [14, Theorem 3.1] and [9, p. 1191] (see also [25,
Lemma 3.12]) to the inexact algebraic solver case considered in this paper.
Recall the space H!(w,) introduced in (4.11).

Lemma 1. Let a € V, and let my € H}(wa) be the solution of

(vmaa vv)wa = (fa 1/)av)wa - (vu;u V(¢av))wa - (Ti,vwav)wa Vo € Hi (wa)'
(B.1)
Then there holds

[Vmallw, < Ceont,PF w, (||V(u - “;z)| wa T ||d2+u - ;LHWa) +CPF,wahwa‘|rz+u

Wa *

Proof. From (B.1) and since, for v € H!(w,), ¥av € H}(wa), we have, employ-
ing (2.2),

(me vv)wa = (V(u - u%), V(¢av))wa - (r;w wav)wa .
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The Cauchy—Schwarz inequality and the bound (4.13) give
(V(u—up), V(¥av)),, < V(= t},)llw, Coont, P, | V0|
Using (4.10), the Cauchy—Schwarz inequality, and (4.12),
(Fhstav),, = (V- it = V-dj, + 7™ )
= (—d;t +dj, V(tav)),, + (rit, bav),,
< 5 = dillw, Coont,PF . V0l + 1757 i 1 ¥alloo o 0]

<[5 = djllw, Coont, PP | V0l + 1757 s CPF w0 e |V s, -

Wa *

Wa

Finally, using

[Vmallw, = sup (Vma, Vo),
vEH} (wa),||Vv]=1

and combining the above results yields the desired bound. O O
The following crucial result has been shown in [9, Theorem 7] (see also [25,

Corollary 3.16]) in the two-dimensional case. The three-dimensional proof is
in [26, Corollary 3.3].

Lemma 2. Let dlﬁ’a be given by (A.1) with p’ =p+ 1 and let m, be given by
(B.1). Let f € Pp(Tn). Then there exists a constant Cg ., > 0 depending only
on the shape of elements of the patch T, but not on their diameters such that

||¢aVUZ + dﬁl,a”‘*’a < Csmwavaana- (B.2)

The constant Cg ., is not computable. It can, however, be bounded from
above considering a finite-dimensional subspace of H}(w,) and solving the dis-
crete version of the problem (B.1); see [25, Lemma 3.23]. Hereafter we denote

Ccont,PF = max Ccont,PF,wa; CPF = max OPF,wa; C’st = max Cst,wa-
acV, agVy, acV,

We now state the main result on the global efficiency of the estimators of
Theorem 1, both for the global stopping criteria in the sense of [34, 24] and for
the secure stopping criterion in the sense of (6.3), relying on the estimator uiotal
of Theorem 2:

Theorem 7 (Global efficiency). Let the estimators of Theorem 1 satisfy the
global stopping criteria

Crha|ri ™|l < Yeemlld)™ — di |, (B.3a)
[y —dj, || < Yaigl| Vi, + dj | (B.3b)
with positive parameters Yrem, Yalg such that

Cpr maXaey, hUJa < 1 . (B4)
Crhq 2(d+1)

’Yalngt (Ccont,PF + Yrem

Alternatively, instead of (B.3)-(B.4), let

Crhallry™ || < Yreml ;™ — di |, (B.5a)
. . Yal .

d1+1/ _qe < g ) B5b

|| h h” = (1 +7§1g>1/2 Htotal ( )
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without any requirement on Yrem, Valg, SUPPosing only

OPF maxaevh hwa
Crhg

S Ccont,PF

that is typically satisfied, apart possibly the coarsest meshes. Let the assumptions
of Lemma 2 hold. Then the upper bound of Theorem 1 is globally efficient,

Neotal < Clob. oft. |V (u — up,) |

with the global efficiency constant

Cvglob. eff. = (1 + Valg + 7alg’7rem)2(d + 1>Cstccont,PF-

Recall that Vi stands for the vertices of the element K and that the functions
my, o are specified in Theorem 2. Then the local version of Theorem 7 proving
the local efficiency under the local stopping criteria is as follows:

Theorem 8 (Local efficiency). Let, for an element K € Ty, the estimators of
Theorem 1 satisfy the local stopping criteria

Crhollri™ ||k < Yeemx ||diT — d||xr VK’ € T, such that K' 0K # 0,

(B.6a)
45" = dj o, < Yarg,x | Vuj, + il Vae Vi (B.6b)
with positive parameters Yrem K, Yalg, Kk Such that
Yalg, K Cst (C’cont,PF + Yrem, K Cer mCa)F(ZZVK hwa) < 2(d1+ 1) (B.7)
Alternatively, instead of (B.6)—~(B.7), let, for all a € Vi,
Crhollry™ llw. < Yem e d™ = dj . (B.8a)
4~ ap, < et Vel (B.5b)

(1 + ’yilg,K)l/2 Ccont,PF,Wa
without any requirement on Yrem K, Yalg,K, Supposing only

CPF maXaecy, h
Crhq

Wa
S CVcont,PF

that is typically satisfied, apart possibly the coarsest meshes. Let the assumptions
of Lemma 2 hold. Then we have the local efficiency of the upper bound,

;" = dillx + Crhallry™ |k + VUl + djllx < Cioc. etk Y [V (1=t}
ac€Vk

with the local efficiency constant

C’loc. off, K = (]- + VYalg, K + ’Yalg,K’)/rem,K)2Cstccont,PF'
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of Theorem 7. From the flux construction (A.1) of di, using (B.2),

. . . . 2
IV +dil2 = | D2 vy +di )|
KeTn, a€Vi
<@d+1) D> D aVuh +di % = (d+1) > [¢aVuj, +dj, 12,
KeTh a€Vk acV,
<d+1)CE D> [VmalZ,,
acV,

as any element K € Ty has d + 1 vertices. From Lemma 1, we have

, 1/2 , o 1/2
[ 3 |Vma||wa} < [ S 2o |V — umn%}

acV, acV,

‘ 4 1/2 ‘ 1/2
" [ S 2o Y znia} T [ 3 C%F,wxhwa)?nrz*”ia] .
aGV,1 aEVh

1/2
Therefore, using [Zaevh ||Z||ZJ = (d+1)"?|z|,

||VU;L + d;b|| < (d+ 1)Cstccont,PF||v(u - uﬁz)”
+(d+ I)Cstccont,PFHd;j_y — 2” + (d+ l)CstOPFHéE‘l}X hwa”r?'””. (B.9)
achy,

From the stopping criteria (B.3),

HVU;L + d;LH < (d + I)C’stccont,PF“v(u - U;L)H
Cpr maXaey, he,
Crhg

+ (d + 1)7algcst <Ccont,PF + Yrem a> ||VUZ + d;L”?

and from (B.4),
[Vl + di|| < 2(d + 1)Cai Ceont,pr ||V (1 — )]

Finally, we get the assertion for the stopping criteria (B.3),

Mot = 14, = di,| + Crhallri™ || + | Vuj, + dj |
< (1 + Valg + 'Yalg’}/rem)nvuz + d’]L'LH < Cglob- ef‘va(u - U;L)H
The efficiency under the stopping criteria (B.5) actually does not request

any restrictive assumptions of the form (B.4). Using (B.5b) and the bound of
Theorem 2,

itu i VYalg i
14} — 4|l < —F775 1V (u—up)ll.
RS WEE '

Now a combination with (B.9) and (B.5a) gives
[V, + di || < (d+ 1)CostCoeont,pr ||V (1 — ul)|

Cpr maxacy, ho,
Crho

+ (d + 1) Talg )1/2 Cst (Ccont,PF + Yrem ) ||V(u - uz)”;

(1 + 7§1g
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so that the assertion for the stopping criteria (B.5) follows with the constant

Cpp max h
1 1 PF acV, lw,
(d+1)cbt (Ccont,PF + %Ccont,PF + ’Yrem( Valg h )

(142, Lyag)'? - Crho
C ob. elr.
< (1 + Yalg + YalgYrem)(d + 1)Cst Ceont, pr < %
0 O

of Theorem 8. For the proof of the local efficiency, we first note that

IVai, + djllxe < Y 19aVuh + djallo, < Y Cotan | VMa -

acVk a€Vk

From Lemma 1,

IV, + dj | < CotCeonspr Y IV (u—uj)a,

a€EVk

+ CatCeontpr Y 1A} = dj Jlun + CarCrp max h, Y 7™l (B.10)
acVk asvK acVk

Thus, under the stopping criteria (B.6),

1Vuj, + dj |k < CaCoontpr Y V(1 —up)llw,

a€Vk
CpF maxaeyK hwa
Crha

+ (d + 1)Cst7alg,K (Ccont,PF + Yrem,K ) ||vu2 + d;L”K

From (B.7), we further obtain
1Vuj, + dj [l < 2CsCoontpr Y V(1 — 1},
a€Vk

so that finally

|45 — di Il + Crhallry,™ |l + [Vuj, + dj |l x
< (1 + Valg, K + 'Valg,K'Yrem7K)||vuz + dZH
S Cloc. eff., K Z ||V(’LL - U;L)HWa

acVg
Let m, € H!(w,) be the solution of
(Via, Vo)u, = (f, ¢av),,, — (Vuj, V(¢av)) Vo € H} (wa),

in the continuous counterpart to my, o of Theorem 2 and similarly to (B.1). The
fact that my, 5 is a projection of m, from H} (w,) onto W2 gives |[Vmp allw, < ||[Vitallaw, -
Proceeding as in the proof of Lemma 1 with 7i = 0, we get the inequality
[Vallw, < Ceont,pFw, IV (u = uj,)|w,, so that

||th>a| w, S Ccont,PF,waHv(u - U;L)Hwa

34



Thus, under the secure local stopping criterion (B.8b), we obtain

i i Valg, K i
15" = d ||, < WHV(U_U;L)HWM
alg,

and, employing (B.10) and (B.8a),

||VU;L + dz”K < Cstc’cont,PF Z ||V(u - U;I)Hwa

aEVk

Valg, K Cpr MaXacyy N, i
+Cst— (Ccont,PF + Yrem, K Hv(u_uh)Hwa'
(1 + 92 )2 Crhg a;;}(

The claim in this case thus follows from

Valg, K Valg, K Cpr MaXacy, Mo,
Cst (Ccont,PF + ————75C ont,PF + ’Yrem,K(

(1+’Y§1g,K)1/2 ¢ 1+’Y§1g7K)1/2 Crho
Coc. eff.
S (1 + VYalg, K + "Yalg,K’Yrcm,K)Csthont,PF < %
O O
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