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and the top of the channel is at a constant height of 1/8 except for a semi-circular
indentation centered at x=0.53125 of radius 1/32, i.e.

0.125 if0<z<0.5
na() = § 0.125 — /(0.03125)2 — (x — 0.53125)* if 0.5 < = < 0.5625
0.125 if 0.5625 <z < 1

The periodic interval [, was divided into 512 uniform intervals. The flow equations
were discretized on a uniformly spaced 512x64 grid on Q.

As shown in Figure 5.4, a scoured region develops slightly before the constriction
in the channel and the plug of scoured sediment is advected down stream. Since the
channel is periodic, the sediment plug is eventually advected through the scoured

region and the dynamics become more complex. The dynamics can also be seen in

Figures 5.5-5.7.



Figure 5.1 Early Evolution of Initially Sinusoidal Bedform

Figure 5.2 Extremal Elevations for Initially Sinusoidal Bedform
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in Section 3.2.1 was the optimal choice of the preconditioners studied in Chapter 3
since the time to apply the preconditioner was approximately the same as C7', but
the number of iterations needed was smaller since the resulting condition number is
better.

In the first experiment, we consider the erosion of a sinusoidal bed-form under
steady flow. The input parameters for the model are

(@) =5 ml0,2) = oo sin(2r),
V(t)=1/2, a=0.1.
The periodic interval [, was divided into 128 intervals of uniform length. The flow
equations were discretized using a uniformly spaced 128x64 grid for Q. The precon-
ditioner was only reinitialized when the CPU time required to do so was less than the
time spent taking “extra iterations” in subsequent time steps due to using the old
preconditioner. The number of “extra iterations” per time step was assumed to be
the number of iterations take at the current time step less the number of iterations
taken at the time step when the preconditioner was last reinitialized.

Since the bedforms tend to be advected down stream, to further forestall the need
to reinitialize the preconditioner, a correlation length was computed between the cur-
rent bedform and the bedform when the preconditioner was first computed. Because
the solution to the fluid flow equations are periodic in the streamwise direction, the
preconditioner for the current bedform was evaluated by first rotating the residual
by the correlation length, applying the old preconditioner and shifting the precondi-
tioned residual back. Using this procedure, the preconditioner was only initialized six
times in the 1250 time steps of the simulation.

Figure 5.1 displays the bedforms at several early times in the simulation. Note that
the bedform elevation is exaggerated in Figure 5.1 and in some subsequent figures.
We see that the bedform is both advected in the streamwise direction and eroded.
This phenomenon is also shown clearly in Figure 5.3 where contours corresponding to
extreme elevations are pinched out. Furthermore, as the bedform decays it continues
to be advected at approximately the same speed. The decay in the extremal elevations
of the bedform is shown in Figure 5.2 and is not initially monotone.

In the second experiment, the top of the channel has a semi-circular constriction.
The fluid moves at a higher velocity through the constriction and scours a hole in an

initially flat bed. In this simulation, the model parameters are

m(0,z) = 0, V(t) =1/8, a=0.1,
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5.2.3 Discretization of the Erosion Model

We discretize (5.16) using techniques appropriate for hyperbolic equations. Since
A(t,z,mp(t,z)) is an approximation to the trace of ¢(t) on I'y, we treat it as the
evaluation of the flux function at n,(¢). We note that A(¢,z,n(¢,2)) depends in a
highly nonlinear and nonlocal manner on 7;(t) through the domain Q(t) in (5.12)-
(5.15); hence, our use of standard methods for hyperbolic conservation laws is formal
at best.

Since A(t,x,mp(t,x)) is discontinuous at the nodes in the partition é- of I, we
define a point centered value by averaging. For : =0,..., N — 1, let Tip1 = %(:Ci_}_l +
x;), and set

For:=10,..., NV, set
n 1 n n
A=A T AL,

where we take )‘nN+l = A7 and A", = A%, by periodicity.
2 2 2 2
Assuming that the flow is from left to right, i.e. u-(1,0) > 0, we update the

bedform by the upwind formula (see, e.g., [49])

(tn—l—l _ tn)

"t ) = ne (17 @
T]b( 71:) T]b( ’r)—l_(:ﬂi_xi—l)

(F = XL) (5.27)

for e =0,..., N with A", = A}_,.

5.3 Two Numerical Simulations

Not surprisingly, the most computationally taxing portion of Algorithm 5.1 is the
solution of (5.22)—(5.25) arising the in flow calculations in Step 1. At each time step,
a new linear system must be formed since the domain Q(t) and A have changed
from the previous time step. As in Section 1.3, we reduce (5.22)—(5.25) to a dual
variable problem involving only the unknowns A and qg Preconditioned conjugate
gradients is then applied to the dual problem using one of the preconditioners con-
structed in Chapter 3. Because the dual problems at consecutive time steps may have
only changed by a small amount, considerable savings in computational time may be
achieved by using the same preconditioner for multiple time steps. In this way, the
cost of forming the preconditioner can be amortized over multiple time steps. For

the simulations presented here, the multigrid V-cycle preconditioner Bf}”‘ﬂ described
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and set o
Vit _
B= o) (1+1)7"
«
Scaling 4, ¢ and A by 8 leaves equations to (5.22)—(5.24) unchanged. By adding

11715 to both integrands of (5.25) and multiplying by 3, we see that

3 /A (230 4 gai 1 Bl ) ds = /A iB(1 + 1)) d3
S JarnF-1(y) « = JarnF-1(Ty)
TETh TETh
1—
- > /[ A=V (1) ds,
== JornF-1(T,) | «
TETh

an appropriate weak form of (5.21). Hence, we can calculate the hybrid mixed finite

element approximation to (5.12)—(5.15) by taking

1
u=—_8 ( (1) } ) GDFﬁ) o 1.
¢ =PB¢oF,
A=pBloF L.

Again, the rotation applied to U corrects for the fact that u approximates the curl of

¢, but —u approximates the gradient of qg

5.2.2 Time Step Calculation

Recognizing that the Erosion Model (5.16) is formally hyperbolic, we expect the
explicit time stepping in Algorithm 5.1 to be only conditionally stable (see, e.g.,
[49]). The quantity

umax = sup [u(t", z,m(x)) - 7|

represents a measure of the speed at which information is propagated along the bound-

ary [';. We enforce a “CFL-type” condition by taking

tn+1 ={" + (1 — 6)(Umax)_1 _I{IIHN(fZ — fi—l); (526)

where € is some quantity strictly between 0 and 1. In the numerical experiments under
steady flow, we take ¢ = 0.01. A similar condition was imposed by Chan Hong, et
al. [21] for modeling the interface between fresh and salt water in a saturated porous
media.

If the forcing function V/(¢) is unsteady, the time step can be further reduced to

capture the dynamics of the boundary condition.
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where
[6, 6, A} € Va(@) x Wi(Q) x Q)
satisfies
3 (/ i vd;z:—/ ¢vvd:c+/ )\v-yds) —0 Yve Vi(Q),(5.18)
s F(7) F(87)
—Z/ wV-iide =0 Yw € Wi(),(5.19)
?EAh
U-vds = A2(9),(5.2
AZ /Faﬂ\rbﬂuy s=0 VpeA,(Q),(5.20)
A ])d_ / V(t)ds Vue A%(Q),(5.21
Ag /F(aﬂmrb (a Ul )ds Z aﬂmrb a Vi(t)ds i€ M), ( )
T h
where

L= —/ i(z, my(t, 7)) v dT.
Ip

Equations (5.18)—(5.20) are discussed in Section 1.2, and (5.21) is a weak form of
(5.15) with (5.17). The rotation applied to U above is to correct for the fact that —a
is an approximation to the gradient of ¢, but u is an approximation to the curl.

We will do most of our calculations on the reference domain Q. Additionally, we
can avoid the difficulties introduced by the nonlocal, nonsymmetric term /; in (5.21)
by taking advantage of the linearity of the sediment flux function in the following
way. Let

{U,,\} € Vi(Q) x W,(Q) x AY()
satisfy

3 (/Au vii— [gvvdi+ [ Sv ads) —0 Ve eVL(@), (5.22)
;\E?h
-y /qudx =0 Ve WyQ), (5.23)

TETh

Z/m oy PP 5 =0 Vi€ AN(Q), (5:24)

Teh

1~ ~
TAESYA A-A) ds = / AJ-ds Vie AYQ), (5.25
Z /a?nF—l(rb) a (a pruy ) ds AZ 87NF—1(T )'u S Ve A8, (5.25)

;\E ?h T ETh
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denote a partition of 1. Let T denote the tensor product partitioning 6 @ 65 of Q
into rectangles, and dT the union of the boundaries of cells in 7. For convenience,
we use the same partitioning of I, for the discretization of 7, above and Q here.

If na(x) > mp(t, ) for « € I, then

F(t,2,2) = (&,m(L,2) + 2(1.(2) — (2, 2)))

is a bijection between Q and Q(t). Let DF denote its Jacobian matrix, and set

~

J(2,2) = |det(DF(2,2))| (2,%) € Q,
J5(%,2) = J(2,2)|DF~Y(%,2)0] (%,2) € 9.

Here and throughout the rest of this section, we suppress the time variable when it
causes no confusion, noting that the flow variables depend on time only through the
domain Q(t) (equivalently, ') and the boundary condition involving V/(#).

Denote by Vh(ﬁ) X Wh(ﬁ) X Ah(ﬁ) the lowest order Raviart-Thomas hybrid mixed
finite elements on 7, (see Section 1.2) with periodicity imposed in first coordinate
direction. Define the hybrid mixed finite element spaces vh(ﬂ) X Wi(£2) x A,(Q) on

T, = U F(T)7
;\E?h

the “triangulation” of Q induced by 75, and F, as follows (see [82]). For v € Vh(ﬁ),
€ Wi(Q), define v € V,(Q) and w € W,(Q) at (z,2) = F(Z,2) by

For 1 € Ah(ﬁ), define g € A,(Q) at (z,2) = F(Z,2) for (Z,2) € a7, by

pz,z) = p(z, 2).

~ ~

Let A2(Q) C A,(R2) and A(Q) C A,(Q) denote those functions that vanish on
{(z,2) € BIY) | @ = 1} and T, respectively. By the hybrid mixed finite element
approximation to the flow equations (5.12)—(5.15), we mean the triple

SRR
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5.2 Discretization

In this and subsequent sections, we describe an algorithm for calculating a mixed
finite element approximation to (5.12)—(5.17). We refrain from introducing additional
notation to differentiate between the functions in (5.12)—(5.17) and their finite element
approximations since all functions in the subsequent sections will be from appropriate
finite element spaces.
Let
o~ ={Zo,%1,...,2N}
with

O=Zo<t1 <...<Zny1<zy=1

denote a partition of the unit periodic interval I,. For each t, let n,(¢) : [, — IR be a
continuous function that is piecewise linear with respect to 6.
A three step time-splitting technique is used to advance the approximation of the

bedform 7, through a sequence of discrete time levels {¢"}.

Algorithm 5.1 Given a current time " and a current bedform n;(¢"),

compute an advance time t"*! and bedform n,(t"*!) as follows.

1. Compute a mixed finite element approximation to the flow equations

(5.12)~(5.15) and (5.17) in Q(t").

2. Compute an acceptable advanced time t"*! subject to a “CFL-like”

constraint.

3. Update n,(t"**) using the Erosion Model (5.16).

A detailed description of these three steps follows.

5.2.1 Discretization of the Flow Equations in Q(t)

Let I denote the (non-periodic) unit interval. Denote the unit square, periodic in the

first coordinate direction by 0= I, x I, and its outward normal by v. Let
(5;: {20,21, e 72M}

with
O=zp<z1<...<zZy_1 <zy=1
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Since the fluid is incompressible, a change in horizontal fluid flux must represent a
vertical fluid flux and, hence, a change in elevation of the bed. By conservation of

the fluid mass, we see that

Onp(x,t) OV (x,t)  O¢(x,m(x),t)
ETE i Ee on I, (5.10)

The only component of the model left unspecified is the relationship between

sediment flux ) and the fluid flow u. In the numerical experiments presented in
the next section, the simplest possible model is used, a linear relationship between

sediment flux and the tangential fluid velocity
@ =au-7 on I} (5.11)

Many other relationships have been proposed; see, for instance, Table 6.1 of [77].

To summarize, the following quantities are specified as input to the model:
e the initial channel geometry n, and 7,(0),
e the average horizontal discharge of fluid V/(¢), and

e the proportionality constant o between fluid velocity u and tangential sediment

flux Q).
The evolution of the channel is determined by

e A Fluid Flow Model:

u(t) — Vxo(t) =0 in Q(t), (5.12)

— A¢(t) =0 in Q(2), (5.13)

é(t) =0 onl,, (5.14)

80 = QU) + [ QU v.mi@)de = V(1) on Ty (5.15)

e An Erosion Model:

anb(xvt) a¢($7775($)7t) _ .
Era ER =0 on [y; (5.16)

e A Sediment Flux Model:

Q(t) =au(t) 7= aaz(t) on I'y. (5.17)

14
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Since the flow is irrotational, we have that

0= Vxu(l) = a“azz(t) _ a“a;(t) _ _UX(Vxe(1) = —A() in Q). (5.3)

To obtain a well-posed problem, we cannot impose all of the physically relevant
boundary conditions. The two we specify are that there is no fluid flux across the top
and bottom of the channel; that is,

u-v=0 only,, (5.4)
_Op o 0Q
u-l/—ﬁ-yz——a—T on I'y. (5.5)

The last equality follows from (5.1). Since d¢/07 = —u-v, we find by integrating
(5.4) and (5.5) over I', and I}, respectively, that

6(1) = gut) on I, (5.6)

o(t) = Q(t) + gs(t) on I, (5.7)

for some functions g,(t), g»(t) that are spatially constant for every time ¢. Since the
stream function ¢ is defined only up to a constant, we choose to normalize it by
setting g,(t) = 0.

The constant g;(t) is closely related to the flux of fluid through (¢) in the following
way. Let V (¢, z) be the total discharge of fluid in the horizontal direction at time ¢;
that is,

Vit = [ ) (1,0) d = 6t ot ) = olt, 2. 1n(1,2) = (0,2, (1 )
(5.8)
Integrating V(¢,z) over I,, we see that the average horizontal discharge of fluid is
given by
V(t) = /Ip V(t,z)de = /I 8(t, z, m(t, 2)) da.

P

Integrating (5.7), we have
[ttt 2)) = QU mift.x)) de = gy(0):
p

hence,

3(1) — Q(1) +/I Q(t,z,ms(t, ) de = V(t) on Ty, (5.9)
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The latter two types of motion are typically lumped together under the name bed-load
transport. We assume that no particles are suspended in the flow so that bed-load
transport is the only mechanism of sediment motion. Moreover, we assume that all
particles are of a single size and composition. Since bed-load transport takes place
on or very near the sediment bed, we consider all bed-load transport to be tangential
to I'y.

Let

v(t) = {ra(t), v=(1)}

denote the outward pointing unit normal to €(¢), and

(1) = {=v:(1), va(1)}

the unit tangent. We make the nonstandard choice of sign for the unit tangent so that
7(t) on I'y(¢) will point in the streamwise direction for our simulations. Let Q(¢, z, 2)
for (z,z) € T'4(t) denote the tangential volumetric sediment flux per unit channel
width measured in bed volumes. By bed volumes we mean the sediment volume
divided by one minus the porosity of sediment bed. By conservation of sediment

mass, we have

a(%nb)‘yz%_y _ 9@
ot a7 or

since no sediment in entrained into the fluid.

on I'y, (5.1)

We make the following assumptions regarding the fluid flow field in Q(%):

(A1) the flow is divergence free;
(A2) the flow is irrotational;

(A3) the flow is essentially time independent on the time scale of the bed evolution.

Assumption (A2) is a very strong assumption and will lead to a simple model for
the flow. Assumption (A3) is also somewhat restrictive in that it implies that the
flow reaches a steady state in a time much smaller than the relevant time scale for
the evolution of I'y. The fact that the flow achieves a steady state at all can be an
inappropriate assumption for turbulent flows.

Since the flow is two dimensional and divergence free, we can write the fluid

velocity u as the curl of a scalar stream function ¢; that is,

u(t) = Vxo(t) = (_82_(;)782_5)) = ( (1) _01 ) Vé(t). (5.2)
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Chapter 5

An Application to Sediment Transport

5.1 Model Formulation

In this section, we make a formal derivation of a model for the erosion of sediment
under quasi-steady potential flow in a closed channel. The derivation is formal because
even under the simplifying assumptions made herein, it is not known whether solutions
to the equations exist and are sufficiently regular. The model is a highly simplified
version of a model used in [79, 80].

We consider a two dimensional, x-periodic, time-dependent channel Q(¢) which

we assume can be written as
Q) ={(z,2) [ m(t,2) <z < mal@), 7 € L},

where [, is the periodic unit interval. Denote the nonperiodic boundary of Q(t) by
Iy UT(t) where
Iy = {(xvz) |z = T]a(:l?),l' S Ip}a
Iy(t) = {(z,2) | z = m(t,x),z € [}

We assume that the channel is full of an incompressible, inviscid fluid. The top of the
channel I', is fixed and independent of time, while the bottom of the channel T’y is
composed of an erodible sediment. We are interested in the evolution of the bedform
7y that determines T';.

The motion of sediment particles is usually divided into three regimes (see, e.g.,

83, 84, 77, 81)):

e suspended particle motion in which sediment is entrained into the fluid proper

and buoyed by turbulent forces;
e rolling or sliding along the sediment bed;

e saltation in which particles bounce along the bed loosing contact with the bed

by only a few grain diameters.
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presented in the previous chapters can be applied to these methods with only minor
modifications.

In the case of nonconforming spaces of Lagrange-type, the analysis of three domain
decomposition methods, including the two Schwarz methods considered in Chapter 2,
has been carried out in detail by the author in [23]. The results in [23] for the standard
Schwarz method applied to the discretization by piecewise linear nonconforming finite
elements were subsequently recovered by Brenner in [15] using a more general frame
work. The framework of Brenner allows for the use of an arguably more natural
coarse space that is also nonconforming. Brenner’s theory also extends in a natural
way to fourth order problems.

The isomorphism between piecewise linear nonconforming finite elements and a
space of piecewise linear conforming elements used in [23] has also been used by
Wohlmuth and Hoppe in [92]. They constructed a hierarchical basis preconditioner
for piecewise linear nonconforming finite elements from one for conforming finite ele-
ments. In Chapter 3, we constructed preconditioners for the dual problem (1.19) from
conforming spaces in an analogous manner. It should be noted that Wohlmuth and
Hoppe observed an independence of the condition number for this new hierarchical
basis preconditioner. Existing theory would have predicted a growth in the condition
number proportional to the number of levels which was observed for the hierarchical

basis preconditioner due to Oswald [65].
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Chapter 4

Applications to Other Discretizations

The analysis of the domain decomposition and multigrid preconditioners presented in
the previous two chapters followed almost directly from the isomorphism between the
hybrid mixed finite element space and the conforming space of functions constructed
in Section 1.4. Consequently, the properties of the hybrid mixed finite element dis-
cretization that were required for the analysis were limited to the existence of a nodal
basis that permitted the construction of a refined triangulation 7 and the equivalence
of the of the bilinear form expressed in Theorem 1.2 which followed immediately from
the representation in Theorem 1.1. For the domain decomposition methods, the fact
that the support of the discrete flux operator was contained in the support of its
arguments was also used.

Many other discretizations of second order elliptic problems possess these prop-
erties. For instance, nonconforming finite element discretizations of (1.1)—(1.2) give

rise to the quadratic form

d(6,6) =Y /Aw-wd:c.
€T, "7
If the finite element space admits a nodal basis (i.e., it is of Lagrange-type), then it
satisfies the equivalence in Theorem 1.1, a fact proven in [23]. The proof consists of
identifying the local kernel as the constant functions and proving Lemma 1.2 for non-
conforming elements by mapping back to a reference element. It is straightforward
to check that other discretizations of (1.1)—(1.2) that possess these properties include
most point-centered finite difference methods, the hybridized form of the expanded
mixed finite element scheme in [47, 3], mixed finite element schemes in which quadra-
ture is used to derive finite difference schemes (see Section 7 of [24]), collocation
methods, and nonconforming finite element spaces of Lagrange-type (see, e.g., [44]
in which many such spaces are constructed). Cell-centered finite difference methods
including the “box method” [85] are added to the list by considering them as point

centered methods on the dual mesh. Consequently, the constructions and analysis



Method of Condition | Itera- | Run Time
Preconditioning | Number | tions (secs)

diag(Dy) 117073.00 834 40.34
1C(0) 33565.60 425 80.42
IC(1) 3912.56 137 29.84
NATTN~ 4.99 13 55.47
Ar 1.62 7 318.60

BT 3.23 11 10.19

cr 3.89 13 7.86

Table 3.3 Results for Test Problem 11

Method of Aspect Ratio
Preconditioning 1:1 2:1 4:1 8:1
diag(Dy,) 47962.31 | 21170.49 | 10053.22 | 8466.91
1C(0) 12115.34 | 5021.93 | 1503.36 | 396.01
Ap 1.33 1.13 1.65 2.57
By, 1.54 1.47 13.75 | 24.75
cr 2.22 2.44 17.69 | 32.71
Line-B7, 1.77 1.76 2.10 3.16
Line-C7' 2.44 2.58 2.49 2.56

Table 3.4 Condition Numbers for Test Problem 111
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Method of Mesh Spacing
Preconditioning | 1/8 | 1/16 | 1/32 | 1/64 | 1/128 | 1/256
diag(Dp) 0.02 | 0.09 | 0.61| 538 | 59.46 | DNC*
IC(0) 0.02 | 0.13 | 1.52 | 15.49 | 205.50 | 1636.36
IC(1) 0.02 | 0.08 | 0.95| 7.22|109.65 | 781.94
NATIN= 0.81 | 1.28 | 3.16 | 10.34 | 39.03 | 152.12
NB} N> 0.80 | 1.28 | 2.84 | 5.36 | 16.25 61.83
1@2” 0.52 | 0.85 | 2.11 | 7.09 | 27.23 | 113.63
Ef}h 0.46 | 0.67 | 1.29 | 3.77 | 14.10 56.32
cr 0.55] 0.76 | 1.31 | 3.66 | 13.58 52.87

* Did not converge in 1000 iterations

Table 3.2 Run Time in CPU Seconds for Test Problem 1
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the solution was zero, and preconditioned conjugate gradient iteration was continued
until the error in the energy norm was reduced by a factor of (107°/,/k) where & is an
estimate of the condition number of the preconditioned operator. The estimate of the
condition number was dynamically calculated by exploiting the similarity between
conjugate gradients and Lanczos’ method for finding eigenvalues using the code of
Ashby, Manteuffel and Joubert [5]. The run times reported reflect the composite time
to construct the preconditioner and to perform preconditioned conjugate gradient
iterations until convergence. The formation of D}, is not included since it is the same
for each preconditioner.

We see in Table 3.1 that the condition numbers for NA;*A* and N 7N are
uniformly bounded as predicted by Theorem 3.1 and Corollary 3.2. For the larger
problems, the two most competitive methods are the two V-cycle preconditioners
Ef}"‘_l_l and C7. In both Test Problem I and II, the use of Bffil_l leads to a lower
conditioner number, but as implemented C'7* is slightly faster as we see in Table 3.2
and Table 3.3.

Since the constants in Theorem 1.1 depend on the aspect ratio of the elements, the
bounds on the condition numbers in Theorem 3.1 and Corollary 3.2 also depend on
the aspect ratio. In Table 3.4, we see that the dependence on aspect ratio is strong.
If line Gauss-Seidel smoothing is used instead of point Gauss-Seidel smoothing on the

coarser grids, then the effect is mitigated.

Method of Mesh Spacing
Preconditioning | 1/8 | 1/16 1/32 1/64 | 17128 1/256
diag(Dy,) 185.81 | 748.04 | 2997.09 | 11993.20 | 47962.30 | 182344.00
1C(0) A7.41 | 189.40 | 757.38 | 3029.31 | 12115.30 | 48437.70
1C(1) 3.58 | 9.71| 29.13| 101.64 | 394.22 | 1576.96
NATIN= 2.93 | 2.96 2.97 2.98 2.98 2.98
NBY N 2.97 | 2.99 3.00 2.99 2.99 2.99
A 1.33 | 1.33 1.33 1.33 1.33 1.33
Br. 1.36 | 1.50 1.54 1.54 1.54 1.53
c 2.07 | 2.09 2.19 2.21 2.22 2.22

Table 3.1 Condition Numbers for Test Problem I
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e 1C(0): Incomplete Cholesky preconditioner with zero additional fill-in,
e IC(1): Incomplete Cholesky preconditioner with one level of fill-in.

The implementation of the Incomplete Cholesky and Jacobi preconditioners are from
the NSPCG package [63]. The multigrid method for the conforming spaces was
implemented using Dendy’s Black Box Multigrid [28, 29] which uses operator based
prolongation and restriction operators instead of the projections introduced in the
Algorithm 3.1 to yield a more robust algorithm in the case of highly varying coeffi-
cients.

The dual variable problems solved used the lowest order hybridized Raviart-
Thomas space on rectangles. The elliptic problems considered were defined on rect-

angular domains

0, =(0,a) x (0,1),

and were of the form

—V-AVp=0 in Q,,
p=0 on {y=0} NN,
p—0.1(AVp)-vq, =g on{y=1}N0Q,.

Periodic boundary conditions in the first coordinate direction were imposed. The
problems were discretized on a rectangular grid consisting of nl x n2 cells uniformly

spaced in each coordinate direction. The following instances were considered:

o Test Problem I: a =1, A =1, g = sin(27x), and the mesh spacing h was refined

to observe the relationship with the condition number;

o Test Problem II: ¢ = 2, nl = 160, n2 = 80, ¢ = —1, and the coefficient A was
taken from an elliptic problem arising in one step of a miscible displacement
simulation (see [72]) and varies from 1.87 to 335370 as depicted in Figure 3.1;

o Test Problem III: nl = 128, n2 = 128, A =1, ¢ = —1, and the aspect ratio a

was varied.

For the multigrid methods, refinement was carried out by subdividing each rectan-
gular element into four elements by connecting the center with the midpoint of the
sides. Continuous bilinear elements were used on the coarser grids.

All experiments were carried out on an otherwise unloaded IBM RS6000 Model
550 with 192 MB of memory in double precision arithmetic. The initial guess for
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by
Ign¢ = [P‘Vh(9)¢7 PA%(Q)¢]7

where Py, (q) and Pyo(q) are L*(Q)-projection onto W,(2) and AY(f), respectively.
Note that for all but the lowest order mixed finite element spaces, the conditions
above are natural injection since Uy C W,(Q) and (Uy)jaz, C AR(R2). We use (I™)7T,

the adjoint of prolongation for the restriction operator.
Algorithm 3.3 Define a V-cycle preconditioner
CT o Wih(Q) x AL(Q)) — WiL(9) x AL

for [r, p] € Wi(2) x AD(2) by

[a.0] = Rylrp); (3.10)
[G,8] = lgp#]+ I7BF (1) ([r, p] — Dilg, #)), (3.11)
Crlr,pl = [, 8]+ Ru([r, pl = Drlg; 1)) (3.12)

Extensions to multilevel (additive) formulations, other cycles and multiple smoothings

are straightforward.

3.3 Numerical Experiments

In this section we report on numerical experiments using several preconditioners for

Dy,. The preconditioners used in the numerical experiments are:

o NA;'N*: defined in Section 3.1.1,
o NB7J,  N*: defined in Section 3.1.2,

;15”: defined in Section 3.2.1,

~

B7, ,: defined in Section 3.2.1,

e (7 defined in Section 3.2.2,

) line—B?‘_H: B}“_I_l with line Gauss-Seidel smoothings on the conforming spaces,

line-C'7: C7* with line Gauss-Seidel smoothings on the conforming spaces,

diag(Dy): Jacobi preconditioning,
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for [r, p] € Wi(2) x AY(Q) by

[qvﬂ] = Rgl[r7p]7 (37)
(@1 = g, 1]+ NAZN*([r, p] — Dilq, p]), (3.8)
A(r,p) = [§,0] + Bu([r, p) — Dalg fi]). (3.9)

Define a multiple level V-cycle preconditioner
By s Wi(9) x AY(Q) — Wi(Q) x AY(Q)

by replacing A; ' in (3.8) by BT,;.

Extensions to multilevel (additive) formulations, other cycles and multiple smooth-
ings are straightforward. The resulting multigrid and multilevel preconditioners con-
structed for mixed finite elements in this manner are significantly different from the
multigrid and multilevel preconditioners previously constructed for mixed finite ele-
ments in [87, 88, 37, 14, 86, 2]. This construction is closely related to the construction
of a hierarchical basis preconditioner in [92] for piecewise linear nonconforming finite
elements. To the extent that ﬁg“ and Bfﬁ_l use conforming finite elements for the
coarser spaces, they bear some resemblance to a multigrid method proposed for mixed

finite elements in [12] and to some nonconforming finite element preconditioners in

64, 66].

3.2.2 A Second V-cycle Preconditioner

In [12], Bramble, Pasciak and Xu proposed a multigrid algorithm for the dual variable
problem arising from the mixed finite element method without hybridization that use
conforming finite elements for the coarser spaces. We extend their algorithm in a
natural way to the dual problem for hybrid mixed finite element spaces. Because
of the close relationship between hybrid mixed finite elements and nonconforming
elements (see [4, 2]), the spaces used in our extension are also closely related to the
spaces used in the multilevel methods due to Bramble and Oswald [64, 66].

Using notation from the previous section, recall that U; is the space of contin-
uous functions that vanish on 9€) and are piecewise linear, bilinear, or trilinear as
appropriate for the dimension and shape of the element with respect to 7. Define a

prolongation map

]Zn : UJ — Wh(Q) X AOL(Q)
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then there exists a positive constant ¢; independent of A and the number
of levels J such that

Cl(A}:1¢7 ¢) < (Bgril—1¢7 ¢) < (A;1¢7 ¢)

A uniform rate of convergence for the resulting preconditioner for D}, follows di-
rectly from Corollary 3.1, Theorem 3.2 and the assumption that the (-, -);-innerproduct
is equivalent to the L?(Q)-innerproduct.

Corollary 3.2 There exists a constant C' > 0 independent of h and J
such that
k(NBT N*Dy) < C.

3.2 Two V-Cycle Preconditioners for D,

In this section, we construct of two V-cycle preconditioners for the dual variable
problem. The first is obtained by adding a pre-smoothing and post-smoothing step to
NB7T N*. The second method is a natural extension to hybrid mixed finite elements
of a method due to Bramble, Pasciak and Xu [12] for the dual variable problem arising
from the mixed finite element discretization without hybridization. To avoid possible
confusion, we note that this is not the popular BPX-multilevel method [13] also due

to the same authors.

3.2.1 A V-cycle Preconditioner using NB7,, N~

With respect to the mixed finite element space W,(£2) x A%(£2), we can consider Uy(12)
as a “coarse space” even though U, () is defined on 7, a finer grid than 7. The
operators N'A; ' N* and N'B7, | N'* can likewise be thought of as coarse grid correction
operators. Let R,, denote one sweep of point Gauss-Seidel on the hybrid mixed space
Wi(Q) x AY() dual problem Dy, and let R. denote its adjoint. By adding a pre-
smoothing and a post-smoothing step to N'A;'N* and NBT,,N*, we arrive at a

two-level and a multiple level V-cycle preconditioner for Dj.

Algorithm 3.2 Define a two-level preconditioner

AT WL(Q) x AY(Q) — WL(Q) x AY(Q)
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triangulation of 7, constructed in Section 1.4. For: = 1,....J 4+ 1, denote by U;
the space of continuous functions that are piecewise linear (or bilinear, or trilinear,

as appropriate) with respect to 7; and vanish on 9f2. Note that
Uy CcUyC...CUy CUjp = Un().
For i =1,...,J + 1, define operators A; : U; — U; by
(Aig,¥) = a(,p) Vo, € U,
and L2(Q)-projections Q; : Usyy — U; by
(Qip, ) = (¢, ¥) Vo,¢ € Ui

For:=2,...,J+ 1, let R; : U; — U,; denote one sweep of the point Gauss-Seidel
iterative method for the operator A;, and let R! denote its adjoint (a sweep using

the reverse ordering).

Algorithm 3.1 Define the multiplicative V-cycle operator

B" U, — U
for r € U; by
Bl'r = A7'r (3.3)
if ¢ = 1; otherwise, let
¢ = Rl (3.4)
6 = 6+ BLQia(r— Aig), (3.5)
B'r = ¢+ Ri(r — Aig). (3.6)

An optimal rate of convergence for the V-cycle has been proven under increasingly
less restrictive conditions (see, e.g., [8, 6, 91]). We recall one such result due to

Bramble and Pasciak [9].

Theorem 3.2 (Theorem 4.2 of [9]) If the entries in the coefficient of
A are in the Sobolev space W) (Q2) for v € (0,1/2) and ¢ > n/v, and if
the solution p to Laplace’s equation ((1.1)—(1.2) with A = I satisfies for
some 6 € (0,1]

lplhivse < Cllfll-11s.9:
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Also by Theorem 1.2, we see that for [g¢, u] € Wi(Q) x AY(Q)

(ATY(g 1), I Mg, e = a(ZP[g, 1], I3 ]q, 1)
< Cd(lg,ul, g, 1]) = C(Drlg, ul, g, 1])-

An application of Lemma 3.1 with H = WL(Q) x AYQ), H = Ux(Q), A = Dy,
A=A, R=N, and T = I completes the proof. (]

3.1.2 Using Preconditioners for A,

The use of NA;'A™* as a preconditioner may be prohibitively expensive since it
requires the solution of a conforming discretization of the elliptic problem at every
iteration. We can replace A;' with any operator By approximating A;'. If By

satisfies
(A 6, 9)n < (Bro, ¢)n < 2 A, 0 Vo € Un(Q), (3.2)
then

(D3 g, 1, [g, 1)) < CL(ATN g, p], N¥[g, pu])n < %(BhN*[q,u]yN*[q,M])h,

(D3 g, 1, [g, 1)) = Co( AN [q, 1], N™(q, p])n > S—j

(BeN~[q, 1], N™[q, ],

and the following corollary to Theorem 3.1 is immediate.

Corollary 3.1 If B; is a symmetric positive definite operator on U ()
satisfying (3.2), then
K(NBN*Dy) < Z—%(NA,;W*D) < 02—2.
1 1
Many preconditioners for the hybrid mixed formulation can be constructed in this
manner by using existing preconditioners for the conforming case. One may then
take advantage of the growing supply of efficient, well-crafted implementations of
preconditioners for conforming finite elements. A likely candidate for By, is a multigrid
or multilevel preconditioner for A,. We recall the construction of one possible V-cycle
preconditioner for A, below.

Assume that the triangulation 7 is the result of J — 1 successive refinements
13,75,....,77 = T; of a coarse triangulation 7;. We set 774, = ’j', the refined
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A . H — H be self-adjoint, positive definite and continuous operators.
Let R: H — H be a linear operator such that

(AR¢, R$)) < Cr(Ad,8) Vo € H.

If there exists an operator 7' : H — H such that
RTé¢=¢ VéeH,

and

Cr(AT$,T9) < (A, 9) Vo e H,
then

Cr((A7'¢,9) < (RAT'R'$,4) < Cr(A™',9) VéeH,

where R* : H — H is the adjoint of R satisfying

(R°6,9) = (¢, ko) Ve H,éeH.

Theorem 3.1 If NA;'N* is used as a preconditioner for Dy, then the

condition number of the preconditioned operator satisfies
RNAZIND,) < C
where (' is a constant independent of h and «; equivalently,

(VAN (g, 1, (g, 1)) >~ (D; g, 1], lg, 1)) Vg, ] € Wi(Q) x AR (Q).

Proof Since we have previously understood Z% both as a map from W} (Q) x A2()
into U,(2) and a map from U, () into itself, to avoid possible confusion we denote

the two maps by
Ti: Wi() x AR(Q) = Un(Q),

I3 Un(Q) — Un(),

and note that
I = IPN : Un(Q) — Un(Q).

By Theorem 1.2 and Lemma 1.3, we have for ¢ € U,(£2) that
< Cag(Ty'Ne, IPNg) = Caq(T3' ¢, T;'9)
Caq(¢, ¢) = C(And, d)n-

IN



36
Let Dy, : Wi(2) x A2(Q2) — Wi(2) x AY(2) be the operator defined by

(Dilp, AL [q, 1) = d([p, A, [q, 1) Vg, ] € Wi(€2) x AR(9).

In this notation, the dual variable problem (1.19) becomes

Dilp, Al = [Pw, @) [, 0], (3.1)

where Py, q) is L*(Q)-projection onto W ().
Let (-,-)x be an innerproduct on U, () uniformly equivalent with respect to h to
the natural L?(Q)-innerproduct, and define the operator Ay : Un(Q) — UL(Q) by

(A, ) = [ AV Vipdz V6, € Up(%).

A natural choice for the (-,-),-innerproduct is

(0= D17l D d(vi)p(vi).

Py
€T vertices :

v €T

Let N': U,(Q) — Wi,(2) x AY(Q) denote the nodal interpolation map into Wj(£2) x
A() at the primary vertices, and let N* : W, (Q) x AY(Q2) — Ux(Q) denote its L*-
adjoint satistying

(N7, 1, 8)n = (g, 1], N'@)).

No computation is involved in applying N since it is an identification of nodal degrees
of freedom. Likewise, applying N'* is trivial since the “mass matrix” corresponding to
the (-,)s-innerproduct is diagonal. The “mass matrix” corresponding to the ((-,-))-
innerproduct is also diagonal (or at least edge-wise and element-wise block diagonal
depending on the choice of nodal degrees of freedom for the mixed finite element
spaces).

The operator N'A; ' N* is clearly symmetric and positive definite on W, (02) x A%(Q)
in the ((-,-))-innerproduct and can be used as an effective preconditioner for D;. We
show that the condition number of the operator resulting from preconditioning D; by
NA;'N* is bounded by a constant independent of A, a consequence of the following
lemma due to Nepomnyaschikh [62].

Lemma 3.1 (Lemma 2.2 of [62]) Let H and H be Hilbert spaces with
the scalar products ((+,-)) and (-,-), respectively. Let A:H — H and
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Chapter 3

Preconditioners for Hybrid Mixed Finite
Elements using Conforming Discretizations

3.1 Wohlmuth-Hoppe Type Preconditioners

In this chapter, we construct preconditioners for the dual variable problem (1.19) from
preconditioners for conforming discretizations of (1.1)—(1.2). We first follow ideas
of Wohlmuth and Hoppe [92] and construct preconditioners for the dual variable
problem from preconditioners for (1.1)—(1.2) discretized in U(€2), the continuous
piecewise linear functions on T defined in Section 1.4. In the next section, two V-
cycle multigrid preconditioners for the dual variable problem are formulated. The
techniques used in this chapter are also similar to ones employed by Oswald [66]. The
results of some numerical experiments that compare the preconditioners constructed
in this chapter are reported in Section 3.3.

Motivated by an isomorphism between nonconforming finite elements and a con-
forming space of functions presented by the author in [23] and analogous to the
one given in Section 1.4, Wohlmuth and Hoppe [92] construct a preconditioner for a
piecewise linear nonconforming discretization of (1.1)—(1.2) from a hierarchical basis
preconditioner for a continuous piecewise linear discretization on a finer grid. Their
numerical experiments suggest that the condition number of the resulting precondi-
tioned operator is serendipitously bounded by a constant, a result not explained by
current theory (cf., [64]). In this section, we apply their ideas to hybrid mixed finite

elements.

3.1.1 A Preconditioner Using a Discretization on 7

We introduce some operator notation to simplify our presentation. Define an L*-

innerproduct on W3 (Q) x A%(Q) by

([p, Al [ ) = > /pqdfﬂ+ Y. [ duds.

TETh o eeaTh €
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IN

M
¢ 3 YT Nalij,

Ge{H,E; V;,Fy} i=1

IN

C (1 +log(H/d)) Z|IF)‘|1/289

M
C (1+log (H/8))* TN} 500,
=1
M
C (1 +log (H/8))* Y s:(A, \)
=1

C (14 log (H/6))* s(\,\).

IN

IN

IN

An application of Theorem 2.1 completes the proof. (]
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Let Pr : Ap(I') — Ax(T') denote the additive Schwarz operator defined by (2.4)
with the bilinear form d(-,-) replaced by the interface form s(-,-) and the decompo-
sition of V replaced by the decomposition of A(I') described above. We now prove
that the condition number of Pr has the same bound given in [34] for the similar

operator for the conforming finite element space.

Theorem 2.4 The condition number of the additive Schwarz operator
Pr induced by Smith’s decomposition for the hybrid mixed finite element

discretization satisfies
K(Pr) < C(1 4 nmax) (1 + log (H/6))*. (2.27)
The constant C' is independent of the mesh parameters h, H, and §.

Proof As in the proof of Theorem 2.2, the number of nonzero entries per row in
the matrix of strengthen Cauchy-Schwarz inequalities can be bounded by ny,.x; hence,
the largest eigenvalue of Pr is bounded by 1 + nyax.

To bound the smallest eigenvalue, we also proceed as in the proof of Theorem 2.2.
Let N : Un(I') — A,(T') denote the nodal interpolation into Ax(T') for functions de-
fined at primary vertices. For A € A,(T), set A\g = Nr((Z'N)g), G € {H, E;, V;, Fi},
where (Z''\)g is the decomposition of ZU'A € U, (T) arising in Lemma 2.7. Since Z'\
and A agree at the nodal degrees of freedom of A(T'), and

ATE) = Ne(Un(T),  Au(TF) = Ne(Un(TF)) VG € {E,V;, F),

it is easy to check that

A=Y e

Ge{H,E;,V},Fy}

Working one subdomain at a time and using Lemma 2.4 and Lemma 2.5, we see that

for G = H and for G € {E;,V;, F},} such that T'§ N 9%); # () we have

siAada) < CIT A6l 00, = CITP™((T"N)6)I2)a 00, (2.28)
< C|(IF)‘)G|%/2,BQ¢-

By summing (2.28) over subdomains and subspaces, noting that s;(Ag, Ag) = 0 if

'Y N oQ; = 0, and applying Lemma 2.7, Lemma 2.6, and Lemma 2.4, we see that

S s(hade) = > > si(Aas Ag)
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in [34], we construct the decomposition of A,(T") slightly differently in two and three
dimensions. In both cases, we first partition I' into overlapping subsets based on its
decomposition as the boundary of subdomains. In two dimensions, for each vertex V;
of I, let F;[] denote the set of points on I' that are less than a distance ¢ from Vj. For
each edge E; of I, let F?" denote the interior of the edge £;. In three dimensions, for
each vertex V;, each edge E;, and each face Fj, of I', define F;fj as above, let F?’“ denote
the interior of the face Fj, and let F?i denote the set of all points in strips of width
6 on all faces which share the common edge F;. As in the standard overlapping case,
let nmax bound the maximum number of subsets F?, G € {E;,V;, F} intersecting any
given subset I'S", G* € {E;,V;, Fi}. Again, for § sufficiently small, nmyax is uniformly
bounded.

Understanding the set of faces to be empty in two dimensions, the decomposition
of I' into subsets induces a decomposition of A,(I') by considering

MO =Y A,
Ge{H,E;,V;,Fy}

where for G € {E;,V;, Fi}, Ap(T§) C Ayp(T) are those functions that vanish at all
nodal points on I' outside the set 'Y, and Ay, (I'¥) C A,(T') are the nodal interpolants
of the restriction to I' of continuous functions that are linear on each subdomain
; and vanish on 0€). Examples of Ah(Fg"), Ah(FX]), and Ah(Fg’“) for the lowest
order Raviart-Thomas space on rectangles and cubes are depicted in Figure 2.1 and
Figure 2.2.

The following lemma is the crux of the analysis of Smith’s method in [78] for con-

forming elements. We recall the small overlap refinement from the proof of Theorem 4

in [34].
Lemma 2.7 For every ¢ € Uy(I'), there exists a decomposition

6= > dc

Ge{H B, Vj,Fy}

with ¢H € UH(F)7 ¢G € Uh(rg;) = Uh(r) N HS(FE) for G € {Eia‘/ijk}
such that

E Z|¢G|1/2 s, < C (1 +1og (H/8)) Z|¢’|1/2 o, (2.26)
Ge{H,E;V;,Fy} i=1

The constant C' is independent of the choice of ¢, and the mesh parameters

h, H, and 6.
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where p) is any element in Wj,(Q) x AR() such that (p,);r = A, and TN, Wh(§2) x
AY(Q) — Un(9) is defined by (1.37) noting that the boundary of @\ T' is 90Q U I
The next lemma relates the pseudo-interpolant defined on all of I' to the sum of

pseudo-interpolants defined subdomain by subdomain.

Lemma 2.6 There exists a constant C' > 0 independent of ~h, H and ¢
such that

M M
S [T M g, < O3 1779
=1

=1

%/2,8&% VA e Ap(T). (2.24)

Proof By using the techniques in the proof of Theorem 1.2, it is easy to show that
there exists a constant C' > 0 depending only on the regularity of the mesh and the

choice of mixed finite element space such that

M M
STV B, < CY T

1o, VD E WL(Q) x AL(). (2.25)

By Lemma 2.3, there exists a constant C' independent of &, H such that for each
A € A(T) there exists an extension E(\) € W, (2) x A (2) that agrees with A on T’

and satisfies uniformly
T B g < IR oy i =1, M.

Since I\ € U,(99;) and IQ\FE()\) € Un(Q) agree on 0f);, by Theorem 2.3 we see
that
15 M1 2,00, < CITNE(N) |10, VA € Ap(D).
Combining these results, we conclude that

M

M M M
DT M 200, < CYIT™MEW g, S CYITMEWN|i g, < C Y ITMi 200,
=1 =1 =1 i=1
which proves the lemma. (]

2.4.3 Smith’s Vertex Space Substructuring Method

In this section, we analyze the application of the Schwarz method applied to (2.13)
using a subspace decomposition of the interface unknowns A, (I') analogous to the one

suggested by Smith [78] for conforming elements. Following the presentation given
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Lemma 2.4 (Theorem 6.5 of [25]) For all A € A,(98),

si(A, ) ~ [T9% )

o (220
Proof By a direct computation using (2.9)—-(2.10),

P E Wi() x A, ()
Plan; = Ai

The lemma follows by taking the infimum of (1.38) over pjsg, = A; and using Lemma 2.3

since

si(Ai;Ai) = inf dg, (P, p) (2.22)
p € Wh(Q;) x Ah(Qz‘)
5|aﬂ, =X
inf 7% p
P E Wi() x A, ()
5|an, =X

= |Imi )\iﬁ/z,aa-

12

2
1,9;

Lemma 2.5 (Lemma 6.3 of [25]) There exists a constant C independent
of h and H such that

|189i</§ 1/2,00 < C|$|1/2,8Q V<Z € U,(0%). (2.23)

Proof Let ¢ € Up(€;) such that ¢50, = ¢. Since (I%¢) s, = 7% 4, we have by

Lemma 2.3 and Lemma 1.3

%5

1200 < C1T% ¢

1.0 < Clolia.

The lemma follows by taking the infimum over all ¢ € U,(€2;) such that ¢jsq, = 5,
and using Theorem 2.3. (]

Note that Z7% )\ does not in general equal Z%% X on 99; N 9€); because they can
take different values at the secondary vertices. In the next section, we need a pseudo-
interpolant of A € Ax(I') in U,(T') that is defined on all of I'. Hence, we define a
pseudo-interpolant I : A,(T') — Ux(T) by (2.14) with 99Q; replaced by the set of
interfaces I'. Equivalently,

I\ = (V)
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otherwise. Then for all ¢ € Ker(B)

1111200, 2 []1/2,60 6ll1.0: = (]9
with equivalence constants independent of h and H.

The following theorem is a result of the standard Trace Theorem (see, e.g. [59]),
Widlund’s Discrete Extension Theorem [89] for continuous piecewise linear finite el-

ements, and Lemma 2.2.

Theorem 2.3 The following equivalence holds uniformly for 6 € Un(0%;)

with equivalence constants independent of A and H:

(G100, > inf [l (2.17)
¢ € Up QZA)
blaq; = ¢

The next three lemmas provide the analogue to Theorem 1.2 and Lemma 1.3 for

the substructuring forms and are recalled from [25] with proof for completeness.

Lemma 2.3 (Lemma 6.2 of [25]) The following equivalence holds uni-
formly for ¢ € Uh(aﬂi) with constants independent of h and H:

(G200, ~ inf |dlig,. (2.18)
¢ € Up(Q%)

~

blaq; = ¢

Consequently, for A € A, (9€;)

I T%% Ny jo 00, = inf 1Z% Palr.g;- (2.19)
S Wh(Qt) X Ah(Qz)
(Pa)jon, = A

Proof As a consequence of Lemma 1.3 and the inclusion ﬁh(ﬂz) C Un(8Y;), we have

inf |¢’|1Qz i inf |¢>|1Qz V<$ S Uh(aﬂi)-
¢ € Up() ¢ € Up(£2)

~ ~

blaq; = ¢ blaq; = ¢

Equation (2.18) follows by an application of Theorem 2.3. Equation (2.19) follows
from the fact that

T2 (AL(090)) = Un(09), TH (W) x (A, () NAY(Q))) = Un(h).
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induced by the interface problem. Let U,(I') denote the space of restrictions of the

piecewise linear functions in Uy () to U£1 0€);. For each subdomain §2; define a map

T AR (09%) — Un(T)

0, if z € 09
A(z), if « is a primary vertex on 0f);

Iaﬂi)\(;v) = ¢ The average of all adjacent primary vertices on 0f;, (2.14)

if x is a secondary vertex on 0€;;

The continuous piecewise linear interpolant of the

above vertex values, if x 1s not a vertex of 7.

We denote its range by ﬁ;(aﬂz) Equivalently,

T9%)\(z) = { (Z%px)(z), € 0

0, otherwise;

(2.15)

where Z% is defined by (1.37) and py is any element in W, (£2) x AY(Q) such that
(Px)jae, = A. Since the value of T%p, on 99; depends only on the value of A at the
primary vertices (the nodal degrees of freedom) on 9€;, 7% \ is well defined. Again
since 7% is defined for any function defined at the primary vertices, by an abuse of
notation, we will also consider Z9% as a map from Uj(99;) into Uy (95Y).

Following [10] and [31], define the following scaled Sobolev norms:

1
Hquﬂ = M%Q + ﬁm'gﬁv HUH%/Q,aQi = |u|§/2,emi + E|“|(2)aﬂ (2.16)
In [54], the following lemma is proven.

Lemma 2.2 Let B be the linear operator on H%(aﬂi) defined by

B(¢)= [ ¢ds

aQ,

if the (n — 1)-dimensional measure of 9€2; N I is zero, and

B(¢’) = ?blémmaﬂ
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where

and p;(A) € Wi(;) x A, (Q;) satisfies

0 \V/@ € Wh(ﬂz) X A?L(QZ), (29)
ﬁz()\) = A on 6(22 (2_10)

In practice, the bilinear form can be more easily evaluated as
) == [ pun)-va, ds,
si(A, 1) g, 1i(A) vy ds
where [u;(A), pi(A)] € Vi(Q;) x Wi(£;) solves
/ Vui(A)gde =0 Vg € Wi(),
Q;
/ A (A) - v de —/ piNVvde = — [ Averg,ds Vv e V().
Q; Q; EIYE

Let p; € Wi(£%) x A,(§2;) satisty

de, (P:: (g, 1)) / fadz Vg, u] € Wa(€h) x AR (), (2.11)
p;,=0 on 0%;. (2.12)

Then, as shown in [42], (1.19) is equivalent to finding A € A,(T") such that

M
The solution to (1.19) is recovered subdomain by subdomain as
Pi + Di(X) € Wi(h) x A, ().

The process described above is nothing more than the standard reduction of (1.19),
or equivalently (1.11)-(1.13), to a “Schur complement” system involving only the

unknowns Ax(I') on the interfaces of subdomains.

2.4.2 A Substructuring Isomorphism

Analogous to ﬁh(ﬂ) defined in Section 1.4, we construct a space of continuous, piece-

wise linear functions that are isomorphic to A,(I') with respect to the natural norms
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Let Ng denote the nodal interpolation map at the primary vertices into W;,(2) x
AY(Q). For p € Wi,(Q) x AY(), let (Z%p); denote the decomposition of Zp € U,(9)
arising in Lemma 2.1, and set p; = No((Z%p);). Since

Vo =Na(Uu(),  Wi(€) x A, () = No(Un(92) N Hy (),

it is easy to check that py € Vo, p; € Wi(Q:) x A, (%) and p = 2, ;. Using the
equivalence

a9(¢7 ¢) = |¢|%,Q7
with Theorem 1.2 and Lemma 1.3, we see that for : =0,..., M,

da(pi,pi) < CIT*((T"p):) i o < CUT"P)ili o-

Summing and applying Lemma 2.1 and Theorem 1.2, we conclude that
i ~ o |2 HY —a. H ~
> da(pii) < C LTl < 0 (14 5 ) 1700 < € (145 ) da(.).

Hence, Cy in (2.6) is bounded by C (1 + H/é). An application of Theorem 2.1 com-
pletes the proof. (]

In [68], Pavarino and Ramé give results for a parallel implementation of a very

closely related method that verity the bound given above.

2.4 Smith’s Substructuring Schwarz Method
2.4.1 The Dual-Variable Substructuring Problem

Following the presentation in [25], we recall the reduction of (1.19) to a problem

involving only the interface unknowns first given by Glowinski and Wheeler [42].
Let ©Q be partitioned into a quasi-uniform triangulation of nonoverlapping sub-

domains {€;}M, with diameters that are O(H). Denote by I' the set of internal

interfaces

I = a0, \ 99.

i=1,....M
Let A(I") denote the subspace of functions in A9(€) with support contained on T,
and let Ay (0€;) C An(I') denote those functions with support on 9€; \ 99.
Define the bilinear form s : A,(I') x Ax(I') — IR by

5()‘7 :u) = Z Si()‘v :u)a

=1
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Fori=1,..., M, let W,(Q))x A, () C Wi(2) xAL(£2) denote the set of functions
that vanish at all nodes on the boundary and outside of Q. Let Ug(2) denote
the “coarse space” of continuous functions that are linear, bilinear, or trilinear as
appropriate on each £2;. Let V; denote the subspace of functions in W;,(2) x AL(Q)
that have the same value as functions in Uy () at the primary vertices (i.e. the space
of nodal interpolants).

In the following lemma we recall the crux of the proof due to Dryja and Widlund
(Theorem 3 of [34]) that the Schwarz method applied to the conforming Galerkin
discretization has a condition number that is O(1 + H/¢).

Lemma 2.1 There exists a constant C' independent of h, H, and é such
that for every ¢ € U,(9), there exists a decomposition ¢ = "M ¢; with
do € Ug(Q), ¢; € Up(Q) N Hy(2), 1 <7 < M satisfying

M H
>laifia<C(1+5) 16ha (23)
=0

We now show that the application of the Schwarz method to the dual variable
mixed finite element discretization converges at the same rate. Note that the isomor-

phism is used only as a tool in the analysis and does not enter the algorithm.

Theorem 2.2 The condition number &(Pq) of the additive Schwarz
operator Pgq defined by (2.4) induced by the decomposition

Wa(Q) x AR(Q) = Vo + > (Wa() x A, ()

=1
of the hybrid mixed finite finite element space satisfies
H
K(Pa) < C(1 + ntma) (1 + ?) .
The constant C' is independent of h, 6, and H.

Proof The verification that the largest eigenvalue of Pg is bounded by (14 npay) is
standard. Since dq(pi,p;) = 0 for p; € Wi (%) x A, (), p; € Wi() x A, (Q) with
QN =0, there are at most nmay nonzero entries, each no larger than 1, in the i-th

row of the matrix of strengthened Cauchy-Schwarz inequalities. By the Gershgorin

Circle Theorem (see [43]), p(&) is bounded by nmax.
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The following theorem, due to Dryja and Widlund [35], bounds the condition number
of the additive Schwarz methods in terms of the two quantities given above. It

represents the continued refinement of results given by Nepomnyaschikh [61] and

Lions [51].

Theorem 2.1 The eigenvalues of P lie in the interval [C5", p(€) + 1].
Hence, the condition number of P is bounded by Co(p(€) + 1).

In this thesis, we restrict our attention to the additive algorithm with exact solves.
Analogous statements for the multiplicative Schwarz method and various hybrid
methods can easily be deduced from the results contained herein since their rates
of convergence can be bounded in terms of the same constants; cf. [11, 93, 32, 53].
Likewise, the use of inexact solves in (2.2), i.e. the replacement of the projections P;

by approximate projections, can be handled in the standard way; see, e.g. [35].

2.3 The Overlapping Schwarz Method for the Dual Problem

In this section, we first define the set of subspaces that we use in the Schwarz algorithm
applied to (1.19). We then derive a bound on the condition number of the induced
operator by estimating the constants in the abstract theory using the results for the
existing conforming finite element theory.

Without loss of generality, we assume that € has unit diameter. We introduce a
two-level decomposition of (), a coarse triangulation of {2 into nonoverlapping sub-
domains {0}, and a further refinement into elements 7,. We assume that the
triangulation into subdomains is quasi-regular with characteristic length H and that
T}, is quasi-regular with characteristic length h. For convenience, we consider subdo-
mains that are triangular, rectangular, tetrahedral or rectangular solids as appropriate
for the dimension of the problem and the mixed finite element family considered. We
extend each subdomain 2; to a enclose a larger region ! that is also the union of
elements of 7;,. The extended domains {Q:}M, form an overlapping covering of {2,
and we characterize the extent of the overlap of by

0= erlmnM dist(09Q; \ 99,00, \ 99).
Let npax denote the maximum number of subdomains for 1 < ¢ < M for which
meas(; N Q%) > 0, 1 < j < M. For ¢ small enough (for instance 6 < CH),
Nmax 18 uniformly bounded by a constant that only depends on the regularity of the

triangulation of ) into nonoverlapping subdomains.
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problem of finding p* € V satisfying

d(p*,q) = flq) VYqeV, (2.1)

is completely determined by a subspace decomposition of V in the following way. Let
V; be subspaces of V such that V = Vg + ...+ V. For each subspace V;, define an
energy orthogonal projection operator P; : V — V; by

d(Pip,q) = d(p,q) Vq € Vi (2.2)

The additive Schwarz method for (2.1) involves the solution of

Py = F, (23)
where
M M
P=>P, =) 1 (2.4)
=0 =0
and f; € V; is defined by
d(fiq) = flq) VYqe Vi (2.5)

It is easy to see that the solutions to (2.1) and (2.3) are the same since
,Pip* = fz

The operator P is symmetric and positive definite with respect to the d-inner
product, so conjugate gradients can be applied. Moreover, for well chosen subspaces
V;, the condition number of P is much smaller than the one corresponding to (2.1)
and so no further preconditioning is needed. Recall that the rate of convergence of
the conjugate gradient algorithm can be bounded in terms of the condition number
of P, the ratio of the largest and smallest eigenvalues of P; see, e.g., [15, 43].

Abstract bounds on the condition number of P have been derived in terms of two
quantities that we now define. Let Cy > 0 be a constant such that for every ¢ € V

there exists a representation ¢ = "M ¢; with ¢; € V; satisfying

d(gi, ;) < Cod(q, q). (2.6)

=0

Let p(€) denote the spectral radius of £ = {¢;;}, the matrix of strengthened Cauchy-

Schwarz constants; that is, ¢;; is the smallest constant for which

d(q;,q;)

o=
[N

|d(q:,95)| < €;d(g, g:) Vg € Vi, Vg; € V5, 1,5 > 1. (2.7)
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turing method of Glowinski and Wheeler using the subspaces proposed by Smith
[78].

In both the standard and substructuring Schwarz methods, results are derived
in terms of a variable amount of overlap using the results of Dryja and Widlund
[34]. Let H denote the diameter of the subdomains and 6 the amount of the overlap
between subdomains. For the standard overlapping Schwarz method, it is shown that
the condition number of the dual-variable additive Schwarz method grows at worst
as O(1 + H/6) in both two and three dimensions, for all the standard mixed finite
element families, and for elements of any fixed order. For the substructuring Schwarz
method, it is shown that the condition number grows at worst like O(1 + log(H/8)?).
If the overlap is “generous”, i.e. ¢ is some fixed fraction of H, the condition numbers
in both cases are bounded by a constant that is independent of both the subdomain
size and the mesh size. To the author’s knowledge, these are the first asymptotically
optimal domain decomposition results for mixed finite elements in three dimensions.

For both the standard and substructuring Schwarz methods, these are the same
bounds derived in [34] for the standard Galerkin approximation using conforming
linear finite elements. In fact, our central technique is to exploit the isomorphism be-
tween the mixed finite element space and a conforming piecewise linear finite element
space introduced in Section 1.4. Using this isomorphism, we can inherit the existing
conforming theory with only modest modification. As mentioned previously, this tool
was first used in [25] to analyze the rate of convergence of Mandel’s Balancing Domain
Decomposition method proposed in [52].

The remainder of the chapter is divided into three sections. The standard additive
Schwarz method is recalled in Section 2.2 along with its abstract convergence theory.
In Section 2.3, we formulate and analyze the standard Schwarz method applied to the
dual variable problem. The formulation and analysis of the substructuring Schwarz

method of Smith applied to the dual problem are the subjects of Section 2.4.

2.2 Abstract Schwarz Theory

Following the presentation in [34], we recall the additive Schwarz method of Dryja and
Widlund [33] and Nepomnyaschikh [61]. Let d(-,-) be a positive definite, symmetric
bilinear form on a finite dimensional Hilbert space V, and let f be an element in the

dual space of V. The additive Schwarz method (with exact solves) for the variational
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In [73, 75], Rusten and Winther constructed two preconditioners for the saddle-
point problem (1.9)—(1.10) in two dimensions that use as key components an iteration
of the primal substructuring method and a modification of the dual substructuring
method of Glowinski and Wheeler for Laplace’s equation. Since the spectrum of the
saddle point problem includes both positive and negative eigenvalues, the rate of con-
vergence of the Krylov method they chose to use, the minimal residual algorithm,
with their preconditioner is not explicitly available (see [74]). Their theory and ex-
periments indicate that their primal variable preconditioner results in an algorithm
whose convergence rate depends strongly on the mesh spacing h, and their dual vari-
able preconditioner results in an algorithm whose rate of convergence is independent
of h. However, if used with many subdomains, both methods of Rusten and Winther
would depend strongly on H since neither has a coarse problem, cf. [90].

Overlapping Schwarz domain decomposition methods were first applied to mixed
finite element discretizations of (1.1)-(1.2) in two dimensions by Mathew [55]. The
saddle point problem (1.9)—(1.10) is first reduced to one that is symmetric and positive
definite defined in terms of a subset the primal unknowns, namely, those fluxes in
V5,(Q) that are divergence free. A description of Mathew’s method is also given in
[56]. A uniform bound on the asymptotic convergence rate for the Schwarz method for
sufficiently large overlap was derived by Ewing and Wang [38] and Mathew [57]. The
key to their analysis was the ability to represent the subspace of divergence free vector
fields of mixed finite element spaces as the curl of continuous scalar polynomial stream
functions. Using this representation, the convergence properties for the algorithm
were reduced to those of a standard conforming discretization. The stream function
representation was valid only in two dimensions; and hence, the analysis presented
in [38] and [57] was limited to two dimensional problems. A bound that is O(1/H?)
for the natural extension of the algorithm in three dimensions can be deduced from
Lemma 2.4 of this chapter and the techniques in [55], but a uniform bound is at this
time apparently an open question.

In this chapter, we apply Schwarz methods to the dual variable problem (1.19)
involving only the mixed finite element approximations to the scalar variable p and
its trace on the boundary of elements. We consider the standard overlapping ad-
ditive Schwarz domain decomposition method due to Dryja and Widlund [33] and
Nepomnyaschikh [61] applied to this reduced problem in both two and three dimen-

sions. We also consider the Schwarz method applied to the dual variable substruc-
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Chapter 2

Schwarz Domain Decomposition Methods for
Hybrid Mixed Finite Elements

2.1 Other Domain Decomposition Methods for Mixed Finite

Elements

In this section, we summarize previous work on domain decomposition methods for
mixed finite elements. For a more comprehensive survey of domain decomposition
methods and their theory, we refer the interested reader to the recent review articles
of Chan and Mathew [20] and Le Tallec [48].

The first domain decomposition methods for the solution of the linear systems
arising from mixed finite element discretizations were two substructuring methods in-
troduced by Glowinski and Wheeler [42]. The first method of Glowinski and Wheeler
involves solving a reduced problem defined in terms of the primal variables on the
interface between subdomains; the second involves an interface problem defined solely
in terms of the dual variables. Since these two methods are in fact Schur complement
methods involving neither a coarse space nor further preconditioning, they result in
operators with condition numbers that depend strongly on the size of the mesh and
subdomains. In particular, if we set a length scale by choosing the diameter of 2 to
be 1, and let H and h denote the characteristic sizes of the subdomains and mesh
spacing, respectively, then the operators defined by Glowinski and Wheeler have con-
dition numbers that are O((hH)™!) under the standard assumptions regarding the
regularity of the mesh and the decomposition of ) into subdomains made explicit in
the next section.

Multigrid strategies were applied to the primal and dual substructuring operators
to accelerate convergence in [41] and [27]. While there currently exists no convergence
theory for the multigrid accelerated substructuring methods for the mixed finite el-
ements, a comparison with a parallel implementation of semi-coarsening multigrid
reported in [26] showed the multigrid accelerated substructuring method to yield a

competitive algorithm. The method has also been used in [7].



of mixed finite element space such that

4, (1°6,1°¢) < Cau(é,6) ¥é € Un(). (1.41)

Additionally, there exists a constant C also independent of A such that

1Z%liw < Clélie Vo € Un(Q), k=0,1. (1.42)

17
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To prove that the left hand side dominates the right, we note that the differences
in the right hand side are of three types: the difference at two primary vertices, the
difference at two secondary vertices, and the difference at a primary and a secondary
vertex. Since p and Z¥p agree at primary vertices of ’j', the difference at two primary
vertices occurs as a term in the left hand side. For two secondary vertices vy, vy in

an element 7 € 7 containing a primary vertex vz, we see that

(Z0) (1) = (ZP) (v2))" < 2((Z“) (v1) — (ZP) (v3))"
+2((Z9P) (v2) — (T°D) (v3))" .

Hence, it is enough to bound the difference at a secondary and primary vertex by
terms in the left hand side of (1.40).
Let v,41 be a secondary vertex with adjacent primary vertices vq,...,v,, and let

p; = p(v;). Noting that for j =1,...,n
Y N o 1 e 1 I
(Z99) (v) = Pjs (T°P) (vr) = =3 (D) (vj) = — > Ps;
we see that

2
1 [E& N —
W W 2 ~ ~ ~ ~

((ZP) (vn41) = (T9P) (vi))" = — (Z(pj —pi)) < =2 (B —bi)

J=1

by the Cauchy-Schwarz inequality. The proof is completed by summing over all
triangles of 7. The number of such terms, and hence the constant in the bound, is
controlled since the regularity of the mesh implies that there is an a priori maximum

number of adjacent elements that can share a secondary point. (]

We have constructed the isomorphism above using piecewise linear functions on
a refined mesh composed of triangles and tetrahedra. For the rectangular and right-
angled hexahedral elements, a more natural construction can be made using continu-
ous piecewise bilinear and trilinear functions defined on a refined mesh of rectangular
and right-angled hexahedral elements. Clearly, Theorem 1.2 holds in this case as well.
This variant is used in the multigrid methods of Chapter 3.

Using the techniques in the proof of Theorem 1.2, the following lemma is also easy

to prove.

Lemma 1.3 There exists a constant C' > 0 independent of h, A, and «,
but depending on A, the regularity of the triangulation 7, and the choice
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a map from U (w) into Uy (w). Let Uh(w) C Ui(w) denote the range of Z%; that is,

Un(w) = {¢ € Up(w) | ¥ = T9¢,6 € Un(w)}.

Let
a(6,) = [ AV6- Vi da.

w

Since I% is clearly a bijective map between W;, () x AY(Q) and Uh(ﬂ) by construc-
tion, the following theorem with w = Q proves that Z% is in fact an isomorphism
between these two spaces that preserves the natural norms for the second order ellip-

tic problem.

Theorem 1.2 Let w C ) be the union of elements in 7;,. Then for all
p € Wih(w) x (Ap(w) N AY(Q)),

dw(ﬁaﬁ) = aw(Iwﬁvz'wﬁ)' (138)
Proof It is easy to show (see, e.g., [22]) that for ¢ € Up(w),

wW(TpTD) = Y aplrH 30 (d(vi) = é(v)))”. (1.39)

P
TeT, vertices :

TCw Uz‘,UJET

By virtue of Theorem 1.1 and (1.39), it is enough to show that

Sl (b)) — Blng))?

T € Ty, nodes :

TCw ni,n; €T
SOl (TR () — (TP (v)* (1.40)
T E TA', vertices :
TCw Vi, V; €T

Since vertices of FT(’]A}) contain the nodal points of 7 and p = Z¥p at these points,

we have
Yo (Bl =p(m)*<C Y 3 ((T9) (vi) = (T9D) (v)"
nodes : ?E?A'T vertices :
ng,nj; €T vi,vje?

where the constant is controlled by the regularity of the subtriangulation. Hence, by
summing over the elements of 7, in w, we conclude that the right hand side of (1.40)
dominates the left hand side.
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—— Original Edge
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Figure 1.2 Partial subtriangulation of the lowest
order Raviart-Thomas-Nedelec elements

function ¢ defined at the primary vertices contained in w by

0, if x € 09
é(x), if x is a primary vertex;

The average of all adjacent primary vertices, if x i1s a

secondary vertex in the interior of w;

I¥¢(x) = (1.37)

The average of all adjacent primary vertices on dw, if

x is a secondary vertex on dw;

The continuous piecewise linear interpolant of the

above vertex values, if x is not a vertex of 7.

Since 7% is defined for any function defined at primary vertices, by an abuse of

notation, we can understand Z% as a linear map from Wj,(w) x Ay (w) into Up(w) and
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connecting the nodal point to the vertices of all triangles that contain the nodal point
in their interior or on their boundary in the current subtriangulation. Triangulations
of three-dimensional elements can be constructed in an analogous manner.

The mappings F; from the reference element to the elements of 7, induce a refined

triangulation T of T, by

Note that the regularity of the refined mesh 7T is a function only of the regularity of
the original mesh 73 and the regularity of the refinement 7T: of the reference element.

A vertex of 7 will be called primary if it was a nodal point corresponding to a
degree of freedom of W,(2) x A,(Q); otherwise, we call the vertex secondary. We
say that two vertices of the triangulation T are adjacent if there exists an edge of T
connecting the vertices.

Let Ux(f2) denote the space of functions that are continuous, piecewise linear with
respect to the refined triangulation ’j', and vanish on 9Q. For w C , a union of
elements in 7, let Uy(w) C Uy(f2) denote those functions that vanish outside of w.
Since the functions in Uy(w) are naturally parameterized by the values they attain

at the vertices in w, we define a pseudo-interpolation mapping Z% into Uy (w) for any

q L @
®  Primary Vertex
* i . ) ® O Se(j‘o.ndary Vertex
P —— Original Edge
- New Edge
L g )
Raviart-Thomas-Nedelec Brezzi-Douglas-Marini
Lowest Order Lowest Order

Figure 1.1 Examples of subtriangulations of two commonly used elements
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and
d,(p,p) = /TA_IVf[p, A - VA[p, \] de =/%JLTB§/~1‘1BTﬁ-ﬁdJ:. (1.34)
Comparing (1.31) and (1.33), we see that
L%Bﬁﬁ‘lBTﬁ Yde = /%’v“h[ﬁ, N-Vde YV E V(7).
Using Cauchy-Schwarz with v = @ and v = V4[p, \], we deduce that

1~ .
[J—BjA‘lBTﬁ-ﬁd:c < Cga|TJTHB;1H2/~Vh[ﬁ, 3] - VA[p, X da, (1.35)

1~ .
[J—BjA—lBTﬁ de > Cloz|TJTHBTH‘2/~Vh[]’5, N - VA5, A de, (1.36)

where Cy and C; are the positive constants in (1.20).
The proof of the lemma is completed by using (1.32), (1.34), (1.35), (1.36), and
(L.3). ]

1.4 An Isomorphism with a Conforming Space

In this section, we recall the construction of an isomorphism between Wj,(w) x Ax(w)
and a conforming space of piecewise linear functions. This isomorphism was first used
in joint work with Mandel and Wheeler [25] to analyze the application of Mandel’s
Balancing Domain Decomposition method to hybrid mixed finite element discretiza-
tions. This type of isomorphism was also used by the author in [23] to analyze three
domain decomposition methods for nonconforming elements of Lagrange type. A sim-
ilar isomorphism was used independently by Sarkis in [76] in the analysis of Schwarz
methods for piecewise linear nonconforming finite elements.

The isomorphism is constructed by first building a refined triangulation 7T: of the
reference element 7. The vertices used in the refinement are the vertices of 7 and
the nodal points in 7 pertaining to the degrees of freedom of Wj(7) x Ax(7). Several
examples are given in Figures 1.1 and 1.2. A refinement using only these vertices
is always possible. For example in two dimensions, the refined triangulation can be
constructed by first partitioning 7 into triangles by adding edges connecting some of
the vertices of 7. If the reference element is a triangle, no additional edges are added

in this step. The nodal points can then be added one at a time by adding edges
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Setting v = II,V¢ and using properties (1.15) and (1.16), we see that v € V(1)
with V-v = —p and v-» = \. Using v in (1.17) with (1.26), we have

0= —/ﬁv-{fdx—l— AMVevsds = /}52 de + | Mds; (1.29)

ar ar

therefore, [p, A] is zero. ]

The following lemma was suggested by Joseph Pasciak [67].

Lemma 1.2 (Lemma 4.3 of [25]) For any 7 € T, and for all p = [p, \] €
Wi (1) x Ap(7)

d(p.5) = ap |77 3T (Blni) — B(ny))%, (1.30)

nodes :
ng,ny; €T
with constants independent of h, a, A and the particular choice of 7, but
depending on the eigenvalues of A, the choice the mixed finite element

space, and the regularity of 7;.

Proof Let 7 denote the reference element, Wy (7) and V,(7) the reference spaces,
and F.(Z) = b, + B.% the affine mapping of 7 onto 7 introduced in Section 1.2. For
[, 1] € Wi(7) x Aw(7), define V[q, i] € Vi(7) by

/’v“h[cj, i vde = —/(jv-vd:p +/ iV-vsds YV € V(). (1.31)
7 F a7
Using Lemma 1.1, one has
[Viaa-VilgRde = Y (@Am) - @Am)?  (132)
nodes :
ng,my €T

since both quadratic forms induce norms on Wj(7) x A, (7) modulo constant functions
with equivalence constants depending only on the reference element and choice of
mixed finite element space.

Letting J, = |detB;|, define the following functions on the reference element
p=pokF,, A=Xok, tu=(J,B'VipA)oF, A=AoF,.

Under this change of variables for the mixed finite element spaces (see, [82, 19]), we
have G € V,(7) satisfying (1.17) in the form

ljiBjﬁ‘lBTﬁ Gde = —[ﬁv-i?dx [ Wovsds WWeVL(7),  (1.33)

oT
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with constants independent of h, «, A and |w|, but depending on the
eigenvalues of /Al, the choice of the mixed finite element space, and the

regularity of the triangulation 7},.

The proof of Theorem 1.1 is a direct consequence of the following two lemmas

which we recall along with their proofs from [25] for completeness.

Lemma 1.1 (Lemma 4.2 of [25]) The kernel of d.(-,-) consists of the

constant functions on 7; that is,
d-([p, AL, [g, u]) = 0 Vg, u] € Wi(7) x An(7), (1.22)
if, and only if, [p, A] has the same value on all nodes of 7.

Proof We first check that if [p, \] = [K, K] for some constant K on 7, then it is in
the kernel of d,(-,-). Letting v = V2[q, u] € V,.(7), we see that

4 (p A lg.n) = [A7VHpA v (1.23)

= —/pV-Vdm—{— Av-v,

ar

= K [—/V-Vd:c—{—/a V-l/ds],

which is zero by the Divergence Theorem.

To prove the converse, let [p, A\] € Wi (7) x Ap(7) be such that

d-([p, ], [q, 1)) = 0 V[q,u] € Wi(r) x An(T). (1.24)

It is enough to show that [p, A] is zero if it is orthogonal to constants, i.e.

/Kﬁ dv+ [ K\ds=0 VK €R. (1.25)

ar
By (1.24),
[ ATV Vi A de = 0,
and hence,

VAap, A = 0. (1.26)

Since (1.25) holds, there exists a solution ¢ (unique up to a constant) to the Neumann

problem

—A¢=p inrT, (1.27)
Vé-v =X on dr. (1.28)



Moreover, the bilinear form dq(+, -) is obviously symmetric and its positive definiteness
on Wi(02) x AY(Q) is a simple corollary of Theorem 1.1 below.

The evaluation of the bilinear form d,([p, A], [¢, #]) might appear prohibitively
expensive, requiring the calculation of both V#[p, A\] and V#[q, x]; however, by using

(1.18), we see that the bilinear form can be computed as

Lp N e = X (= [ e (Ep A de + [ w(VEpA)-vrds).

TeTh7

TCw
Moreover, since there are no continuity requirements across elements for functions in
Vh(Q), V4[p, A] can be constructed element by element.
Recall that two quadratic forms, Q1 and Q,, with domain D are said to be equiv-

alent if there exist constants c¢1,c; > 0 such that

c1Q1(9,9) < Q2(4,9) < 2Qu(¢,¢) Vo €D.
We will denote this equivalence by Q1 ~ Q,. The constants suppressed by this nota-

tion will always be independent of the mesh parameter i, but can, unless explicitly
stated to the contrary, depend on the minimum and maximum eigenvalues of the
coefficient A in (1.1), the choice of family and degree of the mixed finite elements,
and the regularity of the triangulation 7.

The following theorem relates the quadratic form induced by d,(,-) to an equiv-
alent quadratic form in terms of the nodal degrees of freedom. In stating the equiva-

lence more sharply, we decompose A as
A(z) = a(z)A(z)

where « is an arbitrary piecewise constant function on each element of the triangu-
lation. By the uniform positivity of A, there exist positive constants C'; and 5 such
that

Créte < E'A(2)E < Cofté Yz e, € € R™. (1.20)

An appropriate choice for « is the average eigenvalue of A over each cell; that is,
1
a; = — / trace(A(x)) da.
n|r| J-
Theorem 1.1 (Theorem 4.1 of [25]) Let p = [p,A] € Wj(w) x Ap(w) for

w C Q) composed of elements of the triangulation 7,. Then

d.(p,p)~ > a7 ST (Bn) — pny))? (1.21)
7€T,, TCw nodes :

ng,n; €T



1.3 The Dual Variable Problem

Henceforth, we are concerned only with the solution of the finite dimensional problem
(1.11)—(1.13) and drop the subscript h from up, p, and Ap.

The hybrid mixed finite element problem (1.11)—(1.13) is symmetric, but indefi-
nite. In applying iterative methods, it is often advantageous to reduce to a symmetric
positive definite form if one can accomplish that at modest cost. To that end, we
eliminate the flux variable u in (1.11)—(1.13) by introducing a discretization of the
flux operator AV denoted

VA WL(0) x A, (Q) — V,u(Q),
and defined by

> /A_IV‘,?[q,,u] vdr =) (—/qV-Vd:E —}—/ pv-v,ds) Vv E Vh(ﬂ) (1.17)
€T, T = 4 ar
Since vh(ﬂ) is the direct sum of spaces defined on each element, we note that (1.17)
holds element by element. Hence, V#[q, u] is defined element-wise in terms of the
values of ¢ and p restricted to 7. By restriction we consider V4 as a map from
Wi(w) x Ap(w) into Vh(w) for any set w C Q which is the union of elements of 7.

Define bilinear forms

dw : [Wh(w) X Ah(w)] X [Wh(w) X Ah(w)] — R

dlp Xl = Y [ ATV - Vilg ] da (L18)
7 € Ty,

TCw

By the dual variable problem, we mean finding the pair
[p, A] € Wi() x AR(Q)

satisfying
da([p. Nl lg: 1)) = [ fqde Vg, ul € Wi(®) x AJ(Q). (1.19)

The dual variable problem is nothing more than the variational equivalent of forming
the Schur complement of (1.11)—(1.13) with respect to the dual variables p and A.
Hence, solving the dual variable problem is equivalent to solving (1.11)-(1.13), a

fact that is demonstrated in [4], and the flux can be recovered as u = —Vi[p, A.



multiplier associated with the constraint that v € H(Q;div), i.e. the continuity of
fluxes across edges express in (1.4). Equation (1.11) is also a weak form of the con-
stitutive relationship (1.5) which, after multiplying by a test function and integrating
the second term by parts, yields

/A_lu-vdm—/pv-vdm—}—/ pv-v;ds = 0. (1.14)
T T or

Comparing with (1.11), we see that A, is naturally interpreted as an approximation
to the trace of p on the boundaries of the elements.

The RTN, BDM and BDFM mixed finite element families share several common
properties that we will use in our analysis. Primarily, we use the fact that the spaces
Wi(2) and A, (Q) admit natural nodal bases defined by degrees of freedom in the
interior of elements for W, () and on the boundary of elements for A,(f). For
example, one can take the nodes to be the center of the element for W} () and the
center of each edge for A,(Q) for the lowest order RT space defined above. Other
examples can be found in [44]. Because of (1.14), the values attained at these nodes
have the natural interpretation as values of the scalar variable at the nodes, in the
interior as well as on the edges (faces in 3D) of the elements. We will not differentiate
between functions in W3 (2) x A, () and the values they attain at the nodal degrees
of freedom.

Additionally, the following two properties satisfied by the RTN, BDM and BDFM

families are used to prove Theorem 1.1 in Section 1.3:

e the approximating spaces for the scalar variable and its flux are related by the

inclusion

div(V(r)) € Wa(7),
and
o there exists a projection
M, : H(r;div) N {v-v, € L}07), 7 € T} — Va(7)

that satisfies, among other properties, that for every 7 € 7, and edge (face in
3-D) e; of the boundary of 7 that

/ (Ilpu —u)-v,ver,ds =0 Vv e Vy(r), (1.15)

€q

/ V-(Iu — u)gde =0 Vg€ Wi(r). (1.16)



satisfying
/QA_luh vde — /Qphv-vdx —0 Vve Vi), (1.9)
/QqV-uhdx:/qud:n Vg € Wi(Q). (1.10)
By the hybrid mized finite clement approgimation to (1.1)~(1.2), we mean the triple
(W, pr, A} € VA(Q) x Wi(Q) x A%(Q)
satisfying

(/A s vdr—/pthdr—{— V- u7d3> —0 YveViQ), (L11)
€T,

- /qV upde = — /qfdr Vg e Wi(2), (1.12)

TETh

Z v ds=0 YueA)(Q). (1.13)
T€T,
For issues related to the well-posedness and convergence properties of these approxi-
mations, we refer the reader to the expositions in [30, 71, 19] and [69, 60, 18, 16, 17]
in which the families of elements were first defined.

In the hybrid mixed finite element method, we have relaxed the continuity condi-
tion on the space of fluxes, replacing V() with Vh(ﬂ), and imposed it variationally
through (1.13). The equivalence of (1.11)—(1.13) with (1.9)—(1.10) is a simple conse-
quence of (1.4). The relaxation of the continuity requirement was proposed by Fraeijs
de Veubeke [39] and analyzed carefully in the context of mixed methods by Arnold
and Brezzi [4].

Note that the hybrid formulation (1.11)-(1.13) is just the first order necessary

conditions from the constrained energy form

min / A7lv.v dz,
v e V,(9),
s.t. Ve H(Q;div),
and V.V = PWh(Q)f

where Py, (q) is L*(Q)-projection onto W;(£2). Adopting some terminology from op-
timization, we refer to the functions in Vh(Q) as the primal variables and functions

in Wi(Q) x A,() as the dual variables. We see that pp, is nothing more than the

Lagrange multiplier associated with the constraint V-u, = Py, (q)f, and A; is the



of the normal component and the fact that V,(7) C H(7;div) insure that V, () C
H(Q; div). Note also that if v € Vh(ﬂ), then v € V,,(Q) if, and only if,

3 /QTW-VTds:o Vi € A%(Q). (1.4)

TETh

The analysis presented in subsequent sections will be applicable to all the elements
in the RTN, BDM and BDFM families of mixed finite elements. We will, however,
use the RT elements of lowest order defined on rectangles as an example to make

concrete some of our constructions. Recall that the lowest order RT space consists of

Wi(#) = span {1},

() () () ()

For this space, A,(f) is the space a functions that are piecewise constant on each
edge in 97},
A weak form conducive to approximation by mixed finite elements is arrived at

by first rewriting (1.1) as the first order system

A7lu+Vp=0 inQ, (1.5)
Vau=f inf. (1.6)

After multiplying by appropriate test functions, integrating the second term in (1.5)
by parts and using the boundary condition (1.2), we arrive at the problem of finding

{u,p} € H(: div) x L}(Q)
such that
/QA_lu vds - /QpV-vdJ; =0 Vv e H(Qdiv), (1.7)
/QqV-ud,r:/qud;c Vg € L3(Q). (1.8)

We now introduce two equivalent finite dimensional approximations of (1.7)—(1.8).

By the mized finite element approzimation to (1.7)—(1.8), we mean the pair

{un, pr} € V(@) x Wi,(Q)



The mixed and hybrid mixed finite elemenet spaces admit a standard element-
wise construction based on spaces defined on a reference element. Let 7 be a fixed

reference element, and let
Wi(7) x Vi(7) C L*(7) x H(7; div)

be one of the mixed finite element spaces of fixed degree from one of the following
families of elements: the RTN spaces [69, 60], the BDM spaces [18, 16], and the
BDFM spaces [17]. Without loss of generality, we assume that the reference element
is chosen to be a regular polygon or polyhedron. By the assumed regularity of the
mesh (see, e.g., [22]), there exists a family of bijective affine maps from the reference

element to the elements in the triangulation 73 of the form
{F,=b,+B.2:7—1,7e€T}
satisfying
[det B;| = |7|/I7], |IB;|| < Clz[V*, B < Clr|7" 1 € T (1.3)

Here, and throughout this paper, C' will denote a generic positive constant, not nec-

essarily the same from line to line, but always independent of the mesh parameter
h.

For each element, let
Wi(r)={plp=poF " p € Wi(7)},

Vi(r) = {v | v =|detB,| "B, 0 F~',% € V,u(7) };

T

and for w C (1, the union of elements of 7, let
Wi(w) = {p € L*(Q) | support(p) C @ and p, € Wi(r) V7 € Tp.},

Vi(w) = {v € (L}Q))" | support(v) C @ and Vi; € Vi(7) V7 € 71},

Ap(w) = {/L €L’ ( U _e) | ppe € (vh(w) V) Ve € a'fh} )

e€dTy,

Let A%(Q2) denote the set of functions in A,(2) that vanish on the boundary of
Q, and let V,(9) denote the subset of vh(ﬂ) composed of functions such that the

normal component is continuous across the boundaries of elements. The continuity



and a second multigrid method based on an extension of an algorithm proposed
by Bramble, Pasciak and Xu in [12]. To avoid possible confusion, we note that
the second multigrid algorithm is not the popular BPX multilevel preconditioner of
[13] defined by the same authors. Both multigrid methods use conforming piecewise
bilinear functions for the coarser spaces and are implemented using Dendy’s Black
Box Multigrid code [28, 29].

While the focus of this thesis is the construction of preconditioners for the hybrid
mixed finite element discretizations, the techniques used in Chapters 2 and 3 can be
used in a straightforward manner to construct and analyze preconditioners for several
other types of discretizations of second order elliptic problems. The extended range
of applicability is discussed in more detail in Chapter 4.

In Chapter 5, a highly simplified model for the evolution of erodible beds of
sediments in channels under the influence of bed-load transport is presented. A
numerical method is proposed, and the multigrid method used in Chapter 3 is applied

to the resulting linear systems. The results of two simulations are reported.

1.2 Hybrid Mixed Finite Element Discretizations

In order to set some notation, we recall from [25] the formulation of the mixed and
hybrid mixed finite element method. Readers who are familiar with hybrid mixed
finite elements may simply wish to skim this section to set some notation. We refer
the readers who are unfamiliar with mixed methods and their hybrid formulation to
the more complete expositions by Roberts and Thomas [71] and Brezzi and Fortin
[19] for more detail.

Let dz denote the standard Lebesgue n-dimensional measure and ds the (n — 1)-
dimensional surface measure. For a bounded open set 2 C IR", let || denote the
measure of the set, {1 its closure and vq its outward directed normal. Let L?(f2),
(L*(Q))™, L*(09Q), H*(Q), (H*(Q))™, H*(9Q) denote the standard Sobolev spaces of
real-valued functions defined on  and 0} (see, e.g., [1, 50]). We denote the natural
semi-norms on H*(Q}) and H*(0N) by |- |sq and | - |s 50, respectively. Let H(; div)
denote the subspace of functions in (L*(2))" with divergences in L*().

Let 7}, be a quasi-regular triangulation of the polygonal domain ) with character-
istic mesh size h. The elements of 7, are not limited to triangles (tetrahedra in 3-D),
but can, more generally, include rectangles, parallelograms, and rectangular solids.
Denote by 07}, the set of edges if n = 2 or faces if n = 3 of 7j,.



Unlike the standard conforming Galerkin discretization in which the linear prob-
lem is symmetric and positive definite, the linear problems arising from the mixed
and hybrid mixed discretizations are saddle point problems which are symmetric but
indefinite. In general, iterative methods seem to work best for symmetric positive
definite systems; therefore, in Section 1.3 the saddle point problem is reduced to one
that is symmetric and positive definite defined solely in terms of the approximations
to the scalar variable p.

The construction and analysis of effective preconditioners for this positive definite
problem is the focus of this thesis. We construct preconditioners suitable for use
with the conjugate gradient method [46, 70, 43]. Recall that the error (measured
in the energy norm) after m iterations of the conjugate gradient method is bounded
by 2((v/& — 1)/(v/& + 1))™ times the initial error where & is the condition number
of the preconditioned operator (see, e.g., [45]). We derive upper bounds on the
condition number of the preconditioned operator, and hence, bounds on the rate of
convergence of the conjugate gradient method. In particular, we construct domain
decomposition and multigrid preconditioners with rates of convergence that do not
deteriorate or deteriorate very slowly under refinement of the mesh on which the
mixed finite element method is defined.

The key tool in the analysis of the preconditioners is an isomorphism between the
hybrid mixed finite element space and a space of functions that are continuous and
piecewise linear. The isomorphism between the two function spaces was first used by
the author in the analysis of a substructuring domain decomposition method in joint
work with Mandel and Wheeler [25] and is recalled with proof in Section 1.4.

In Chapter 2, the isomorphism is used as a theoretical tool to analyze the asymp-
totic rate of convergence of the application to hybrid mixed finite elements of two
Schwarz domain decomposition methods: the overlapping additive method due to
Dryja and Widlund [33] and Nepomnyaschikh [61] and a substructuring Schwarz
method due to Smith [78]. Using the isomorphism, the analysis of these Schwarz
methods follows with only modest modification from the existing theory for the meth-
ods applied to conforming piecewise linear discretizations.

We use the isomorphism and a fictitious domain lemma of Nepomnyaschikh [62]
in Chapter 3 to show how existing implementations of preconditioners for conforming
piecewise linear elements can be used to precondition hybrid mixed finite element
discretizations with the same asymptotic effectiveness. A multigrid method based on

this idea is implemented and compared with other standard algebraic preconditioners



Chapter 1

Mixed and Hybrid Mixed Finite Elements

1.1 Introduction

We consider the asymptotic convergence properties of several iterative methods for
the solution of the hybrid mixed finite element discretization of the following elliptic

problem for p on the connected polygonal domain Q@ C IR", n = 2,3, with boundary
oQ:

—V-AVp=f inQ, (1.1)
p=0 on JN. (1.2)

The tensor A is assumed to be uniformly positive definite, bounded and symmet-
ric, and f € L*(2). The choice of homogeneous Dirichlet boundary conditions and
a connected polygonal domain is merely for convenience. The extensions to other
boundary conditions, domains with multiple components and curved boundaries are
straightforward.

Though not initially viewed as such, mixed finite element methods have in fact
been used since the 1950’s in their earliest incarnation as cell-centered finite differences
as pointed out by Russell and Wheeler [72]. Because mixed discretizations possess
inherent mass conservation properties and yield high quality approximations to both
the scalar variable p and its flux -AVp, higher order mixed finite element methods,
as well as cell-centered finite differences, continue to be used to discretize elliptic
problems such as (1.1)-(1.2) arising in industry. One such example is the work of
Durlofsky and Chien [36] in which mixed finite element methods are applied to a
problem arising in reservoir simulation.

Like standard conforming Galerkin discretizations, the use of a mixed finite el-
ement method leads to a large ill-conditioned linear system. For most problems of
interest, direct methods, including sparse direct methods, are not applicable because

of the size of the problem. In such cases, preconditioned iterative methods are needed.
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Abstract

Some Domain Decomposition and Multigrid
Preconditioners for Hybrid Mixed Finite
Elements

by

Lawrence Charles Cowsar

Discretizations of self-adjoint, linear, second-order, uniformly elliptic partial differ-
ential equations by hybrid mixed finite elements lead to large, ill-conditioned saddle-
point problems. By eliminating the flux variable, a reduced problem is formed that
is symmetric and positive definite but still large and ill-conditioned. Several domain
decomposition and multigrid preconditioners are applied to the reduced problem, and
bounds on their asymptotic rates of convergence are derived.

Two Schwarz domain decomposition methods are shown to converge at least as
fast asymptotically as the same methods applied to conforming linear finite element
discretizations. In particular, for both the standard additive overlapping Schwarz
method of Dryja and Widlund and one of the interfacial Schwarz methods of Smith,
it is proven that the rates of convergence of the methods are uniformly bounded
with respect to the mesh size in both two and three dimensions under standard
assumptions.

Several multigrid preconditioners are constructed for the reduced problem includ-
ing a generalization of a method due to Bramble, Pasciak and Xu and an adaptation
of methods of Wohlmuth and Hoppe. A common feature of these multigrid methods
is the use of conforming finite element spaces on the coarser grids. Uniform conver-
gence rates are proven for most of the methods and numerical results that verity the
bounds are reported.

A mixed finite element discretization of a simplified model of sediment transport
in a two dimensional periodic channel is also described. The results of two simulations

that employ one of the multigrid preconditioners are reported.
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