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A Posteriori Error Estimates for Mixed Finite Element and Finite Volume
Methods for Parabolic Problems Coupled through a Boundary*

T. Arbogast!, D. Estep?, B. Sheehan®, and S. Tavener?

Abstract. We examine two discretization schemes for solving a pair of parabolic problems with significantly
different spatial and temporal scales that are coupled through a common interface: a mixed finite
element method which uses a rigorous mortar element technique in both space and time for coupling
and a finite volume method which employs popular ad hoc projections for coupling. We derive a
posteriori error estimates to quantify the distinct sources of error for both methods as well as discuss
implementation of the estimates. The estimates include expressions that quantify the effects of using
a finite number of iterations when solving the discrete equations yielding the approximations. We
use the estimates to investigate the consequences of particular discretization choices on the accuracy
of the computations.
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1. Introduction. In a common class of multiscale, multiphysics problems, two physical
processes with distinct spatial and temporal scales are posed in neighboring subdomains and
their solutions are coupled by continuity of state and normal flux through their shared bound-
ary. Examples include general problems of the heterogeneous domain decomposition type
[30, 23, 6], core-edge plasma simulations of a tokamak fusion experiment [10, 11], and conju-
gate heat transfer between a fluid and solid object [19, 20, 21].

Significant differences in spatial and temporal scales indicate the use of different discre-
tization grids and time steps in the two subdomains, which raises the problem of transferring
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the coupling quantities between the different discretizations [19, 20, 21, 22]. Moreover, the
discrete systems yielding the approximate solution are difficult to solve and generally require
an iterative approach. Often, decisions regarding the numerical solution of such coupled sys-
tems are made largely based on considerations of data structures, parallel computing, and
properties of legacy codes rather than achieving optimal convergence [29]. This is rational-
ized by assuming that for coupled parabolic problems, coupling has minimal impact on the
stability and accuracy and accuracy can be maintained even when iterative solvers stop well
short of convergence.

In fact, the choice of coupling method, iterative solution technique, and the number of it-
erations employed all have a strong impact on the accuracy and stability of the approximation
[29]. In our experience, numerical error in the solution of coupled systems is nearly always
significant. Unfortunately, a priori error analysis generally leads to a pessimistic conclusion
that requires either severe time step constraints or a large number of iterations. This provides
strong motivation for deriving a posteriori error estimates that accurately quantify the effects
of numerical solution of the components, coupling, and finite iteration on accuracy. Moreover,
accurate computational error estimation is also a key component of uncertainty quantification
for coupled systems because numerical error introduces significant bias in stochastic com-
putations; see, e.g., [16, 17, 9], which present a posteriori error analysis for approximate
cumulative distribution functions and p-quantiles computed from differential equations with
stochastic parameters.

In this paper we address the derivation and implementation of a posteriori error estimates
for two different discretization schemes for solving a pair of parabolic problems with distinct
spatial and temporal scales that are coupled across a common interface. The first is a mixed
finite element method using a mortar element technique to couple the subdomains, while the
second discretization is a finite volume method using somewhat ad hoc projections to exchange
information across the interface. The mortar element approach [8, 31, 1, 5, 3, 24, 2] is based
on a rigorous variational formulation to define a weak sense of coupling. The second approach
employs “geometric” extrapolation and averaging commonly encountered in practice. We use
a posteriori error analysis employing computable residuals, solutions of adjoint problems, and
variational analysis to obtain reliably accurate estimates of the error in a given quantity of
interest [15, 4, 25, 34, 2, 18, 27].

The analysis in this paper extends [2], which treats these approaches for stationary prob-
lems, in order to address coupled nonlinear parabolic problems. To wit, this paper

1. extends the mortar element and “geometric” ad hoc coupling techniques to time de-
pendent problems,
2. formulates two iterative techniques for solving the discrete equations arising at each
time step,
3. extends the a posteriori analysis to nonlinear time dependent problems,
4. extends the a posteriori analysis to include the effects arising from finite iteration of
these iterative schemes, and
5. addresses issues involved in numerical solution of the adjoint problem.
We use the error estimates to investigate the consequences of particular discretization choices.
Since the effects of various spatial discretization choices were thoroughly investigated in [2],
we concentrate on the new issues arising due to time discretization.
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Figure 1. The spatial domain and definition of normal n on the interface.

The remainder of this paper is organized as follows. Section 2 introduces the continu-
ous problem, provides details of the two discretization methods, and develops two different
iterative methods to solve the resulting discrete systems. Section 3 presents the a posteriori
error estimates, and section 4 contains the numerical experiments. Section 5 contains proofs
justifying the estimates in section 3. We draw conclusions in section 6.

2. Problem definition and discretization methods. We employ the well-known equiv-
alence between finite volume methods and the mixed finite element method [26, 32, 33] to
recast all of the discretizations in the finite element framework. This enables the derivation
of a posteriori error estimates and provides a systematic framework for describing geometric
approaches to computing coupling values.

2.1. The model problem. We consider a system of second order parabolic partial dif-
ferential equations (PDEs) posed on a rectangular domain 2 = Qp U Qg consisting of two
nonoverlapping rectangular subdomains €27, and 2z that share an interface along a common
side I'y = Qp N Qg; see Figure 1. The unit normal vector m on I'; points from Q7 to Qg.
We let I'y, = 0Qp \ 't and I'g = 0Qpr \ I'1 denote the outer boundaries of the subdomains.
For simplicity, we assume Dirichlet boundary conditions on 02 and write out details in the
homogeneous case. The results extend to problems with other boundary conditions in a
straightforward way.

To define the PDE, we pose source functions f € L?(L?(Q2);(0,7]) and g € L>¥(R) and
initial data pp € L?(£2). For a function ¢, we use the notation ¢, = ¢|g, and pr = o|ag, SO
the boundary data d is d;, € L*(H*?(I'1,); (0,7]) and dg € L*(H*?(T'g); (0,T]). The coupled
system is

azluL~|—VpL:0, (x,y) € Qp,t € (0,T],
2.1) pL+V-ur = fr+gr(pr), (x,y) € Qp,te (0,7,
pL =dr, (z,y) € T'p,t € (0,77,
\ PL = Po,L, (w,y) € Qp,t =0,
a;zluR—i-VpR:O, (xz,y) € Qg,t € (0,7,
(2.2) Pr+ V- -ur = fr+gr(pr), (v,y)€ Qr,tec (0,T],
pr = dR, (z,y) € Tr,t € (0,77,
\ PR = Po,R, (z,y) € Qr,t =0,
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(2.3) {5 =PL = PR, (z,y) € 1, t € (0,71,

n’(UL—UR):O, (a:,y)EFI,tE(O,T],

where a is a diagonal diffusion matrix defined as

o Dj(x,y,t) 0 .
(2.4) a; = [ 0 Dz, t) | i1=L R,

with D; € W1(Q) and D;(z,y,t) > Dy > 0 for (z,y,t) € Q. So, a; is invertible and
uniformly coercive. Note that £ is the common interface pressure in (2.3). We also assume
that f, g, d, po, and a are continuous in the subdomains.

2.2. A variational formulation. We abuse notation slightly to define the L? inner product
on €2 by restriction to the subdomains, i.e., for functions F' and G defined on €2 with restrictions
Fi, Gz on QZ’, 1= L,R,

Q;
For functions F, G on boundaries, we define
(F,G)r, :/ FGds, i=L,I,R.
Ty

The weak formulation is as follows: Find p; € W; = L*(L*(Q;);(0,7)), u; € V; =
L2(H(div; ), (0,T]), € € A = L2(H'Y?(T'}),(0,T]), i = L, R, satisfying

T T T T
/ (aZluL,vL) dt—/ (pL,V"UL) dt—i—/ <§,n-'vL>pI dt = —/ (dL,n-vL>pL dt,
0 0 0 0
T T T T
/ (Z')L,wL)dtJr/ (V-up,wr)dt =/ (fL,wL)dtJr/ (9z(pr), wr)dt,
0 0 0 0

T T T T
/ (aﬁluR,vR)dt—/ (pR,V"vR)dt—/ (ﬁan'vmr]dt:—/ (dg,n - vR)ry dt,
0 0 0 0
T

T T T
(2-5)/0 (pR,lUR)dt+/o (V'UR,wR)dtZ/O (fR,lUR)dt+/0 (9r(pr), wr) dt,

T
/0 (n-(urp —ug),v)r;dt =0

for all (w;,v;,v) € (W;,V;,A), i =L, R.

2.3. Mortar mixed finite element discretization. It is necessary to devise a coupling
scheme to transfer information, e.g., normal flux and states, between the discretizations of the
two components. The traditional mortar finite element approach for a stationary problem uses
an auxiliary variable supported on the interface to achieve coupling that has certain optimal
properties with respect to approximation accuracy. We construct a mortar finite element
method in space and time.
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Figure 2. The left half of the figure shows the spatial grids on Qr, I'r, and Qr. The right half of the figure
shows the corresponding time discretizations.

We partition 2; by a rectangular grid 73, of nonoverlapping uniform-shaped cells of size
h; such that the union of the cells is €;, ¢ = L, R. The discretization grids for €2; and Qp
may be different. We construct a grid on I'; such that the spatial cell width on the interface
grid, hr, is twice the cell width of the finer of the two component grids (hr = 2min{hr,hr}).

For each €;, we construct a time discretization of [0,7] into time nodes, with a coarser
grid associated with €27 and a finer grid associated with Qr such that each large time step
on the coarse grid is divided into an integer number of substeps on the finer grid [28]. The
coarse grid time nodes thus act as “synchronization” times. The coarse time step intervals are
denoted by I = [tg_1,tx], Kk =1,...,n. A fractional index is used to denote the subintervals
on the fine scale, so that for j = 1,..., ¢ the small subintervals are I}, ;/, = [tk_Hg , tk_1+1]7
where ¢ is the number of substeps in each coarse time step. We also associate a digcretizatig)n
of [0,T] with I'; constructed so that the cell width in time on the interface is twice that of the
finer of the two component time steps and is a subdivision of the coarser time discretization.
We suppress the notation for the time steps on the interface. A single time step on the coarse
side together with the associated substeps on the fine side and interface is called a composite
time step. We illustrate this in Figure 2.

To discretize in space, we use the lowest order Raviart—Thomas finite element space (RT0),
in which the discrete scalar unknown p” is approximated as a constant over each cell, and
the components of the discrete vector u” are approximated by functions that are piecewise
linear in one spatial dimension and constant in the other [7, 18]. On the interface, the discrete
interface unknown, £”, is represented by piecewise discontinuous bilinears on the space-time
interface grid cells [1, 3].

To discretize in time, we use the lowest order discontinuous Galerkin finite element space
(DGO) [15]. The approximate solution is a piecewise constant function with respect to the
time discretization, so the approximate p is specified as p}L‘| I, = p}Ll’k and p}}%| Ietj/qg = pFLL’kﬂ /4,
The test functions are also piecewise constant with respect to the time discretization. This
generally simplifies the evaluation of the time integrals in the weak formulation, except that
discontinuities at time nodes yield “jump terms” arising from the time derivative, e.g.,

T n th n
(2.6) /0 (P}, w)dt = Z/ (B w) dt + > (] k—1]swr1),
k=1 k=1

th—1
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where [py] = p; — py» pz/_ =lm_ /- p(x,s), wy = w;. Note that f ]’)L, ) dt vanishes
for DGO; however, we keep this term kin the weak forms below for generahty.

The DGO method is an implicit method closely related to the backward Euler scheme.
The use of implicit schemes for the time solution of each component is common in practice. It
is possible to treat explicit schemes; see, e.g., [12]. However, explicit discretization introduces
additional effects on stability and accuracy that must be treated in the analysis, and we avoid
this here for simplicity.

On the interface, for a finite element partition A of [a,b], and for » = 0,1,2,..., ¢ =
—1,0,1,..., we define the piecewise polynomial space

My (A) = {v € C[a,b]) : v a polynomial of degree < r on each subinterval of A}.

When g = —1, the functions are discontinuous. The space of continuous piecewise bilinear
functions is the tensor product M}(A,) ® M{(A,). The RT0O x DGO discrete spaces are

W = MO (80) © M4 (By0) © M (A),
VI = IMA(As) © MO (Ay) @ MO (Ar)] % M (Ars) © ME(Ay:) © MO (A)],
AP = Ml_l(AFI) ® Ml_l(At,i)(AFI)

for i = L,R. We suppress the superscript denoting the time interval when writing time
integrals. The mortar mixed finite element method reads as follows: For k£ = 1,2,..., compute
phe Wh ul e VI ¢h e Ah i = L, R, satisfying

tr ty g 2
/ (azlquL,’vL)dt—/ (prL,V-'vL)dt—l—/ <£h,’rL-’UL>pI dt = —/ (dL,’rL"UL>pL dt,

te—1 tk—1 te—1 tk—1
B h E h

[ Ghwndt (W downsn)+ [ (7 whwn)
tep—1 th—1

tr ty
:/ (fL,wL)dt+/ (g(p}),wr) dt,
t

k—1 th—1

tr ty g 2
/ (a}lu%,'vR)dt—/ (p%,V-vR)dt—/ <§h,n"vR>pI dt = —/ (dr,m - V)1, dt,

lg—1 th—1 t_1 th_1
L ;1 b h
+1
Z/ (P, wr) dt+z ka = s wp gy 1)+/ (V- up,wg)dt
=17 _ izl j=1 te—1

_ / " (frown) dt + / " (gr(ply), wr) dt,

te—1 te—1

ty
) [ -t~ ), de =0
th—1
for all (w;,v;,v) € (Wih, V;h, A™), i = L, R, and the initial condition Py = Po specified.

We choose bases for the finite element spaces and obtain a nonlinear matrix-vector equation
for the corresponding coefficients of the approximate solution. Abusing notation to denote
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the vector of coefficients with respect to the space bases by the same variable name (e.g., p}Ll’k

denotes the vector of coefficients), the matrix-vector system can be written in block form. For
example, in a discretization with two fine time steps for each coarse time step, we obtain
(2.8)

) o F Rk A - k1 .
My, —-Br| 0 0 0 0 Cr ulfkﬂ k41 Dh k+1
Bl Zr | 0 0 0 0 0 P Fr +Gulpy™ ) + Zipy,
0 0 Mr —Br 0 0 Cr, uh,k+§ D;?L%
0O 0 | Bk Zg | 0 0 | 0 Pkt Y LGSR 4 Zaply®
0 0 0 0 Mr —Br | Cr, aLES DEFT
0 0 0 —Zr Bg ZRr 0 Iﬁk+1 FEL GRR(ph k+1)
¢TI0 |[CE o [Ch o0 | o | gﬁkJrl i 0

Fach matrix block corresponds to one of the inner product terms in the weak form. The jump
term corresponds to the blocks Z. Since there are test functions associated with each substep
in time on the right, the block that couples the right component to the interface, Cr, appears
multiple times.

2.4. Geometrically coupled finite volume discretization. We formulate the finite volume
method as a finite element method with special quadrature, as in [18, 2]. We use “geometric
coupling” to refer to various schemes for computing coupled quantities derived on heuristic
arguments employing only cell values of the approximations. There are many varieties of
geometric coupling schemes, and we consider a class that is often encountered in practice. In
space, we employ polynomial extrapolation to project state and flux information from one
subdomain to the other. In our numerical experiments, we implement both a constant and a
linear extrapolation, as in [2]. In time, we consider the scheme in which the approximation
values at the end of a composite time step are projected to the other subdomain for use over
the entire composite time step. The projection scheme in time is depicted in Figure 3. The
projection process in space and time is denoted by the projection operators Pr_, L(p};z) and

Prr(ph).

t t t t

%N

k 1+1/4

k 1+0 k 1+1/4 k 14172 tk 1+3/4 k 1+4/4 k 1+0 k 1+1/2 k 1+3/4 tk 1+4/4
Figure 3. On the left, the coarse subdomain projects flux values from the end of the composite time step to
the fine subdomain. On the right, the fine subdomain projects state values from the end of the composite time

step to the coarse subdomain.

In this paper, we consider the choice of projecting state values from the fine subdomain
to the coarse subdomain and flux values from the coarse subdomain to the fine subdomain
because this is used on tokamak fusion simulations [10, 11]. It is straightforward to extend
the analysis to the reverse choice.

The geometrically coupled finite volume method reads as follows: For k = 1,2, ..., compute
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phe Wh ul e VI ¢h e AM i = L, R, satisfying

tr ty ty
/ (azlu}L‘,'uL)M,Tdt—/ (p}LL,V-’UL) dt—i—/ <PR_>L(p}}L%),TL"UL>FI dt
th—1 th—1 te—1
tr
:_/ (dr,m-vp)r, mdt,
te—1
tr L N tr N
/ (Pr,wr) dt + ([PL g—1) wr k—1) +/ (V-up,wp)dt
te—1 te—1
tr tr "
[ Grwnars [ b))
th—1 th—1
tg ty ty
/ (alglu}é,vR)Mj dt — / (pflfz, V- vg)dt — / <§h,n -vRp)r, dt
tp—1 tp—1 th—1
tr
= _/ <dR7 n- vR>FR,M dt7
tk—1
! tl;prl h : h b h
Z/+ / (pPuwR) dt + Z([pR7k_1+ﬂ]7wR7k_1+%) +/ (V : uR7wR) dt
Jj=1 tk,Hﬂ j=1 1 tp—1
q
th t .
2/ (fR,wR)dt+/ (9r(PR), wr) dt,
tk—1 tk—1

(29) /ttk <(PL_>R(p}ILz) -n: u}}l%) dt, V>F] dt=0

k—1

for all (w;, v;,v) € (Wr, V" A") i = L, R, where the approximate inner product is (u”, v) 1
= (ul, V)T, M, + (UZ= vy) M, T,, Where M) and T{.,) denote the midpoint and trapezoidal
quadrature rules in the z- and y-directions as indicated, while (-, )1, p denotes the midpoint
rule for ¢ = L, R. These choices make the finite element method equivalent to the finite volume
method [18, 2, 32, 33].

The resulting discrete nonlinear equations in a discretization with two fine time steps per
coarse time step have the block form
(2.10)

M, -Br| 0 Q 0 Q o T[w™ 7 [ Dt ]
L —Br Dy Do L1 : ’
B zz | o o | o o | o pp Fr 4+ G + Zopi”
0 0 |Mzg -Br| 0 0 |Cn ul e Dye
r hk+i | — ,
0 0 BR ZR 0 0 0 Pr +3 = FR+2 +GR(p}1;k+2)+ZRp]§k
0 0 0 0 Mr —Br | Cg, o DRI
T R R
0 0 (; —ZR B%g ZRr 0 pl];,lvkl FII;Jrl —&-GR(p}]ng)
L 0 QN CRl 0 CR2 0 0 i §h,k+1 0

Note that since each substep in time on the right could contribute data in the coupling
process, the block Qp appears multiple times. It is common in practice for only the last
substep to contribute, and we follow this practice, as indicated in Figure 3. Therefore in our
implementation, @Qp, in (2.10) is zero.
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2.5. lterative solution. The discretizations in sections 2.3 and 2.4 result in large, sparse,
nonlinear systems of equations for the coefficients of the approximate solutions. These systems
must be solved with an iterative method in general. Solution methods based on a Newton
iteration are favored in situations in which it is desirable to avoid the time step restrictions
required for methods based on a simple, linearly convergent fixed point iteration. However,
there are a number of possible approaches to construct a solution method that employs Newton
iteration, and these approaches may have significantly different properties.

A nominal choice is to apply Newton’s method directly to the fully coupled systems (2.8)
or (2.10). However, in many cases the choice of solution method is based on implementation
and/or high performance issues. For example, memory constraints may make it infeasible to
implement the nominal approach. Another issue in many cases is the use of different codes to
solve the different components. In view of these constraints, we discuss two different iterative
approaches that require only single component solves.

Reduction of the discrete systems. To facilitate a decoupling of the solution algorithm
into component solves, we first eliminate the variables u and &, leaving a system in p only.
The variables w and £ may be recovered from p if desired.

For simplicity, we show the compression of a simplified finite volume system with no
substeps within the composite step. Compression of the mortar system, and systems involving
substeps, is carried out in the same way. Beginning with

M, -Br, 0 Qp O ur, Dy,
Bl 0o 0o 0 0 pL Xr(prL)
0 0 MR —BR CR UR = DR ’
0 0 Bg 0 0 PR Xr(pr)
0 Qv CL 0 0 3 0
we eliminate u to get
BIM;'B;, —BTM;'Qp 0 pr Xr(pr) — BFM; Dy,
0 BEM'Br  —BEM'Cp pr | = | Xr(pr) — BEM,'Dpg
QN CEM'Br  —CLMgy'Cr ¢ ~CEM;'Dp
Rewriting to simplify the notation, we have
GL. —Zp 0 pL [ Rr(pr)
0 Gr —Hp pr | = | Rr(pr)
Zy  HEY —Kg ¢ | Sk

Eliminating & gives

Gr —Zp } [pL ] _ [ Rp(pL)
—HRKﬁlZN Gr— HRKJEIH%E DR | Rr(pr) — HRK}EISR .

Simplifying the notation again, we obtain a system in p with the form
AL Cp ] {pL } [ Fr(pr) }

2.11 = ,

(2.11) [ Cr Ar PR Fr(pr)

where C7, and Cg represent the coupling between the components.
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Picard—Newton iteration. A common iterative approach to solving (2.11) is to set up the
fixed point iteration

A 0 Pt 0 —C P Fr(pr)
e[ )L D[RR ]

0 Agr || pj —Cr 0 PR Fr(Pr)
The coupling rules are used to swap data between the subdomains, and the resulting single
component systems can be independently solved with Newton’s method. This means that
the “outer” iteration is a simple, linearly convergent fixed point iteration and the “inner”
iteration is Newton’s method on the components. We refer to this iteration as the Picard—
Newton iteration.

An advantage of this approach is that it is easy to implement and requires minimal com-
munication between the components. Assuming the outer fixed point iteration is convergent,
this method produces the implicitly coupled solution in the limit of iteration. In practice, the
outer iteration is often performed for a relatively small number of iterations. In that case,
iterating the inner Newton method to convergence does not produce the implicitly coupled
approximate solution. For example, during the first step of the outer fixed point iteration,
Newton’s method is being used to solve component problems with outdated interface data, so
converging Newton’s method means only that component problems with incorrect interface

data are solved exactly. A consequence is that incomplete iteration introduces error into the
approximate solution that is carried into the next time step.

Newton—Picard iteration. The second approach employs Newton’s method directly on
(2.11) but applies a simple fixed point iteration to solve the linear system that arises at each
step of Newton’s method. The linear system to be solved at each step of Newton’s method
has the form

(2.13) [JL Cr ] [ oL ] _ [ Arpr + Crpr — Fr(pr) }

Cr Jr OR Agrpr + Crpr — Fr(PR)

The simple fixed point iteration has the form

(2.14) [jL 0 ] o | _ [ Arpr + Crpr — Fr(pL) } _ [ 0 Cr ] 5]L:1 ‘
0 Jr ]| 0% Arpr + Crpr — Fr(Pr) Cr O 5t

We call this the Newton—Picard iteration. In this approach, the outer iteration is Newton’s
method while the inner iteration is a simple fixed point iteration. The advantage of this
approach is that the faster convergence of Newton’s method could lead to fewer iterations of
the entire system. However, since information is exchanged between the components at each
inner iteration, the Picard—Newton iteration requires more frequent communication than the
Newton—Picard iteration. Moreover, if relatively few inner fixed point iterations are performed,
then the linear equations for Newton’s method are not being solved very accurately, which
decreases the rate of convergence of the outer Newton iteration.

General comments. Many commonly encountered coupling schemes can be reduced/re-
formulated to be either a Picard—Newton or a Newton—Picard approach with minor modifi-
cation. The a posteriori analysis carried out below can be extended to such variations with
minor changes. The general approach to the analysis can also be extended to other coupling
schemes.
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3. A posteriori error analysis. We next derive accurate a posteriori error estimates for
a specified quantity of interest determined as a linear functional. With errors e,, = p; — p?,
euy; = W; — u?, and eg = § — ¢h, for i = L, R, the error to be estimated is

T

T T T
(31) €= /0 (€up - thuy) dt + /0 (eps g )t + /0 (Cums up) dt + /O (€pms Vpr)

T
[ eestelry e+ (e (7)., + (epn(T). )

for a specified ¥ = (VYu,, Vp,, Yugs Vprs Ve, U1y, ¥ry) determining the quantity of interest,
such as a weighted average over the domain, the value in a localized region of the domain, or
an approximate normal flux across a curve.

To define an adjoint problem, we employ the standard linearization obtained from the
integral form of Taylor’s theorem,

1
G = /0 §(sp+ (1— s)p) ds,

—

so ¢'(p,p")e, = g(p) — g(p™). Since a is symmetric, the adjoint problem reads as

(a; b1 — V(L = tu,, (z,y) € Qr,t €10,T),
(3.2) — (= V oL — g (L. P =Yy, (z,y) €Q,t€[0,T),
(L, =0, (x,y) € T'p,t € (0,T],
\ CL = Y1y, (r,y) €Qp,t =T,
an' Or — VER = Yup, (z,y) € Qr,t €[0,T),
(3.3) ~Cr—V - br— gyrPR)CR = Ypp, (2,y) € Qp,t €[0,T),
Cr=0, (z,y) € Tr,t € (0,77,
Cr = Y1y, (z,y) € Qp,t =T,
(3.4) {,BE§L:§R, (x,y) e T, t €[0,7T),
n-(¢pr — dr) = Vs, (x,y) €1, t €[0,T).

There are a number of residuals that are employed in the estimate. We first define some
residuals common to all discretizations,

R,, = —aZlu% — foLL, R,, = —a;zlu}jg — folfz, Re=n- (u% — uflfz),
(35) Ry, =fr+ar(pl) -V -ul —ph, Ryp = [r+ gr(pl) — V- uly — plh.

For the geometric coupling method, we use the additional residuals,

(3.6) Riroj p = Pror(plh) — €, Rproju =n - uf — P g(pl}).
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We introduce projection operators that map into the finite element space of the discrete
forward solution, i.e.,

Py L(L(920); (0,T]) = Wi, P LX(L*(QR); (0,T]) — W,
I}« LP((L2(Q0))%(0,T]) — Vi, T = L2((L*(QR))%(0,T]) — VA,
Z" L2(L*(I'7); (0,T]) — A"

We assume these projections are bounded in L? but are otherwise unspecified. In practice,
we employ a combination of restriction and averaging to define these projections. Finally, we
define the quadrature residuals

T T
(3'7) QEuL(H}LL¢L) :/0 (RuLyH}LL¢L) dt_/O (RuLyH}LL¢L)Q dt,
T T
QEPL (PI},LCL) = / (RPL7P£CL) dt — / (Rpu PI},LCL)Q dt,
0 0
T T
QP (Wyon) = [ (Ru Whom)dt = [ (Ru, Whn)gat

T T
QEPR(P}%CR) = /0 (Rpm PI%CR) dt — /0 (RPR7 PI{%CR)Q dt,
T

T
QE(2'0) = [ (Re.ZuB)r, b= [ (Re 2,

where the subscript ) indicates the use of the particular quadrature in question. For the geo-
metric coupling method, we employ the terms QE,, (P*(1), QFy,(I1%¢r), and QE,, (PiCR)
given above, along with two alternative quadrature residuals,

T T
(38)  QFu, (ligy) = /0 (Ru, byt — /0 (R, I 1) dt
T T
+/0 <Rpr0j pyn'H%¢L>FIQ dt—/o <Rproj p7n'H}[l,¢L>FI dt,
T T
08c(2'9) = | (Re.Zufyr, dt = | (Re.Zufey,

T T
+ / <Rproj uy Zh/B>F]Q dt — / (Rproj u Zh/8>FI dt.
0 0

Note that these two quadrature error expressions contain the same terms present in their
counterparts in (3.7), as well as an additional term involving the projection residual.

3.1. Estimates for approximations computed without iteration error. We state the the-
orems in this section and supply proofs in section 5.
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Theorem 3.1 (the mortar mixed finite element method). The error in the quantity of interest
defined by (3.1) for the approzimation (2.7) with quadrature satisfies

T T T
(39) €= /0 (Ruy b1 — Wher) dt + /0 (Ry,. (o — PECo)dt + /0 (Ruy bt — Whepr)

T T
4 /0 (Ryps Cr — PhCR) df + /0 (Re.B — ZnB)r, dt + QEa, (I 1)

+ QE,, (PICL) + QEy, (It r) + QE,, (PhCR) + QE:(Z"B).

Theorem 3.2 (the geometric coupled finite volume method). The error in the quantity of
interest defined by (3.1) for the approximation (2.9) with quadrature satisfies

(3.10)
T

T T
£= / (Ruy,, ¢ —iep)dt + / (Rproj pym - T pr ), dt + / (Rp,,Cr — PP¢p)dt
0 0 0

T T
T / (R, b — W)t + / (Rys Cr— Pl dt
0 0

T T
4 /0 (Re, B — ZyB)r, di + /0 (Ryros s 2" 801, dt + O, (1)

+ QE,, (PICL) + QEu, (It r) + QE,, (PRCr) + QE:(Z"B).

Note that (3.10) includes two additional terms involving projection residuals and two
additional terms involving quadrature residuals.

3.2. Estimates for approximations computed with iteration error. The estimates (3.9)
and (3.10) apply to the approximate solutions obtained by exact solution of the discrete
equations. If the approximation is computed using an iterative method with a finite number
of iterations, then the estimates must be modified.

There are a number of ways to extend a posteriori error analysis to deal with effects arising
from finite iteration; see [14]. Reliably accurate estimates can be obtained if it is possible to
numerically solve additional auxiliary adjoint problems that are used to quantify the effects
of finite iteration on stability. However, such estimates are computationally expensive to
produce. In this paper, we propose an alternative approach to computing a posteriori estimates
that involves relatively less computational overhead.

The proposed approach considers the approximation obtained by exact solution of the
discrete equations to be a perturbation of the approximation computed with finite iterations,
and the latter is used to form the adjoint problem through linearization. We calculate the
effect of the “perturbation” on the computed a posteriori error estimate. If R is a residual in
the error estimate, we use R** to denote the residual computed by exactly solving the discrete
equations and R to denote the residual expression obtained by finite iteration. We then define
the differences for residuals R and quadrature residuals QF as

T T
(3.11) AR=R—R“,  AQE(f)= / (AR, f)odt — / (AR, f)dt.
0 0



182 T. ARBOGAST, D. ESTEP, B. SHEEHAN, AND S. TAVENER

Finally, we denote the right-hand side of (3.9) by 7" and the right-hand side of (3.10) by
Ver,

The following theorems present the error estimates for the mortar mixed finite element
method and finite volume method with geometric coupling, respectively.

Theorem 3.3 (errors in the mortar mixed finite element method with iteration). The error
estimate for the mortar mized finite element method with iteration is

T

T T
£=T+ / (ARy,, T} ¢y) dt + / (ARp,, PLCL) dt + / (ARuyy, i) dt
0 0 0

T T
(3.12) + /0 (AR,,, PhCr) dt + /0 (AR, ZpB)r, dt + AQE,,, (T} ¢1)

+ AQE,, (PI¢L) + AQEy,(Thér) + AQE,, (PiCr) + AQE:(Z"B).

Theorem 3.4 (errors in the geometric finite volume method with iteration). The error estimate
for the geometrically coupled finite volume method with iteration (2.9) including iteration is

T

T T
5:V”—|—/ (ARuL,Hf,gqsL)dH/ (ARproj pym - 1), dt+/ (AR, , Pi¢r)dt
0 0 0

T T T
(3.13) + / (AR, 1h¢r) dt + / (AR,,,, Pi¢g) dt + / (ARg, ZpP)r, dt
0 0 0

T
+ / <ARP7“OJ u» Zh/B>F1 dt + AquL (H%(,Z')L) + AQEPL (PIF/LCL)
0

+ AQEy, (T ¢r) + AQE,,(PhCr) + AQE(Z"B).

3.3. Implementation of the a posteriori estimates. Implementing the a posteriori results
in order to obtain computational error estimates requires a number of approximations; see
[15]. We briefly describe the main issues peculiar to the results in this paper.

Linearization error. The adjoint problem (3.2)—(3.4) depends on the exact continuous so-

lution p in the linearization term ¢'(p,p”). The standard approach replaces this expression

-

by ¢'(p,p") = ¢ (p", p") = ¢'(p"), which works well in usual situations. However, we find that
this does not work well when dealing with finite volume discretizations (piecewise constant
finite element approximations). Our conjecture is that the low order of accuracy of the ap-
proximation affects the accuracy of the Taylor expansion that justifies the standard approach
regardless of the accuracy of the approximation value.

In the case of the RT0 space, it is possible to postprocess the state and flux solution
to obtain a modified state solution that has improved convergence properties;/sei [2]. We

call this solution p”, and we implement the adjoint problem using the term ¢'(p",p"). The
postprocessing on a grid cell gives p" = A(z — z.) + B(y —y.) + C, as illustrated in Figure 4,
where

_ Uy + Uz yy

(3.14) A==t =B

Uy Uy
2a,

, C = p;,
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Figure 4. Postprocessing the p and w values of the RT0 solution into a linear state solution p.

and where x. and y. are the coordinates of a cell center and a. is the value of the diffusivity
at the cell center. The values A, B, and C represent the first derivatives on the cell and its
average value.

—

In section 4, where we present numerical results, we compare results of using ¢'(p", p")

and ¢'(p", p") in the adjoint problem in Tables 1 and 2.

Solving the adjoint problem. We numerically solve the adjoint problem to obtain numeri-
cal approximations ¢y, ~ (b}LL, (L, =~ ( 2, Op ~ qbif%, (p~ C}}%, and 8 ~ B". These approximations
are used to evaluate the a posteriori error estimates. Computing reliably accurate estimates
requires accurately evaluating Galerkin orthogonality [15]. Two possibilities are employing
an approximation scheme that is higher order in both space and time than that used for the
forward problem, even on a coarser mesh, or to compute an approximation using the same
scheme as used for the forward problem but solved on a finer mesh.

For finite volume codes, it is generally problematic to implement higher order approxima-
tions. For this reason, we solve the adjoint problem using the same method as the forward
problem but on a refined mesh. In the numerical experiments below, we explore the effects of
varying the degree of refinement on the accuracy of the estimate.

Evaluating the effects of finite iteration. Evaluating the effects of finite iteration on the
residuals,; e.g., AR, nominally involves computing the residuals for the approximation obtained
by exact solution of the discrete equation. For the sake of exploring the effects from finite
iteration accurately, we obtain a reference approximation by inverting the system associated
with each composite time step directly. In practice, a reference approximation is obtained by
solving the discrete equations using additional iterations.

4. Numerical experiments. In this section, we present a number of numerical experi-
ments. The computations in section 4.2 illustrate the accuracy of the estimate while varying
various computational aspects. The computations in section 4.3 explore the performance dif-
ferences between the mortar and geometric-coupled approximations. In the latter case, we
focus on time behavior since [2] contains a thorough investigation of the accuracy issues in
space. We also investigate the effect of using a finite number of iterations in the iterative
solution of the approximations.

4.1. Computational details. We set 27, = [—1,1] x [-2,0] and Qg = [-1,1] x [0,2]. The
interface I'7 is located along y = 0. The final time T is specified for each experiment.

The grids are reported as ny, X my, x k, for the left domain and ng X mpg X kg for the right
domain, where n(.) corresponds to the number of cells in the z-direction (which is also the
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number of cells along the interface), my.y corresponds to the number of cells in the y-direction,
and k(. corresponds to the number of time steps.

In order to compare the relative sizes of various contributions to the error, we report
values for the terms in the error estimates given in Theorems 3.1 and 3.2. Recalling (3.5) and
(3.6), the following terms are included for both the mixed finite element and geometric finite
volume methods:

T = (RuL7 ¢% - H%(:b%)a Ty = (R'uRa (:b}}% - HFIEZ(:b}}L%)? Ty = (RpLacg - PECE);
Ty = (R, Gl — PRCR),  Ts = (Re, B" = ZnB")r,.

In the geometric finite volume case, we add
Ts = <Rpr0j pr T H%¢%>F1’T7 = <Rpr0j u) Zh6h>F1’T8 = Q‘SUL (H}LL¢}LL)7T9 = QEHR(H}}L%¢}}L%)

The effect of quadrature on the accuracy of the finite element approximation is investigated
in [18, 2]. Hence, we implement the mortar finite element method using a Gaussian quadrature
of sufficient order to exactly integrate all polynomial integrands in the weak form encountered
in the examples. For nonpolynomial integrands, we use eighth order Gaussian quadrature
in each direction, which reduces the quadrature residual terms in Theorem 3.1 to machine
precision. Therefore, we evaluate only the terms 77 through 75 in the error estimate.

In the case of the geometric finite volume method, we have, in addition to 7} through
T5, two projection related residual terms and two nonzero quadrature residual terms. Em-
ploying the same high order Gaussian quadrature rule leads to three of the five quadrature
residual terms in Theorem 3.2 being of machine precision. Moreover, Q&,,, (II*¢") in (3.8)
involves geometric projection and we use quadrature rules sufficient to integrate the projection
terms in the weak form to machine precision. Consequently, the projection-related portion of
QEu, (H}L‘qbfi) is zero. However, the quadrature residual terms associated with the midpoint
and trapezoid rules used to generate the finite volume discretization are significant and are
included in the evaluation of the estimate.

In the tables of results below, we use the labels

exact = Z(e, V), estimate = Z T;.

Note that “exact” represents the computation of terms of the form (e, 1) directly, which
requires that the continuous solution of the problem be known in advance. We use the method
of manufactured solutions to produce problems with known solutions. The “estimate” involves
the approximation of the terms 7; using a numerical solution of the modified adjoint equation.
Differences between “exact” and “estimate” arise from change of linearization point for the
adjoint problem and the numerical solution. The exact to estimate ratio provides a convenient
way to quantify the accuracy of the estimate.

As a gross measure of the effect of geometric projection and of the use of finite volume
quadrature, we report the following two ratios in the case of the geometric method:

7 5 9 5
(4.1) ratioproj:Z\:m/Z\:m, ratioquad:Zym/Zm\.
=6 =1 =8 =1

1= 1=
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4.2. Investigation of the accuracy of the estimate. We begin with a problem designed
to illustrate the accuracy of the error estimates. We set a = 1, g(p) = p — p?, and T = 2.
Using the method of manufactured solutions, we define the solution to be
(4.2) p(z,y,t) = cos <%) oS <%) x te”!
and compute the forcing f, the boundary data d, and the initial data py from (4.2) to match.
Since the true solution is known, we can compute the exact error. The numerical solution is
obtained by using sufficient Newton iterations at each time step to ensure the residual is on
the order of machine precision.

In order to investigate issues of accuracy relating to the quality of the numerical adjoint
solution, we also use a manufactured solution to the adjoint problem. We define the adjoint
solution to be

(4.3) ¢(z,y,t) = cos <%> cos <%) x te” !
and compute the adjoint data to yield this solution.
4.2.1. Effect of linearization in the adjoint problem. To test the effect of various ap-

proximations to the linearized term in the adjoint problem, we compare results obtained using

g (p,p") exactly with ¢/(ph,p) and ¢'(p",p") in Table 1. Each of the three choices for the
linearized term produces a different system of “adjoint” equations. The true adjoint involves
¢ (p,p"). The two other choices result in perturbations to the true adjoint system. In each

case we use the same manufactured solution, given by (4.3). The data, v, is then computed
according to (3.2)—(3.4).

Table 1
Accuracy results for various implementations of g'(p,p"). The forward grids are 5 X 5 x 5: 8 x 8 x 10.

Linearization exact estimate | Ratio

——

g'(p,p") 1.36E—2 | 1.36E—2 | 1.00
g (", p") | 1.32E—2 | 1.36E—2 | 1.03
g (", ph) | 1.28E—2 | 1.36E—2 | 1.06

—

We next show in Table 2 accuracy results for estimates computed using ¢'(p",p") on
several forward grids.

Table 2
Accuracy results obtained using g'(p™, p™) in the adjoint problem and various grids for the forward problem.

Grid exact estimate Ratio
H5XHxH:8x8x 10 1.32E—-2 1.36E—2 1.03
10 x 10 x 10: 16 x 16 x 20 | —746FE—-3 | —7.3TE-3 | .988
20x20x20:32x32x40 | —3.22FK-3 | —3.21E-3 997

As illustrated in these results, the effect of the linearization approximation generally ap-

pears to decrease as the forward grid is refined. We employ ¢'(p",p") for the rest of the
experiments.
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4.2.2. Effect of numerical solution of the adjoint problem. We now illustrate the accu-
racy of the estimate computed with a numerical adjoint solution. Continuing with the same
problem, we set the forward grid to 5 x 5 x 5: 8 x 8 ></10.\In Table 3 we present the error
estimate when computing the adjoint problem using ¢/(p, p") on a sequence of increasingly
fine grids.

Table 3
Accuracy results obtained using various discrete adjoint grids.

Adjoint grid exact estimate | Ratio

10 x 10 x 10 : 16 x 16 x 20 1.32E—-2 | 8.7T4E—-3 | .662
20 x 20 x 20 : 32 x 32 x 40 1.32E-2 | 1.15EK—-2 | .871
40 x 40 x 40 : 64 x 64 x 80 1.32E—-2 | 1.27TE-2 | .961
80 x 80 x 80 : 128 x 128 x 160 | 1.32E—2 | 1.31FK—2 | .993

4.2.3. Conclusions. These results show that accuracy of the computed estimation is
mildly affected by the various numerical discretization steps required to actually implement
the a posteriori error estimate. It is worth nothing that solving the adjoint problem using a
mesh with only half the mesh size diameter causes significant error in the resulting estimate,
though this is a common choice.

4.3. A problem with significant scale differences in the components. We next consider
a problem with significant scale differences in the components motivated by the coupling of
core and edge processes in a tokamak fusion reactor [10, 11]. The solution in one component
varies only in one spatial dimension while the solution in the other component varies in two
spatial dimensions, which presents an extreme case since a single cell spanning the interface in
the first component is coupled to many cells in the second component. Moreover, the solution
behavior in time is much faster in the component with two dimensional behavior, and we use
a substepping ratio of 10 to capture this.

We set a = 1 and g = 0 and compute the source f that corresponds to the manufactured
solution

(4.4) p(z,y) = cos <w> e”" 4+ 0.3 sin(rx) cos(5(27t)) [1 tanh §2(1 y))] .
This solution, shown in Figure 5, has the desired behavior in space and time. We note that
the sin(z) shaped wave on Qg oscillates from a sin(x) to a — sin(z) shape 10 times per unit
of simulation time while the cos(y) portion of the solution decays as e~*. We use the same
forcing function f in the problem with the nonlinearity g(p) = p — p®. The resulting problem
no longer has a manufactured solution, but the solution exhibits the same qualitative behavior.

For adjoint data, we use 1, and both components of 1), that form “ridges” near y = 1,
i.e., in the middle of the finer subdomain, along with a constant ¢ at the interface. These
functions have the form Ce=®~Y? and are plotted in Figure 6.

We present the results for both a short time period [0,1] and a longer period [0,4]. The
grids are forward 1 x 16 x 10 : 16 x 16 x 100 and adjoint 32 x 32 x 20 : 32 x 32 x 200 for the
short simulation, and forward 1 x 16 x40 : 16 x 16 x 400 and adjoint 32 x 32 x 80 : 32 x 32 x 800

for the long simulation.
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a5 o 05 0 05 1 15 S5 o s 0 o5 1 s 2 %as o s 0 s 1 s ST 08 06 04 02 0 02 04 06 08

Yu, (¥) Yu, (Y) Up(y) Ve

Figure 6. Adjoint data profiles. The plots of Yu,, Vu,, and ¥, are shown in one dimension because they
have no variation in the x-direction, and ¢ is a one dimensional function defined on the interface.

We list contributions to the error estimate for the mortar mixed finite element method and
for the geometrically coupled finite volume method using both constant and linear extrapola-
tion to approximate coupling values. In the constant case, the state or flux value nearest the
interface in space is used as a boundary condition for the other domain. In the linear case,
the two values nearest the interface in space are used to compute a linear extrapolation at the
interface. In both cases, the values at the end time of the composite step are used to provide
data for the other component, as described in Figure 3.

4.3.1. Results for approximations computed with exact solution of the discrete equa-
tions. We first consider results for approximations computed with exact solution of the dis-
crete equations. In all cases, we use five Newton iterations on the entire implicit system on
each composite time step, which leads to a Newton residual on the order of machine precision.

The results in Table 4 show that the error estimate for the geometric finite volume method
is an order of magnitude larger than it is for the mortar method, with the largest contributions
coming from the quadrature and geometric projections. The contributions due to geometric
projection are larger for the constant extrapolation than they are for the linear extrapolation,
especially the term associated with the projected flux, which is an order of magnitude larger
in the constant case. Table 5 shows that these trends continue in the long simulation, with
the difference in the error estimate between the mortar and geometric methods rising to two
orders of magnitude, and the difference in the size of the term associated with projected flux
between the constant and linear geometric methods also rising to two orders of magnitude.
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Error contributions for the short time period with exact inversion at

steps per composite time step.

Table 4

each Newton step and five Newton

Error contributions for the long time period with exact inversion at each Newton step and five Newton

steps per composite time step.

Term MFE GFV (linear) | GFV (constant)
1] (Ru,,df —Tre%) | —42E-3 —3.6E—3 —3.3E-3
2| (Rup, ¢k —1hok) | —1.5E—4 —21E—4 —21E—4
3 (Rp,,Cl — P 1.86—3 1.4E-3 1.4E-3
4 (Rpp,Clk — PRCR) 3.4E—4 3.1E—4 3.2E—4
5| (Re, A" — Znp™r, 1.6E—17 9.4E—6 1.6E—4
6 | (Rprojp,m - )1, N/A —9.7E-3 —2.0E-2
7| (Rproj u, Z"B")r, N/A 5.7E—4 9.3E—3
8 0, (I} ¢h) N/A —2.3E6-2 —2.0E—2
9 QFw, (L eh) N/A —8.1E—4 —7.9E—4
Total —22E-3 —35E—2 —33E—2
ratioproj N/A 1.9 5.3
ratioguad N/A 4.3 3.8
Table 5

Term MFE GFV (linear) | GFV (constant)
1] (Ru,, o —TEeéh) 42FE-3 —81E-3 —74E-3
2| (Ruy, &% — ok 1.4E—4 —1.4FE—4 —1.0E—4
3 (Ry,, ¢ — PECH) —83E—4 —4.1E—4 —4.6E—4
4] (Rpp,Ch — PRECR) 2.4FE—6 3.2E-5 2.9FE—5
5| (Re,f" — Znp™yr, | —1.3E—-17| —1.7E—6 5.3E—4
6 | (Rprojp,m-EdT)T, N/A —24E-2 —4.8E-2
7 (Rproj u, Z"B™)r; N/A —1.3E—4 3.7E—2
8 0., (M eh) N/A —2.3F-1 —2.1E—1
9 QFEw, (o) N/A —4.0E-3 —3.8E-3
Total 3.56-3 —2.7E-1 —2.3E-1
ratioproj N/A 2.7 9.8
ratioquad N/A 26.8 25.0

4.3.2. Results for approximations computed with iterative solution of the discrete
equations with a finite number of iterations. Next, we repeat the test while employing
the Newton—Picard method described in section 2.5 at each time step to solve the discrete
equations for the approximation. Tables 6 through 9 show the results for the short time period.
We performed the computation using five Newton steps and either 50, 10, 3, or 1 Picard
iterations per Newton step over each composite time step. Using 50 iterations yields results
identical to those obtained with exact solution. However, if we use 10 or fewer iterations,
we find that Newton’s method does not converge to machine precision in five iterations. We
present the results for the long period computation employing three iterations per Newton
step in Table 10.

In addition to the terms listed in the tables above, the A terms associated with the
iterative method are also listed. Each table also lists the convergence rate for the inner fixed
point iteration. Given that the same number of iterations is used for all methods, any method
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with slower convergence clearly has larger A terms. It is interesting to note that while linear
extrapolation produces better results than constant extrapolation if solved exactly, it results
in a slower convergence rate and might therefore perform worse than constant extrapolation
when the same number of inner iterations are used.

Table 6
Error contributions for the short time period computation using 50 iterations per Newton step and five
Newton steps per composite time step.

Term MFE GFV (linear) | GFV (constant)
1 (Ru,,dF —T11T) —4.2E-3 —3.6E-3 —3.3E-3
2| (Rug, ok —1hoh) —1.5E—4 —21E—4 —21E—4
3 (Rp,, ¢l — PICH) 1.8E-3 1.4E-3 1.4E-3
4 (Rpp,Ch — PRCR) 3.4F—4 3.1E—4 3.2E—4
5 (Re, B" — Znp™r, —1.3E-17 9.4FE—6 1.6E—4
6 | (Rprojp,m -1, N/A —9.7E-3 —2.0E-2
7 (Rproj u, Z"B")r, N/A 5.7E—4 9.3E-3
8 NG N/A —2.3E-2 —2.0E-2
9 QFEw, (Thoh) N/A —8.1E—4 —7.9F—4
Res total —2.2FE-3 —3.5E-2 —3.3E-2
1 (AR, , I} ¢%) 1.7E—-16 1.7E—-15 1.7E-17
2 (AR, T oh) 3.9E—16 5.6E—17 3.1E-17
3 (AR, , PI'CH) 42E-17 1.4E-13 2.8E—17
4 (AR, PECE) 1.1E—-16 —84E—15 —1.4E-17
5 (ARe, Zn ™), 3.7E—17 —1.5E—-13 —14E-16
6 | (ARproj p,m-TEPM)r, N/A —9.3E—16 —1.7E-17
7| {(ARprojw, Z"8")r, N/A 1.5E-13 7T8E—-17
8 AQE,,, (ILoh) N/A —8.7E—16 6.9E—18
9 AQE.,,(MTEek) N/A —1.0E-17 —1.4E-17
Iterative total 7.5FE—16 1.3E£-13 —7.6E-17
Overall total —2.2FE-3 —3.5E-2 —3.3E-2
Conv. rate .74 .89 71
ratiopro; N/A 1.9 5.3
ratioguad N/A 4.3 3.8

The results indicate that if the number of iterations is sufficiently large that the A terms
are small relative to the residual terms, then the superiority of the mortar method remains
intact. However if the error due to incomplete iteration becomes large compared to the residual
error, then both methods suffer and the difference in performance between the two methods
disappears.

5. Proofs.

5.1. Proof of Theorem 3.1. The proof begins by substituting the corresponding expres-
sions from the left-hand side of the adjoint problem (3.2)—(3.4) for ¢ in (3.1). Integration and
applying the divergence theorem yield

T

&= (ep,,V-pp)dt

/OT(euLaa_1¢L)dt+/0T(V-euL,CL)dt—/OT<n.euL’B>FI dt_/o
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Table 7
Error contributions for the short time period test with 10 iterations per Newton step and five Newton steps
per composite time step.

Term MFE GFV (linear) | GFV (constant)
1 (Ru,,dF —T11@T) —4.2E-3 —3.5E-3 —3.3E-3
2| (Rup, ¢l — hoh) —1.5E—4 —2.1E—4 —2.1E—4
3 (Rp,, ¢l — P 1.8E-3 1.4E-3 1.4E-3
4 (Rpp,Clk — PRCR) 3.4F—4 3.1E—4 3.2E—4
5 (Re, B™ — Znp™)r, —4.3E—19 2.3E—5 1.6E—4
6 | (Rproj p,m - ILP1)T, N/A —9.7E-3 —2.0E-2
7 (Rproj u, Z"B™)r, N/A 1.4E-3 9.3E—3
8 &, Mre7) N/A —2.3E-2 —2.0E—2
9 QFu,,(IThoT) N/A —8.0E—4 —79E—4
Res total —2.2FE-3 —3.4FE-2 —3.3E-2
1 (AR, , IT o) 5.6E—17 —4.6E—6 9.3E—-11
2 (AR, Tk ok) —8.3E—-17 6.9E—8 6.4E—13
3 (AR,, , P —1.8E—8 —7.0E—4 —6.2E—9
4 (AR,,,, PECE) ~1.9E-8 1.5FE—4 1.7E—9
5 (ARe, Znf™)r, 2.5E—17 7T9E—4 7.0E-9
6 | (ARproj p, 1 - H’L’qb’np, N/A 2.1E-5 9.1E-11
7| (ARproj w, 2" 8", N/A —7.9E—4 —7.0E—9
8 AQE,, (7 qu) N/A —1.6E—5 —1.8E—-10
9 AQE,,,(IT%o%) N/A —6.9FE—8 —6.4E—13
Iterative total —3.7TE-8 —5.6E—4 —4.6E—-9
Overall total —2.2FE-3 —3.5E-2 —3.3E-2
Conv. rate 74 .89 71
ratioproj N/A 2.0 5.3
ratioguad N/A 4.3 3.8

T

—

T
epuCL dt+ (epL( )7<L(T)) +/0 (epm_glL(pL?piLl)CL) di

-,
T T T T
+/0 euR7 1¢R)dt+/ (V'euR,CR)dt+/0 <n'euR75>F1 dt—/(; (epR7v'¢R)dt
T T —
/0 €pr> gR ) dt + (epR( ), Cr(T)) + /0 (e:nm —g}g(pR,p}é)CR) dt
+ / (g (¢ — @r))r, dt

Since ( is continuous, integration by parts in time and using e(0) = 0 give

T T
| edyar= .y - [ o
0 0

Cancellation yields

T T T T
g:/o (e’u,Lva_1¢L)dt+/0 (v'euL7<L)dt_/ <n'euL7ﬁ>F1 dt—/o (e;l)L7V'¢L)dt

0
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Error contributions for the short time period test with

steps per composite time step.

Table 8

three iterations per Newton step and five Newton

Term MFE GFV (linear) | GFV (constant)

1 (Ru,,dF —T11@T) —4.2E-3 —3.4E-3 —3.3E-3
2| (Rup, ¢l — hoh) —1.5E—4 —2.1E—4 —2.1E—4
3 (Rp,, ¢l — P 1.8E-3 1.4E-3 1.4E-3
4 (Rpp,Clk — PRCR) 3.4F—4 3.1E—4 3.2E—4
5 (Re, B™ — Znp™)r, —15E—17 | —44E—4 14E—4
6 | (Rproj p,m - ILP1)T, N/A —1.1E-2 —2.0E-2
7 (Rproj u, Z"B™)r, N/A —2.6E—-2 8.0E—3
8 &, Mre7) N/A —2.1E-2 —2.0E—2
9 QFu,,(IThoT) N/A —8.6E—4 —7.9E—4
Res total —2.3E-3 —6.2E-2 —3.4FE-2
1 (AR, , IT o) 1.1E—-16 4.1E—4 2.6E—5
2 (AR, IR 2.8E—-16 —5.0E-5 ~1.7E—6
3 (AR,, , P —5.7E—4 2.4E—2 1.3E-3
4 (AR,,,, PECE) —6.0E—4 78E-3 2.1E—4
5 (ARe, Znf™)r, 1.6E—17 —2.7E—2 —1.4E-3
6 | (ARprojp,m - H’gqb’;)F, N/A 1.1E-3 2.3E-5
7| (ARproj w, 2" 8", N/A 2762 1.4E-3
8 AQE,, (7 qu) N/A —1.5E-3 —4.9E-5
9 AQE,,,(IT%o%) N/A 5.0E—5 1.7E—6
Iterative total —1.2E-3 3.2E—-2 1.5E-3
Overall total —3.5E-3 —3.0E-2 —3.3E-2

Conv. rate 74 .89 71

ratiopro; N/A 6.5 5.1

ratioguad N/A 3.9 3.8

T T
+/0 (éPuCL)dt"'_/o (eva_g,L

T T T
+/0 <n-euR,6>r,dt—/0 <epR,V-¢R>dt+/0 (épns Cr) lt

T
+/0 (epm_g}%

—

(pr, P}

T
)C) dt + /0 (€upsa~"br) dt + /O

T
(o) Cr) dt + /0 (ee.m - (61, — b)), dt

T

Now we use (2.6) since e, is potentially discontinuous, obtaining

T T
£ = / up )t + [ (Ve G dt = [ (e, B, d
T
(5.1) +Z/ (épr,CL) dt+Z([EPL,k1]7CL,k—1)+/ (epr, =91 (prL, P} )Cr) dt
k=1 0

T T
+/0 (euRaa ¢R)dt+/0 (V'euRng)dt—i_/O <n'e’u,R75>I‘1 dt

0

L —

(V . euR7 CR) dt

T
—/0 (ep,, V - i) dt

T
—/0 (epns V- i) dt
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Table 9
Error contributions for the short time period test with one iteration per Newton step and five Newton steps
per composite time step.

Term MFE GFV (linear) | GFV (constant)
1 (Ru,,dF —T11@T) —5.5E-3 —3.5E-3 —3.4E-3
2| (Rup, ¢l — hoh) —1.9E—4 —1.9E—4 —2.1E—4
3 (Rp,, ¢l — P 1.7E-3 1.4E-3 1.4E-3
4 (Rpp,Clk — PRCR) 3.3E—4 3.1E—4 3.2E—4
5 (Re, B™ — Znp™)r, 1.2E-17 2.0E-3 8.86—4
6 | (Rproj p,m - ILP1)T, N/A —8.7E-3 —1.9E-2
7 (Rproj u, Z"B™)r, N/A 1.2E-1 5.2E—2
8 0, (I} oh) N/A —2.5E-2 —2.1E—2
9 QFEw, (Thoh) N/A —6.9E—4 —T4E—4
Res total —3.6E-3 8.3FE—-2 9.7F—-3
1 (AR, , IT o) 5.6E—17 —1.3E-3 —6.7E—4
2 (AR, IR 1.7E—-16 1.2E—4 4.6E—5
3 (AR,, , P —1.3E-2 —1.0E-1 —3.9E-2
4 (AR,,,, PECE) —1.4E-2 —7.0E-3 —4.6E-3
5 (ARe, Znf™)r, —9.4E—17 1.2E-1 4.3E-2
6 | (ARprojp,m-TEPY)r, N/A —9.9F—4 —5.7E—4
7| (ARproj w, 2" 8", N/A —1.2E-1 —4.3E-2
8 AQE,,, (I} oh) N/A 2.3E-3 1.2E-3
9 AQE., ,(TT%¢%) N/A —12E—4 —4.6E-5
Iterative total —2.7TE-2 -1.1E-1 —4.3E-2
Overall total —3.1E-2 —29FE-2 —3.4E-2
Conv. rate 74 .89 71
ratiopro; N/A 17.0 11.4
ratioguad N/A 3.5 3.5
kr ot kr T
+ Z /t* (épRv CR) dt + Z([epm,qu CR,k—l) + /0 (ePR7 _g}%(p&p}}%)CR) de
k=1""k-1 k=1

T
+ / (e¢,m - (¢ — ¢r))r, dt.
0

—

Expanding the errors, e.g., e,, = pr, —p}L‘, etc., using ¢'(p, p")e, = g(p) —g(p"), and subtracting
the equations in weak form

T T T T
/(azluL,(bL)dt—/ (pL,V’(f)L)dt—i-/ <§,7‘L’¢L>Fldt+/ <dL7n'¢L>I‘Ldt
0 0 0 0
S [ et S i + [ (7 wciae— [0
+ pr,Cr)dt + k—1)sCLk—1) + V-ur,(p)dt — 1,Cr)dt
k=1 tﬁ—l k=1 AT 0 0

T T T T
- / (g1.(pr), Co) dt + / (a5 ur, dr) dt — / (PR, V - ) dt — / (€m- by, dt
0 0 0 0

T kr ot
+ [ - gnir, dt+k§j/+ G ey

=17t
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Table 10

Error contributions for the long time period computation with three iterations per Newton step and five
Newton steps per composite time step.

Term MFE GFV (linear) | GFV (constant)
1 (Ru,,dF —T11@T) 4.1E-3 —7.6E-3 —74E-3
2| (Rup, ¢l — hoh) 1.4E—4 —1.3E—4 —1.0E—4
3 (Rp,, ¢l — P —8.3E—4 —4.4E—4 —4.6E—4
4 (Rpp,Clk — PRCR) 2.7E—6 3.0E-5 29E-5
5 (Re, B™ — Znp™)r, —1.6E-17 | —1.1E-3 47E—4
6 | (Rproj p,m - ILP1)T, N/A —2.6E—2 —4.8E—2
7 (Rproj u, Z"B™)r, N/A —7.5E—-2 3.2E—2
8 0, (I} oh) N/A —22E-1 —2.1E—1
9 QFEw, (Thoh) N/A —4.0E-3 —3.8E-3
Res total 3.4FE—-3 —-3.3E-1 —24FE—-1
1 (AR, , IT o) 3.3E—16 7T9E-3 3.1E—4
2 (AR, IR 1.6E—15 —52E—6 —T.0E—7
3 (AR,, , P —1.9E-3 6.9E—2 3.9E-3
4 (AR,,,, PECE) —1.9E-3 2.5E—2 71E—4
5 (ARe, Znf™)r, —49FE—16 | —7.5E—2 —4.2E-3
6 | (ARprojp,m-TEPY)r, N/A 2.2FE-3 3.7E-5
7| (ARproj w, 2" 8", N/A 7.5E—2 4.2E-3
8 AQE,,, (I} oh) N/A ~1.0E-2 —35E—4
9 AQE., ,(TT%¢%) N/A 5.2E—6 T0E—7
Iterative total —3.9FE-3 9.4FE—-2 4.6FE—3
Overall total —4.5FE—4 —24FE-1 —2.3E-1
Conv. rate 74 .89 71
ratiopro; N/A 10.9 9.4
ratioquad N/A 24.3 25.2
kr T T T
+ ) (prR*-1) CRE—1) + /0 (V- ug,(r)dt — /0 (fr:Cr)dt — /0 (9r(PR), Cr) dt
k=1

T
—/0 <n-(uL—uR),B>pIdt:0,

which are obtained by substituting the adjoint solutions as test functions in (2.5), gives

(5.2)
T T T T

Sz—/o (aglu’i,m)dwr/o (p’g,v.qsL)dt_/O (dr,n-dL)r, dt_/o (€m0 ), dt

+/T(fL CL)dt—/T(V-u}Ll CL)dt—i/tk (ph CL)dt—i([p}L‘ ]y Coet)

0 0 k=1 tﬁfl k=1 7 7

T T T T
+ /0 (g2, C) dt — /0 (azluls, ér) dt + /0 PV - ) dt — /0 (drm- brir, dt

—I—/OT<£h,n'¢R>F1 dt+/0

T

T kr et
(e dt = [Vl Gnydt =Y [ (oG
k=1

k-1
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kr T

B h 4 h (gl _aih
> (k) Cra1) + ; (9r(PR),CrR) At + | (n-(uf —up),B)r, dt.

k=1 0
Taking into account that the divergence theorem implies
T T T
/ (Ru,,¢r)dt = —/ (ar, uL7¢L)dt+/ (P} V- r)dt
0 0
T T T
- [ i durydt— [ €hn gyt [ (R dm)
0 0 0
T T
/ ap'uh, dr) dt+/ (P, V - pp) dt
0 0

T T
/ (dgr,n - PR)T), dt+/ (€ n- ¢r)r, dt,
0 0

and that (2.6) implies

T T T T
_ h _ uh
/O(Rp,é)dt—/o (f,g)dt+/0 (g(p"),¢)dt /O(V ,¢)dt

n

S 3 REUNSTIED 3 (T NN}

k=1"tk—1 k=1

we can rewrite (5.2) as
(5.3)

T T T
e~ [ <RuL,¢L>dt+/0 <RpL,<L>dt+/o <RuR,¢R)dt+/o

T

T
(R, Cr) i+ /0 (Re, B, dt

The discrete weak form implies the Galerkin orthogonality relationship

T

T T
/0 (Ru, I} 1)0 dt+/0 (Rp,, PICL)q dt+/0 (Ruy, o) dt

T T
+ / (RPR7 P}%CR)Q dt + / <R£7 Zh/8>FIQ dt =0,
0 0

where the subscript @ indicates the use of quadrature. Using the definitions in (3.7), we can
rewrite this as

T T T
(5.4) /0 (Ru, Tt gp) dt + /0 (R, , Pl¢r)dt + /0 (Ruy, Thor) dt

T
+/0 (Rp,, PhcCr) dt + /0 (Re, ZnB)r, dt — QEy, ML) — QE,, (P1CL)
— QEy, (k) — QE,,(PhCr) — QE:(Z"B) = 0.

Finally, we subtract (5.4) from (5.3) to obtain (3.9).
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5.2. Proof of Theorem 3.2. Before the Galerkin orthogonality terms are introduced, the
estimates in section 5.1 are independent of the discretization. In particular, (5.3) applies
to the geometrically coupled finite volume method. We introduce the appropriate Galerkin
orthogonality expression

T T
| R thenigdt— [ Pash) €' hou)r,, at

T T T
+/0 (RPL7P£LCL)th+/O (Ruva_[}}l%ql)R)th"i_/o (RpRvplgCR)th

T T
+ / (R, ZnB)r,, dt — / (n-uf — Proyr(pp), 2"B)r,, dt =0,
0 0

where the subscript @ indicates the use of quadrature. Using the definitions (3.7) and (3.8)
we can rewrite this as

T

T T
(5-5)/0 (RuLvH}IL,(bL) dt — /0 <Rpr0j pr T H}£¢L>F1 dt + /0 (RPL’PECL) di

T T T T
+ / (Ruy,, hopr) dt + / (Rpy, PRCR) dt + / (Re, ZpB)r, dt — / (Rproj u, Z"B)r, dt
0 0 0 0

— Q€u, (M} ¢1) — QEy, (PL¢L) — QEuy(Widr) — QByy(PhiCr) — Q€¢(2"5) = 0.
We subtract (5.5) from (5.3) to obtain (3.10).

5.3. Proofs of Theorems 3.3 and 3.4. The error estimate in (5.3) is valid for any discrete
solution. However, once Galerkin orthogonality terms are added, the estimate becomes specific
to the discretization, and the discrete solution must satisfy the relevant weak form for the
estimate to be valid. Therefore, (5.4) and (5.5) and subsequent error estimates are only valid
if the iterative solution method produces the exact discrete solution.

In the case of iterative solution of the discrete equations, we can express Galerkin orthog-
onality for the mortar method as

T T
(56) / (RuL - ARuL,H%(f)L) dt + / (RPL - ARpu PIF/LCL) dt
0 0

T T T
+ / (Ruy — ARy, IThor)dt + / (Rp,, — ARy, PRCR) dt + / (R¢ — AR, ZpB)r, dt
0 0 0

— QEy, (N} ¢p1) — AQEy, (1} ¢1) — QEy, (PL(L) — AQE,, (PF(L)
— QEu,(Mhor) — AQEy,(Thdr) — QE,, (PhCr) — AQE,, (PrCR)
— QE¢(Z"B) — AQE¢(Z"B) = 0.

Equation (5.6) is a more general form of (5.4). A similar generalization of (5.5) can be
constructed.

Therefore if iterative solution of the discrete equations results in an inexact approximate
solution, the A terms in (5.6) must be appended to the right-hand sides of (3.9) and (3.10).
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6. Conclusion. We consider two discretization techniques for solving coupled time-
dependent nonlinear parabolic problems with different spatial and temporal scales that are
posed on neighboring subdomains and are coupled through a common interface. The first, a
mortar finite element method, provides a rigorously justified mechanism for coupling through
the weak form. The second, a finite volume method, performs coupling via ad hoc techniques
based on geometric considerations. We describe two iterative schemes for solving the dis-
crete system of equations that arises at each time step. We then derive a posteriori error
estimates for a specified quantity of interest which includes terms that account for the con-
tributions to the error of various discretization choices. In particular, the estimates include
terms quantifying the contributions to the error arising from solving the discrete equations for
the approximation using only a finite number of iterations. We discuss the implementation of
the a posteriori error estimates in detail. We conduct several numerical experiments that show
that large error contributions associated with geometric projection may persist in time and
that the error contribution resulting from inexact solution of the coupled systems of equations
may be much larger than other contributions. We show by example that the chosen geometric
coupling strategy has an impact on the convergence rate of the iterative method.

In the numerical solution of coupled systems, these results show that there a number of
contributing factors that affect accuracy beyond mesh and time step selection. First, the
choice of coupling method impacts not only the size of the discretization error but also the
rate of convergence of the iterative solution technique. Second, the choice of iterative method
and number of iterations performed can also contribute significantly to the error. Both of
these effects can persist in time even for coupled parabolic problems.
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