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ABSTRACT

The major theme of this thesis is mathematical aspects of fluid mixing
in the case when diffusion is negligible, which is commonly refered to as
'mixing by stirring’ or 'mixing by chaotic advection’ in the engineering
literature. In this case the mixing is driven by a velocity field and is
characterized by the flow generated by the velocity field. We propose a
general methodology that can be used to characterize mixing in flows.

In this work we assume that the velocity field is modeled by the in-
compressible Stokes equations but in principle we can choose to use any
other fluid model. We derive pointwise a posteriori error estimates for
finite element approximations of the Stokes equations and investigate the
flow generated by the velocity field by computing a large number of orbits
in the flow. We demonstrate that the computed orbits are close to exact
orbits by deriving a shadowing error estimate. Principal to this estimate
is that we compute the orbits and the velocity field sufficiently accurately.

On the basis of notions from dynamical systems theory we devise a
tractable mixing measure that resolves the mixing process both in space
and time. We provide an error estimate for computed mixing measures
which relies on the error estimate for the computed orbits.

Finally, we discuss a few additional computational issues. (1) We suggest
an optimal search algorithm that given a query point can locate the n-
simplex in a finite element triangulation that contains the query point.
(2) We analyse and discuss finite element multigrid methods for quadratic
finite elements and for adaptively refined triangulations.

Key Words: mixing, hyperbolicity, shadowing, finite elements, flow simu-
lation, a priori error estimates, Stokes equations, point location, multigrid,
refinements
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1. INTRODUCTION

SOt W N

13
13
14
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Let 2 be a domain in R” for n = 2,3 and let ¢y(z) : © — R be a positive
function. We think of mixing as a relaxation process c¢(x,t) : 2 — R for

t > 0 such that ¢(x,0) = ¢y and

(1.1) le(z,t) —Collre@) — 0 ast — oo,

where

Gy = ]Q]l/co(x) dx.
Q

In practice ¢(x,t) could be the concentration of a chemical compound
that we wish to distribute uniformly in €2, for example, in order to mix

1



2 ERIK D. SVENSSON

with one or several other miscible compounds in 2. We model this process
by the convection-diffusion equation which is in dimensionless form

dic+u-Ve—Pe ' Ac=0 in [0,7] x Q,
(1.2) Ve-v=0 in [0, 7] x 01,
c(x,0) =co(x) inQ,
where v is the outward normal to 02, u is an incompressible velocity field
such that v - v =0 on 092 and
UL
- D

is the Péclet number for characteristic velocity and length scales U and L
and the diffusion constant D.

Solving (1.2) it is important to recognize the Péclet number and dis-
criminate between three different regimes.

(1) For Pe <« 1 the problem is diffusion-dominated.
(2) For Pe ~ 1 the problem involves both convection and diffusion.
(3) For Pe > 1 the problem is convection-dominated.

(1.3) Pe

In this thesis we only consider the case when Pe > 1, in fact, we assume
that Pe is so large that the diffusion is negligible and thus in stead of the
convection-diffusion equation (1.2) we consider the transport equation

Oc+u-Ve=0 in [0,7] x Q,
(1.4) Ve-v=0 in [0, 7] x 092,
c(x,0) = co(x)  in .

It is now apparent to ask what properties the velocity field v must have
in order to make ¢(x,t) mixing. As we shall see, this problem could be
formulated within the realm of dynamical systems theory where we also
will find a more precise answer to the question.

In the engineering literature mixing in the case Pe > 1 is commonly
refereed to as mixing by chaotic advection and for further references we
refer to the survey articles [2, 3, 34] or the book [33].

1.1. Dynamical systems approach. We do not solve the transport equa-
tion (1.4) because it seems to be too involved, for example, if ¢y is discon-
tinuous and wu is sufficiently irregular it will be technically difficult to accu-
rately evolve ¢y in time. Instead we consider the flow [0,¢] x Q > (¢, z) —
g(t,x) € Q generated by a sufficiently smooth velocity field u, describing
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the motion of fluid particles in €2 as solutions to the system of ordinary
differential equations

(1.5) Og(t,x) =u(g(t,x)), t>0; ¢g(0,z)=uz.

Now (1.4) and (1.5) are equivalent and ¢(t,z) = ¢o o g(¢, x), or formally
¢(t, z) defines the Koopman operator associated to the semigroup of trans-
formations {S;};~0 corresponding to the flow (1.5) [27, p. 210].

Thus instead of trying to solve (1.4) we compute numerically a limited
number of orbits gy (¢, z;) for j =1,2,...,J, z; € Q, and where k denotes
the step in a time discretization.

We remark that there is a similar correspondence between the convection-
diffusion equation (1.2) and (1.5) with an additional stochastic term on the
right hand side of (1.5). Hence for large and moderate Péclet numbers (1.2)
will be difficult to solve for the same reasons as (1.4) is and we may instead
consider a stochastic flow.

Let 1 be a measure that is preserved in the flow, that is, for every open
set A CQ, u(g(t,A)) = u(A). Then the flow g(¢,x) is called mizing if for
every open set A, B C ()

 (A)u(B)

n(€)
see fore example [13, 40]. Interpreting this definition it may be instructive
to instead consider the limit (AN g(t, B))/u(A) — u(B)/u(f2) as t — oo
and thus the relative amount of AN g(¢, B) in A should go to the relative
amount of B in ) measured with pu.

Related to mixing is the decay of correlations between open sets A, B C
Q) defined by

(1.6) n(Ang(t,B))

as t — oo,

1(A)pu(B)

p(€)
see for example [7, 40]. Its asymptotic behavior indicates whether the
mapping is mixing and also the rate at which mixing occurs. The decay
may be exponential Cy(A, B) ~ e~* or polynomial C;(A, B) ~ ¢t~ for
some a > 0.

(1.7) Ci(A, B) = (AN g(t, B)) —

1.2. Convection versus diffusion. In order to get a feeling for mixing
in general we now consider (1.2) for Pe < 1 and Pe > 1 and estimate a
finite time such that ||c(z,t) — G|/« in (1.1) supposedly is small. We call
this the mizing time.
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For Pe <« 1 the convection is negligible and ¢(x,t) will mix in time for
any initial data co(z) due to diffusion. We consider the system mixed when
the mean-square displacement, /D¢, of a diffusing non-interacting point
mass (a molecule or particle) equals L and thus we obtain the relation

(1.8) tm = L?/D.

For Pe > 1 the diffusion is negligible but instead we assume that the
velocity field v is mixing and that the flow is dynamically unstable in
the sense that small perturbations of size ¢ will grow exponentially as
Cexp(ot) for some o > 0. We choose ¢ = (7D)? where 7 = L/U is

the characteristic time for the flow and consider the system mixed when
Cexp(ot) = L which implies that

(1.9) tm = 1/(20) In(Pe).

where we used (/L = (D/LU)Y? = Pe™ /2,

Ezxample 1.1. We consider the mixing of a dilute water/particle dispersion
with pure water, that is, let A C {2 contain the water/particle dispersion

and Q \ A contain water at time ¢ = 0. We suppose the particles diffuse
with diffusion constant given by the Einstein relation

kgT
6mna’

(1.10) D=

where kg is the Boltzmann constant, 7" is the temperature, n is the viscosity
of water, and a is the particle size. Now for

kp = 1.38 x 107* [J/K],
T = 298 [K],
n = 1.04 x 1072 [Ns/m?],
and a in the range [1071°,107°] [m] we plot the mixing time by diffusion
(1.8) for various L in Figure 1.1, that is, in the absence of convection.
Suppose next there is a velocity field in  generating a flow that is

mixing, cf. Section 1.1. The velocity field is characterized by the Reynolds
number

UL
7

where = n/p is the kinematic viscosity and p is the density. Notice that
Pe = Re p1/ D and hence with the Einstein relation (1.10) we rewrite (1.9)

(1.11) Re



as
2
t =1/(20)In (Re ]S;T;pa).
Now for
Re =1,
p= 10° [kg/ms]’

and for the other parameters as above, we plot the mixing time by convec-
tion for various ¢ in Figure 1.1, that is, in the absence of diffusion. We note
that the dependence on the Reynolds number is logarithmic and hence the
actual choice of Re is not so important. However the choice we made,
Re = 1, reflect that there is no turbulence in the velocity field. Examining
Figure 1.1 we note that there are regimes where mixing by diffusion is very
slow, t,, > 10? [s], whereas the mixing by convection is faster, t,, > 1 [s],
this is the regime we particularly is interested in for this work.

1.3. Mixing in micro fluid systems. Mixing as outlined in the sections
above, and also from the practical point of view, has recently be revived,
spurred by the development of microfiuidics, see the book [23] for a general
reference and the review articles [20, 30] on mixing in microfluid systems,
where "micro” refers to length scales L < 1 [pm].

Significant for many micro fluid systems is the combination of small
Reynolds numbers Re < 10 (possibly < 10) and large Péclet numbers
Pe 2 100. As a consequence it is difficult to mix fluids in these systems.
For small Reynolds numbers there is no turbulence and we cannot rely on
inertial effects for mixing, and for large Péclet numbers convective effects
dominate over diffusive effects and mixing by diffusion is a relatively slow
process, see the discussion in Section 1.2.

Consider for example stationary flow in channels with characteristic
length scale L, the diameter (width) of the channel, and characteristic
velocity U, the maximum velocity in the flow along the channel. The ob-
jective is to mix two miscible fluids A and B that enter in a Y-junction,
Figure 1.2. If L and U are sufficiently small and the channel walls are
smooth, then a parabolic velocity profile is maintained along the channel.
There will be little mixing and only due to diffusion. This has been demon-
strated in several papers, for example, in [21, 22, 26] and we illustrate it
in Figure 1.2.

One possible way to enhance the mixing in these situations is to force
convection in the cross section by modifying the geometry of the boundary
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—diffusion -+ convection
' ' ' ' 10!
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Figure 1.1: Mixing time, t,,, of a dilute water-particle dispersion as a function
of particle size a. The left y-axis shows the mixing time by diffusion based
on the estimate (1.8) for L = (107, 107%, 1073) [m] and where we assumed
the diffusion coefficient is given by the Einstein relation (1.10). The right
y-axis shows the mixing time by convection based on the estimate (1.9) for
o = (1, 10, 100) [s~?!] and where we assumed Re = 1.

0€). This was proposed and experimentally studied in [38] in channels
like the ones depicted in Figures 2.1 and 2.2, and with velocity profiles
as in Figures 2.3 and 2.4, where the velocity field is given by the Stokes
equations as described in Section 2.1 below.

2. OUTLINE OF THE THESIS

The goal of this thesis is to computationally characterize mixing in the
context outlined above. Ideally, this implies that, for all open sets A C €,
we need to

(1) solve (1.5) for every x € A,

(2) compute the decay of correlations (1.7).
However, in practice we can not expect to solve (1.5) for every z € A
and all open sets A C Q and compte (1.7) for all open sets A, B C (.



mixing by diffusion

mixing by convection

b E—

Figure 1.2: Miscible fluids A and B enter the channel in a Y-junction. (top)
In microfluidics the characteristic length L and the characteristic velocity U,
are both typically small. Inertial effects are weak and if the channel walls are
smooth the two fluids will flow along next to each other. There will be little
mixing and only due to diffusion. (bottom) Introducing convection in the
channel cross section may enhance mixing.

Therefore we must make some approximations and set up some additional
framework.
We assume that u is sufficiently smooth and incompressible, that is,

V- u(x)=0 Vze.

Let v be the outward normal to 02, the boundary to 2. We assume that
v(z)-u(x) =0 for x € 092, that is, there is no flow through 0€2. Imposing
some additional constraints on €2 and u, we distinguish two types of flows.

(1) The flow g(t, z) is said to be confined if 2 is bounded.

Let I' € Q with dim I' = n — 1 such that 0I' C 92 and I + mr € Q for
some r € R" and any integer m.

(2) The flow g(t,z) is said to be space periodic if ulr = u|pim,, and
vr(z) - u(z) <0 for z € I', where vp is the normal to I’

We now describe the procedure in the context of confined flows for which
the volume measure |-| will be the appropriate measure.

Instead of considering all open sets A C ) we consider a partition
{AY, of Q and

(1) compute a limited number of orbits gi(t,x;) to (1.5) for x; € A;
and j=1,..., M,
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(2) for all A, B in the partition compute the approximate decay of
correlations as explained in Paper I and defined by

M M
(21) CY(A,B) = |BIM ™) det(Vax(t,z:)) Y xalgr(t, ;) — |Al|B]
i—1 j=1
where x4 is the characteristic function for A.

Moreover, in many situations we may not even know u a priori in a
closed form but it will rather be defined from a model, for example, a
partial differential equation, and we will have to use approximate data wuy,
for u, where h denotes the space discretization.

Finally, in order to validate the entire approach we provide error bounds
for the approximate correlation sequence in the sense that

(2.2) (CY(A, B) — Cy(A, B)| < e(|0A| + |A||0B]) + Rus,

where B a set close to B and Ry is a residual from the approximation of
|ANT'B| by quadrature and ¢ is a parameter depending on estimates of:

(1) the error in the computed velocity field
ey = Up — U,
(2) the error in the computed orbits
e =gt x) — g(t,y),
where z € B is probably not equal to y € E, but still we may

obtain a small e due to a shadowing argument.

The overall methodology described above is more carefully discussed in
Paper I and the error estimates for e, and e are outlined in the section
below.

2.1. Stokes flow. Modeling the velocity field we only consider the Stokes
equations, see [18, 37] for general mathematical introductions. Let Q C
R™ n = 2,3, be a polyhedral domain and consider the Dirichlet Stokes
problem in dimensionless form
—Au+Vp=f inQ,
(2.3) V-u=g¢g inQ,
u=0 onof,
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where v = (uy,...,u,) is the unknown velocity field, p is the unknown
pressure, f = (f1,..., fn,) is an external body force and ¢ is a function
describing the compressibility of the flow, for incompressible flows g = 0.

2.1.1. A posteriori error estimates. Let 7 be a regular triangulation of
and for T' € T set hy = diam (T') and Ay, = minper by, Let (uy, pp) be
a conforming finite element solution to (2.3) and define the residual in the
momentum equation (me) by

Rue := f + Auyp, — Vpy,
and the residual in compressibility constraint (cc) by
Ree :=q9g—V -uy.

In Paper II, which is inspired by [14, 31], we prove that provided the
data f and ¢ are sufficiently smooth there is a constant C' such that

(2.4) [, — ul|p () < Cllog huin|®" 1 + C1h>

min?

where ap = 2, a3 = 4/3 and

1
n= I%lgyx(h%HRmeHoo,T + 5” [8Vuh]||oo,8T\OQ + hTHRccHoo,T)a

where [0,u;] denotes the jump across 97" in the normal derivative, d,u), =
v - Vuy, where v denotes the outward normal to 9T, and where § could
be chosen arbitrary large.

We note that the estimate above is asymptotic in the sense that the
constant C' is bounded but not explicitly known, and thus the error goes
to zero as hp goes to zero.

2.1.2. Periodic Stokes flows. In the actual mixing experiments we consider
a model problem inspired by [38] where laminar fluid mixing was experi-
mentally studied in small channels. Let  C R3, be a polyhedral domain
with periodic boundaries I'y and I'g, as in Figures 2.1 and 2.2, and con-
sider the following Stokes problem with periodic boundary conditions in
dimensionless form
—Au+Vp=0 in,

V-u=0 in(),
(2.5) u=0 ondQ\ (I'yUlpR),

u|FA = U|FB’

p|FA :p|F3 + Rp7
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where R, is a constant modeling the pressure drop.

Figure 2.1: Three juxtaposed Ridge Domains. The shaded planes I'y and I'p
are periodic boundaries.

Figure 2.2: Three juxtaposed Herringbone Domains. The shaded planes I'4
and I'p are periodic boundaries.

We refer to the domains in Figures 2.1 and 2.2 as the Ridge Domain
and the Herringbone Domain, respectively, where the names are quoted
from [38]. Accurate solutions to (2.3) in the two domains are computed by
a finite element method, see for example [9, 11, 17] for general texts and
[18, 29] for Stokes equations. We use Taylor-Hood P, P; finite elements on
fine triangulations and illustrate the solutions in Figure 2.3 and 2.4.

2.2. Finite time shadowing. Given a dynamical system (1.5) and a
number Tol > 0, we may ask if there in practice is a threshold time 7" such
that we can compute orbits gx (¢, z) with error ||gx(t, z) — g(t, x)|| < Tol for
all t € [0,T] and a fixed = € 2, that is, such that the error is uniformly
bounded on [0, 7.

In the present case accurate predictions of this kind are inherently dif-
ficult since mixing is only obtained if u is sufficiently irregular meaning
that the flow generated by u will have to be sufficiently hyperbolic, which
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Figure 2.3: Velocity field for (2.3) solved in the Ridge Domain, Figure 2.1, at
z = 0.0. (a) The y and z components of the velocity field. (b) The x component
of the velocity field.
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Figure 2.4: Velocity field for (2.3) solved in the Herringbone Domain, Figure
2.2, at = 0.0. (a) The y and z components of the velocity field. (b) The z
component of the velocity field.

loosely speaking involves that the flow has to have enough contractive and
expensive directions, see [24, 40| for a more precise statement of hyperbol-
icity. Such systems are dynamically unstable, sensitive to perturbations,
which renders the computation delicate. The error will probably grow at
a exponential rate and we will only be able to compute accurate orbits
gr(t, x) for relatively small time intervals.

However, if the system is sufficiently hyperbolic we may argue by shad-
owing, that is, provided g (¢, ) is computed accurately enough there is an
exact orbit g(¢,y) such that ||gx(¢,2) — g(¢,y)| is small for ¢t € [0,7] and
where T is relatively large [10, 12, 39]. Moreover approximating u with uy,
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in (1.5) and if e, is small we may arrive to the similar conclusion, which
is proved in Paper III.

We solve (1.5) by the finite element method, see for example [16]. Par-
tition [0, 7] into intervals [t;_1,¢;] fori =1,2,... N, and set k; = t,_1 —t;,

and let k = k(t) be piecewise constant function defined by kly, , +] = ki
Define the residual to the finite element solution
R(gk) = un(gr) — Orgr-
Set
P (s p) = Pl IV Loy + max|| [Vup] || < oron).
and
(2.6) rp(ew) = hoil [ Veu] oo,

for some 1 < p < oo depending of what kind of estimates we have for uy,
and set
B, :={e € C([0,T]) : llell=qo,m) < p}-
Let S1(T) and S3(T') be stability factors obtained by solving an appro-
priate dual problem and let p, u, and g be such that
CSy(T)re(e,) < 1/4,

2.7) CS(T)rx(un, p) < 1/4,

and suppose
1
SUD)||E R(gi) || e o7y < 1P

1
Sa(T)llewlli=ie) < 7

Then the numerical solution gi(¢,z) is shadowed by an exact solution
g(t,y) and the error e(t) = gx(t,x) — g(t,y) is bounded from above for
all t € [0,T] by
(2.8) le(t)] < SUTET R(gi) | =io,m1) + S2(T)llesll=() < p-

We note that S »(7") will be relatively small provided the flow (1.5) is
sufficiently hyperbolic.
FExample 2.1. As a concrete example we consider the Lorenz system

09 = (0(92 — 91), P91 — G2 — 193, 9192 — Bgs), t>0;
g(0) = (1,0,0); for (o,p,3) = (10,28,8/3).
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In [28] this problem was solved accurately in the sense that the error
llgr(t, g(0)) — g(t, g(0))|| is small up to T" = 50, which is predicted to be
the threshold beyond which the error becomes too large to be represented
with double precision arithmetics (in the same work the threshold 7" = 100
is predicted for quadruple precision).

This result should be compared to [12] where the same problem is solved
accurately up to 7' = 9 x 10 in the sense that ||g (¢, g(0)) —u(t,y)|| is small
for t € [0, T}, that is, very close to the computed orbit gk (¢, g(0)) there is
an exact orbit g(t,y).

This example obviously suggests that long time error control for prob-
lems that are dynamically unstable will fail with the first method, but
could possibly be archived with the last method, provided the structure of
the problem is sufficiently "hyperbolic-like’.

2.3. Search in triangulations. Working with finite element methods in
practice we may face the problem to locate which n-simplex in the trian-
gulation contains a given point. In the present work we need to perform
such search when solving (1.5) with finite element data in the right hand
side. A simple search will require O(N) operation if N is the number of
n-simplices in the triangulation and thus if we for some reason must solve
this problem many times we would like do the search more efficiently.

In Paper I'V we discuss the implementation of a binary search algorithm
that will solve the search problem in an optimal way, that is, with O(V)
preprocessing time, O(N log N) storage and O(log N) search time [25].

2.4. Multigrid solvers. Finite element multigrid methods solve linear
systems of equations arising from finite element approximations to linear
elliptic partial differential equations with the number of operations pro-
portional to the number of unknowns, see [8, 19, 36] for comprehensive
introductions. We say that the multigrid method has optimal complexity
or scales optimally.

However, it is important to note that this rather general statement is
really implicitly assuming that the finite element basis functions are linear
and that the triangulations are quasi-uniform. Side-stepping these require-
ments the convergence rate of the multigrid solver may deteriorate but the
accuracy of u, may be improved. For example, higher degree finite element
approximation are appealing for use on problems that are sufficiently regu-
lar since the error u —u;, may converge as O(h?™!) where ¢ is the degree of
the approximation. Moreover, adaptively refined triangulations (violating
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the quasi-uniformity) may give better approximations on problems with
less regularity.

In Paper V we demonstrate that the multigrid method in practice also
works well for second degree finite element approximations of problem
with both full regularity and less than full regularity. We compare two
different finite element approximations, the Lagrange approximation and
the hierarchical approximation proposed in [5] and [4]. We use the general
theory outlined in [8] to indicate how the point Gauss-Seidel smoother
deteriorates as a function of the dimension n of the problem and the degree
of the approximation q.

In Paper VI we consider the practical aspects implementing the method
on adaptively refined triangulations for conforming linear and quadratic
finite elements in two and three dimensions.

We choose to use a refinement method that renders the finite element
spaces nested and thus the formulation of the multigrid method is straight-
forward with well defined projection operators on the finite element spaces,
in contrast to the situation when the finite elements spaces are non-nested
[8, 35]. Moreover, this choice is also motivated by the fact that the re-
finement algorithm becomes simple compared to the rather involved re-
finement algorithm proposed in [6], which also renders the finite element
spaces non-nested.

The refined triangulations are irregular [15] in the sense that there will
be 'hanging’ nodes and the construction of conforming finite element spaces
is a non-trivial task that in practice requires flexible data structures to be
implemented. This and the even more general aspects of hp-refinements
has already be considered in [1, 15, 32]. We reformulate these results using
concepts from modern finite element theory.

3. CONCLUDING REMARKS

In this thesis we have computationally characterize mixing in flows in the
sense that we now in principle quite generally should be able to analyze
mixing. Principal to the work is to compute the velocity field v by the
finite element method and provide error bound to the computed solution.
We note that estimate (2.4) is asymptotic in character, that is, there is
an unknown but bounded constant in the right hand side and we can only
deduce that the error goes to zero as h — 0. It may be possible to obtain
other error estimates with better control on the constant in the right hand
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side but then we must probably measure the error in some other weaker
norm than the maximum-norm.

Better control on error in the velocity field will impact and improve
the other estimates: the shadowing estimate (2.8) and the estimate of the
computed mixing measure (2.2). Thus, error control in the velocity field
is a key issue.

We remark that ideally we should have solved the Stokes problems (2.5)
adaptively with the techniques outlined in Paper V and VI. However we
did not manage to completely finish this part of the work.
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COMPUTATIONAL CHARACTERIZATION OF MIXING
IN INCOMPRESSIBLE FLOWS

ERIK D. SVENSSON

ABSTRACT. We propose a computational methodology for character-
izing fluid mixing in incompressible flows. Principal to the methodol-
ogy is the definition of a mixing measure that will resolve the mixing
process both in space and time. We propose a mixing measure based
on rigorous notions, mizing and decay of correlation in the flow, known
from dynamical systems theory. We analyse the error when the mix-
ing measure is computed numerically and obtain an upper error bound
for the mixing measure that in principle could be used for rigorous
computational characterization of the mixing process.

1. INTRODUCTION

In order to mixing miscible fluids on a time scale where diffusion is neg-
ligible the fluids will have to be displaced by means of a velocity field that
is sufficiently irregular. In the engineering literature such process is com-
monly refereed to mixing by chaotic advection and for further references
we refer to the survey articles [1, 2, 21] or the book [20]. The problem has
recently undergone a revival spurred by the development of microfluidics,
see the book [15] for a general reference and the review articles [14, 19] on
mixing in micro fluid systems.

We consider mixing as a relaxation process going from an unmixed state
to a homogeneous (mixed) state and in order to characterize this relaxation
we will need a measure that describes the mixing process in space and
time. For example, the mixing could be nonuniform in space and we may
be interested in resolving these spatial variations; or a process may be
mixing although at a slow rate, too slow to be useful in an engineering
application. There seems to be no consensus on what mixing measure to
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use. The mixing measures suggested in the literature vary and are often
heuristical, c¢f. [3, 12, 20].

In dynamical systems theory mizing has a precise meaning, see for ex-
ample [16, 26] or the survey article [25]. Related to mixing in this context
is the decay of correlations in the flow which we use as a mixing measure in
this work. Since the decay of correlations in the flow, ¢f. (1.6) and (1.7), in
principle is numerically intractable we propose a computable approxima-
tion and analyze the error in this approximation. Moreover, we consider
a situation where the velocity field generating the mixing process is not
known a priori in closed form but rather given by computed data from
some model, e.g., the Stokes equations or possibly the Navier-Stokes equa-
tions or some other fluid model. This aspect is also included in the error
analysis. The error bound provided for the mixing measure can in prin-
ciple be used for a rigorous computational characterization of the mixing
process so that the total error is controlled and made small.

1.1. Assumptions. Let Q C R? for d = 2,3 be an open set containing
some fluids. We assume that the fluids are moved by a sufficiently smooth
velocity field f :  — R so that f generates a flow [0,t] x Q> (¢,7) —
u(t,z) € R%. The flow describes the motion of the fluid particles in € and
is given by the solution to the system of ordinary differential equations

(1.1) Owu(t,z) = f(u(t,z)), t>0; u(0,z)=u=m.
We also assume that f is incompressible in the sense that
(1.2) V-f(x)=0 Vzrel.

Let v be the outward unit normal to 0§2. We assume that v(x)- f(z) =0
for z € 0L, that is, there is no flow through the boundary 0€2. Imposing
some additional constraints on €2 and f we distinguish two types of flows.

(1) The flow u(t, z) is said to be confined if 2 is bounded.
Let I' C © with dim I' = d — 1 such that o' C 99 and I + mr € Q for
some r € R? and any integer m, see Figure 1.1.
(2) The flow wu(t,x) is said to be space-periodic if f|lr = flrim, and
vp(z) - f(x) <0 for x € I', where vp is the unit normal to I

1.2. Considerations. We ask to what extent the mixing process can be
computationally characterized in the sense that computed predictions are
accurate. Suppose we compute a mixing measure, of our choice, that re-
flects the amount of mixing in €2 generated by f. Then we also would like



Figure 1.1: Space-periodic domain.

to estimate the error in the computed measure and recursively compute
the mixing measure more accurately. Accurate predictions of this kind
are inherently difficult since mixing requires that f is sufficiently irregu-
lar meaning that the flow generated by f must be hyperbolic-like which
loosely involves that the flow has to have enough contractive and expan-
sive directions, see [16, 26] for a more precise statement of hyperbolicity.
Such systems are dynamically unstable, sensitive to perturbations, which
renders the computation delicate.

In practice we will not know the flow w(¢,x) a priori in a closed form
and in order to study the properties of the flow we may instead analyze a
limited number of numerically computed orbits w(t, z;) for j =1,2,...,J,
where k& denotes the time step. Moreover, in many situations we may not
even know f a priori in a closed form but it will rather be defined from
a model, for example, a partial differential equation, and we will have
to use numerically computed data f;, for f where h denotes the space
discretization. Now let (¢, z;) be a computed orbit to (1.1) with right
hand side f = f;,. Then the error

(1.3) e(t,x) == u(t, z;) — u(t,z),

will depend on the discretization error associated with the numerical method
used to compute wuy(t, z;) and the error in the velocity field ey := f;, — f.
Since (1.1) probably is dynamically unstable we will only be able to com-
pute uy(t, z;) with small e(t,z) for a rather small time. However, if the
system is hyperbolic-like we may argue by shadowing, that is, provided
uk(t, z;) is computed accurately enough and provided ey is small enough
there is an exact orbit w(t,y) with an other initial value y such that
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|luk(t, z;) — u(t,y)| is small for ¢t € [0,T] [7, 8, 24]. The overall idea is
to use this kind of argument in order to control the error in a computed
mixing measure.

1.3. Notions from dynamical systems theory. Within the realm of
dynamical systems theory mixing has a precise meaning. For a probability
space (X, M, u) a measure preserving bijective mapping 7 : (X, M, u) —
(X, M, ) is called mizing if, for discrete time systems
(1.4) VA BeM pu(ANT"B) — u(A)u(B) as n — oo,
or for continuous time systems 7" : (X, M, u) — (X, M, u)
(1.5) VA BeEM pu(ANT'B) — u(A)u(B) as t— oo.
We remark that 7" is measure preserving if for every A € M, u(T-*A) € M
and p(T71(A)) = p(A), see for example [9, 26].

Mixing is also defined for measure preserving maps that are only sur-
jective but then we must replace u(AN7T"B) by u(T~"(A) N B) in the
definition, and likewise for the continuous case, [9, 26].

Related to mixing is the decay of correlations between the sets A, B € M
defined by

(1.6) Cn(A, B) = p(ANT"B) — p(A)u(B)
for discrete time systems, and
(1.7) Ci(A,B) = l(ANT'B) — u(A)u(B)

for continuous time systems, see for example [4, 26]. The asymptotic be-
havior of the decay of correlations indicates whether the mapping is mixing
or not and we may also have an estimate of the rate of mixing. The decay
is exponential if C),(A, B) ~ e~®", or polynomial if C,,(A, B) ~ n™¢, for
some « > 0, and likewise for C;(A, B).

1.4. Computability. In practice some of the notions in Section 1.3 are
too general and numerically intractable. We will have to approximate
M, which in our case is a Borel g-algebra on X = Q. It seems natural
to replace M by a family of partitions {U}, }n~o where Uj, is the class of a
finite number of disjoint sets U; such that | J,(U;) = Q and where h denotes
the size of the largest set in U, that is, h = max; diam(U;). In principle
any type of partition will suffice although if € is a polyhedral domain
it is convenient to let {Up}rs0 = {Zn}n>0 be a family of quasi-uniform
triangulations, see for example [11].
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The size h will determine the resolution of the approximation and could,
for example, be motivated by some physical length scale, i.e., set h ~
(7D)'/? which is the mean-square displacement of a diffusing non-interacting
point mass, and where 7 is a typical diffusion time scale and D is the dif-
fusion constant.

In order to investigate whether a mapping is mixing we may consider
the decay of correlations C),(A, B) (or Cy(A, B)) for A, B € Uy, and for
some finite n. We will have to evaluate the measure u(A N T"B) (or
w(A N T'B)) which is inherently difficult since the mapping is probably
dynamically unstable and even though B may have a simple geometry
T" B will be severely deformed. It is reasonable to assume that we only
know T"x; for a finite number of z; € B, j = 1,..., M. It then seems
viable to evaluate p(A NT"B) by a simple Monte Carlo method. We will
discuss this kind of implementation in more detail in the sections below
where the measure p is chosen explicitly.

1.4.1. Monte Carlo integration. For further reference we now briefly re-
call the Monte Carlo method, see for example [17]. Consider integrable
functions f and g on w € M such that g > 0 and

/w g(x) dz =1,

and independent random variables {z;}}., that are g(z) dz distributed on
w. Then

(1.9 [ $@g(@) de= 5 3" fa) + Rar(o),

where Ry(0) is a residual that must be interpreted statistically in the
sense that Ry, is normally distributed with standard deviation /v M,

where
7= [ oas- ( [ dx)

is the variance. In practice we may estimate this variance by the empirical
variance
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In the sequel we will use f = x4, the characteristic function defined by

1, ifze A
1.9 b !
(1.9) Xa(@) {o, ifrd A

1.5. Error analysis. We compute approximate orbits u(t,z;) to (1.1)
for t € [0,7] and z; € B, j = 1,...,M by a continuous finite element
method. This involves partitioning [0, 7] into intervals I; = [t;_1, ;] with
O=ty<ti <...<ty=Tand k; =1t —t;_1. Let Pq<[z) denote the
polynomials of degree less or equal to ¢ on I; and set

V,([0,T]) := {v € C°([0,T]) : v|;, € P,(I;) fori=1...N}

N
Wq([O,T]) = {U € CO<U<t1_1,t2)) . U|]i € Pq(Il) fori=1... N}
i=1

which is the finite element spaces of continuous and discontinuous piecewise
polynomials of degree q.

For ¢ > 1 we now obtain the finite element formulation to (1.1) with f =
fn, an approximate velocity field. Find uy € V,([0, T])™ with u(t,0) = z;
such that

(110) /T(atuk — fh(uk)) codt=0 VYv e Wq_l([O, T])n

This is the continuous Galerkin method of degree ¢, referred to as the
¢G(q) method in [10, p. 210].

There are g+ 1 points in the interval I;, where the piecewise polynomials
are evaluated, referred to as local nodes. In the same way there are N(q+
1) — 1 points in the interval [0, 7] referred to as global nodes.

We now assume that uy(t, ;) is computed sufficiently accurately and
that ey is sufficiently small. A precise statement of this can be found
in [10] for general finite element approximations and particularly in the
present situation in [24]. The condition requiring u (¢, z;) to be computed
sufficiently accurately can be translated to wux(t,z;) being a pseudo orbit
cf. [16, 22]. We will use this notion in the sequel and in addition, when it
is not explicitly stated, we always assume that e; is sufficiently small.

If 2 is hyperbolic-like for (1.1) then every pseudo orbit wuy (¢, z;) will be
shadowed by an exact orbit u(t,y;) at least for some finite time ¢ € [0, 77,
cf. |7, 8,22, 24]. This implies that |lu(t, z;) —u(t, y;)|| can be made small
for t € [0,77.
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Now for every pseudo orbit ux(t,x;) for t € [0,7] and x; € B, j =
1,..., M, we thus assume that there is a shadow orbit u(¢,y;) such that

(1.11) Jur(t, x;) — ult, y)ll <ej,
for some small number ¢; and we set

(1.12) € = maxe;.

By setting ¢t = 0 in (1.11) we note that

(1.13) (TR B:= U B(z,¢),

z€EB

where B(x, ¢) is the ball or radius € about x.

2. MIXING IN CONFINED INCOMPRESSIBLE FLOWS

Let u(t,z) be a confined incompressible flow as defined in Section 1.1.
For an open set A C 2 we define the measure as the volume of A normalized
with the volume of Q2

(2.1) N(A)_Col/A dx = ¢y Al

where
Co :/ dr =9,
Q

is the volume of 2. Then (2, M, 1) is a probability space.

Now set T*(-) = u(t,-). Since u is a flow and f is incompressible T is
bijective and measure preserving, i.e., |A| = |T*A| for every A € M or, in
other words, we say that T* preserves volume. Hence mixing according to
(1.5) and the decay of correlations (1.7) is well defined in this case.

2.1. Computational characterization. Set T}(x) = wu(t,z) and let
ui(t,z;) for t € [0,T] and z; € B C Q be pseudo orbits. Approximate M
with a partition U}, as defined in Section 1.4.

In order to approximately compute (1.7) we let {x;}}Z, be independent
random variables uniformly distributed on B. Now {Tj(z;)}}L, will be
independent random variables T} (z) dz distributed on T}B and we com-
pute |A N T{B| by the Monte Carlo method. Set f(z) = xa(z) and
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g(z) =|T{B|™ in (1.8) to obtain

M
|ANTIB| = / Xa(@)de ~ |TEBIM™ Y " xa(Tia;).
T'B o
It may seem tempting to set |T}B| = |B| but since T} in general is not
measure preserving we cannot do so. Instead we evaluate |T{B| by Monte
Carlo integration and by a change of variables we obtain

M
TtB| = / dz = / Aet(VTLa)| do = [BIM S [det(VTLay)],
T!B B =
where we note that |det(VTiz)| = 1 if is T} is measure preserving, i.e., if
fn is incompressible [6, p. 10].
Hence, we define the following approximation to the decay of correlation

(1.7) for A, B € U,

M M
(2.2)  CY(AB) = [BIM ™) |det(VTiz;)| Y xa(Tix;) — Al BI.

i=1 j=1

Figure 2.1: (left) A, B C Q at ¢t = 0. (right) Intersection A NT}{B and the
e-shell 0A. inside A.

2.2. Error analysis. As outlined in Section 1.5 we assume that to every
pseudo orbit wuy(t, ;) there is an exact orbit wu(t,y;) such that (1.11) is

satisfied and that ¢ in (1.12) is small. Then for A,B € U, and B as
defined in (1.13) we argue that

IANTEB| — [ANT'B|| < [0A. N TLB| < £[0A|
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where A, is the e-shell inside A as in Figure 2.1 and |0A. N T{B| is the
measure of the points Tfx € T{B such that dist (Tfz,0A) < e. In the
same way

||B| — |B|| < £|0B|,
and hence we may estimate

IANTEB| — |A||B| - (A, B)| < =(10A] + |A]|0B]).

Now with the estimate above and for A, B € U, and B as defined in
(1.13) we estimate the error in the approximate correlation sequence (2.2)

(23)  |OM(A.B) - Ci(A.B)| < =(10A] + |Al|B]) + R.

where R must be interpreted statistically as explained in Section 1.4.1.

3. MIXING IN PERIODIC CHANNEL FLOWS

Let u(t, ) be a space periodic incompressible flow as defined in Section
1.1. For an open set A C I' we define the measure as the flow through A
normalized with the flow trough T"

(3.1) w(A) =yt /A f v de,

where
co = / f-vrde,

is the total flow through I'. Then (I, M, 1) is a probability space.

Now for u(0,z) € T" let ¢ be such that u(t,z) e +randlet T:T — T
be the mapping defined by T'(z) := u(t,x) — r. We note that since u
is a flow and f is incompressible 7" is bijective and measure preserving.
Tterating T"(x) = T oT" (z) with T°(x) = x we obtain the Poincaré map
for which mixing according to (1.4) and the decay of correlations (1.6) is
well posed.

3.1. Computational characterization. We need to define an approxi-
mate measure based on fj instead of f. For an open set A C I set

(3.2) —cho/fh vr dz,
where

Cho = /fh"/r de.
Iy
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Set Ti(x) = ug(t,x) — r as in the previous section and let uy(t, x;) for
t €[0,7] and z; € B C I be pseudo orbits. Approximate M by a partition
Uy, of T as defined in Section 1.4.

In order to approximately compute (1.6) we let {x; }JJ‘il be independent
random variables f,(z) - vp dx distributed on B. Now {Tj'z;}}L, will be
independent random variables f;, (1} ) - vr dx distributed on T}'B and we
compute pp(ANTYB) by the Monte Carlo method. Set f(x) = xa(z) and
g(z) = pp(TrB)~" in (1.8) and we obtain

M
pn(ANTB) = / Xa(@) fn - ve do ~ pn(TEBYM ™ xa(Tia;).

T B et

Since T} in general is not p;, measure preserving we cannot set (17" B) =
pn(B). Instead we evaluate (77 B) by Monte Carlo integration and by
a change of variables we obtain

M
fovrde = / fi - v ldet(VT72) d = pn(BYM S Jdet (V)]
B

B st

where we note that |det(V1}'z)| = 1 if f;, is incompressible [6, p. 10].
Hence we define the following approximation to the correlation sequence
(1.7) for A, B € Uy,

(3.3)
Cin(A, B) = un(B)M~* Z\det(VT,?xi)] Z xa(Tizj) — pn(A)pn(B).

3.2. Error analysis. As outlined in Section 1.5 we assume that to every
pseudo orbit wuy(t, x;) there is an exact orbit wu(t,y;) such that (1.11) is

satisfied and that e in (1.12) is small. Then for A,B € U, and B as
defined in (1.13) we argue in the same way as we did in Section 2.2 and

obtain
W(ANTEB) — p(A)u(B) — Co(A, B)| < e(1(0A) + p(A)u(0B)).

In order to make the connection to the approximate correlation function
(3.3) we first note that for any A € U,

n(A) — p(4)] = / (o= ) - vede < |Ales,
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and thus we arrive at the following estimate. For A, B € U, and B as
defined in (1.13)

(34)  |Cin(A, B) = Cu(A, B)| < e(u(0A) + u(A)u(0B)) + Ces + R,

where the constant C' = C'(A4, B) and where R must be interpreted statis-
tically as explained in Section 1.4.1.

4. NUMERICAL EXPERIMENTS

We only consider two examples of space periodic flows.

Inspired by [23] where laminar fluid mixing was experimentally stud-
ied in small channels we set up the following model. Let Q C R3, be a
polyhedral domain with periodic boundaries I'y and I'g, see Figures 4.1
and 4.2, and consider the Dirichlet Stokes problem with periodic boundary
conditions in dimensionless form

~AU+VP=0 inQ,

V-U=0 in{),
(4.1) U=0 onoQ\ (T'4Ulp),
U|FA = U|FB7

P|FA :P|FB+RP7

where U = (Uy, Us, Us) is the unknown velocity field, P is the unknown
pressure and Rp is a constant modelling the pressure drop.

flow Iy I's
—_
/A R —
BllA P |
I — W al
ah "L * i < L\ Y o

Figure 4.1: Three juxtaposed Ridge Domains. The shaded planes I'4 and
I'p are periodic boundaries. We choose the following values for the parameters:
(=w=1h=0.3,0=45°, a=2/3, § =0.5, and the length of the domain is
=1.

From [5] and [18] we know that U € W2*3(Q)> N W, and thus U is
continuous although not Lipschitz continuous. There will be singularities



12 ERIK D. SVENSSON

flow
—

i @@mﬂﬁiﬁwﬁwmﬂ” =43

Figure 4.2: Three juxtaposed Herringbone Domains. The shaded planes
'y and I'p are periodic boundaries. We choose the following values for the
parameters: £ =2/3, w =1 h=1/50=45° a=2/3, 3 =9/16, p=2/3, and
the length of the domain is = 14/9.

in VU and P along the edges and vertices of 2. However, if we let Q' C
Q2 such that dist(£Y,092) is not too small, then we may argue that U is
Lipschitz continuous in €' by an interior estimate as in for example [13,
Theorem 4.2, p. 209]. Thus when we compute orbits using f = U (or in
practice f = Up,) in (1.1) we only consider orbits that are not too close to
oN.

We refer to the domains in Figures 4.1 and 4.2 as the Ridge Domain
and the Herringbone Domain respectively, the names are quoted from [23].
Accurate solutions Uy, to (4.1) in the two domains are computed by a finite
element method, Hood-Taylor P, P; on fine triangulations. We illustrate
the solutions in Figure 4.3 and 4.4.

a b

,,,,,,,,,,,

Figure 4.3: Velocity field for (4.1) solved in the Ridge Domain, Figure 4.1, at
xz = 0.0. (a) The y and z components of the velocity field. (b) The x component
of the velocity field.
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R

Figure 4.4: Velocity field for (4.1) solved in the Herringbone Domain, Figure
4.2, at + = 0.0. (a) The y and z components of the velocity field. (b) The x
component of the velocity field.

4.1. Decay of correlations and Poincaré sections. We identify "4
and I'p in (4.1) with I" as defined in Section 1.1. Since I' is a polygon we
partition it into a regular triangulation 7.

In order to examine the approximate decay of correlations (3.3) we
choose one B € 7g and three A = A; € T;, i = 0,1,2 such that Ay C
Ay C Ap and where 75 5 are defined by uniformly refining 7, two and four
times, thus diam (Ag) > diam (A;) > diam (Az). In this case 7g is part of
the triangulation use to solve (4.1) and hence is not commensurate with
7Ty, this is not important for the conclusions. We illustrate 7, and A; and
B in Figures 4.5 and 4.6 and the triangles A; and B are explicitly specified
in Tables 4.1 and 4.2.

We may think of this numerical experiment as modelling a mixing process
where one fluid flowing through B is supposed to mix with another fluid
flowing through I"\ B. The approximate decay of correlation will reflect
the amount of mixing in A; as a function of the number of iterates n,
and diam (A;) will reflect the length scale on which we resolve the mixing
process, cf., the discussion in Section 1.4.

As outlined in Section 3.1 we let z; € B for j = 1,..., M be Uy(x)dx
distributed random variables for a relatively large number M = 80964 for
the Ridge Domain and M = 73445 for the Herringbone Domain. We com-
pute orbits to (1.1) for these initial points using the simple ¢G(1) method
described in Section 1.5, with f = U, where U, now is the computed solu-
tion to (4.1) . The time steps k; for i = 1,2,..., N are chosen adaptively
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0.5

Sel v

Y

Figure 4.5: Partition of I' for the Ridge Domain in terms of a triangulation
7. Shaded triangles illustrate B and A;, i = 0, 1,2, where A; 5 are defined by
refining Ay two and four times, respectively, picking the central triangle.

so that the local residual is less than a relatively small tolerance, for more
details see [10].

Table 4.1: A; and B for the Ridge Domain where ag, a; and as denote the
(x,y)-coordinates of vertices.

Qo aq a2
B (0.499997, 0.474672)  (0.499994, 0.449343)  (0.515248, 0.458255)
Ao (0.381751, 0.344022)  (0.250000, 0.500000)  (0.166667, 0.320676)
A; (0.262104, 0.416175)  (0.241271, 0.371343)  (0.295042, 0.377180)
Ay (0.259922, 0.384010)  (0.273365, 0.385470)  (0.265131, 0.395218)

We remark that a complete characterization of the decay of correlations
(1.6) involves examining all combinations of A, B € 7;,. Such general
analysis would be computationally challenging since the amount of work
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0.5

Y

Figure 4.6: Partition of I' for the Herringbone Domain in terms of a triangula-
tion 7p. Shaded triangles illustrate B and A;, i = 0,1, 2, where A; 5 are defined
by refining Ag two and four times, respectively, picking the central triangle.

Table 4.2: A; and B for the Herringbone Domain where ag, a; and ay denote
the (z,y)-coordinates of vertices.

Qg

a1

a2

0.502007,0.510363

0.182010, 0.257040

0.495657,0.295325

0.216370, 0.254248

0.510363, 0.295325

0.202495, 0.281541

( ) )

A 20.209104, 0.3333333 (0.127166,0.235331)  (0.264605, 0.224165)
( ) ) )

( ) ( ) ( )

0.204311,0.261769 0.200842, 0.268592 0.195721,0.262467

grows quadratically in the number of triangles in 7; ;. A general charac-
terization of this kind is beyond the scope of this work.

Instead of the complete characterization of the decay of correlation we
plot the Poincaré sections for orbits starting in B see Figures 4.7 and 4.8.
This will give qualitative information of the mixing in the entire domain
I and from such plots we may readily identify regions with either poor or
good mixing.
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Figure 4.7: Poincaré sections for the flow in the Ridge Domain. 80964 orbits
starting in B are included in the data.

Finally, we plot the correlation sequence in Figure 4.9 and normalized
the data in the following way,

N

(4.2) oy = _ Ckn
o w(A)u(B)
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Figure 4.8: Poincaré sections for the flow in the Herringbone Domain. 73445
orbits starting in B are included in the data.

4.2. Discussion. We stress that the treatment of the examples in this
section are not meant to be exhaustive in characterizing the mixing prop-
erties of Ridge Domain and Herringbone Domain. We rather meant to
indicate how the proposed mixing measure works in practice. The overall
impression from the Poincaré mapping, Figures 4.7 and 4.8, are in qual-
itative agreement with the experiments in [23]. However the correlation
sequences in Figure 4.9 are not obviously interpreted, the simulations must
for example be run over larger time intervals in order to see whether the
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Ridge with A Herringbone with A,

1 50 100 1 50 100

n n
Ridge with A, Herringbone with A,
1
0.1
1 50 100 1 50 100
n n
Ridge with Aj Herringbone with As
1
=5
©
0.1
1 50 100 1 50 100

n n
Figure 4.9: The correlation sequence for the Ridge Domain and Herringbone
Domain and three differen target sets A;.
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decay rate is exponential. Although when we increase the resolution, de-
creasing the size of A;, we can see a clear difference between the Ridge
Domain and the Herringbone Domain as to when the decay of correlations
start.

5. CONCLUSIONS

We have outlined a methodology for computationally characterizing fluid
mixing in incompressible flows. This methodology could in principle be
used for rigorous computational characterization of fluid mixing in the
sense that error in the mixing measure is controlled and made small. We
have not attempt to achieve this during the course of this work.

However, we remark that in order to obtain such results we will have
to control all kinds of errors: the error in the computed velocity field
ef = fn — f, the error in the computed orbits ug(t,z), and the error in
computed mixing measure. Of these the most difficult to control is the
error in the computed velocity field e;. We note that this type of error
control is a vital research field and is rather involved to implement.
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POINTWISE A POSTERIORI ERROR ESTIMATES FOR
THE STOKES EQUATIONS IN POLYHEDRAL DOMAINS

ERIK D. SVENSSON AND STIG LARSSON

ABSTRACT. We derive pointwise a posteriori residual-based error es-
timates for finite element solutions to the Stokes equations in polyhe-
dral domains. The estimates relies on the regularity of the of Stokes
equations and provide an upper bound for the pointwise error in the
velocity field on polyhedral domains. Whereas the estimates provide
upper bounds for the pointwise error in the gradient of the velocity
field and the pressure only for a restricted class of polyhedral domains,
convex polyhedral domains in R?, and polyhedral domains with angles
at edges < 37/4 in R3. In the cause of this study we also derive L7 a
posteriori error estimates, generalizing well known L? estimates.

1. INTRODUCTION

Let Q2 C R™, n = 2,3, be a polyhedral domain and consider the Dirichlet
Stokes problem in dimensionless form

—Au+Vp=f inQ,

(1.1) V-u=g inf),

u=0 onodf,
where u = (uq, ..., u,) is the unknown velocity field, p the unknown pres-
sure, f = (fi,..., fn) is an external body force and g is a function pre-

scribing the compressibility of the flow, for incompressible flows g = 0.
The purpose of this paper is to establish residual-based pointwise a
posteriori error estimates for conforming finite element approximations

Date: April 18, 2006.
2000 Mathematics Subject Classification. 65N15, 65N30, 76D07.
Key words and phrases. a posteriori, pointwise error estimates, maximum norm,
Stokes equations.
1
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(un, pr) to the Stokes problem (1.1). Only requiring that the finite el-
ement mesh is regular, allowing adaptively refined meshes, we obtain a
number of error estimates.

(1) For polyhedral domains we derive pointwise error estimates for the
velocity field

Huh - uHLOO(Q) S 51<uhaph7faga Q7T)

(2) For convex polyhedral domains in R?, and for polyhedral domains
in R? with angles at edges < 37/4 we derive pointwise error esti-
mates for the gradient of the velocity field

||v<uh - u)HLOO(Q) S 82(uh7ph7 fvgv QvT>

(3) For polyhedral domain as specified in Item 2 above we derive point-
wise error estimates for the pressure

th - pHLOO(Q) S 53(uh7ph7 f797 Q? T)

(4) For polyhedral domains and for g € [2n/(n+1),2n/(n—1)] we also
derive the following L%-estimate

|V (up — )| za) + |pn = Pllza) < Ea(un,pn, f,9,92,7T).

The right hand sides & 23 4 in the estimates above are functions derived
from the residuals, depending on the finite element solution, the data, the
domain and the triangulation.

The first estimate in Item 1 relies on the fact that, for sufficiently regular
data, the velocity field is Holder continuous in polyhedral domains. Simi-
larly, the pointwise estimates for the gradient of the velocity field, Item 2,
and the pressure, [tem 3, require continuity. This is generally not obtained
in polyhedral domains without imposing extra constraints, convexity for
polyhedral domains in R? and a minimum inner angle condition, < 3 /4
at edges, for polyhedral domains in R? [13]. We note that estimating
the gradient of the velocity field is somewhat more involved since Vuy, is
discontinuous at the (n — 1)-faces of the triangulation.

The fourth estimate in Item 4 relies on Li-regularity estimates stated in
[3] for Lipschitz domains and also in [13] for polyhedral domains. It is a
straightforward generalization of the L?-based estimates in [19].

The techniques used to prove the pointwise error estimate is inspired
by [14], where an a posteriori residual-based pointwise error estimate was
derived for Poisson’s equation in two dimensions, later this analysis was
also done in three dimensions [4]. We remark that the gradient of the
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solution was not considered in these studies. The pointwise a priori error
analysis for the Stokes problem was worked out in two dimensions for con-
vex domains and quasiuniform triangulations [5], and in three dimensions
for polyhedral domains with the similar type of constraints as mentioned
above and for quasiuniform triangulations [10].

1.1. Assumptions and notation. We only consider functions defined on
bounded domains w C 2 C R", n = 2, 3, with measure denoted by |w|, and
where € is associated with the Stokes problem (1.1) and the dual problem
(1.4).

Let {e;}! , denote the canonical unit vectors, e; = (1,0) and ey = (0,1)
for n =2 and e; = (1,0,0), e = (0,1,0) and e3 = (0,0,1) for n = 3.

We denote the i:th partial derivative by

0
D, =
‘ 3@-’

1=1,...,n,

and the gradient by
V= (Dl, .. .,Dn),

and the matrix of second order derivatives

V? = (D;D;)?

ij=1"

We use standard notation for spaces of smooth functions, for exam-
ple, C"™(w), C{°(w) and C™7(w), and for Lebesgue and Sobolev spaces,
L(w) = W (w), Wh4(w) and W (w), see for example [1]. For u € LI(w)
or u € W"4(w) we use the following notation for the norm

[ulloy = llullge — and flullworw) = llullgne,

and likewise for the corresponding seminorms |u|y -
When ¢ = 2 LY(w) = L*(w) becomes a Hilbert space and we denote the

scalar product by
(u,v)y, ::/uv dx.

For u € Wy%w) or for u € Wh9(w) with [, u dz = 0 for some non
empty wy C w, the norm is equivalent to the seminorm, ||u|1,4w ~ |¢]1,4.0,
see for example [18, Lemma 1.1.1-2, pp. 43-44]. We will use this equiva-
lence without further notice throughout this work.
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We denote the dual exponent to g by ¢ = ¢/(¢ — 1) and the dual space
to W (w) by W54 (w) with the dual norm

U, Y
(1.2) lil g = sup Hw@l
PeC (w) ||S0||k,q,w

where (-, -) denotes the duality pairing.
Generally, for a vector space V' we denote its dual space by V' with dual
norm

HUHV’ = sup |<u790>|7
eev llellv

for example, We(w) = W54 (w).

When w = €2 we sometimes write L? instead of L?(2) and ||-||, instead
of |||/, and likewise for Sobolev spaces and their norms and the L? scalar
product.

We use the quotient space W#?/R with the norm

vllwra/m = Cigff{HU + llkq-
For vector fields

Q32— ulx) = (u(x),...,u,(z)) € R"

we set
Vu := (Dlu])zjzl,
VQU = (DiDjuk)Zj’kzl,
and for u = (uy, ..., u,) € Wk(Q)" we use the Sobolev (Lebesgue) norm

n 1/q
[wllk,g == (ZHU@H%) 7
i=1

and the corresponding seminorms, the maximum norms
oo = max||ui oo,
1Vulloo = max Dij|o,

and the scalar product

(u,v) = Z(ul,vl)

i=1
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We also use the product spaces W4 := W, 4(Q)" x LI(Q)/R with the
norm
I, p)lbwra := Nlullrg + [1pll2/m.
and W24 := (W24(Q)" x WH(Q)) N Wh* where s = nq/(n — q), see
Theorem 1.3, with the norm
1w, p)llwea = llullzq + [[pllwra/m.

Finally, throughout this work we use C' or C;, « = 1,2,..., to denote
various constants, not necessarily with the same value from time to time.

1.2. Weak formulation. We follow the standard notation, c¢f. [11, 19],
and define the bilinear form

L((u,p), (¢, ) := alu, ¢) +b(¢,p) — b(u, A),

for test functions (¢, A) and where

a(u, @) = /Q Z Ou; 9¢: dx and b(p,p) == — /Q(V - ¢)pdz.

i1 637]‘ 81’]'

For data f € W~ and g € L? such that [, g dz = 0 and for 2n/(n +
1) < ¢ <2n/(n—1) there is a unique weak solution to (1.1), see Theorem
1.1 for a more precise statement. The weak formulation of (1.1) now reads.
Find (u,p) € WH(Q) such that

(1.3)  L((wp), (3, N) = (f. ) + (3, \) V(¢ \) € W (),

where (-, -) denotes the appropriate duality pairing.
The dual problem to (1.1) is

—AG—Vp=/f inf,
(1.4) —V -

U

g inQ,
0 on 012,

where f € W1 and § € LY such that Jo g dz = 0 and for 2n/(n +
1) < ¢ < 2n/(n —1). The corresponding weak formulation is. Find
(@, p) € WH(Q) such that

(1.5) L((&, ), (@) = (6, f) + (A 3) V(oA € WHi(Q).
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1.3. Existence and regularity in non-smooth domains. For any do-
main @ C R", n = 2,3, and data f € W 1%(Q)" and g € L*(Q) such
that fQ g dxr = 0, it is well known that there exists a unique weak solu-
tion (u,p) € Wy ()" x L*(Q)/R to (1.1), see for example [18, Chaper
3] and references therein. For sufficiently regular domains and data there
are several extensions such that (u, p) € W,%(Q)" x LI(Q) /R, see Remark
1.1 below. In Theorem 1.1 we quote one example of such an extension
where the Stokes problem is formulated on Lipschitz domains. This is a
slight modification of [3, Theorem 2.9] where it was provided with g = 0.
However the case g # 0 is readily included.

Theorem 1.1. Let 2 C R", n = 2,3, be a bounded Lipschitz domain.
There exist e > 0 such that if (3+¢)/(24¢) < q¢ < 3+ and f € W H4(Q)"
and g € LI(Q) with [, g dx = 0, then there exist a unique weak solution

(u,p) € Wy (Q)" x LI(Q) /R to (1.1). Moreover, the solution satisfies the
imequality

(1.6) [ullig + pllze/m < C(1fll-1q +lglly),

for some C = C(n,q, ).

Proof. For g = 0 this is [3, Theorem 2.9]. For g # 0 we use the method of
subtracting the divergence, see for example [18, Theorem 1.4.1, p. 114], to

handle the non-homogenous compressibility constraint.
For Q and g as stated there exists v € W,4(Q)" such that

(1.7) Veov=g and |ullg < Cllgllg,

see, for example, [18, Lemma 2.1.1, p. 68]. Taking w = u — v we see that
(1.1) is equivalent to

—Aw+Vp=f+ Av, V-w =0, in Q,
and w|pg = 0. Now [3, Theorem 2.9] implies that there exist a unique
pair (w,p) € Wy 9(Q)" x LI(Q)/R satisfying the above equations and the
inequality
[wll1g + [IPle/r < ClIf + Av|[—14,
for some C' = C(n, ¢, ).

Thus, (u,p) € Wy?(Q)" x L4(Q)/R. is a unique solution to (1.1) and the
estimate above implies that

lullig + lPllze/r < C(I1fl-1q + IWll1g + A0 -14)-
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The inequality (1.6) now follows from the estimate in (1.7) and the fact
that [[Av]l 14 < [v]lg- D

Remark 1.1. (1) For n = 2 the results of the theorem actually holds with
(44 ¢)/(3+¢€) < g < 4+ e. This is provided in the same way as for
n = 3 [17]. (2) For polyhedral domains a similar theorem was established
in [13], in particular, for convex polyhedral domains the result holds with
1 < g < co. (3) For C'-domains there is a similar theorem again with
1 < ¢ < 00, see for example [8].

As a consequence of Theorem 1.1 and Remark 1.1 we obtain the following
inf-sup like estimate.

Corollary 1.2. For q and Q) as in Theorem 1.1 we have

[£((u.p), (6, )]
1.8) [I(u,p)lwra < C
(L) NG p)bwee <C 800 =G D

where C'= C(n,q, Q).

¥(u,p) € WH(Q),

Proof. Let (¢;, A;) be the solutions to the following problems

—Ap =V =Ff V-¢=0 inQ  ¢iloa =0,
—Apy — VA =0, V- -¢pg=9g—go, inf b2lan = 0,

where f € W= (Q)" and § € L7 (Q) with the mean go = || ! [, § dx.
With Theorem 1.1 applied to the above problems and with (1.5) we get

[£((u, p), (¢, N))]

oot 16 Ml
1(1£((w.p), (61, 7))] |c<<u,p>,<¢2,A2>>|>
(1.9) 22( 1@ A T @2 A2y

> C( [{u, )] N I(p,é—éo)!)

1F -1 G — dolly

Since W4 and LY are reflexive for 1 < ¢ < oo we get

wp P

few-1a @ | Fll-1q

= [lull1q;
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and since (p, § — go) = (p — po, §), where po = Q7" [, p dz, we have
- 1 N
sup (P9 —go)l S 1. . sup [(p+¢,9)

1
29 S0 I pllsam,
seriy 19— Gl = 2eem i lally 20

where we also used the estimate ||§g — golly < 2]|g]]4 -

Now since (1.9) is valid for any f € W14 (Q)" and for any § € LY ()
we may take the supremum with respect to f and §, which together with
the last two estimates above completes the proof. O

The next theorem concerns the W24(Q)" x W4(Q)-regularity of the
solution to (1.1) in polyhedral domains. The theorem is due to [13], for a
review see [12], although it is formulated somewhat differently here.

Theorem 1.3. Let Q2 C R", n = 2,3, be a polyhedral domain and let
1 < q<4/3. Suppose f € LIY(Q)" and g € W(Q) such that [, g dx = 0.
Then there exist a unique weak solution (u,p) € W, ()™ x L*(Q)/R. to
(1.1) for s = ngq/(n—q) such that (u,p) € W>1(Q)" x Wh4(Q). Moreover,
the solution satisfies the inequality

(1.10) [ull2q + lIpllwram < C(1fllg + lglq)-
for some C = C(n,q, ).

Proof. By virtue of Theorem 1.1 and Remark 1.1 we obtain the existence,
since by Sobolev’s imbedding theorem we have LY C W1 and W4 C L*
for s = ng/(n —q), 1 < ¢ < 4/3 and we readily check that 2 < s < 4 for
n=2and (3+¢)/(24+¢) <s<3+4c¢cforn=3and any ¢ > 0.

The regularity (u,p) € W29(Q)" x Wh(Q) follows from [13, Theorem
5.3] which is also true provided (u,p) € W, *(Q)" x L*(Q)/R [15]. The
estimate (1.10) is then as consequence of the open mapping theorem, see
for example [6, Corollary 5.11, p. 162]. O

Remark 1.2. (1) For n = 2 and if the maximum inner angle in the poly-
hedral domain is less than m — ¢ for some 6 > 0, then the result can be
extended to hold with 1 < ¢ < 2 + ¢ for some ¢ > 0 [15] and cf. [13,
§5.5]. (2) For n = 3 and if the maximum inner angle at the edges in the
polyhedral domain is less than 37/4 — § for some 6 > 0, then the result
can be extended to hold with 1 < ¢ < 3 4 ¢ for some € > 0 [15] and cf.
[13, §5.5]. (3) For C''-domains there is a similar theorem with 1 < ¢ < oo,
see for example [8]. In cases (1) and (2) the existence is also true since for
convex domains Theorem 1.1 is modified as in Remark 1.1.
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We now state a corollary where we assume that we have the higher
regularity in Remark 1.2.

Corollary 1.4. Suppose that the solution (u,p) to (1.4) with data as in
Theorem 1.8 belongs to W29 (Q)™ x W9 (Q) for some ¢ > n. Then the
solution (u,p) to (1.1) satisfies

(1.11) lully + lIpllwre @p/m < CUF =24 + lgllwro @)

for some C = C(n,q,Q) and where 1/q+1/¢ =1 and W'(Q)' /R is the
dual space to W (Q)/R.

Proof. We use the same technique as in the proof of Corollary 1.2. With
(1.3) we estimate

b 7A
1llza + ooy = sup L2 g, )]

¢€C°° " 10]]2.q Aewhd' /R ”AHleq'/R

1£((u, ), (6 1))
oo @ N

Let (¢;, ;) be the solutions to the following problems
—Ap1 — VA = f Vg1 =0, in; ¢1lon =0,
—Apy =V =0, V-go=g—go, nf Palon =0,
where f € L7 (Q)" and § € W7 (Q) with the mean gy = |Q|7! [,,§ dx.
We assumed that (¢, \;) € W27 (Q)" x W' (Q) and thus we estimate
|£((u, p) (¢, )]

wmons (0 szq
1 1£(w0). (61 M) 1£((n,p), (6, 2)]
(112) =3 rwl byer 162 Ao) e )
>C

for some C' = C(n, ¢,
Since L7 and W' (0

!/

| p7§ — §0>|
|f||q 9y )
).
) are reflexive for 1 < ¢ < oo we get

[(u, )]

feLd () Hf”q

= [lullg,
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and since (p, § — go) = (p — po, §), where po = Q7" [, p dz, we have
sup ‘<p7.€_g0>‘ Z inf sup |<pj_c7g>|

GewLa (Q) 19]1.¢ R Gewd () 1911,

Now since (1.12) is valid for any f € L7(Q)" and any § € W (Q) we
may take the supremum with respect to f and g, which together with the
last two estimates above completes the proof. O

= HpHWLLZ'(Q)’/R'

1.4. Finite element formulation. Let {7 },-( denote a family of regular
triangulations of €2 and let hy denote the diameter of an n-simplex T' € T
and set hpi, = minpeg, hp.

We only consider conforming finite element spaces, X, C Wy?(Q)" for
the velocity and, M,/R C L?(§2)/R for the pressure and define the prod-
uct space Wy, = X;, x M;/R. From (1.3) we obtain the finite element
formulation. Find (up,pn) € W, such that

(1.13) L((un,n), (Dn, An)) = (f, 0n) + (9, An)  V(dn, An) € Wh.

As usual we also require that W), satisfies the inf-sup condition [11], that
is,

(1.14) (s p) e < C sup |£((uns pn), (Dn, An))|
(Ph AR)EWS, |(dn; An) |2

for all (up, pp) € Wi, which implies that (1.13) is well posed.

We particularly have in mind the family of Taylor-Hood finite elements,
see fore example [11], which satisfy the above requirement.

We recall a few standard results from interpolation theory, see for ex-
ample [16]. Let St denote the union of all simplices adjacent to T' and
let Zx, and Z), denote interpolation operators Zx, : Wy (Q)" — X,
and T, : W™ 1(Q)/R — M, /R. For integers £ = 0,1, m = 1,..., and
(p,\) € Wma(Sp)" x Wm=14(Sr) /R, we have

(1.15) V(6 = Tx,0)lgr < ChE " blimg.5rs
and
(1.16) IA = Zap Ml aerym < CREH A wm-va(sp) /R

On the boundary, 9T, we use the trace inequality [8, Theorem 3.3, p. 43]
and scale it appropriately, i.e., for w € WH4(T) we obtain the estimate

—1 1—1
lwllgor < C(hrNwllgr + by 9 w]iqr),
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and hence

(1.17) 6 — Zx, llqor < Chy™ " 6lmg,50-

We also use inverse estimates, see for example [2, Theorem 4.5.3, p. 111].
For any T' € 7, let V be a finite dimensional subspace of W*4(T) N
Wms(T), where 1 < ¢ <oocand 1 <s<ooand0<m < k. Then there
exist a constant C' such that for all v € V

(1.18) [0]lkqr < CREFI 5 0| g

2. ERROR ANALYSIS
We consider the error in the finite element solution to (1.13),
ey =up,—u and e, :=p,—p,

and note that (e,,e,) € W"4, since the finite elements are conforming.
Define the residual in the momentum equation (me) by

(2.1) Rue = f + Auy, — Vp, € WH(Q)",
and the residual in the compressibility constraint (cc) by
(2.2) R :=9—V -u, € LYQ),

where we note that [, Re. dz = 0.
In weak form the residual becomes

(2.3) R((un, pn); (9, 7)) := (f, ¢) + (9, A) = L((un, pr), (¢, A)),

for all (¢, \) € Whe'
From (1.3) we obtain the identity

(24)  L((eusep), (&, 0) = R(un, p), (6, A)) V(g A) € WHT
and from (1.13) and it follows
(2.5) R((un, pn), (P An)) =0 V(P An) € Wh,

which is the classical Galerkin orthogonality.
Inspired by [7, Lemma 3.1] we now provide the following lemma.

Lemma 2.1. For q € [1,00|, and m = 1,2, there is a constant C such
that

R ((un, pr), (6. )] < Cthng (18lmgr + [l )
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for all (¢, \) € W™ where

1/q
<ZT6’T ngn,q,T) fO?” qEc [17 OO)?

maxXre7r Nm,co, T fO’f’ q =00,

Tim,q

with
m 1 —1/q m—
g = W || Busellgr + 517~ 0w lqomon + hE [ Recllgr-

Here [0,uy] denotes the jump across OT in the normal derivative, 0,uy, =
v - Vuy, where v denotes the outward normal to OT .

Proof. By (2.5) and by integration by parts

R((uhaph)v <¢7 A)) = R((uhvph>7 (¢ - Ixh¢7 A— IMh)\))
= ((f + Aup — Vpn, ¢ — Ix, d)r

TeT
1
+ 5([@%]» ¢ — Ix,P)or\o0
+ (g -V Up, A — IMh)\)T)

Since [,(g — V - uy) dz = 0, we have

(9 =V -up, A\ =TIy, N = iélff{(g—v-uh,)\—IMh)\—l—c)T

and hence by Holder’s inequality,

|R((Uh,ph)a (o, /\))|

< (I + Aun = Voullgrlld — T, Sllgr
(2.6) Tef
+ 5 ll10vunllgoronlld — Ix,dlly.omon

+lg =V~ UhHL‘I(T)H)‘ - IMh)‘HLq'(T)/R)'
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Thus, with the interpolation estimates (1.15)—(1.17) in (2.6) we get

IR ((wn,pn), (¢, N))]

<3 (m(IF + dun = Vpllys,
TeT

1

1 !
+ he | Butun)lo.om o0l Slm.g. ¢

+ 1 g = V-t oy Al s/

Finally, we conclude the proof by using Holder’s inequality for sums and
the notation in (2.1) and (2.2). O

Let (u, p) be the solution to the dual problem (1.5). By choosing (¢, ) =
(u,p) in (2.4) we get

L((ew ep), (@, ) = R((un, pn), (4, p)),

and by choosing (¢, \) = (ey, €,) in (1.5) we obtain

£((€U>€p)7 (ﬁ,ﬁ)) = <€u7 f> + (epug])'
Thus

(2.8) (eus ) + (ep9) = R{(un, pn), (@, )

In order to proceed in the error analysis we need to choose the data in the
dual problem in a certain way. Let 6 = 0, ,/2 € C5°(12) be a regularization
of the Dirac distribution at xq € (2, that is, let

(2.9)  supp(d) C Blzo; p/2), ddr=1, 0<6<Cp™,
Rn

where B(xg; p/2) denotes the ball with center in z( and radius p/2 chosen
such that

(2.10) p<he

min»

where o > 0 will be specified in the proofs of Lemmas 2.2-2.4 below. For
q € [1,00] it follows that

(2.11) 0lg < CpmU-Va=k,
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In the remainder of this section we state and prove three lemmas pro-
viding estimates of the following kind

”eUHOO 5 |(eui753~707p/2>|7
Hveunoo N |(euv Diéxo,p/2€j)|a

||6PHOO SJ |(6P76$0,p/2)|7

where e,, denotes the i:th component of e, and where e; is the j:th unit
vector. We stress that zy may be different in the there estimates. With
these estimates we will be able to make a connection to the estimate in
Lemma 2.1, which in turn is crucial for the final pointwise error analysis.

In order to obtain these estimates we will have to assume that e, and e,
are continuous. This will be the case for e, provided the data is sufficient
regular due to Theorem 1.1, whereas for e, we also have to impose further
constraints on the domain €2, see Remark 1.2. We note that Ve, is not
continuous since Vuy is discontinuous. However, with the same assump-
tions as for e, we derive an estimate that includes jump terms of the same
type as in the right hand side of the estimate in Lemma 2.1.

Lemma 2.2. Let Q2 C R", n = 2,3, be a polyhedral domain and let xq € €2
and i be such that ||ey||co = |€u,(x0)|. Then for data to (1.1) as in Theorem
1.1 and for some q > n there is a constant C' such that

lewlloo < 1€uss O + Chipin (1 -1 + ll9lla)

where § = 0g 572 5 the regularized Dirac distribution (2.9) and 3 may be
chosen arbitrarily large.

We note that the lemma is meaningful since due to Theorem 1.1 and
Remark 1.1 there is ¢ > n such that e, € W,%(Q)".

Proof. By Sobolev’s imbedding theorem, see [1, p. 98], W, 9(Q)" c C7(Q)"
for some v such that 0 <~ <1 — ﬁ/ q. Consequently, by the mean value
theorem there is x; € B(zo, p/2) N§2 such that (e,,,d) = ey, (z1) and thus
lewlloo < (€w;s 0)] + lew, (x0) — eu,(21)]-

We estimate the last term in the right hand side above. By Sobolev’s
inequality

lew; (20) — ew, (21)] < Cp7lew,
By the triangle inequality,

O Blzopr2)) < Cp7leull1,q-

leullng < llullig + lunllq,
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and by Theorem 1.1,

lullig < C(I1Fl-1q + lglla)
and by the inverse estimate (1.18) and the inf-sup condition (1.14),

unllig < CREY T g |lo < CRES D (£l =10 + 1l9lla)-

min min

Thus, with (2.10) we obtain

e (20) = ew (@) < Chis (1 ll-1 + ll9lla)

where = yo 4+ n(1/q — 1/2) may be chosen arbitrarily large by taking o
large. U

Lemma 2.3. Let Q@ C R", n = 2,3, be a polyhedral domain such that
the solution to (1.1) with data as in Theorem 1.3 is continuous in the
sense that (u,p) € W4, for ¢ > n. Let xg € Q, i and j be such that
[Veulloo = [Diew, (x0)|. Then there are constants Cyo such that

IVeullso < I(ew, Dides)] + Cuhign (£l + 19l1.0)

+ Cy r%lea%dl [0y un)|| so.0m\00;

where § = 04,/ 15 the reqularized Dirac distribution (2.9), 8 may be
chosen arbitrarily large, and [0, uy) is the jump as described in Lemma 2.1.

We note that the lemma is meaningful since with additional constraints
on the domain 2 as in Remark 1.2 there is ¢ > n such that u € W24(Q)"
so that u € W1*°(Q)". Note also that Vuy is discontinuous across 9T for
T € T which need to be taken into account proving Lemma 2.3. However,
Vuy, is continuous in the interior of each 7' € 7.

Proof. The idea of the proof is the same as for Lemma 2.2. Let
Br =\ J{T € T : TN B(xo, p/2) # 0},

where we for simplicity assume that B is convex and note that card(Bzr) <
C' due to the regularity in the triangulation.

By the mean value theorem there are xp € B(xg, p/2) NT for T € Br
such that

(Dieuj-aé) - Z (Dieujaé)B(xo,p/Q)ﬂT = Z Dieuj (IT)/ 5dl’,

TeBr TeBT B(zo,p/2)NT
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where fB(aso o 2NT ddx < 1 and thus

(212) Vel < l(eus Dide)l + 3 [Diew (o) — Dyew, (wr)],
TeBr
since by integration by parts (Dje,,;,0) = —(eq, Dide;).

We estimate the terms in sum above. For T' € By consider the line from
xo to xzp and for T, € Bz suppose this line intersect m + 1 n-simplices
T, and m boundaries 0T, at points x, for £ = 1,...,m. Note that m is
bounded from above since card(Br) < C. Let z; and z; be the limits at
x¢ going from z¢ and xp respectively. Set zj = z and z,,,, = zp. We
estimate

| Diew, (20) — Die, (x7)| <Y | Diew, (7)) — Diew, (27,,)|
(2.13) =0

+ Z’Dlew(m;> - Dleug(xzﬂ
=1

For each term in the first sum above we may now proceed as in the proof
of Lemma 2.2. By Sobolev’s and the triangle inequality we get

|Diew, () = Diew,(vg1)| Cp7|| Diew, llcos ooy
SOPWHGUHQ,%Te
<Cp" (lull2,g + [unll2.q7)-

By Theorem 1.3 we have
lullz.g < C(I1fllg + 19]14).

and by the inverse estimate (1.18) and the inf-sup condition (1.14)

—14n(1/g—1/2 —14n(1/g—1/2
lunllzgr < Chy ™YY lugllom, < Chit ™2 ([ 1|10 + llglla)

since ¢ > n.
Thus, with (2.10) and for T, € Br we obtain the uniform estimate

(2.14) |Djew () = Dyew, (x7)] < Chigiy (£l + 19h.0)

where f = yo —1+n(1/q—1/2) may be chosen arbitrarily large by taking
o large.
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As for the terms in the second sum in (2.13) and for T, € By we use the
following uniform estimate

(215)  Denler) - Dyes ()] < maslByun] e
Finally, (2.13) — (2.15) in (2.12) concludes the proof. O

Lemma 2.4. Let Q C R", n = 2,3, be a polyhedral domain such that the
solution to (1.1) with data as in Theorem 1.8 is continuous in the sense
that (u,p) € W1, for some q > n. Let e, be such that fQ ep, dr =0 and
let xg € Q be such that |le,||o = |ep(x0)|. Then there is a constant C' such
that

leplloo < [(eps )] + CHYu ([1Flly + 1911,4),
where § = 0g 572 5 the regularized Dirac distribution (2.9) and 3 may be
chosen arbitrarily large.

We note that the lemma is meaningful since with additional constraints
on the domain Q as in Remark 1.2 there is ¢ > n such that e, € W4(Q)
so that e, € L>().

Proof. The idea of the proof is the same as for Lemma 2.2. By assumption
p € WH4(Q) for ¢ > n and hence it follows by Sobolev’s imbedding theorem
that e, is continuous. Consequently, by the mean value theorem there is
x1 € B(xg, p/2) N Q such that (e,,d) = e,(r1) and thus

leplloo < [(ep, )] + lep(z0) — ep(a1)].

We estimate the last term above. By Sobolev’s inequality
lep(20) — ep(21)| < Cp[lepllcon (Biag pr2nm) < CPllepll1g-
By the triangle inequality
lepllig < Pllg + IPallig,
and Theorem 1.3

Iplhg < C(I1£llg + lgla)
and by the inverse estimate and the inf-sup condition (1.14)

pallig < Chpi ™ 2 py[ly < Cht T YYD (| Fll g + [lglly).

— min min

Thus with (2.10) we obtain
lep(20) = ep(@1)] < Chyggy (I1F g + 19110)
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where § = yo —1+4n(1/g—1/2) may be chosen arbitrarily large by taking
o large. O

3. A PRIORI ESTIMATES OF THE DUAL SOLUTION

We consider the dual problem (1.4) for specific choices of data so that
we may estimate the scaling of the constants in (1.6) and (1.10) as ¢ | 1.
For (1.6) we will consider (f,§) = (D;de;,0) or (f,§) = (0,6 — |Q|~") and
for (1.10) we will consider (f, §) = (de;, 0), where § is the regularized Dirac
distribution (2.11). We proceed as in [14, Theorem 3.1] and [4, Lemma
2.2]. The analysis relies on the explicit knowledge of how the constant in
Sobolev’s inequality scales as ¢ | 1, which can be estimated by using the
the best constant in the Sobolev inequality, where the dependence on the
dimension n and the exponent ¢ appear explicitly. We quote Sobolev’s
inequality from [9, Theorem 7.10, p. 155]. Let w be a bounded domain in
R”, n = 2,3. Then there is a constant C' such that for any v € W,"*(w)?,
d=1,...,n,and for 1 <s<n

(31) HUHTLS/(n—s),w S C|/U‘1,s,wa

where C' = C(n, s) scales like

. 1-1/s
(3.2) Cgfy(ns 1) ,

n—s

and where v = 7v(n,s) < oo as s T n.

In the analysis below we will find it useful to have (3.1) and (3.2)
formulated somewhat differently. By rearranging the exponents in (3.1)
and estimating the constant (3.2) accordingly we conclude that, for any

v e W™ () and for n/(n— 1) < r < oo,
(33) ||U||r,w < Orl_l/n|v|1,nr/(n+r),w'

The following lemma is a consequence of (3.3).

Lemma 3.1. Let w C R", n = 2,3, be a bounded domain. Then there is
a constant C such that, if v € L4(w)?, d=1,...,n,

(3-4) IV 0l kg < Cla— 1) 0]l g,

forg=mnq/(n—q) and 1 < g < n.



19

Proof. By integration by parts and with Holder’s inequality in the defini-
tion of the dual norm (1.2) we estimate

kal
IVE 0] _pge = SUP [{v. V*" o)
PECE® (w)? ||§0||k,[j’,w

(3.5) 0]
< ollge  sup (PELdw

Since 1 < ¢ < n implies n/(n — 1) < ¢ < oo, we may use Sobolev’s

inequality (3.3) to estimate,

(3.6) Plh-1q0 < CE 0l
because ng'/(n + ¢') = ¢. Thus, inserting (3.6) in (3.5) concludes the
proof. O

As in [14, 4] we introduce a dyadic partition of Q. Let d; = 27p for
j € N and d_; = 0. Define the partition of €2,

(3.7) Ai={reQ:dj <|v—ux <d;},
and the supersets to A;,

(3.8) ={r e Q27 < v — 20| <24}
From this definition we get the simple estimate

(3.9) |B;| < Cd} = C2"p".

Moreover, let n; € C5°(B;) be a mollifier such that, n; = 1 in a neigh-
borhood of A; and such that for s € [1, o],

n/s—k
(3.10) 0)ls,m; < Cd3* "

Generalizing the last estimate in [14, Proof of Theorem 3.1] we get. For
a>1and as ¢ | 1 we have,

(3.11) > oretl) < L < ¢
=0

1 —o—a(-1/a) = g 1’

Finally, we recall the following two generalizations of Holder’s inequality.
Let 1 <g¢g<o0,qg<r<ooandqg<s < oo such that

1 1 1

q_T S
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and let u € L"(w) and v € L*(w). Then uv € LI(w) and
(3.12) [wvllge < flullrwllvllse.

In the second generalization we estimate the duality pairing. For a vector
space V let u € V' and v € V. Then

(3.13) [(w, 0) < ullvllv]lv.
In particular, when u € W=54(w) and v € W (w) we get

(3.14) [{w, )| < Jull-rgllllkg e

3.1. Whi-estimates as ¢ | 1. In the following theorem we assume that
we have the higher regularity in Remark 1.2.

Theorem 3.2. Let 0 C R", n = 2,3, be a polyhedral domain such that
the solution to (1.4) with data as in Theorem 1.3 is continuous in the
sense that (@, p) € W4 for some q > n. Then for 1 < q < 2 there is a
constant C such that the solution (i, p) to (1.4) with (f,§) = (Dide;,0) or
(f,9) = (0,6 — |Q|") satisfies the inequality

ti[|1,4 + Bl ze/m < Clg — 1)72FHmp=n=1/0),

Proof. Let A;, B; and n; be as in (3.7)—(3.10). Choose a fixed value § =
n/(n—1). Let p = p+ c for a fixed ¢ € R. By Hélder’s inequality

3

lllg + Pllzem < ) (lll1g.a; + 1Pllg.4,)
j

Il
o

“

<
Il
=)

(3.15) <> (Injallvgs, +lnplles,)

| B; V441l 1,q,8, + InDlla.5,)-

<.
Il
o

Notice that n;a and n;p satisfy (1.4) in Q with right hand side f= f] =
A(n;a) + V(n;p) and g = g; = V - (n;a), where f; and g; vanish outside
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B;. Hence, for each term in (3.15) we can apply Theorem 1.1,
Injullg.8, + 1niPllas, = njilliae + [npllae
< C([lAmya) + V(p)|-148, + IV - (0;9)]l3,5,)
< C(|nj(Au+ Vp) +2Vn; - Vi + Anji + V|| -148,
+ IV - @+ 0V - dllg8,)
< C(Inifll-vam; + Injdllan, + V0l 145
+ [V, - allg s, + 12V, - Vi + Anal| 1 48,),

where C' = C(n, q,).
We estimate the right hand side of (3.16) in a few steps. By integration
by parts

(3.16)

_ _ _ (Vn;, - V)p,
12V, - Vi+ Anjil| -1 g8, < V- Vil -1 58+  sup ’ z.
pECS (B;)™ ||90||1,c1’7Bj

Since (Vn;p, ) < ||pllwins,y VN, - @l1n,5;, notice that the dual expo-
nent to ¢ is ¢ = n,
N _ V0 - ¢lin,B;
Vbl -14.m; < [Dllwinesyy  sup =
vecg By @llins,
and since (V1); - Vi, o) = —(@, V(Vn; - ¢)),
_ _ V0 - ¢lin,B;
Vs Val-1gs; < lallgs,  sup  —pr—""
peCF(B;)™ HQOHL%B;‘
Now by Holder’s inequality
|V7]j ) 90|1,n7Bj < |77j|1,OO,Bj|90|1,n,Bj + ||v27]j§0||n,Bja
and moreover by (3.12) with s such that 1/n = 1/s + 1/¢/, (3.3), and
Holder’s inequality
IV*030lln,5; <[njl2,5,[10lle,5,
(3.17) <C(q) " 012,08, [ 1mg s 0.,
<C|B;|' V(g — 1)71+1/n|77j’2,s,3j|90’1,n,Bj-
Finally, by Holder’s inequality

Vn;,u-V
IV, - llas, +  sup (Vnj, 4 V)

< 2[0j|1,00,8; ||l 3.5, -
eece ) ellia.s; s e
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Thus, with the above estimates in (3.16) we obtain
Ini0ll1q,8, + 1m0l i) m < Crlnifll-145; + Crrllnidllas,
+ Crrr(1njl1,00,8; + B (g - 1)_1+1/n|77j|2,s,3j)
x (lallg.s, + IPllwrns,y)
= [, + I, + 11,

With (3.18) we now estimate (3.15) in three steps. Recall (3.9) that will
repeatedly be used in the estimates below.

(3.18)

1. For data f = D,de, and by integration by parts we obtain by the same
argument as in (3.17) and with the same exponents

[n;l1,n,B,
In; Didecll-1q8, < Cllollgs, sup  =r=r
‘PEC[C))O(BJ')” ||Q0||17n7B]’
< CN0llas, (Imilloe,5; + 1B %(q = 1) y]1,0,5,).
Since supp(d) N B; = @ for 7 > 1 and with (2.11) and for p sufficiently
small
D By ML < Cpr M D (g — 1) 75
(3.19) =0
S Cp—n(l—l/q)(q . 1)—1—‘,—1/717
where we used n/¢g—n/Gd—n(1—1/¢)+n(l—1/q¢)+n/s—1=—n(1—-1/q).

II. For data g = ¢ — |Q|~! and since supp(d) N B; = 0 for j > 1 and with
(3.1) and (2.11)

(3.20) Z|Bj|l/q—1/c1Hj < CpMe/)|v5|, < Cpm-Va),

=0
where we used n/q —n/§—1=—n(1—1/q).
1II. By Holder’s inequality and since ¢ < 2
| B[V < OdY T (Injlee,s, + 42T (g = )T .08,
x (Illlg., + 1Bllwncs,y)
< Od;" (14 (g = D7) (s, + 10lwrncs,y)
< Cd;" g = )7 (il g, + [Pllwrn,y)
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where we used n/qg —n/Gg—1=—-n(l—1/q) and n/qg—n/G+n—n/q+
n/s—2=-n(l—-1/q).

Adding all the terms and by Holder’s inequality in the sum with expo-
nent ¢, with conjugate exponent ¢ = n, estimating the geometric sum as
in (3.11) and by Corollary 1.4

©© 0o 1/n
DBV < Cg — 1) 7T (Z d;"Q(l—l/‘D)
7=0

J=0

N 1/d
(3.21) X (Z(Hauq,gj + |\p!|w1,n(3jy)q>

j=0
< Cp "=V (g — 1) (||l + IB]lwrnoy/r)
< Cp YD (g — 1) (|| Fll 2 + G llwrin@y),

since p = p + ¢ for arbitrary ¢ € R we may take the infimum over all c.
For f = DZ-(Sej and since ||Di56j||—2,q S C’HDZ-(SejH_Q,nq/(n_q) we obtain
by Lemma 3.1,

(3.22) || Didej||—ag < Clg —1)~HV|5), < Cp "=V (g — 1)~ 1H+/a,

For g = 6 — |Q|~! we note that (§ — |Q|71, ) = (4,0 — ¢o) where
¢o = Q7" [, ¢ dz. Using Sobolev’s inequality as in the proof of Lemma
3.

(3.23) H(S — ‘Q‘_luwl,n(ﬂ)/ < Cp—n(l—l/n)(q _ 1)—1+1/n'
Collecting the results in (3.19)—(3.23) concludes the proof. 0

Corollary 3.3. Let Q0 C R", n = 2,3, be a polyhedral domain such that
the solution to (1.4) with data as in Theorem 1.3 is continuous in the sense
that (@, p) € W for some q >n. Then there is a constant C' such that the
solution, (4,p) to (1.4) with (f,g) = (Dide;,0) or (f,g) = (0,6 — |Q1)
satisfies the inequality,

[l + 15l 1w < Cllog pf*~H/".
Proof. By Holder’s inequality,

lll s+ 18l ym < QY ([l + 18] 2o/m)-
Thus, with Theorem 3.2, taking ¢ — 1 = 1/|log p|, we finish the proof. [
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3.2. W?4-estimates as ¢ | 1.

Theorem 3.4. Let 2 C R™, n = 2,3, be a polyhedral domain. Then for
q € (1,4/3] there is a constant C' such that the solution (t,p) to (1.4) with
(f,g) = (0e;,0) satisfies the inequality

||I~L||2’q + HﬁHWl"I/R < C'(q . 1)—anp—2(n+1)(1—1/Q)
where ay = 2, ag =4/3.

Proof. We proceed as in the proof of Theorem 1.1. Let A;, B; and n; be
as in (3.7)—(3.10). Let p = p + ¢ for a fixed ¢ € R. Choose a fixed value
go € (1,4/3]. Then for 1 < g < g9 by Holder’s inequality

o
lill2.g + [Bllwram <> (lllzg.a, + 1Pl1.q.4,)
=0

8

(3.24) <D (il + I177ll1,0.5)

<.
Il
o

<O 1B 1MV (| 2,g0,; + 11058100, ) -

K

<.
Il
o

We note that ;4 and 7;p satisfy (1.4) in Q with f = f; = A(n;a) + V(1;p)
and g = g; = V - (n;a), where f; and g; vanish outside B; for each j.
Hence, for each term in (3.24) we can apply Theorem 1.3,
1njttl|2,00,8, + M3Pll1.q0,8, = 11j8]|2.40.0 + [173Pll1.00.0

< C(1AMm) + V(0ip)lao,m; + 1V - (05%)]1,40,5)

< C(llnj (A + Vp) +2Vn; - Vi + Ayt + Vi;plgo,5,
(325) + |V77] - U+ n]V . 11|1,qO,Bj)

< Crlnjoeillgo,s; + CrillV*nyiillgo, 5,

+ Crrr([IVny - Vllgo,, + [1V05lgo,5, )

= I, + I, + 11,
where C' = C(n, qo, ?) and with —A@ —Vp = de; and V-@ = 0, and where
we also used ‘an ' ﬁ’Lquj < Hv%jﬂqu,Bj + anj ' vaHQmBj'

With (3.25) we now estimate (3.24) in three steps. Recall (3.9) that will
repeatedly be used in the estimates below.



25

I. Since supp(6) N B; = 0 for j > 1 and with (2.11)

(3.26) Z|Bj‘1/qfl/qo[j < Cpn/qfn/qu(SHqO < Cpfn(lfl/q).
§=0

II. By Holder’s inequality with exponent § = ¢/(¢ —2/n) and s such that
1/go =1/s+ 1/¢ and with (3.10)

— m/qg—n ~ —(n+2)(1—-1 ~
| B[V o, < CdyY Ty, dllam, < Cd; POV g p,,

where we used n/q —n/q +n/s—2=—(n+2)(1 —1/q).

Adding all the terms and by Hélder’s inequality in the sum with expo-
nent ¢, with conjugate exponent ¢ = ng/2, and estimating the geometric
sum as in (3.11)

o0

Z ’Bj|1/q_1/q0[]j

=0
o 2/n9 / o 1/4
—(n+2)(1—-1/q9)ng/2 ~
< C(Z dj( +2)(1-1/q)ng/ ) (Z HUH ,Bj)
j=0

j=0

(3.27)

Qe

< Cp~mAU=VD (g —1)729 .

With (3.3), Holder’s inequality (ng/(n + ¢) < ng/(n — q)), Theorem 1.1,
Lemma 3.1 and (2.11)

lallg <CG ™|l ng/(n+a
<CG 16| -1 mg/ (n—a)
<CG V(1= g6,
<Cp "M (g —2/n) (L — q) Y

(3.28)

where we remark that
2n/(n+1) <ng/(n—q) <2n/(n—1),

forn =23 and 1 < ¢ < 4/3 and thus we may use Theorem 1.1.
Collecting the estimates in (3.27) and (3.28) we obtain

(3.20) 37 |By|Vam e L < Cp 2O (g g /) (g — 1)1,
7=0
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III. By Hélder’s inequality with exponent ¢ = n/(n — 1) and s such that
1/go=1/s+1/q
(B[t 111 < O g, (i, + 1P]25,)
—n(l1-1 ~ _
< Od;" P ([allgz, + 1pllas,).

where we used n/q —n/q +n/s —1=—n(l—1/q).
Adding all the terms and by Hélder’s inequality in the sum with expo-
nent ¢, with conjugate exponent ¢ = n, and estimating the geometric sum

as in (3.11)
Z‘lel/q_l/qolljj
=0

(3.30)

. 1/n 00 1/q
—n2(1-1 ~ =1 q
gc;(zdj < ”’) (z(uunmﬁj+||p||m(3j>>q)
j=0

7=0
< Cp YD (g — 1)V (aillg + |15l /m)

since p = p + ¢ for arbitrary ¢ € R we may take the infimum of all c.
With Theorem 1.1, Holder’s inequality (¢ < ng/(n — ¢)), Lemma 3.1
and (2.11)

allg + 1Bz <CI6]-14
(3.31) <C(1—q)~ ™8]l
Scp—n(l—l/q)(l . q)—l—l-l/n7

where Theorem 1.1 is applicable in analogy to the remark at (3.28).
Collecting the estimates in (3.30) and (3.31) we obtain

(3.32) > |B| et < cp T (g — 1)
=0
Finally adding (3.26), (3.29) and (3.32) concludes the proof. O

Corollary 3.5. Let Q C R", n = 2,3, be a polyhedral domain. Then there
is a constant C' such that the solution, (u,p) to (1.4) with f = de; and
g = 0 satisfies the inequality,

ill21 + [[Pllwrim < C|log p|*",

with o, as in Theorem 3.4.
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Proof. See the proof of Corollary 3.3. U

4. MAIN RESULTS

We now make a precise statement of the main results and begin with
the pointwise error estimate of the velocity field.

Theorem 4.1. Let Q0 C R", n = 2,3, be a polyhedral domain. Suppose
the data to (1.1) is as in Theorem 1.1 for some q > n. Then the error e,
in the finite element solution to (1.13) satisfies

eulloo < C|10g hunin| 2,00 + C1h°

min?

where ag = 2, ag = 4/3 and with 13 as in Lemma 2.1 and where 3 can
be chosen arbitrarily large.

Proof. Let zo € { and i be such that |le, |z~ = [ey,(20)| and let (@, p) be
the solution to (1.4) with data f = de; and § = 0. With Lemma 2.2, the
identity (2.8), Lemma 2.1 with ¢ = oo, and Corollary 3.5, we obtain

leulloo < (eu, 6€:) + Crhipun (I Fll-1.0 + llg]l4)
< R((un, pn), (1, )| + Crhigy,
< Cso (|21 + [IBllwr/r) + Cihi,
< C|log p|*" .00 + C1 ],

min*
o

Choosing p = h¢,, for o sufficiently large such that 5 becomes large as in
Lemma 2.2 concludes the proof. U

For the gradient of the velocity field and the pressure we only ob-
tain pointwise error estimates on a restricted class of polyhedral domains,
namely convex domains when n = 2 and under an inner angle condition
when n = 3, see Remark 1.2.

Theorem 4.2. Let Q) C R™, n = 2,3, be a polyhedral domain such that the
solution to (1.1) with data as in Theorem 1.3 is continuous in the sense
that (u,p) € W2 for some q > n. Then the error Ve, in the finite element
solution to (1.13) satisfies

HveUHOO < Cl IOg hmin|2_1/n771,oo + Clhﬂ

min’

with M1.00 as in Lemma 2.1 and where 3 can be chosen arbitrarily large.
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Proof. Let zo € €, i and j be such that ||[Ve,|lc = |Diey,(70)| and let
(i1, p) be the solution to (1.4) with data f = D;de; and § = 0. With
Lemma 2.3, the identity (2.8), Lemma 2.1 with ¢ = oo, and Corollary 3.3,
we obtain

IVeulloo < (ew, Dide;) + Ciipi, (1L £llg + |9l1.4) + Co max|| [0, un] || om00
< |R((wn, pn), (@, 5))| + Cihipy, + C max|| [0, up] || oo, 000
< Cioo ([ltills + 1121 /r) + Cilisn + Co max||[0,un] ||, om\00
< Cllog p|271/”7)17oo + CyhP

min*
Note that the jump term [0,up] from Lemma 2.3 is incorporated into the

error estimator 7); » in Lemma 2.1.
Choosing p = h¢.  for o sufficiently large such that 3 becomes large as

min

in Lemma 2.3 concludes the proof. U

Theorem 4.3. Let Q) C R™, n = 2,3, be a polyhedral domain such that the
solution to (1.1) with data as in Theorem 1.3 is continuous in the sense
that (u,p) € W4 for some q > n. Then the error e, in the finite element
solution to (1.13) satisfies

”ep“oo < Cllog hmin|2_1/nnl,oo + O1hﬂ

with M1 0 as in Lemma 2.1 and where 3 can be chosen arbitrarily large.

Proof. Let zo € Q be such that |e,(zo)| = |lepl/z~ and let (@,p) be the
solution to (1.4) with data f = 0 and g = § — |Q|~!. With Lemma 2.4,
the identity (2.8) and choosing e, such that [, e, dz = 0, Lemma 2.1 with
q = oo, and Corollary 3.3, we obtain
leplloo < (eps 8) + Crtian (11 £1ly + 91,0

< [R((un, pn). (@ 9)| + Ciips,

< oo ([l + 181l /m) + Cilin,

< C’| log p|2_1/n771,oo + Olhglin‘

Choosing p = h?, for o sufficiently large, such that 3 becomes large as in

Lemma 2.4 concludes the proof. U

Finally we obtain L%-estimates of the velocity gradient and the pressure.
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Theorem 4.4. Let Q) C R", n = 2,3, be a polyhedral domain. Suppose the
data to (1.1) is as in Theorem 1.1 for some 2n/(n+1) < q < 2n/(n—1).
Then the error (ey, ey,) in the finite element solution to (1.13) satisfies

leullig + llepllzam < Cmg,

where 11 4 15 as in lemma 2.1.

Proof. With Corollary 1.2, the identity (2.4), and Lemma 2.1 we get

1]
2]

[9]
[10]

[11]

[£((eus €p), (6 A))]

H(emep)HWq <C sup

wnews 1@, M)
A
_ 0 sup Rl w), (6, M)
(N EWT || ((ba )‘) ||Wq’
'+ A q
SCm,q ||¢| 1,q || ||L /R
e 1@ M) e
Sanq.
O
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COMPUTATIONAL CHARACTERIZATION OF FLOWS
WITH SOME HYPERBOLICITY

ERIK D. SVENSSON

ABSTRACT. Studying flows in general we do not know if the flow is
hyperbolic in a strict sense. Instead we vaguely assume that the flow is
dominated by contractions and expansions and say that flow have some
hyperbolicity. We compare a posteriori and shadowing error estimates
for computed orbits in flows with some hyperbolicity. Principal to the
estimates are the stability factors which we estimate in two examples
for orbits generated by velocity fields modelled by the Stokes equations
and computed by a finite element method.

1. INTRODUCTION

We consider domains €2 C R? and Lipschitz continuous vector fields
Q> x— f(r) € R?so that the dynamical system

(1.1) Owu(t,x) = f(u(t,x)), t>0; wu(0,z)=ux,

defines a flow (¢, z) — u(t,z) € Q describing the motion of a fluid particle
starting at = and moving in the velocity field f.

Generally we can not find a closed expression for the flow and in order to
study the properties of the flow we may instead analyse a limited number
of numerically computed of orbits u (¢, ;) for: = 1,2, ..., I, where k refers
to the time discretization. For a reliable analysis we will have to control
the error

(1.2) e(t,z) = ug(t, ;) — u(t, x),

and make is small. From now on we consider a fixed x and set e(t) = e(t, x).
We are lead to the following classic question. Given a dynamical system
(1.1) and a number Tol > 0, is there a threshold time 7" so that ||e(t)|| < Tol
for all t € [0, T, i.e., so the error is uniformly bounded on [0, 7?7

Date: April 19, 2006.
2000 Mathematics Subject Classification. 37A25, 37C50, 76M10.

Key words and phrases. shadowing, finite elements, flow simulation.
1



2 ERIK D. SVENSSON

For dynamical systems that are dynamically unstable, that is, sensitive
to perturbations, we anticipate that the error will grow, possibly at an
exponential rate, and we will only expect to be able to compute (¢, x;)
with a small error for small T'. However, if ) is uniformly hyperbolic for
(1.1) and ug(t, z;) is computed with sufficient accuracy there is a shadow
orbit u(t,y) such that |luk(t, z;) — u(t,y)|| < Tol for arbitrary ¢ [16].

However, in practice we probably do not know if €2 is uniformly hyper-
bolic for (1.1) and also this requirement seems to be too strong and mainly
of theoretical interest. If we instead alleviate on the uniform hyperbolicity
and require €2 to have some hyperbolicity meaning that the flow is dom-
inated by contractions and expansions in a less strict sense we may still
obtain shadowing results similar to the aforementioned. In this case we
will expect the shadowing to hold for finite but large ¢, see for example
[5, 11, 12, 19] and the book [16].

As a concrete example we consider the Lorenz system

Oru = (o(ug — uy), pur — ug — uguz, uyug — Pusz), t > 0;
u(0) = (1,0,0); for (o,p, )= (10,28,8/3).

In [14] this problem was solved accurately, in the sense that ||e(T)| is
small, up to 7" = 50 which is predicted to be the threshold beyond which
le(T)|| becomes too large to be represented with double precision arith-
metics (from the same work 7" = 100 for quadruple precision is predicted).

This result should be compared to [5] where the same problem is solved
accurately up to T = 9 x 10° in the sense that |lug(t,u(0)) — u(t,y)| is
small for ¢t € [0,T], that is, very close to the computed orbit wu(¢,u(0))
there is an exact orbit u(t,y).

This example obviously suggest that long time error control for problems
that are dynamically unstable will fail with the first method but could
possibly be archived with the last method, provided the structure of the
problem is sufficiently hyperbolic-like.

1.1. About this work. In this work we consider the case when the vec-
tor field f is not given in closed form but rather defined by a model, e.g.,
a partial differential equation, and approximated by computed numerical
data fj,, where h refers to the space discretization. We solve (1.1) numer-
ically with f, as right hand side and estimate the error (1.2), where we
now also have to take the error in the velocity field

(1.3) e =fon—f



into account.

We assume that uy and f, are finite element approximations obtained by
solving appropriate finite element problems, which depend on the choice
of finite element method and the type of model defining f.

Provided ey is small enough and that we solve u; accurately enough we
have the following a posterior error estimate, see for example [6],

(1.4) sup [le(t)]| < S(T)E(fn, fz),

te[0,7)

where S(T') is a stability factor and E(fy, f,x) is a function depending
on the data and made small as ey is made small and is u; solved more
accurately. The dependence on initial data for a particular problem will
be reflected in the stability factor and for dynamically unstable problems
this factor may grow exponentially in 7', rendering the estimate useless
after some rather small time.

If we in addition to the requirements on ey and u; made for the estimate
above also require that the flow (1.1) is sufficient hyperbolic then we have
the following shadowing error estimate, see for example [5],

(1.5) sup [lux(t, @) — u(t,y)|| < S(T)E(fu, f ),

te[0,7)

where u(t,y) is an exact solution to (1.1) with different initial data, S(7T')
a stability factor and E(fy, f, z) is the same function as in the a posteriori
estimate above. Depending on the contractive and expansive directions in
the flow the stability factor may be subject to a mild growth over time
and the estimate will be valid for a rather large time.

In the present work we derive the finite time shadowing error estimate
(1.5). The overall idea is from [5] but now expressed using a finite element
framework. This work also differs in the way we estimate S(7") and that
we use numeric data f, in the right hand side to (1.1). We also remark
that the overall framework in this paper has been inspired by [13] where
shadowing was considered in a more abstract setting, for parabolic partial
differential equations.

Finally, we describe a numerical experiment where we obtain f; as the
solution to a Stokes flow and with this data we compute and compare
S(T) and S(T') in (1.4) and (1.5). The experiment is inspired by the
experimental work [18] on a micro fluid mixing devise.
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2. NOTATION AND PRELIMINARIES

For real valued functions u,v € R?® we denote their scalar product by
UV = UV + UV + U3V3.

For matrixes A and linear operators L we denote their transpose and
adjoint by A* and L*. We let I denote the identity matrix or identity
operator.

We will use ||-|| to denote the appropriate matrix and vector norms.

We only consider bounded domains w C Q C R? with measure denoted
by |w|, and where € is associated with the flow (1.1).

We will denote piecewise smooth functions by C™ and use standard
notation for Sobolev spaces W*4(w) and W% (w).

For vector fields

Qo2 f(x)=(filz),..., fulz)) €R"

we set

where

denote the i:th partial derivative.
Finally, throughout this work we will use C' or C};, i = 1,2, ..., to denote
various constants, not necessarily taking the same value from time to time.

2.1. Hyperbolic sets. A compact set w C € is said, see for example [17,
p. 8], to be uniformly hyperbolic for the flow u(t, z) if there is a continuous
decomposition

(2.1) R’ = E'(z) ® E*(z) ® E"(z) V7 € w,
and constants ¢ > 0 and 0 < A < 1 < p such that for each x € w,

(1) E°(z) is the one-dimensional subspace generated by f(z);

(2) Vu(t,z)E*(x) = E*(u(t,z)) and Vu(t,z)E*(z) = E"(u(t,x));

(3) |Vu(t, )]l < eXt||E]| for all € € E*(x) and t > 0;

(4) [(Vu(t, 2))7 €|l < cp™"|[€]] for all £ € E*(x) and ¢ > 0.
We remark that u(t, z) is called an Anosov flow if €2 is uniformly hyperbolic
for u(t, x).

The requirements in this definition are rather strong and there are many

examples of dynamical systems with non-trivial and interesting properties
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that do not meet these requirements [20]. We therefore relax this re-
quirement and instead vaguely think of the flow as being dominated by
contractive and expansive direction in a less strict sense. An example of
one such relaxation is the notion of nonuniform hyperbolicity, where loosely
speaking, " for every” in the definition is replace by ”for almost all”, see for
example [1, 20]. We will not discuss and specify this in more detail. Instead
we consider an example that to some extent motivates the reasoning.

FExample 2.1. Suppose f is incompressible, that is,
V-f(x)=0 Vzre.

Then for every open set A C  the volume of A is preserved in the flow
(1.1), that is,

|A| = |u(t,A)| fort>0

see for example [4, p. 10].

Now for a small ball B(x,¢) at x € © and with radios ¢ and for small ¢
we consider the deformation of the ball in the flow, B(x,¢) — u(t, B(x,¢)).
Since the volume of the ball is preserved and since the flow leaves the ball
unchanged in the direction of the flow we are left with two possibilities
(1) the ball is contracted and expanded in some directions such that the
volume is unchanged and (2) the ball is unchanged.

Consequently, it seems reasonable to assume that in large parts of (2
there is a splitting (2.1). If we assume that the case where the ball is not
deformed only happen in isolated points then the splitting (2.1) will exist
for almost all z € w but now E® and E" must not be continuous.

2.2. Finite element approximation. The finite element formulation of
(1.1) is derived from the following variational formulation of (1.1). Find
u € C'([0,T))® with u(0,z) = x such that

(2.2) /0 (u— f(w) -wdt =0 Yo e C'([0,T])".

As the functions v and v are replaced by piecewise polynomials we obtain
the Galerkin finite element approximation.

For simplicity we only consider continuous finite elements although this
work is readily generalized to discontinuous finite elements. Partition [0, 7]
into intervals I; = [t;_1,t;] fori =1,2,... /N suchthat 0 =t; <t; < ... <
ty =T and set k; = t;_y —t;. Let P,(I;) denote the polynomials of degree
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less or equal to ¢ on I; and set

V,([0,T)) := {v € C°([0,T]) : v|s, € P,(L;), fori=1...N}
W,([0,T1]) == {v € COJ(tir, t:)) : vls, € Py(Ly), fori=1... N}

=1

which is the finite element spaces of continuous and discontinuous piecewise
polynomials of degree q.

For ¢ > 1 and from (2.2) we obtain the finite element formulation. Find
ug € V,([0,T))¢ with ug(0,z;) = ; such that

(23) A (Qtuk — f(uk)) -odt=0 Yv € Wq_l([O,T])3,

where we note that now v € W,_1([0,T])3. This is the continuous Galerkin
method of order ¢, referred to as the ¢G(q) method in [7, p. 210].

There are g+ 1 points in the interval I;, where the piecewise polynomials
are evaluated, referred to as local nodes. In the same way there are N(q+
1) — 1 points in the interval [0, 7] referred to as global nodes.

We recall the following interpolation estimate, see for example [7, Theo-
rem 5.1, p. 79]. For a smooth function v on [; let Z; ;v € P,(1;) interpolate
v at the local nodes. Then Z, ,v satisfies

| Zi.qv — 0|l ooy < ClE DI oo 1.

In the same way, for a smooth function v on [0,7], let Z,uv € W,([0,T7])
interpolate v at the global nodes. For a global estimate we let k = k(t)
denote the piecewise constant function so that k|, = k;. Then

(2.4) 1Zg0 — vl L (o.17) < ClIET DI 0| oo 10,17

Finally we recall the following inverse estimate. Let 7 be a finite element
triangulation of Q and set hy = diam (7") for all 7' € 7. For any T € T,
let V be a finite-dimensional subspace of W*4(T) N W™*(T), where 1 <
qg<o0,1<s<ooand0<m <k. Then there exists a constant C' such
that for all v € V

_k; n —
(2.5) [llwraey < CRE Y5 o] lymee oy,

see for example [2, Theorem 4.5.3, p. 111].
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2.3. Linearization. Let u € C°([0,T])® and rewrite (1.1) by linearization
around u

(2.6) Owu(t, z) + A(t)u = F(t,u),
where we define the linear part of f,

(2.7) A(t) =~V (alt))
and the nonlinear part,

(2.8) F(t,u) = f(u) + A(t)u.

Let L(t,s) for 0 < s <t < T be the solution operator to the linearized
homogeneous problem

(2.9) du+At)u=0, t>s u(sz) ==z

Thus, u(t,z) = L(t,s)z is the solution of (2.9). We note that L(t,s)
satisfies the following properties: L(s,s) = I and L(t,r)L(r,s) = L(t,s)
for 0 < s <r <t <T. Consequently we may regard L(t,s) as the inverse
to L(s,t).

For t € [0,T] we consider the following weak formulation of (2.9). Find
u € C([s,t])® with u(s,z) = z such that

(2.10) /t(&u + A(T)u) -vdr =0 Vo€ CY[s, ).

We also introduce the dual problem to (2.10). Find ¢ € C'([s,t])® with
©(t, 1) = 1) such that

t
(2.11) / b (=Oup+ A*(r)p) dr =0 Yo € C'([s,1])°,
which is the weak formulation of the following problem,

(2.12) —O0sp+ A" (s)p =0, s<t; o(t,y)=1.

Let K (s,t) denote the solution operator to (2.12), that is, p(s) = K(s,t)1.
Note that K (s,t) = L*(t,s) since, by integration by parts in (2.11),

/ka¢+AvwwwdT=¢@ﬂ-w@v—¢av-arx

and thus, with ¢ = u in the above identity and v = ¢ in (2.10) we get

0= / (O-u+ A(T)u) - pdr =x - K(s,t) — L(t, s)x - 1.
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Finally, we consider (1.1) with f(x) replaced by f,(x) and linearize
around @ € C°([0,T1)*:
(2.13) Owu(t, z) + Ap(t)u = Fy(t, u),
where we define the linear part of f,
(2.14) Ap(t) := =V fr(a)
and the nonlinear part,
(2.15) Fr(t,u) = fr(u) + Ap(t)u.
Let Ly(t,s) for 0 < s <t < T be the solution operator the the linearized
homogeneous problem
(2.16) Ou+ Ap(t)u=0, t>s; u(s,x)=ux.

Thus, u(t,z) = Lu(t,s)z is the solution to (2.16). In analogy to (2.9)
there is a weak form and a dual problem to (2.16) with solution operator
Ly (t,s).

2.4. Exponential dichotomies. If {2 is uniformly hyperbolic for u(t, z)
then the following definition is meaningful, cf. [13].

Definition 2.1. The solution operator L(t, s) is said to have an exponen-
tial dichotomy in the interval [0, 7] if there are projections P(t), t € [0, 7]
and constants M > 1, > 0 such that, for 0 < s <t < T,

(1) L(t,s)P(s) = P(t)L(t, s);

(2) IL(t, s)P(s)l| < Me=Pt=9);

(3) IL(s,t)(1 = P(X))I| < Me=PC=).

The range R(P(t)) is called the stable subspace and the complementary

space R(I—P(t)) = N(P(t)) (the null space of P(t)) is called the unstable
subspace.

If L(t,s) has an exponential dichotomy on the interval [0, 7] then for
sufficiently smooth f the following boundary value problem is well posed,

Op + At)p = f(t), t€(0,7),
P0)p(0) = o, (I =P(T))p(T) = or,

where ¢y € R(P(0)) and ¢r € R(I — P(T)).
The solution is given by

(218)  (t) = G(t,0)g — G(t, T)gr + / G(t.5)f(s) ds,

(2.17)



where G(t, s) is the operator

B L(t,S)P(S), 0<s<t,
(2.19) Glt.5) = {_L@,S)(I ~P(s)), t<s<T.

This is readily verified by the following calculations. By Duhamel’s prin-
ciple on the interval (0, ?)

t
o) = L0 + [ L(t5)(s)ds.
0
and by Property 1 in Definition 2.1,

fww@:memm%+Azme@ﬂ@w

In the same way on the interval (¢,T)

U—Pawwn:L@wu—waw+[’Mﬂ@u—P@ﬁ@m&

By applying the operator L(¢,T") and rearranging the terms,

(I = P()p(t) = L(t, T)(I — P(T))e(T) —/t L(t, s)(I — P(s))f(s) ds,

since L(t,T)L(T,s) = L(t, s) for s <T < t. The above result now follows
by considering

p(t) = P(t)p(t) + (I — P(t)p().
We also see that the solution satisfies the estimate

(2.20) sup [lo ()] < M(llwoll + ol +287" sup [|f()]]),
t€[0,T] t€[0,T]

which follows from Property 2 and 3 in Definition 2.1 and the estimates

le@Il < IGO0 lleoll + 1GE T Nlorll + jSup If \/ |G, 5)| ds,

/|Gts|ds</ e Alt=sl ds <2g4

Note that with f(t) = —¢d(t — 7) for some ¢ € R™ and 7 € [0, 7], where
0 is the Dirac distribution, we obtain the estimate

(2.21) sup [l(t)|| < M max{{|eoll, 7], [[4]}-
te[0,7)

and
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3. ERROR ANALYSIS

Subtracting (2.3) from (2.2) we obtain the weak representation of the
error e := uy(t,z;) — u(t,z). Find e € CY([0,T])? with e(0,2) = x; — x
such that

(3.1) /OT Oe - vdt = /OT(f(u) — Quuy) -vdt Yo € C'([0,T])>.

With Ap(t) as in (2.14) we linearize around uy and let
f(u) — Oy, = ef(u) + Ap(t)e + n(ug, u) + R(uy),

where we define the error in the computed velocity field,

(3.2) er(u) = f(u) — fu(u),

the non-linear part,

(3.3) N(uk, w) = fu(u) — f(ur) + An(t)e
and the residual to (2.3),

(3.4) R(ug) == fu(up) — Oy

We note that the residual is orthogonal to functions in the finite element
space W,_1([0,77)® in the following sense,

(3.5) /OT R(u) -vdt =0 Yo e W,_y([0,T))>.

We rewrite (3.1) according to the linearization above. Find e € C([0,T])?
with e(0,z) = z; — « such that

(3.6) /0 (Ore + Ap(t)e) -vdt = /o (ef(u) + n(ug, u) + R(uy)) - vdt,

for all v € C([0,T1)3.
The following lemma will be useful characterizing the function n(-,-).
Note that V fj, is discontinuous across 07"\ 02 for T' € 7.

Lemma 3.1. Let u,v,w € Q and suppose the convex hull K of {u,v,w} is
contained in Q. Then a finite element function f : Q > z — fi(z) € R3
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satisfies
1) = ful0) + ¥ fiuw) (= 0)]
< Cllu = ol (i ™ (llu = ]l + o = W) [V fill ooy

+max||[V fi] !\Lw(f)T\aﬂ)) :

for some 1 < p < oo and where the constant C' depends on card(K N T )?
and the constant in (2.5), and [-] denotes the jump across OT.

We remark that the exponent p in practice is determined by available
error estimates.

Proof. Consider the line [ : [0,1] 3 s — su+ (1 — s)v € R” and let
lr=|JTni#0.

TeT

From the identity
Su(u) = fu(v) = V fu(w)(u—v)
_ /O (Vfulsu+ (1 $)v) — Vf(w)) (u — v) ds,

and by the mean value theorem there are points &7 € T for T' € 7 such
that

/0 Vfu(su+ (1 —s)v) ds = Z /mT Vfn(su+ (1 —s)v) ds

Telr
= 7;ZTth(ﬁT) /mT ds.

Hence, since [ ds <1
1 fn(u) = fu(v) = V fu(w)(u = )| < llu—=ol| D IV(aler) = fu(w))]

For each point &7 consider the line between & and w. Suppose this line
crosses mp boundaries 07 for T' € T at points {r; for i = 1,...,myp. Let
&, and fjfz be the limits at {7; going from {7 and w respectively, and set
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&y = &r and §Tmpr1 = w. Estimate the terms in the sum above

IV(fa(&r) — fa(w))]| < ZIIV(fh(é?,i) = fulérip )l + ZII[th(éT,i)]II,

where [V f.(§1.0)] = V(fn(§r,) — fh(f;fz)) denotes the jump at &7;.
By the mean value theorem and an inverse estimate

IV (&) — fulrm)ll < (lu =l + lv = w|) V2 full ooy
< Cht ™ (lu = w|| + v — )|V fal o0y,

since [[£7; = &l < 16 — wl| < [lu— [l + [Jo = w]|.
For the jump terms we estimate

IV fu(&ra)]ll < I}@%H[th]ﬂm(aﬂam

Collecting the estimates above concludes the proof. O

For fixed uy we consider n = n(uy, ux —€) and ey = ep(up — €) as a
functions of e. Set

T
Nor(e,v) = / n(ug, ux — €) - v dt,
0
T
(3.7) Eor(e,v) = / ef(ur, —e)-vdt,
0

T
Ror(ug,v) := / R(ug) - v dt,
0

and estimate Ny, Eyr and Ry r. Let

(3.8) B, :={e € C([0,T)) : [le]l Loy < p}-
With v = u; — e and v = w = u in Lemma 3.1 we get
(3.9) [Nor(e,v)[| < Cllollpro,myra(fr.p)p fore € B,

where we defined
(310)  n(farp) = phoy IV fillrco) + maxl [V fulllz=oro0)-
Now Ny r is Lipschitz continuous, that is,

(3.11) [[No(e1,v)—Nor(ez, v)|| < Cllvllprqo.nrn (fr, p)ller—eall o (o,m1),
for ey, eo € B, and where ry(f, p) is as in (3.10).
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To see this, suppose e;, e; € B,. By Holder’s inequality,
[Nor(e1,v) — Nor(ez,v)]

< [Im(ug, up — e1) — n(ur, ur — €2)| o, vl L1 (j0,17)5
where
n(uku U, — 61) - n(uka U, — 62>
= fu(up —e1) — fr(ur — e2) — V fr(ug)(er — €2).

With u = ug — ey, v = u — e3 and w = uy in Lemma 3.1, (3.11) follows.
As for Eyr we will use the uniform estimate

(3.12) Eor(e,v) < CllegllLe@llvllzi o)

We also note by taking v = up — ey, v = up — es and w = 0 in Lemma
3.1 that Eyr is Lipschitz continuous, that is,

(3.13) [[Eor(er,v) — Eor(ez,v)|| < Cllvlliqomyreler)ller — el (o
for ey, eo € B, and where rg(es) is defined by
(3.14) ri(er) == ht?|IVes| oo-

Finally, due to the Galerkin orthogonality (3.5) we may add Z,_;v
T T
/ R(ug) - v dt = / R(uy) - (v —Z,qv) dt,
0 0
and hence by (2.4)
(315) RO,T(Uka U) S C||k:qR(uk) ||Loo([0’T]) ||DqUHL1([0,T})-
3.1. A posteriori error analysis. Consider the dual problem to (3.6).

Find ¢ € C'([0,T])? with o(T,z) = ¢r such that

(3.16) /O 6 (=B + Ai(t)p) dt =0 Ve € C'([0,T))>.

With v = ¢ in (3.6) and ¢ = e in (3.16) subtracting the equations we
get
T T
| aeprde= [ (ertw) + ntuns ) + Rew)) - o,
0 0

or with the notation in (3.7) we get

(3.17)  e(T) - or = ¢(0) - (0) + Ror(ux, ¢) + Eor(e, v) + Nor(e, ¢),



14 ERIK D. SVENSSON

which is a fixed point problem in e that admits a unique solution provided
No,r and Ey r has sufficiently small Lipschitz constants.

Estimating the right hand side in (3.17) we use Cauchy’s inequality for
the fist term and for the remaining terms we use the estimates (3.15),
(3.12) and (3.9). As is usual we define the stability factors

So(T) = [l (0)]l;
(3.18) SUT) = [|DYll L o,r
S2(T) == [lellro,m)-
We remark that the stability factor mentioned in (1.4) now is S(T') =
max {5y, S1, 52}
Theorem 3.2 (A priori error estimate). Let p, f, and uy be such that
So(T) < 1/6,
(3.19) CSy(T)re(er) < 1/6,
CS(T)rn(frsp) < 1/6,

where C'is as in Lemma 3.1, ry(fn, p) and rg(ef) as in (3.10) and (3.14),
and suppose

e(0) - £(0) < SolT)e(0)] < P,
1

(3.20) Ror(ug, @) < CS1(T) |k R(ug) || oo 0,17y < &

1
Eor(u, ) < Sa2(T)|lefllre@) < &

Then the error e(T) = ug(T) — u(T) is bounded from above by
e(T) - or <So(T)|[e(0)]] + Sy (T) 1K R (ur) || Lo (0.1
+5(T)leslle@) < p.

Proof. From (3.11), (3.13) and (3.19) it follows that (3.17) is a contraction
mapping on B,. From (3.19) and (3.20) we also see that the mapping is
into B,. Therefore there is a unique solution e € B, to (3.17) that satisfies

(3.21). O
We note that

T
(D) < [le0)]] + IIAZIILOO<[0,T1>/O le(s)l ds,

(3.21)



15

and by Gronwall’s lemma, see for example [8, p. 625] we estimate
le (D)1 < MO (L + TA | oo ro,rpye” il = o).

For flows that are dynamically unstable we do not expect any better esti-
mates than this. Thus (3.19) and (3.20) will be very difficult or impossible
to achieve in these situations.

3.2. Shadowing. In this section we assume that L(¢, s) has an exponential
dichotomy on the interval [0,7]. We note the connection between L(t,s)
and Ly(t, s) provided in the following roughness result. From [16, Lemma
7.4, p.133] we know that if L(¢,s) has an exponential dichotomy on [0, 7]
and if
[An(t) — A < 6 < do(M, ).

Then L, (t,s) also has an exponential dichotomy on [0, 7] with constants
My, B, and projection Py (t) satisfying

0<Br<fB and |Pu(t)— P@)| < C5,

where My, 3, and C' are constants only depending on M and f3.

We now assume that Lj(t,s) has an exponential dichotomy on the in-
terval [0,7] in the sense given in the paragraph above. It then follows
that Lj(s,t) also has an exponential dichotomy on [0,7] with projection
I — P;(t) and constants M), and (3. By taking the adjoint in Property 1
of Definition 2.1 and subtracting the identity we get

(I = Py(s))Ly(t,s) = L*(t,s)(I — Py(t)),
and multiplying from left and right with L} (s,t) and Lj(s,t) we obtain
Property 1 for Lj(s,t)

Ly (s, 0)(I = Py(s)) = (I = B(t)) Ly (s,1).

The other properties now follow using the identity above.
Consider the following boundary value problem related to (2.17)

— Osp + Aj(s)o = —d(s — 1), s € ([0,T]);
(I = P;(0)p(0) =0, Py(T)e(T) =0,
where 1) € R? and § is the Dirac delta distribution and thus the solution
©(s) will have a jump —¢ = (t)* — @(t)~ at time s = t.

This problem is also well posed by the same arguments as for (2.17) and
the solution is

(3.22)

90(57 t) = _GZ(S’ t)w’
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where we explicitly added t as an argument in the solution and where
G5 (s,t) now is the Green operator

* _ (I_ Pl;k(t))L;;(S?t)) 0<t<s,
Gh(s’t)_{—P*(t)L*(s 0, st <T.

In weak form (3.22) reads. Find ¢ € C([0,¢))> U C*((¢,T))? :

(3.24) /¢ Dup + Ai(s)g) ds = 6(t) - ¥ € C'([0.T))*

and by integration by parts

(3.25) (1) = / (960 + An(s)6) - ¢ ds + B(T) - o(T) = H(0) - 2 (0),

where we stress that ¢(0) and ¢(7") are not equal to zero, in fact only
(I = £;(0)¢(0) = 0 and BH(T)p(T) = 0 (F;(0)(0) and (I — B (T))¢(T)
are determined by the differential equation).

Suppose e(t) = ug(t, z;) — u(t,y) € B,, where B, is the ball (3.8), and
such that P,(0)e(0) = 0 and (I — P,(T)e(T) = 0 which implies that

e(T) - p(T) = e(T) - (I = Bi(T))p(T) = (I = Bu(T))e(T) - o(T) = 0,

and likewise e(0) - p(0) = 0.
Taking ¢ = e in (3.25) and with (3.6) and (3.7) we get

(3.26) e(t) - ¢ = Ror(ur, ¢) + Eor(u, @) + Nor(u,p),

which is a fixed point problem with a similar right hand side as in (3.17)
although the problem defining ¢ is not the same in this case. Note that
the right hand side does not have any derivative in ¢ and hence is well
defined even when ¢ is discontinuous as in the present case.

Estimating the right hand side in (3.26) we use Cauchy’s inequality
for the fist two terms and for the remaining terms we use the estimates
(3.15) (with care), (3.12) and (3.9), now tanking into account that ¢ is
discontinuous at s = t. As is usual we define the stability factors

SI(T) == sup max{[|D% (-, )|l 1101y | D'y t)| 2oy }

(327) - el
So(T) == sup [lo(, )l Loy,

t€[0,T]

(3.23)

where now ¢ is the solution to the boundary value problem (3 22) We
remark that the stability factor in (1.5) now is S(T') = max {S;, S5}
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Theorem 3.3 (Shadowing). Let p, fn and uy be such that
CE(TIriley) < 1/4,
COAT)rn(fns p) < 1/4,

where C is as in Lemma 3.1, rn(fa, p) and rg(ey) as in (3.10) and (3.14),
and suppose

(3.28)

~ 1
Ro.r(ur, ¢) < CSUT) K R(up)l| o1 < 701

(3.29)

. 1
Eor(u, ) < S2(T)|lef|le@) < g

Then the numerical solution uy(t,z;) is shadowed by an exact solution
u(t,y;) and the error e(t) = ug(t, z;) — u(t,y;) is bounded from above for
allt € (0,7

(3.30) le(t)] < Sy(T) | R(we) || o o.1y) + S (T)llefll () < p.

Proof. Set ¢ = 1. From (3.11), (3.13) and (3.28) it follows that (3.26) is
a contraction mapping on B,. From (3.28) and (3.29) we also see that the
mapping is into B,. Therefore there is a unique solution e € B, to (3.26)
that satisfies (3.30) and we get u(t,y;) = ux(t, ;) — e(t). O

We note that provided L (s,t) has an exponential dichotomy ¢ will stay
bounded by (2.21) and in contrast to the error estimate (3.21) the estimate
in this case (3.30) will remain valid for large 7. However we must show
that Lj(s,t) has an exponential dichotomy or by some means estimate
©(t,-). We discuss this matter in the next section.

3.3. Finite time shadowing. In this section we discuss the finite time
shadowing results from [5]. We first assume that L(¢, s) has an exponential
dichotomy as described in Sections 2.4 and 3.2.

We consider the boundary value problem (3.22) and the solution oper-
ator (3.23). From now on set ¢ = 1.

Partition [0, T] into M sub intervals [T, Tyni1] for m=0,1,... ., M — 1
and where Ty = 0 and Ty, = T. Let L,, = L(T},+1,T,,) be a sequence of
operators and set

Lyw=Lyn_1---L,, m>n, and Lo = 1.
If we choose s =T, and t = T,, in (3.23) we get
(3.31) (T, Tn) = =Gro0,s
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where
o {(I ~ Py, 0<n<m,
mn —P*(T,)L%,,,, m<n < M.
This is the solution to the recurrence problem cf. [13, Section 3.2]
—Omtin = Pmi1 — Ly om, m=0,...,M —1;
(L = P*0))po =0, P*(Ty)em =0,
for n EA[O, M — 1] and where d,,,, = 1 if m =n and 6,,,, = 0 if m # n.
Let f = f/||f|| denote the normalization of f. Choose one (3 x 2) matrix
Zy such that the (3 x 3) matrix

(Fuu(0,2)) 2)

is orthonormal and by QR-factorization define recursively form = 0,1, ..., M —
1

(3.32)

(AT 1320) = (i) Zoa) (5 1)),

where
(3.33) Ay = (“(’)” b:z) — 7 L T
is upper triangular and with positive diagonal entries as long as matrix
on the left hand side has full rank [10, Theorem 5.2.2, p. 217]. Note that
Z5 7o = 1.
Set @m = Zym¢m and transform (3.32)
_(5m+1,n ;:»L+1 :(berl _Am(bma mIO?"'aM_ 17
Zo(I = P*(0))Zopo =0,  Z3y P*(T)Zrndu = 0.

In most situations we do not know the projections P(0) and P(T).
Nevertheless we may solve (3.34) by taking a good guess. With ¢, =
(Om1s Om2) and (3.33) we rewrite (3.34)

Omt11 = m®Pm,1 + D@2 4 Ot 10211,

¢m+1,2 = Cm¢m72 + 5m+1,nzm+1727

(3.34)

(3.35)

where 2,41 is the sum of the i:th row in 7, ;.
Considering the sequences {a,, }M_, and {c,, }}*_, we distinguish six dif-
ferent cases and solve (3.35) accordingly. Set a = [[X_,am and ¢ =

M
Hm=0 Cm-
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(1) If a > 1.0 and ¢ < 1.0. Set ¢p2 = 0 and solve the second equation
forwards obtaining ¢,, 2, and set ¢,, ; = 0, substitute ¢,, » into the
first equation and solve backwards obtaining ¢, 1.

(2) If a < 1.0 and ¢ > 1.0. Set ¢p2 = 0 and solve the second equation
backwards obtaining ¢, 2, and set ¢,,; = 0, substitute ¢,, 2 into
the first equation and solve forwards obtaining ¢, ;.

(3) If a < 1.0 and ¢ < 1.0 and a > ¢. Do as in the first case.

(4) If a < 1.0 and ¢ < 1.0 and @ < ¢. Do as in the second case.

(5) If a > 1.0 and ¢ > 1.0 and a > ¢. Do as in the first case.

(6) If a > 1.0 and ¢ > 1.0 and @ < ¢. Do as in the second case.

Cases (1) and (2) are considered as ideal and imply that ||¢|| is small. The

remanding cases are not ideal and the solution may blow up and ||¢|| may

be large.

Since we only guess the projections we may expect to mix the stable and
unstable subspaces when solving according to the steps above. The com-
puted solution will serve as an estimate for the true solution and hopefully
this solution will be small or have a mild growth over time.

3.3.1. Computing S;(T'), i = 2,3, in practice. We now substitute L*(s,t)
by Lj(s,t) in the analysis above and compute the norm to {¢,,}2_, in
(3.35) in two different ways.

Case I. In the first case we solve M —2 problems (3.35) forn = 1,2,..., M —
2 and compute the norms from this set of solutions. The amount of work
for this procedure will scale like O(M?).

Case II. In the second case we proceed as proposed in [5]. Instead of (3.35)
we consider

Nhm+1,1 = AmMim,1 + |bm|77m,2 + |Zn,1|>

m+1,2 = CmTm,2 + ’Zm,2

(3.36)

)

where the F and 4+ depend on whether we solve according to case (1) or
(2) as described above. This procedure will imply that |, 1| < 7,1 and
|m.2| < Mm,2. The amount of work for this procedure will scale like O(M).

4. FINITE TIME SHADOWING IN STOKES FLOW

Inspired by [18] where laminar fluid mixing was experimentally stud-
ied in small channels we set up the following model. Let Q2 C R3, be a
polyhedral domain with periodic boundaries I'y and I'p, see Figures 4.1
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and 4.2, and consider the Dirichlet Stokes problem with periodic boundary
conditions in dimensionless form

~AU+VP=0 inQ,

V-U=0 in{,
(4.1) U=0 ondQ\ (F'aulp),
U|FA = U|FB=

P|FA:P|FB+R7

where U = (Uy,Us, Us) is the unknown velocity field, P the unknown
pressure and R is a constant modelling the pressure drop.

Figure 4.1: Three juxtaposed Ridge Domains. The shaded planes I'4 and
I'p are periodic boundaries. We choose the following values for the parameters:
(=w=1,h=0.3,0=45° a=2/3, 5 =0.5, and the length of the unit cell is
=1.

Figure 4.2: Three juxtaposed Herringbone Domains. The shaded planes
'y and I'p are periodic boundaries. We choose the following values for the
parameters: £ =2/3, w=1, h=1/5,0=45°, « =2/3, 5 =9/16, p = 2/3, and
the length of the unit cell is = 14/9.



21

From [3] and [15] we know that U € W?%3(Q)3 N W, and thus U is
continuous although not Lipschitz continuous. There will be singularities
in VU and P along the edges and vertices of 2. However, if we let {2’ C
Q2 such that dist(€’,0Q) is not too small, then we may argue that U is
Lipschitz continuous in €' by an interior estimate as in for example [9,
Theorem 4.2, p. 209]. Thus when we compute orbits using f = U (or in
practice f = Up,) in (1.1) we only consider orbits that are not too close to
oN.

We refer to the domains in Figures 4.1 and 4.2 as Ridge and Herringbone
respectively, the names are from [18]. Accurate solutions to (4.1) in the
two domains are computed by a finite element method, Hood-Taylor P, P;
on fine triangulations. We illustrate the solutions in Figures 4.3 and 4.4.

a b
0b (T -
L s SOOI
N Y saanna s L
N t (/; _________ 200
t poo oo >N\ i
AN \ }f 8
\:::\~ AR b ].
0
0 1
y

Figure 4.3: Velocity field for (4.1) solved in the Ridge Domain, Figure 4.1, at
xz = 0.0. (a) The y and z components of the velocity field. (b) The x component
of the velocity field.

We compute orbits to (1.1) using the simple ¢G(1) method described in
Section 2.2, with f = Uj, where Uj, now is the computed solution to (4.1) .
The time steps k; for i = 1,2,..., N is chosen adaptively so that the local
residual is less than a small tolerance, for more details see [7]. We plot two
typical orbits in Figure 4.5 for the Ridge Domain and in Figure 4.6 for the
Herringbone Domain.

The dual problem (3.16) is solved by the same means but with time steps
k; for i =1,2,...,2N — 1 obtained by refining the partition of [0, 7] used
for computing the orbits to (1.1). As ¢z we choose either of the canonical
unit vectors, e.g., (1,0,0). The stability factors S;(T") for i = 1,2,3 are
then readily computed, see Figure 4.7.
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Figure 4.4: Velocity field for (4.1) solved in the Herringbone domain, Figure
4.2, at © = 0.0. (a) The y and z components of the velocity field. (b) The x
component of the velocity field.
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Figure 4.5: Computed orbit for z = (0, 1/2, 9/20) in the velocity field Uy,
computed on the Ridge Domain. (a) Three dimensional plot. (b) Projection
on the xy-plane.

We compute the projection matrices S,, as explained in Section 3.3 by
approximating the action of L} using the same method and the same time
steps as for the dual problem (3.16). The recurrence problem is solved in

the two different ways as described in Section 3.3, and depicted in Figures
4.8 and 4.9.
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Figure 4.6: Computed orbit for z = (0, 1/2, 1/3) in the velocity field U}, com-
puted on the Herringbone Domain. (a) Three dimensional plot. (b) Projection
on the xy-plane.
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Figure 4.7: (o, +,0) = (Sp, S1,S2) Stability factors (3.18) for orbits in Figures
4.5 and 4.6.

5. DISCUSSION

We have derived a shadowing error estimate (1.5) for computed orbits
ug(t,z;) to (1.1) with f replaced by a finite elements approximation fj,.
Principal to the error estimate is the stability factors S, (£) and S5 (¢) which
for sufficiently hyperbolic problems do not grow at any considerable rate
as a function of the time ¢, in contrast to the stability factors 5; for the a
posteriori error estimate where the stability factor grow at an exponential
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Figure 4.8: (o,+) = (S, 5,) Stability factors (3.27) for orbit in Figure 4.5
computed as suggested in Section 3.3.1 (a) Case I (b) Case II.
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Figure 4.9: (o,+) = (51, 5) Stability factors (3.27) for the orbit in Figure 4.6
computed as suggested in Section 3.3.1 (a) Case I (b) Case II.

rate. We demonstrate this for orbits generated from the finite element
velocity field modelled by the Stokes equations on two different domains,
the Ridge Domain and the Herringbone Domain.

We note that there is an quite large difference in the way we choose to
estimate the stability factors S1(t) and Sa(t), either as in Case I or as in
Case II as explained in Section 3.3.1, see Figures 4.8 and 4.9.

It is fare to say that the shadowing error estimate (1.5) is not rigorous as
long as we do not control all constants in the estimate. At this stage we are
not able to completely control the error in the finite element approximation
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We only can provide asymptotic error estimates of ey, that is, there is

an unknown but bounded constant in the right hand side of the estimate
and we can only deduce that the error goes to zero as h — 0.
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OPTIMAL SEARCH IN FINITE ELEMENT
TRIANGULATIONS USING BINARY TREES

ERIK D. SVENSSON

ABSTRACT. We propose a simple algorithm that, given the set S of
all n-simplices, n = 2,3, in a finite element triangulation and a query
point p € R™ will find one n-simplex or R™\ S containing p in O(log N)
search time, where IV is the number of n-simplices in the triangulation.
The algorithm requires O(N log N) preprocessing time and O(N) stor-
age. We apply the algorithm on two finite element triangulations and
demonstrate that the search time is of the same order as the time to
evaluate the barycentric coordinates of one n-simplex, which we regard
a relevant time scale in many finite element applications.

1. INTRODUCTION

Given the set S of all n-simplices, n = 2,3, in a finite element trian-
gulation and a query point p € R we pose the following search problem:
Does any n-simplex in S contain p? This problem relates to two funda-
mental problems in computational geometry: the planar subdivision search
problem, that is, given a planar subdivision in R? with a number of line
segments, determine which region in subdivision contains p; or the post-
office problem, that is, given a set of points, find the point that is closest to
p, see [6] and references there in. There are many solutions and suggestions
how to solve the subdivision search problem, for example [5, 4, 2, 7, 6].
With N denoting the number of n-simplices in S we characterize, cf. [4],
a solution or algorithm to the posed search problem by: (1) preprocessing
time -the time to construct search structures, (2) space -the storage used
by the method, (3) search time -the time required to locate the region or
point in S. It is possible to solve the search problem in an optimal way,

Date: April 18, 2006.
2000 Mathematics Subject Classification. 68U05.
Key words and phrases. computational geometry, point location, finite element, post-
processing.
1
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that is, with O(NN) preprocessing time, O(NV) space and O(log N) search
time [4, 6]. However, these methods are often considered too complicated
[2] and although the search time scales linearly the constant in the linear
dependence, the query constant, may be large [6].

In this work we propose a simple algorithm to solve the posed search
problem that is characterized as optimal in search time and space and
requires O(N log N) preprocessing time.

2. PRELIMINARIES

We first introduce a few concepts used in finite element practice and
theory, see for example [1].

Let A; fori=1,...,n+ 1 be scalars not all equal to zero. A hyperplane
7 is subspace of R™ such that

(21) ™ = {QZ’ eR": ZAlQZ’Z + An+1 = 0}
i=1
An n-simplex in R™ is the convex hull T" of n + 1 points aq, ..., ayi1,
called vertices, not all contained in a hyperplane, that is, forn =0,...,3:

a point, a line segment, a triangle, or a tetrahedron. For 0 < m < n, an
m-face of the n-simplex T" is an m-simplex whose vertices are also vertices
of T

Let 2 C R” be a polyhedral domain. A triangulation 7 is a partition
of € into n-simplices T' such that no vertex of any simplex lies in the
interior of any m-face, for 1 < m < n. A family of triangulations {7}, },~0
is said to be shape-regular if there is a v > 0 such that hy/pr < v for
all T € U, 7, where hy = maxyer, diam (7) and pp = sup{diam(S) :
S is a ball contained in T'}.

An n-rectangle is a set of the form

(2.2) R= H[ai,bi] ={z=(21,...,2,) : a; <x; <b;, 1 <i<n}.
i=1

Again, let S be the set of all n-simplices, n = 2,3, in a finite element
triangulation 7" and set card(S) := N, that is, we use the cardinal number
to count the number of n-simplices in S.

In the complexity analysis we use a parameter N to measure the size
of the search problem. We may interchangeably take N as the number of
m-simplices, 0 < m < n, in the triangulation. In R? this is solely due
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to the Euler relations whereas in R? we will have to impose additional
constraints on the triangulation.

Consider a triangulation 7, where we now assume that Q and 0Q) are
simply connected which will only influence the Euler relations that we
will use. Let N; for m = 0,...,n be the number of m-simplices in the the
triangulation and let N2 for m = 0,...,n—1 be the number of m-simplices
on the boundary of the triangulation.

We first consider n = 2. By counting the edges and triangles in the
triangulation we get the identity 2/N; — N{9 = 3N, and since 0 < N{9 <M
we may estimate

3
§N2 < N; < 3No,

which shows that the number of edges and triangles are interchangeable.
Inserting this into the Euler relation for triangulations in R2, see for ex-
ample [3],
No — N1+ Ny =1,
we get
1
1+§N2 < No <1+ 2Ny,

which shows that the number of vertices and triangles are interchangeable.
Consider next n = 3. By counting the faces and tetrahedra in the
triangulation we get the identity

(2.3) 2Ny — N = 4N
and since 0 < NQa < N; we may estimate
2N3 < Ny < 4N3,

which shows that the number of faces and tetrahedra are interchangeable.
By counting the edges and tetrahedra in the triangulation we obtain
Zf.vzll a; = 6N3, where a; = card{T € 7 : E; N T = E;}) is the number of
tetrahedra neighboring the edge E;. Hence
(24) le = 6N37
where a = N;* vazll a; is the average of {a;},, which shows that the
number of edges and tetrahedra are interchangeable.
Also by counting the edges and faces on the boundary we get the identity
2N? = 3N which together with the Euler relation on the boundary Ng —
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NP + N¢ = 2 implies that N = 2(NJ — 2) and with (2.3) we get the
identity

(2.5) 2Ny = 4N3 + 2(Ng — 2).
Inserting (2.4) and (2.5) into the Euler relation for triangulations in R?
No— Ny + Ny — N3 =1,

we get

Ny + N2 = (g - 1)]\/3,

and since 0 < Ng < Ny we may estimate

1/6 3 6
S-S <M< (2 -1)Ns+3,
2\a 2 a

which shows that the number of vertices and tetrahedra are interchange-
able.

Notice that we will have to impose a < 6 in order to have a use full
estimate. This is often true in practice since the triangulation is generated
with a shape-regularity constraint. We also remark that we may try to use
the uniform estimate

Ny
Ny min q; < g a; < Ny max aj,
i=1,..,N — i=1,..,Ny
1=

in the analysis above but in practice this will often be useless since instead
of imposing @ < 6 we will have to impose max;—; _n, @; < 6 which is
not likely to be true in practice —there are always a few edges where the
condition fails. The mean value a is a milder condition better suited in
this situation.

In conclusion, we just showed that provided a < 6, we could use either
N = N;, for : = 0,...,n in the complexity analysis. We will use this fact
without further notice throughout this work.

Finally, we will use the notion binary tree denoting a data structure
devised for fast data searching [8]. The binary tree contains a number of
items called nodes of the tree. Each node contains data and zero or two
links connecting to other nodes in the tree. The first node in the tree is
called the root. A connected set of nodes of the tree is called a subtree
and a node that has no connections to other nodes is called a leaf. See the
illustrations in Figure 2.1. The height of the tree is equal to the maximal
number of nodes connecting the root and any leaf.
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Figure 2.1: Binary tree.

3. BINARY SEARCH IN TRIANGULATIONS

We devise a binary tree that will be used to find the n-simplex containing
the query point p, or no n-simplex if p is not in €2. Each node in the tree will
contain numbers A; for ¢ = 1,...,n + 1 representing a hyperplane 7, and
the subtrees negSubtree and posSubtree, also binary trees that are parts
of the entire tree. The hyperplanes will partition R" into negative and
positive sides that will be used to sort the n-simplices in the triangulation
at preprocessing. As a result of this sorting, every leaf will contain a set of
n-simplices S; where ideally S is such that card (S;) = 1 or at least close
to 1.

Given a query point p we use the search Algorithm 1 to find 0 or 1 n-
simplex in the triangulation containing the point, 0 meaning that p is out-
side the €. In the algorithm we use a generic algorithm inSimplex (7', p)
to test whether T' contains p and we refer to Algorithms 4 or 5 in the
Appendix for details.

In the sections below we describe two algorithms for constructing the
binary tree. Both algorithms however suffer from different deficiencies and
it is only after combining them in a new one we obtain an algorithm that
will be useful in practice.

3.1. Partitioning along z;-hyperplanes. Let R be the smallest n-rectangle
containing ). For a; and b; as in (2.2), defining the n-rectangle, set
a=(ay,...,a,) and

dr = (dzy,...,dx,) = (b —ay, ..., by — ay).
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Algorithm 1: findSimplex(point p, binary tree binaryTree)

Input: point p, binary tree binaryTree
Output: n-simplex T or 0 (no n-simplex)

if no subtrees then /* at a leaf */

forall T € S5; do /* linear search */

if inSimplex (7', p) then /* see Algorithm 4 or 5 */
return 7'

return 0 /* no n-simplex was found */

else /* choose a subtree */

return findSimplex(p, negSubtree)
else
return findSimplex(p, posSubtree)

Find the largest side of R, and set i = argmax,;_, _,(dz;) and let 7 denote
the hyperplane with A; = 1 and A, 41 = —a; —dz;/2 (A; =0 for j # i
and j < n + 1). Partition R along the hyper plane 7 into to n-rectangles
R_ and R,. Sort the n-simplices T" € S, where we recall that S is the
set of all n-simplices in the triangulation, now also contained in R. Add
TtoS fTNR_ # 0 and add T to S, if TN Ry # 0. Repeat this
procedure recursively for the pairs (R_, S_) and (R, Sy) until card (5) <
2 or card (S) = card (S_) or card (S) = card (S;). We summarize this
procedure in Algorithm 2.

The height of the tree is ~ log N and each recursive step in the pre-
processing requires sorting ~ N n-simplices. Hence, the preprocessing
time for the binary tree is O(N log N).

The search time will require O(log N') operations, but the query constant
will be rather large since at the leafs a linear search is preformed. The
number of simplices in S; will be roughly bounded by the number of n-
simplices neighboring a node in the triangulation, in practice this is ~ 10
for n = 2 and ~ 40 for n = 3. This will slow down the search and due to
this Algorithm 2 is not a good choice in practice.

3.2. Partitioning along (n — 1)-faces. Recall that S is the set of all
n-simplices in 7 and that N,_; is the number of (n — 1)-faces in the
triangulation. Let 7; for i = 1,..., N,,_1 be the hyperplanes defined by the
(n — 1)-faces in the triangulation. Denote the halfspaces on opposite sides



Algorithm 2: binaryTreeRectangular(S,a,dx)

Input: a set S of n-simplices, a and dx defining an n-rectangle R

Output: binary tree data structure

Data: the binaryTreeRectangular contain numbers A; for
t=1,...,n+ 1 representing the hyperplane 7, subtrees
negSubtree and posSubtree, and a set S; of n-simplices.

A;=0fori=1,....n+1 /* initialization */
if card(S) < 2 then /* if leaf */
S =
return this binaryTreeRectangular
else
i = argmax;_; __,(dz;)
A;=1
App1 = —a; — d;
forall T € S do /* sort simplices */
if Y Aja;j + A1 <0 for one verter a; € T then
add T to S_
if Y Aja;j + Ay > 0 for one verter a; € T then
add T to S,

if card(S) > card(S_) and card(S) > card(S,) then /* new
subtrees */
negSubtree = binaryTreeRectangular(S_,a,dx)
a; = a; + da:z
posSubtree = binaryTreeRectangular(S,,a,dz)
else /* leaf */
S =5
return this binaryTreeRectangular

of m; by R} and R} . Now sort the simplices 7" € S and add T' to \S; -
if TNR}Y_ # 0 and add T to S;4 if TR}, # 0. Choose one of these
hyperplanes m = 7; such that

card (S; —)/card (S; ;) if card (S;-) < card (S; +),
card (S, +)/card (S;—) otherwise,

,—

and set S_ = 5; _ and S; = S; ;. Repeat the procedure recursively for S_
and S, until card (S) < 2 or card (S) = card (S_) or card (S) = card (S4).
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This procedure creates a binary tree and we summarize it in Algorithm 3.

The height of the tree is ~ log N and each recursive step in the pre-
processing requires sorting ~ N? n-simplices. Hence, the preprocessing
time for the binary tree is O(N?1log N), which is far from optimal.

The search time will require O(log N') operations and the query constant
will be rather good. Also, in this situation, a linear search is performed
at the leafs. However, in this case the number of simplices in S; will be
small, mostly 1 and with small and rare variations. We have not made any
attempts to give a rigorous upper bound for the number of simplices in 5.

Due to the scaling of the preprocessing time this algorithm is not a good
choice in practice, at least not for large triangulations.

3.3. binaryTreeRectangular and binaryTreeFace combined. We no-
tice that the deficiencies in Algorithms 2 and 3 are complementary, small
preprocessing time and large search time for Algorithm 2 but large pre-
processing time and small search time for Algorithm 3. In other words it
seems desirable to combine the algorithms in such way that only the favor-
able characteristics of the algorithms remain and cancel the deficiencies.
The idea is to let Algorithm 3 continue where Algorithm 2 is terminated.
We input S = 5; from Algorithm 2 into Algorithm 3 and let it refine the
tree further. In this way we will gain a binary tree with good query con-
stant since the card(S;) after Algorithm 3 has terminated will be small,
and since Algorithm 3 is only applied on small sets S from Algorithm 2 it
will not have major impact on the total preprocessing time.

If we assume that there are ~ N different leaves in the tree after Al-
gorithm 2 has terminated and that each such leaf holds M n-simplices
then the total preprocessing time will be the preprocessing time for Al-
gorithm 2 plus the preprocessing time for Algorithm 3 applied on N sets
each holding M n-simplices, that is, the total preprocessing time will scale
like O(Nlog N + NM?log M) which is close to O(N log N) for small M
and large N.

Note that we may also try to apply Algorithm 3 on a smaller set Sy C S
(S outputted from Algorithm 2), chosen by some means, which will im-
prove the preprocessing time at the expense of the search time. For exam-
ple we may take S to be the n-simplex whose barycenter is closest to the
center of mass of all barycenters of all n-simplices in S. Then card (S5) =1
and the total complexity will be O(N log N). This will alter card (5;) at the
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final leafs, when Algorithm 3 has terminated, and card (.S;) will be larger
but still relatively small when compared to binaryTreeRectangular.

4. NUMERICAL EXAMPLES

We now consider two triangulations, one in R?, Figure 4.1, and the other
in R?, Figure 4.2. We build the search structure proposed in Section 3.3
and measure: the preprocessing time and the average search time for 10°
randomly chosen query points as function of number of nodes N in the
triangulations as we perform 4 and 3 uniform refinements in the R? and
R? triangulations, respectively.

The preprocessing time is normalized with the preprocessing time for
the triangulations at start and the search time is normalized with the time
it takes evaluating the barycentric coordinates for one n-simplex, see the
Appendix where we account for the implementation used. The motivation
for the normalization of the search time is to find a time scale appropri-
ate for finite element applications. For example, it is often necessary to
evaluate the barycentric coordinates when post-processing finite element
data.

In Figures 4.3 and 4.4 we visualize the search process in the two dimen-
sional triangulation. We search for a query point contained in the shaded
triangle in Figure 4.3 and marked with the bullet e in Figure 4.4. We also
plot the the hyperplanes 7w (lines) used to partition the triangles in the
triangulation. After 12 levels in the binary tree the triangle containing the
query point could be identified. There are 9 layers from Algorithm 2 and
3 layers from Algorithm 3.

Finally we plot the results from the measurements in Figures 4.5 and
4.6, where we also make a least square data fit to the appropriate scaling,
O(N log N) for the preprocessing time and O(log V) for the search.



ERIK D. SVENSSON

10

Vg

cK

VAVAY

0

0%
A

NS
X/

\7

5
S

)
5

DE
X

S

A two-dimensional triangulation with 940 nodes and 1572 trian-

Figure 4.1
gles.

A three-dimensional triangulation with 578 nodes and 1567 tetra-

Figure 4.2
hedra.



11

Algorithm 3: binaryTreeFace(S)

Input: a set S of n-simplices

Output: binary tree data structure

Data: the binaryTreeFace contain numbers A; fort =1,...,n+1
representing the hyperplane 7, subtrees negSubtree and
posSubtree, and a set S; of n-simplices.

A;=0fori=1,....n+1 /* initialize x/
if card(S) < 2 then /* if leaf */
S =
return this binaryTreeFace
else
r=20.0 /* parameter do decide the best partition */

/* Let m; with scalars B; be the hyper planes defined
by the N, (n—1)-faces in S. */

forall 7; do
forall '€ S do /* sort simplices */
if > | Bija; + Bni1 <0 for one vertex a; € T then
add T to S; _
if > | Bia; + Bni1 > 0 for one vertex a; € T then
add T to S; +
if card (S;_) < card(S; 1) and r < card(S;_)/card(S; ) then
r = card (5; —)/card (S; +)
S_.=5;_and Sy =5,
A;=B;fori=1,...,n+1
else if card(S; ) < card(S;_) and r < card(S;+)/card(S; )
then
r = card (5; +)/card (S; )
S_.=5;_and Sy =5,
A;=B;fori=1,...,n+1
if card(S) > card(S-) and card(S) > card(S;) then /* new
subtrees */
negSubtree = binaryTreeFace(S_)
posSubtree = binaryTreeFace(S, )
else /* leaf */
S =S

return this binaryTreeFace
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Figure 4.3: Search process using the binary tree with Algorithm 2. We are
searching for a query point contained in the shaded triangle in the rear leg of the
tiger. The horizontal and vertical lines are the hyperplanes 7 used to partition
the triangles in the triangulation.

‘D

Figure 4.4: The query point is marked with the bullet o. (left) Search in
the tree with Algorithm 2, zoom in. The set of shaded triangles is the set .5; in
the leaf from Algorithm 2. (right) Search in the tree with Algorithm 3. The
algorithm terminates with one triangle in the final leaf.
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Figure 4.5: (Two-dimensional triangulation) Data from applying the algo-

rithm in Section 3.3 to the triangulation in Figure 4.1. The dashed lines are
least square fits. (left) Average search time for 10° randomly chosen query
points. The time is normalized with the time to evaluate the barycentric co-
ordinates for one triangle, which is a characteristic time scale in finite element
post-processing. (right) Preprocessing time normalized with the preprocessing
time of the triangulation at start.
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Figure 4.6: (Three-dimensional triangulation) Data from applying the algo-

rithm in Section 3.3 to the triangulation in Figure 4.2. The dashed lines are
least square fits. (left) Average search time for 10° randomly chosen query
points. The time is normalized with the time to evaluate the barycentric coor-
dinates for one tetrahedron, which is a characteristic time scale in finite element
post-processing. (right) Preprocessing time normalized with the preprocessing
time of the triangulation at start.



14 ERIK D. SVENSSON

APPENDIX A. VARIOUS SIMPLE ALGORITHMS FOR N-SIMPLICES

In this appendix we give account for various simple algorithms or mere
implementations of mathematical notions that we have used throughout
this work on n-simplices with vertices in a; = (z;,y;) for i = 1,...,3
(triangles) or a; = (x;,y;, 2;) for i = 1,...,4 (tetrahedra) as in Figure A.1.
We represents barycentric coordinates A with the (n+1) x (n+1) matrices
M. For z € R™ we then get the barycentric coordinate as A = Mux.

Qg

as

ay aj as

a2

Figure A.1: n-simplices. (left) A triangle with vertices a1, a2 and az. (right)
A tetrahedron with vertices aq, as, ag and ag4.

A.1. Triangles, n = 2.

A.1.1. Volume. We compute the signed volume as the vector product

V(ay,aq,a3) = ((az — a1) X (ag — ay))/2 which in terms of the vertices
1s
1
V(ah asg, CL3) = 5(@2 - $1)(y3 - yl) - (963 - 1‘1)(92 - yl)),

and the volume is |V (ay, az, as)|.

A.1.2. Barycentric coordinates. The matrix M is the inverse to

Xy T2 I3

Yy Y2 Y3 )
1 1 1
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cf. [1], and we get

Yo — Y3 T3 — T2 T2Y3 — T3Y2
M=V(T) ys—m @1 —a5 w331 — 2193 |,
Y1 — Y2 T2 —T1 T1Y2 — T2Y1

A.1.3. Point in a triangle. In order to test whether a point p is contained
in a triangle T" we test if p and ag are on the same side of the line trough
a; and ag, and likewise for the other two vertices, cf. [6, Code 1.6, p. 29].

Algorithm 4: inTriangle (T p)

Input: triangle 7', point p
Output: true (p € T') or false (p ¢ T')

UV = V(al, ag, a/3)

if v+ V(a1,az2,p) <0.0 then
return false

if v*V(as,a1,p) <0.0 then
return false

if v#*V(ag,as,p) < 0.0 then
return false

return frue

A.2. Tetrahedra, n = 3.

A.2.1. Volume. We compute the signed volume as the vector triple product
V(ay,az,as,a4) = (ag—ay) - ((a3 —ay) X (ag — aq))/6 which in terms of the
vertices is

V(ay, az, a3, a4) = é( — (4 —21)(y3 — y1)(22 — 21)
+ (23 — 21)(ys — 1) (22 — 21)
+ (24 — 1) (y2 — v1) (23 — 21)
— (g — x1)(ys — 1) (23 — 21)
— (r3 — 1) (32 — ¥1) (24 — 21)
+ (22 — 1) (y3 — y1) (22 — 1)),

and the volume is |V (ay, az, ag, a4)|.
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A.2.2. Barycentric coordinates. The matrix M is the inverse to

Ty T2 T3 T4

Y Y2 Ys Y4
Z1 R2 23 Z4 ’
11 1 1

cf. [1], and we get

I T I
M=V(T) | M My My My,

where
Ys(z3 — 22) + y3(za — 24) + Y224 — 23)
M, — Ys(z1 — 23) +y1(zs — 24) + ys(2z4 — 21)
1 — )
Ya(z2 — 21) + y2(21 — 24) + Y1 (24 — 22)
ys(z1 — 22) +y1(z2 — 23) + ya(z3 — 21)

g ;4‘1’222’3—24%4—1’35
| ?alz3 — =1 +x3(21 — 24) + X1(24 — 23
M2 - ( )+$1(22—Z4)—|—SL’2(

( )+JI2(21 —23)—|—JI1(

v4(ys — y2) + 23(y2 — ya) + 22(ya — y3)

M — | #al —y3)+x1(y3—y4)+x3(y4—y1)
ST @alye — 1) F wo(ys —ya) F (s —y2) |

x3( yo) + x1(y2 — y3) + x2(ys — y1)

(Yo23 — y322) + w3(Yaze — yo22a) + Ta(Y324 — Ya2s3)

M, = v4(yzz1 — y123) + w3(y124 — yaz1) + v1(Yazz — ys2a)
! ( ) ( ) ( )|’

( ) ( ) ( )

Y122 — Yoz1) + T2(Ya21 — Y124) + T1(Y224 — Ya22
Y221 — Y122) + T2(Y123 — Y321) + T1(Y322 — Y223

A.2.3. Point in a tetrahedron. In order to test whether a point p is con-
tained in a tetrahedron T we test if p and a4 are on the same side of the
plane trough ay, as and a3, and likewise for the other three vertices, cf. [6,
Code 1.6, p. 29].
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Algorithm 5: inTetrahedron (T p)

Input: tetrahedron 7', point p
Output: true (p € T) or false (p € T')

v = V(ala Gz, ag, CL4)

if vxV(ay,as,a3,p) <0.0 then
return false

if v« V(ay,aq,as2,p) <0.0 then
return false

if v« V(ay,as,aq4,p) < 0.0 then
return false

if v« V(ag,a4,as,p) < 0.0 then
return false

return frue

1]

8]
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MULTIGRID FOR QUADRATIC FINITE ELEMENTS
ERIK D. SVENSSON

ABSTRACT. We investigate the convergence rate of the finite element
multigrid method applied on quadratic finite element approximations
for problems with full and less than full regularity.

1. INTRODUCTION

The finite element multigrid method solves linear systems of equations
arising from finite element approximations to linear elliptic partial differ-
ential equations with a number of operations proportional to the number
of unknowns. We say that the multigrid method has optimal complexity or
scales optimally. The method is founded on solid theoretical results which
are reviewed in for example [7, 13, 21]. However, it is important to note
that this rather general statement is really limited to linear finite element
approximations. For higher degree finite element approximations the con-
vergence rate of the multigrid method may deteriorate see, for example,
[16] and for the similar problem for the algebraic multigrid method [14].

On the other hand, for sufficiently smooth problems and for finite el-
ement approximations of degree ¢ > 1 we may achieve O(h%*!) conver-
gence in the error u — uy, measured in some suitable norm, where A is the
mesh size and, v and u;, are the exact and the finite element solutions,
respectively. This is appealing and motivate us to study multigrid solvers
for higher degree approximations. Moreover, there are situations that for
other reasons require higher degree approximations, for example, solving
saddle point problems such as the Stokes equations using the Hood-Taylor
finite elements.

In this work we demonstrate that the multigrid method in practice also
works well for quadratic finite element approximations of problems with

Date: April 19, 2006.
2000 Mathematics Subject Classification. 66N55, 65N30.
Key words and phrases. multigrid, finite elements.
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2 ERIK D. SVENSSON

both full regularity and less than full regularity. We compare two differ-
ent finite element approximations, the Lagrange approximation and the
quadratic hierarchical approximation studied in [2], originally suggested in
[3]. We use the general theory outlined in [7] to indicate how the point
Gauss-Seidel smoother deteriorates as a function of the dimension n of the
problem and the degree ¢ of the approximation.

We found only a few references in the literature on multigrid methods
for higher degree finite elements. For example in the monograph [7] a gen-
eral theory is presented although only linear finite elements are considered
explicitly.

1.1. Preliminaries. We assume the underlying problem is a second order
linear elliptic equation on a polyhedral domain 2 C R" for n = 2,3. Let
a(+,-) : V. xV — R be a continuous symmetric V-elliptic bilinear form,
and let f(-) : V' — R be a continuous linear form. We pose the problem
in general form and consider the variational formulation

(1.1) weV: a(u,v)=f(v) YveV,

where we assume that V' C H'(Q) is a Hilbert space such that (1.1) is
well-posed.

For any measurable set w C R™, n = 2,3, let |w| denoted its measure.
We will use standard notation for the Lebesgue and Sobolev spaces with
corresponding norms

2@y = llow  and  [[-lasw) = [llsw

and when w = Q, and it is clear from the context, we will simplify the
notation and write

and likewise for the L?*(w) scalar product

(u,v), = /uv dx,
see, for example, [1] for more details.
We also use the norm defined by
llolll = a(v, ) Vo e V.

For vectors © = (0y,...,0y) € RY we will use the Euclidean norm
denoted by [|7]| = (0 + 92 + ... + 0%)Y/2.

00 = [-llo and |-flso =[5
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Finally, throughout this work we will use C' and ¢; to denote various
constants, not necessarily taking the same values from time to time.

1.2. Finite elements. We will use the notion finite element to denote the
triplets (T, P, N') where T' C € is a non-empty Lipschitz continuous set, P
is a finite dimensional space of functions on T'and N' = {Ny, N, ..., Ny, }
is a basis for P’, the set of nodal variables [8, 9].
As for T we only consider n-simplices with vertices a; € R"™ for i =
1,...,n+1and n = 2,3 as in Figure 1.1 and 1.2a. We set hy = diam(7).
Let P, to denote the space of polynomials of degree < ¢ and note that

(1.2) dim P, = (n ;_ q) = card(N) = my,,

where we use the cardinal number to count the number of elements in a
set.

Let L,(T) denote the principal lattice of order ¢ on T with m, lattice
points [9, Theorem 6.1, p. 70], that is,

n+1 n+1

Lq(T) = {ZC = Zﬁzal : Zgl = 1, 5@ € {0,1,,q—1,1}}
i=1 i=1 q q
For example, L;(T) = {a;}?"] is the set of vertices of the n-simplex T
and Lo(T) = {a;}14 U{ay; = (a; +a;)/2: 1 <i < j < n+ 1}, see Figures
1.1 and 1.2a.

We use the common practice and refer to points in L,(T) as local nodes.

In order to express P, we use barycentric coordinates on T, that is,
the functions X\; € P; such that X;(a;) = §;; for a; € Li(T) and i,j =
1,...,n+ 1, see, for example [11].

Given a basis { N1, Ny, . .., N, } to P; we choose a basis {¢1, 2, . . ., om, }
to P, so that N;(¢;) = d;; for i,7 =1,...,m,.

Let (ﬁ 7/5,./\7 ) denote the reference finite element where T is either the
triangle with vertices in (0, 0), (1,0), (0, 1) or the tetrahedron with vertices
in (0,0,0),(1,0,0),(0,1,0),(0,0,1). We will assume that all finite elements
(T, P,N) are equivalent to the reference finite element. Thus, there is an
invertible affine mapping

(1.3) F:R's52+— F(z)=Bx+beR"

such that F(f) =T, F*P = P and FN = N where F* and F, denote
the pull-back and push-forward operators, see [8].
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1.2.1. Lagrange finite elements. We recall the definition of the standard
Lagrange finite element which determines a finite element space of con-
tinuous piecewise polynomials of degree ¢ > 1. In terms of the triplet
(T,P,N), P = P, with basis functions ¢; € P, for i = 1,...,m, such
that ¢;(x;) = 0;; and the nodal variables are defined by N;(v) = v(x;) for
x; € Ly(T) and v € C° For example: if ¢ = 1, ¢; = \;, and if ¢ = 2,
Qi = )\1(2/\1—1) fori = 1,...,n+1, and Pij :4)\z>\] for 1 S 1 <j§n+1
denoting the last n + 2, ..., my basis functions.

1.2.2. Higher degree hierarchical finite elements. We consider the higher
degree hierarchical finite element which determines a finite element spaces
of continuous piecewise polynomials of degree ¢ > 2 as outlined in [2]. In
terms of the triplet (T, P,N), P = Py ® B, where B, is the space of polyno-
mials of degree > 1 and < ¢, that is, excluding the linear polynomials. For
example: if ¢ = 2, we choose ¢; = A; fori =1,...,n+1, and ¢;; = 4\
for 1 <i < j <n+1 denoting the last n + 2,..., m, basis functions, and
the nodal variables are defined by N;(v) =v(a;) fori=1,...,n+ 1, and

Nij(v) = v(aij) — %(U(ai) +ov(a;) forl1<i<j<n+1L1

1.3. The finite element multigrid method. We use the notation and
framework presented in [7]. Let 77 be a triangulation and define 7}, for
k = 2,..., K recursively by subdividing all n-simplices in 7;_;. Trian-
gles are subdivided into four congruent sub-triangles connecting the edge
midpoints as in Figure 1.1. Tetrahedra are subdivided into eight sub-
tetrahedra by the regular refinement algorithm proposed in [5] and as
depicted in Figure 1.2. We remark that the all sub-tetrahedra are not
congruent but on repeating the process the sub-tetrahedra will remain
shape-regular [5]. Hence the family of triangulations {7}, }1_; will be quasi-
uniform.

Set hy = maxyer, hy. It follows that hy = 275 thy for k = 1,... K,
and for convenience we set h = hg, and recall that the family {7} is
quasi-uniform [9] if there is a constant 5 > 0 such that

h
1.4 — < T 7
( ) hT_ﬁ v GLkJ ks



and if there is a constant v > 0 such that

h
(1.5) pT <~y VT€ UTk
T

where pr = sup{diam(.S) : S is a ball contained in 7'}. A family of trian-
gulations satisfying (1.5) is said to be regular.

(3
ais
@23
ai
Q12 a2

Figure 1.1: Regular triangle refinement. Original and refined triangles.

Figure 1.2: Regular tetrahedron refinement due to [5]. (a) Original and
refined tetrahedron. (b) The interior octahedron is d1V1ded in one out of three
ways as specified in [5].
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In the usual way we define the piecewise continuous finite element spaces
Vi on € by the finite elements (7', Pr, Nr)rez, with local basis functions
{e17,..., om,r} and node variables Ny = {Ny 1, No7, ..., Ny, 1}

Let {¢1,...,¢um, } be a basis for Vi with

(1.6) dim Vj, == M, = card {L,(T) : T € T},
so that ¢; has support in S; for + = 1,..., M} and where
(1.7) Si=| T €Tz €T},

for the global nodes {x;} M™% = {L(T) : T € Tp}.

For T € 7T, let Iy be an index set of the local nodes in the finite ele-
ment (T, Pr,N7), for example, I = {1,2,3,12,13,23} for the quadratic
Lagrange finite element in two dimensions. Let ¢; : Iy — {1,..., M;} be
the injective map that maps the local index j to the corresponding global
index i;. We express the global basis functions in terms of the local finite

element base functions. For 7 = 1,..., M} and with j so that ¢; =1
(" if T e Si,
(1.8) Gil =
Hence V, 5 v = Zf\iﬁ 0;¢i, where (0y,...,0y,) = 0 € RM* is the coordi-
nate vector with respect to the basis {¢1,..., ¢, }-

Now {V; }H< | is a nested sequence of finite element spaces, that is,
icVoCc---CcVgCV.

From equation (1.1) we obtain the finite element equations on the K:th
level

(1.9) uweVi: aluv)=(fv) Yve Vg,

where we assume that f € Vi is a finite element approximation to the
linear form f(-) in equation (1.1).

In order to describe the multigrid method we will need the following
auxiliary operators. For k=1,..., K let Ay : V), — V} be defined by

(Apv,¢) = a(v,¢) Vo € Vi,
and the projectors P,_1 : Vi — Vi1 and Q1 : Vi — Vi1 defined by
a(Pe-1v,0) = a(v,¢) Vo € Vi,



and
(Qr-1v,0) = (v,0) V¢ € Vj_1.
We will also need a generic smoother Ry : V, — Vi for k=1,..., K and
denote by R} the adjoint of Ry with respect to (-,-).
By the coercivity of a(-,-) and the inverse inequality we obtain lower
and upper bounds to the eigenvalues of Ay,

(1.10) cl||vH(2) < (Agv,v) = a(v,v) < czh,;QHvH% Yo € Vi,

that is, the largest eigenvalue A of Ay, is bounded by coh;,>.

We consider the V-cycle multigrid algorithm. Given initial data u® € Vi
the algorithm generates a sequence that approximates u, the solution to
(1.9), by
(1.11) u™tt = Mgg(u™, f) m=0,1,...,

where Mgy (-, ) : Vg X Vg — Vi is defined by the following algorithm [7].

Algorithm 1: Mg, (v, f)

Input: multigrid level k, initial value v = «° as in (1.11) and right

hand side f.
Output: »' in (1.11).
if £ =1 then
return A;'f /* exact solution */
else
vV =v+ Ri(f — Agv) /* presmoothing */
V" =v" + Mg, (0, Qx_1(f — Axv')) /* error correction */
return v” + Ri(f — Axv”) /* postsmoothing */

If there exists w > 0 independent of K such that
(1.12) WA vlIE < (Rpv,v) Yo eV, k=1,... K,

where R, = Ry + R! — Rt ARy is the symmetrized smoother, and if there
is a constant Cp independent of K, such that

(1.13) (I — Po_1)v|s < CpAH(Apv,v) YoeVy, k=1,... K,
then Algorithm 1 converges [6, 7] in the following way

" Cp_\
(1.14) e =il < (g 5) e =l
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We note that the convergence deteriorates when w | 0, and in order to
achieve good convergence rates it will be fundamental to understand the
properties of the smoother and try to make w as large as possible. Below we
will estimate w for n = 2,3, and ¢ = 1,2, and for different finite elements.
This estimate qualitatively explains the poor performance of Algorithm 1
applied to finite element equations based on higher degree basis functions.

We now consider the case when R}, is the point Gauss-Seidel smoother.
Decompose the space Vj, into subspaces V}' spanned by the basis functions
@i, for i =1,..., My, that is,

(1.15) Vi=Vie . avM

Let k be the interaction matrix reflecting the coupling between the sub-
spaces V) and defined by

{0 if (Agvi,v;) =0,
Iﬂj =

for v; € Vi and v; € VY,
1 otherwise, ’ F ! k

If there is a positive number 7, independent of k, such that
(1.16) %l < [l#loo < C,
where ||-|| denotes the appropriate matrix norm, and if there is a positive

constant Cs, independent of k, such that

My,
(1.17) ZH%”(Q) < Co||vl|s for v € V; and v; € V{,

i=1
then (1.12) holds with
(1.18) w = (C,C)7 1,

see [7, Theorem 82, p. 277 | for a more general statement.

1.3.1. Estimating Cy. We note that C] is the maximal number of indices
g such that (Agv;,v;) # 0 fori,j =1,..., M, Itis bounded by

(1.19) C) < max. card {L,(T): T € S;},

where we used the notation in (1.6) and (1.7). The number of global nodes

in S; and hence C; will differ quit significantly as n and q varies, see Figure
1.3.



Figure 1.3: Examples of S; from the triangulations depicted in Figure 2.1.
(left) For n = 2 there are 5 triangles, 6 nodes and 10 edges. (right) For n =3
there are 24 tetrahedra, 15 nodes and 50 edges.

1.3.2. Estimating Cy. Since Vj is finite dimensional the norms |[v]| and
|0 are equivalent in Vj. In other words we have the following estimates

(1.20) arllvlls < chillo))* < asllvlls Vv € Vi,

for some constants ¢, a; and «y that we will estimate below in the case the
family of triangulations {7;}2, is quasi-uniform. With (1.20) we readily
verify (1.17) since

My, My a

_ N 2
Sl < ehor 3-8 < 223
i=1 i=1 1

and thus Cy = ay/a;.

In order to derive (1.20) we first derive a similar, but local, estimate.
For any T' € T}, we have v|p = Y 7™ 05, and since all finite elements
on T € 7T} are affine equivalent to the reference finite elements we get, by
a change of variables,

Mq

(1.21) [ollg.r = (v,0)7 = |det BT > (35,85, iy Per) 7
3,0=1
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where |det B7!| = |f|/|T| and with B as in (1.3).
Let p and @z denote the smallest and largest eigenvalues to the symmetric
and positive definite matrix

(1.22) Mzl = TG, 7, G077 forjl=1,... mg
and estimate (1.21)

|T|,qu < Z Ui P 7 Vig Py )7 |T|MZ Vo, € R.

3,=1
Since the trlangulatlon is quasi-uniform
hi _ hr

5_7 < 7 <pr<c 1/”|T|1/” and c_l/"|T|1/” < hr < hy,
where ¢ = 7/(2n), we get
mgq mgq Mq
(67)%&2@% < Z chy. ™ (0y; 051, Vigper)T < ﬁzﬁi Vo, € R
j=1 J=1 J=1

Let o; = card(S;), that is, o; is the number of n-simplices the global
node z; intersect, and set

og= min o; and ¢ = max o;.
1<i< My, 1<i< My,

Now (1.20) follows from the local estimate above by summing over all
T € 7, and taking into account that one node z; could appear in several
n-simplices which is reflected in the parameter o;. Thus

(B e pllv]l* < chy"[lolle < T A7,
or
(@m) " llvlle < chilloll® < (By)™(ew) vl Vv € Vi,

where we now identify the constants in (1.20)

and o = (ﬁ'y)n(gﬁ)_l,

o = (@7

and hence

(1.23) Ca = (B7)"

QI

Q|
= Il

We note the relatively strong dependence of C'5 on 3 and ~. This implies
that the point Gauss-Seidel smoother will deteriorate: (1) if the family of
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triangulations {7;}£ | is not quasi-uniform, 3 increases with k, for exam-
ple, when 7}, is adaptively refined, or (2) if the {7}/ | is not regular,
increases with k, for example, if the refinement algorithm does not preserve
the shape-regularity (1.5).

2. NUMERICAL EXPERIMENTS

In matrix form (1.9) becomes
A = F,

where A denote the matrix [A];; = (Ax¢i, ¢;) fori =1,..., M, and @ €
RMq« denote the coordinate vector with respect to the finite element basis
and F = (F1,...,Fum,) where F; = (f,¢;). We solve this linear system
using the V-cycle Algorithm 1 with 4% = 0 and iterate m = 1,2,... until
the relative residual

|7 — A
Res i = ————
Il

is less than a specified tolerance "Tol’. In this work we use the Tol = 1076.
Note that the relative tolerance times a constant is always greater than
|lu — u™||1.o where u is the finite element solution we are approximating,
cf. [11, Proposition 9.19, p. 393].

By the work we mean the number of arithmetic operations required for
Algorithm 1 to converge or equally we measure the "Time’ for the algorithm
to converge.

In order to examine the optimality of the algorithm we measure the
"Time’ for different number of degrees of freedom, ’Dof’, and solve the
least square problem

Time = a(Dof)”
for the parameters a, b.

Below we exhibit three different numerical experiments that will elu-
cidate the theory outline in the sections above. We use the point Gauss-
Seidel smoother in all experiments and we vary n = 2,3 and ¢ = 1, 2 for the
Lagrange finite element. For ¢ = 2 also we compare with the hierarchical
finite element in Section 1.2.2.

The experiments are:

e In the first experiment we consider triangulations of the n-unit cube

in Figure 2.1 and estimate w appearing in the convergence estimate
(1.14).
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e In the second experiment we solve the Poisson equation using the
V-cycle multigrid Algorithm 1 and examine the optimality in case
of problems with: (1) full regularity and (2) less than full regularly.

e In the third experiment we use the multigrid solver to precondition
a Stokes solver and examine the optimality of the Stokes solver for
problems with less than full regularity.

2.1. Estimating w for the point Gauss-Seidel smoother. In order
to indicate how w in (1.14) varies as a function of n = 2,3 and ¢ = 1,2
and the type of finite element, Lagrange or hierarchical, we estimate C'
and (% for triangulations of the n-unit cube in Figure 2.1 and compute w
from (1.18).

(a)

Figure 2.1: Triangulations 7y of the n-unit cube. (a) n =2. (b) n = 3.

We summarize the results in Table 2.1 and give account for the estimates
of C'; and (Y in the subsequent sections.

2.1.1. Estimating C;. We estimate Cy by (1.19) for the triangulations in
Figure 2.1. When ¢ = 1 we count the number of vertices and when ¢ = 2

we count the number of vertices and edges for every S5;. We summarize
the results in Table 2.2.

2.1.2. Estimating Cy. We estimate Cy by (1.23) for the triangulations in
Figure 2.1. The parameter in (1.23) are computed and the data is gathered
in Tables 2.3 and 2.4 and finally we obtain C in Table 2.5.
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Table 2.1: w in (1.14) computed for the triangulations in Figure 2.1. h
denote hierarchical finite elements and the remaining data are for Lagrange
finite elements.

(ng) (21)  (2,2)  (22h) (3,1 (3,2) (3,20
w 10-10* 33-10° 1.1-10° 9.0-107 1.3-10" 4.6-10'

Table 2.2: The maximum number of n-simplices, vertices and edges in S; for
i=1,..., M, with respect to i and C for the triangulations in Figure 2.1.

max no. of:  n-simplices  vertices edges vertices+edges

n=2 8 8 14 22

n=3 40 23 82 105

(n, q): (2,1) (22) (31 (3,2)
Cy 8 22 23 105

Table 2.3: Parameters in (1.23) only depending on n and for the triangulations
in Figure 2.1.

B vy o T
n=2 20 16 2 8
n=3 43 35 4 40

3. THE POISSON EQUATION

We consider the following Poisson equation with mixed Dirichlet-Neumann
boundary conditions on bounded polyhedral domains 2 C R"™ for n = 2, 3,

—Au=f in(, u=g on 0Qp, and v-Vu=0 on 0y,

where the boundary is partitioned so that 0QpU0Qy = 0€2, g is a constant,
v is the outward normal to the boundary and we assume f € H~!(Q) and
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Table 2.4: Parameters in (1.23) and for the triangulations in Figure 2.1.
h denote hierarchical finite elements and the remaining data are for Lagrange
finite elements.

(n,q)  (2,1) (2,2) (2,2h) (3,1) (3,2) (3,2h)
I 0.083 0.021  0.011  0.050 0.007  0.004
ﬁ 0.333 0357  0.678  0.250 0.261  0.494

o/ 4 17 62 ) 36 128

Table 2.5: (5 for the triangulations in Figure 2.1. h denote hierarchical finite
elements and the remaining data are for Lagrange finite elements.

(ng (21) (22) (22h) (31 (3.2)  (3,2h)
Cy 164 696 25-10° 1.7-10° 1.2-10° 4.2-10°

thus the problem is a well posed. Let
V={uec H(Q):u=00n0p}.

Now the bilinear and linear forms in Section 1.1 are
a(u,v) = / Vu - Vo dz,
Q

and
(”U) / v ar

With u, € H'(Q2) denoting the extension of g, the weak formulation to the
above Poisson problem follows as usual and reads, find u € H'(2) such
that

U= ug+ @, peV,
a(6,0) = f(v) — alugv)  VoEV,
3.0.3. Model problem I —full regularity. In this case we let 2 = [0,1]™ be

the n-unit cube depicted in Figure 2.1. Set f = nn*[[}_, sin(7z;), g = 0
and 9Qy = (). Since Q is convex the solution u € H*(Q) N Hy (), that is

(3.1)
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full regularity. We note that (1.13) will be satisfied also for higher degree
finite elements which could be inferred from the usual duality argument.
Let w € H*(Q) N HY(Q) be the solution to the dual problem

w e Hy(Q) a(w,¢) =(g,0) VYo € Hy(),
where w satisfies the regularity estimate
[wll2 < Cligllo,
and where we have the error estimate
(I = Pr—1)wl|y < Chy|lwl|z

Thus, for v € H*(Q) N HY(Q) and taking g = (I — Py_1)v and ¢ =
(I — Pr—1)v and due to the Galerkin orthogonality and with the above
estimates

I(I = Pe1)olls = a(w, (I = Pe_1)v)
=a((I — Py_1)w, (I — Py_1)v)
< O = Pe—n)w[li[|(I = Pe—1)v]
< Chg—a||wll2][(I = Pe—1)vlx
< Chy—a[[(L = Pe—1)vllollv]l1

and (1.13) follows since hy_; < C’)\,;_I{Q which follows from (1.10).
We solve the problem for different finite element approximations with
the V-cycle multigrid Algorithm 1 and for K = 6, n = 2 and K = 3,

n = 3. The results from these experiments are summarized in Figure 3.1
and Tables 3.1 and 3.2.

3.0.4. Model problem II —less than full reqularity. In this case we let (2 be
the L-shaped domain with one reentrant edge, Q2 = {(z,y) € [0,2]*\[1, 2] x
[0,1]} for n = 2 and Q = {(z,y, z) € [0,2]* x[0,0.5]\ [1,2] x [0,1] x [0,0.5]}
for n = 3, see Figure 3.2. Let 0Q2p = 02p, U 0S2p, where 0Qp, = {(z,y) :
r =1,y € [1,2]} and 0Qp, = {(x,y) : © € [0,1],y = 0} for n = 2 and
p, = {(z,y,2) 1 x =2,(y,2) € [1,2] x [0,0.5]} and 0Qp, = {(z,y, 2) :
(x,2) € [0,1] x [0,0.5],y = 0} for n = 3. Set f =0, g = 0 on Ip,
and ¢ = 1 on 9Qp,. Since  is non-convex we u € H(Q) N H}(Q)
for 0 < a < 1, that is, less than full regularity. The analysis above will
not immediately apply, however it is possible to generalize the analysis to
include this case [7].
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(a) (b)
103 o ¢q=1 %// o q=1 ///a
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igure I onvergence time 1ime’ Ior (] -Cycle multigri orithm
Figure 3.1: Convergence time 'Time’ for the V-cycle multigrid Algorithm 1

as a function of 'Dof’ and for different finite elements and the triangulations in
Figure 2.1. h denote hierarchical finite elements and the remaining data are for
Lagrange finite elements (a) n =2 (b) n = 3.

(a)

Figure 3.2: Triangulations 7j of the L-shaped domain. (a) n =2. (b) n =3

We solve the problem for different finite element approximations with
the V-cycle multigrid Algorithm 1 and for K = 6, n = 2 and K = 3,
n = 3. The results from these experiments are summarized in Figure 3.3
and Tables 3.1 and 3.2.

3.1. Stokes equations with less than full regularity. Let ) be a the
polyhedral domains illustrated in Figures 3.4 and 3.5 which we refer to as
the Ridge Domain and the Herringbone Domain, respectively. Consider
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Table 3.1: Convergence data for the V-cycle multigrid algorithm 1 applied to
Model Problem I and II for n = 2 and the finite elements in Section 1.2.

Model problem I, (n,q) = (2,1)

a=54-1073b=0.91

Model problem I, (n,q) = (2,2)

a=20-10"3b=1.07

k Dof m Res k Dof m Res

1 249 4 3.3-1078 1 249 4 2.1-1077
2 945 4 1.0-1077 2 945 4 6.6-107"
3 3681 4 1.6-1077 3 3681 4 9.3-1077
4 14529 4 2.2-1077 4 14529 5 4.6-1078
5 57729 4 2.5-1077 5 57729 5 5.0-1078
6 230145 4 2.8-1077 6 230145 5 5.2-1078

Model problem I, (n,q) = (2,2h)

a=25-1073b=1.03

Model problem II, (n,q) = (2,1)

a=25-1073b=1.03

k Dof m Res k Dof m Res

1 249 4 8.0-107% 1 817 4 1.4-1078
2 945 4 2.3-1077 2 3169 4 1.1-1077
3 3681 4 3.0-1077 3 12481 4 4.0-1077
4 14529 4 3.3-1077 4 49534 4 9.5-1077
5 57729 4 3.4-1077 5 197377 5 4.6-1078
6 230145 4 4.4-1077 6 787969 5 8.5-1078

Model problem II, (n,q) = (2,2)

a=3.0-10"%b=0.99

Model problem II, (n,q) = (2, 2h)

a=12-10"3,b=1.06

k Dof m Res k Dof m Res

1 817 4 3.1-1077 1 817 4 4.4.1077
2 3669 5 4.8-1078 2 3169 5 2.8-1078
3 12481 5 1.3-1077 3 12481 5 4.0-1078
4 49534 5 2.5-1077 4 49534 5 5.7-1078
5 197377 5 4.3-1077 5 197377 5 7.8-1078
6 787969 5 6.6-1077 6 787969 5 1.1-1077
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3 o q:l /0’ o q:1 /A/
W5 =2 e 12 o q=2 P
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103 10* 10° 109 10% 10°
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Figure 3.3: Convergence time 'Time’ for the V-cycle multigrid Algorithm 1
as a function of 'Dof’ and for different finite elements and the triangulations in
Figure 3.2. h denote hierarchical finite elements and the remaining data are for
Lagrange finite elements (a) n =2 (b) n = 3..

the periodic Stokes problem in dimensionless form

—Au+Vp=0 inQ,

V-u=0 inf),
(3.2) u=0 ondQ\ (FTx4UTpR),
u|FA :U|FB’

plr, =plr, + R,

where u is the unknown velocity field, p is the unknown pressure and R is

a constant modelling the pressure drop. We note the this model is inspired

by [22] where fluid mixing in micro channels was studied experimentally.
Let

V={ueH Q) : u=00n00\ (CaUTp)and ulr, = ulr, }.
and W = L*(Q)/R.
Then following the standard procedure, see for example [12, 18], we

obtain the weak formulation. Find (u,p) € V' x W such that

(3.3)  a(u,d) +b(é,p) — b(u,\) = Rl(v) Y (¢,)) €V x W,
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Table 3.2: Convergence data for the V-cycle multigrid algorithm 1 applied to
Model Problem I and II for n = 3 and the finite elements in Section 1.2.

Model problem I, (n,q) = (3,1)
a=71-10"%b=1.07

Model problem I, (n,q) = (3,2)
a=94-1075 b=1.13

k Dof m Res k Dof m Res

1 7377 4 2.1-1077 1 7377 4 5.0-1078
2 50713 5 2.1-1077 2 50713 5 2.1-107"
3 432961 6 7.8-1077 3 432961 7 3.6-1077

Model problem I, (n,q) = (3,2h)
a=30-10"% b=1.04

Model problem II, (n,q) = (3,1)
a=14-10"%b=1.0

k Dof m Res k Dof m Res

1 7377 6 4.5-1077 1 7005 4 1.2-1077
2 50713 6 9.3-1077 2 50713 5 9.6-1078
3 432961 7 8.7-1077 3 393617 © 1.3-1077

Model problem II, (n,q) = (3,2)
a=45-10"%b=10.96

Model problem II, (n,q) = (3,2h)
a=28-10"% b =1.04

k Dof m Res k Dof m Res

1 7005 4 1.9-1077 1 7005 6 5.0-107

2 51433 5 8.0-1078 2 51433 7 2.9.1077

3 393617 b5 4.4-1077 3 393617 7 2.6-1077
where

- ou; aﬁbz’

two) = [ 3

./L.’
i1 &Uj 813]'

b p) = — /Q (V- @)pd,

z(v):/F vevdS.
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Figure 3.4: Three juxtaposed Ridge Domains. The shaded planes I'4 and
I'p are periodic boundaries. We choose the following values for the parameters:
(=w=1,h=0.3,0=45° a=2/3, 5 =0.5, and the length of the unit cell is

Figure 3.5: Three juxtaposed Herringbone Domains. The shaded planes
'y and I'p are periodic boundaries. We choose the following values for the
parameters: £ =2/3, w =1, h=1/5,0=45°, « =2/3, 3 =9/16, p = 2/3, and
the length of the unit cell is = 14/9.

We discretize (3.3) using the P, P, Taylor-Hood finite elements and ob-
tain the saddle point problem

o (%) (- ().

for matrices A, B and where ” denotes the transpose. There are many plau-
sible way to solve this problem approximately, by some iterative scheme,
see the survey paper [4]. In this work we use the method proposed in
[10, 17], for solving the stationary Navier-Stokes equations. The method
is optimal and is based on the observation that the matrix

A BT \'[/A BT
0 BA-'BT B 0
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has at most three eigenvalues [19, 15]. Thus, a Krylov method applied to
the preconditioned system will converge to the exact solution in less than
four iterations.

In practice the matrix in the (2,2) position of the preconditioning block
matrix, BA™! BT (the Schur complement), is not readily inverted but since
BA7'BT is spectrally equivalent to the pressure mass matrix (or Gram
matrix) M, we substitute BA™' BT by M,. Hence we precondition (3.4)

with
A B\
(0 %)
and consequently a Krylov solver will now converge in a relatively small
number of iterates almost independent of the size of the problem. The
method is optimal.

In this work we use a flexible GMRES algorithm [20] to solve (3.4).
In the preconditioning we approximate A~! by two cycles of the V-cycle
Algorithm 1 with five point Gauss-Seidle smoothing iterations on each level
and M, 1'is approximated by a few iterations with the flexible GMRES
method preconditioned by five iterations of the point Gauss-Seidle solver.
We note that since the saddle point problem is symmetric we could have
used a MINRES Krylov solver instead.

In Table 3.3 we summarize the data from the experiments and note that
the solver is almost optimal.

Table 3.3: Convergence data for the Stokes solver with V-cycle multigrid
preconditioning.

Ridge Domain Herringbone Domain
levels dof m Res levels dof m res
0 23654 24 6.4-1077 0 32999 33 8.6-1077

1 166599 27 7.8-1077 1 232448 37 86-107"
2 1245487 27 1.0-107 2 1736817 39 84-107"
3 9621069 28 9.6-1077
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4. DISCUSSION

We have demonstrated that the finite element multigrid method in prac-
tice works well for quadratic finite elements. Comparing the method ap-
plied to quadratic Lagrange finite element and the quadratic hierarchical
finite element showed a convergence in favor of the Lagrange approxima-
tion. The estimates of w seem to be overestimates. However, the estimates
are probably qualitatively correct.

APPENDIX A. EIGENVALUES TO M3

We give account for the calculation of the eigenvalues to the matrix

Mz = (Saj,rfa@g,f)f for j,0 =1,...,m,,

for n = 2,3 and Lagrange finite elements of degree ¢ = 1,2 and for ¢ = 2
and the hierarchical base functions in Section 1.2.2. Note that we have
omitted the factor |T| = 1/(2(n — 1)) in (1.22) since in the end we are
interested in the ratio 7i/u of the largest to smallest eigenvalues.

We recall and use the following relation [9, eq. (25.14), p. 187]

mqlmo! - my1!n!
(my+mo+...4+my1 +n)

mi1 \mo Mn+1 _
/ )‘I,T)‘2,T T >\n+1,T dr = |T|
T
where m; are positive integers.

q =1 and n = 2 Lagrange.

2 11
Mr=1/12(1 2 1],
11 2
with y=1/24 and o = 1/6, i/ p = 4.
q =1 and n = 3 Lagrange.
2111
1211
Mrp =1/20 1192 1]
111 2

with p=1/12 and o = 1/4, i/pp = 5.



q =2 and n = 2 Lagrange.

6
-1
-1

0
—4

0

My =1/180

-1
6
-1
0
0
—4

-1

-1
6

—4
0
0

0
0
—4
32
16
16

with g = (17 — v/229/90) ~ 0.021 and & =

ﬂ/ﬂ ~ 17.

q = 2h and n = 2 hierarchical.

0
30
30
48
24
48

My =1/180

30
60
30
48
48
24

30
30
60
24
48
48

48
48
24
64
32
32

with 4 = (31 — +/901/90) ~ 0.011 and @ =

T/ ~ 62.

q = 2 and n = 3 Lagrange.

6 1 1
1 6 1
1 1 6
1 1 1
My = 1/420 _é _j _2
—4 -6 —4
—4 —6 —6
—6 —4 —6
—6 —6 —4

—4
0
0

16

32

16

0
—4
0
16 |~
16
32

23

(17 + /229)/90 ~ 0.357,

24
48
48
32
64
32

48
24
48
3217
32
64

(31 4+ v/901)/90 ~ 0.678,

with g = (113 —5v/457/840) ~ 0.007 and 7i = (113 + 5/457/840) = 0.261,

1/ = 36.
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q = 2h and n = 3 hierarchical.

42 21 21 21 28 14 28 28 14 14
21 42 21 21 28 28 14 14 28 14
21 21 42 21 14 28 28 14 14 28
21 21 21 42 14 14 14 28 28 28
28 28 14 14 32 16 16 16 16 8
14 28 28 14 16 32 16 8 16 16|’
28 14 28 14 16 16 32 16 8 16
28 14 14 28 16 8 16 32 16 16
14 28 14 28 16 16 8 16 32 16
14 14 28 28 8 16 16 16 16 32

My = 1/420

with g = (209 — /42337/840) ~ 0.004 and 7i = (209 + v/42337/840) ~
0.494, T/p ~ 128.
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MULTIGRID METHODS ON ADAPTIVELY REFINED
TRIANGULATIONS: PRACTICAL CONSIDERATIONS

ERIK D. SVENSSON

ABSTRACT. We outline the implementation of the finite element multi-
grid method on adaptively refined triangulations for Lagrange and hi-
erarchical finite elements of degree < 2 in two and three dimensions.
Refining the triangulations we relax the requirement that no vertex of
any n-simplex lies in the interior of an edge of another n-simplex. As
a result the refinements are easy to implement and the finite element
spaces can be made nested, which simplifies the multigrid implementa-
tion. The refined triangulations may however contain ’hanging’ nodes
which must be taken into account in order to make the finite element
spaces conforming. We modify the finite elements accordingly in these
situations.

1. INTRODUCTION

The finite element multigrid method is theoretically well established as
outlined in for example [4, 10, 14]. In this work we consider the practical
aspects implementing the method on adaptively refined triangulations for
conforming linear and quadratic finite elements in two and three dimen-
sions.

We choose to use a refinement method that produce triangulations on
which we can define nested finite element spaces and thus makes the formu-
lation of the multigrid method straight forward with well defined projection
operators on the finite element spaces. This is in contrast to the situation
when the finite elements spaces are non-nested [4, 13]. Moreover this choice
is also motivated by the fact that the refinement algorithm becomes sim-
ple compared to the rather involved refinement algorithm proposed in [3],
which also renders the finite element spaces non-nested.

Date: April 18, 2006.
2000 Mathematics Subject Classification. 66N55, 65N30, 65N50.
Key words and phrases. multigrid, finite elements, refinement.
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The refined triangulations are irregular [8] in the sense that there will be
’hanging’ nodes and the construction of conforming finite element spaces is
a non-trivial task that in practice requires implementation of flexible data
structures. This and the even more general aspect of hp refinements has
already be considered in [1, 8, 12]. We partially reformulate these results
using concepts from modern finite element theory.

1.1. Preliminaries. We assume that the underlying problem is second
order linear elliptic on a polyhedral domain 2 C R" for n = 2,3. Let
a(+,-) : V. xV — R be a continuous, symmetric and V-elliptic bilinear
form, and let f(-) : V' — R be a continuous linear form. We pose the
problem as the variational formulation

(1.1) weV: alu,v)=fv) YveV,

where we assume that V' C H'(Q) is a Hilbert space such that (1.1) is
well-posed.

We will use standard notation for the Lebesgue and Sobolev spaces and
for any measurable set w C R", n = 2,3, we let

(u,v), = /uv dx,

denote the L?(w) scalar product.

For vectors © = (01,...,0y) € RY we will use the Euclidean norm
denoted by ||3]| = (82 + 02 + ... + 0%)V/2

Finally, throughout this work we will use C' and ¢; to denote various
constants, not necessarily taking the same value from time to time.

1.2. Finite elements. We will use the notion finite element to denote the
triplet (T, P, N') where T' C € is a non empty Lipschitz continuous set, P
is a finite dimensional space of functions on T'and N" = {Ny, N, ..., N, }
is a base for P’, the set of nodal variables [5, 6].

Remark 1.1. For a d-dimensional vector space P and for a subset { Ny, N,
..., Ny} of P’ the following two statements are equivalent [5, Lemma 3.1.4,
p. 70].

(1) {N1, Ny, ..., Ny} is a basis for P’.

(2) If v € P with Nju =0 fori=1,...,d, then v = 0.

We use this to verify that a given triplet (T, P, N) is a finite element.
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As for T we only consider n-simplices with vertices a; € R"™ for i =
1,...,n+1and n = 2,3 as in Figure 2.1 and 2.2a. We set hy = diam(7T).
Let P, denote the space of polynomials of degree < ¢ and note that

n+gq

(1.2) dim(P,) = ( .

where we use the cardinal number to count the number of elements in a
set.

Let L,(T) denote the principal lattice of order ¢ on T with m, lattice
points [6, Theorem 6.1, p. 70], that is,

) = card(N) = m,,

n+1 n+1

LT) = {o=3¢a: Y &=1,¢e {03%1}}
i=1 i=1

For example, Li(T) = {a;}!*! is the vertices in the n-simplex T and
Lo(T) = {a;}17} U{aij = (a; +a;)/2: 1 <i < j <n+ 1}, see Figures 2.1
and 2.2a.

We use the common practice and refer to points in L,(T) as local nodes.

In order to express P, on T'" we use barycentric coordinates, that is,
Ai € Py on T such that \i(z;) = 6;; for z; € Li(T) and 4,5 =1,...,n+1,
see for example [9].

Given a basis to {¢1, ..., ¥m,} to P, we choose the nodal variables such
that N;(p;) =6;; fori,j =1,...,m,.

1.2.1. Lagrange finite elements. We recall the definition of the standard
Lagrange finite element which determine a finite element space of con-
tinuous piecewise polynomials of degree ¢ > 1. In terms of the triplet
(T,P,N), P = P, with basis functions ¢; € P, for i = 1,...,m, such
that ¢;(z;) = 6;; and the nodal variables are defined by N;(v) = v(x;) for
x; € Ly(T) and v € C°(T). For example: if ¢ =1, p; = \;, and if ¢ = 2,
©i =X N —1)fori=1,...,n+1and p;; =4\ for 1 <i<j<n+1
denoting the last n + 2, ..., my basis functions.

It is easily verified by Remark 1.1 that the triplet (T, P, N) is a finite
element.

1.2.2. Higher degree hierarchical finite elements. We consider the higher
degree hierarchical finite element which determine a finite element spaces
of continuous piecewise polynomials of degree ¢ > 2 as outlined in [2].
In terms of the triplet (T, P,N), P = P1 @ B,, where B, is the space of



4 ERIK D. SVENSSON

polynomials of degree > 1 and < ¢, that is, excluding the linear functions.
For example, if ¢ = 2, we choose the basis functions ¢; = \; for ¢ =
I,...,n+1and ¢;; = 4\ for 1 < i < 7 < n + 1 denoting the last
n+2,...,m, basis functions and the nodal variables are defined by N;(v) =
v(a;) fori=1,...,n+1 and

Nyy(0) = v(asy) — ~(v(@) + v(a;)) for1<i<j<n+l.

2
In order to show that the triplet (7, P, ) is a finite element we take
n+1 n+1
(1.3) Pyov= Z@i% + Z Vij i
i=1 ij=1
1<)

for constants 0;,7;; € R. Then fori=1,...,n+1,
and for 1 <1< j3<n+1
1. 1. N 1. -
NZ(U) =0 = §v,~+§vj+vij—§(vi+vj) :’Uij:O.
Thus v = 0 and from Remark 1.1 we conclude that {N;}!H U {N; : 1 <
i <j<n+1}is a basis for P’ and (T,P,N) is a finite element.

1.3. The finite element multigrid method. We use the notation and
framework outlined in [4]. Let 7; be a triangulation and define 7, for
¢ =2,..., L recursively by subdividing all n-simplices in 7,_; as described
in Section 2.1 below. We remark that all sub-tetrahedra are not congruent
but on repeating the process the sub-tetrahedra will remain shape regular
[3]. We note that since the n-simplices in 7 stay shape regular, the family
of triangulations {7,}, will be quasi-uniform.

In the usual way we define the piecewise continuous finite element spaces
V, on Q by the finite elements (7, Pr, Nr)rez, with local basis functions
{e17,..., om,r} and node variables Ny = {Ny 1, No7, ..., Ny, 1}

Let {¢1,...,¢n,} be a basis to V,, the global basis, with

(1.4) dim(Vy) := My = card({Ly(T) : T € Tp}),
and such that ¢; has support in S; for e = 1,..., M, where
(1.5) Si=|J{TeT:xeT},

for the global nodes {x; Y4 = {L (T) : T € T;}.
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For T € 7, let It be an index set of the local nodes in the finite ele-
ment (7, Pr, Nr), for example, Iy = {1,2,3,12,13,23} for the quadratic
Lagrange finite element in two dimensions. Let i; : Iy — [1, M,] be the
injective map that maps the local index j to the corresponding global in-
dex 7;. We express the global basis functions in terms of the local finite

element basis functions. For ¢ =1,..., M, and with j so that i; =1
©iT if T e Si,
1.6 A=
a8 T (A

Now {V;}L | is a nested sequence of finite element spaces, that is,
(1.7) icVoc---CcV,CV.

From equation (1.1) we obtain the finite element equation on the L:th
level

(1.8) weVyp: alu,v)=(f,v) YvelV,

where we assume that f € Vj is a finite element approximation to the
linear form f(-) in equation (1.1).

In order to describe the multigrid method we will need the following
auxiliary operators. For ¢ =1,... L let A, : V;, — V, be defined by

(A, ¢) = a(v,¢) Vo €V,
and let the projectors Py_; : V; — V,_y and Q,_1 : V; — V,_; be defined
by
a’<Pf*1/U7 ¢) = CL(U, (b) v¢ € ‘/5717
and
(Qe-1v,9) = (v,0) Vo€ V.

We will also need a generic smoother Ry, : V;, — V, for £ = 1,..., L and
denote by R} the adjoint of R, with respect to (-,-).

We consider the V-cycle multigrid algorithm. Given initial data u° €

V, the algorithm generates a sequence approximating u, the solution to
equation (1.8), by

(1.9) u™ = VMG (u™, f) m=0,1,...,

where VMG (-,-) : V, x V, — VI is defined by the following Algorithm 1
[4].
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Algorithm 1: VMGy(v, f)

Input: multigrid level ¢, initial value v = u° as in (1.9) and right

hand side f.
Output: ' in (1.9).
if /=0 then
return A;"'f /* exact solution */
else
vV =v+ Ri(f — Aw) /* presmoothing */
V" =0+ VMGy_1(0,Qp_1(f — Apw')) /* error correction */
return v + Ry(f — Ap”) /* postsmoothing */

2. IRREGULAR NOTIONS

We now relax one of the requirements in the definition of the triangu-
lation, namely, the property that no vertex of any n-simplex lies in the
interior of an edge or face of another n-simplex [5]. As for conforming
finite element spaces we then will have to modify the finite elements ac-
cordingly.

2.1. Irregular triangulations. Inspired by [8] we say that a I-irreqular
triangulation is a partition of {2 into n-simplices such that at the most
one vertex lies in the interior of any edge of all the n-simplices in the
partition. Moreover, we say that a vertex is an irregular vertex if it lies in
the interior of another edge and that an n-simplex is an irreqular n-simplex
if it contains irregular vertices.

We note that the definition is readily generalized to m-irreqular trian-
gulation, for m > 1, but we will not consider this type of triangulation in
this work. When we in the sequel sometimes write irregular we thus means
1-irregular.

For an irregular n-simplex there may be one or several local nodes in
L,(T) that do not represent true degrees of freedom, since the nodal vari-
ables in these points will be evaluated in other, possibly global, nodes in
such way that the finite element space is made conforming. In the liter-
ature this kind of nodes are called hanging, constrained or slaved, in this
work we call them hanging nodes, see Figures 3.1 and 3.2.

Now let 7, be an l-irregular triangulation and suppose S is a subset
of n-simplices T' € 7, that we want to refine, for example, S could be
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the set of n-simplices where an error estimator is larger than a certain
threshold. In order to refine 7, we need to check the consistency of .S, that
is, the refined triangulation 7,,; must also be a l-irregular triangulation
and for this reason we cannot refine irregular n-simplices. We must check
and modify S by adding n-simplices intersecting irregular vertices. Since
some of the added n-simplices may also be irregular we must repeat the
checking on the added n-simplices recursively. We describe this procedure
in Algorithm 2.

Algorithm 2: CheckConsistency(7,5)
Input: a l-irregular triangulation 7 and a set S of n-simplices

TeT.
Output: S, possibly modified.
Snew = @

forall irreqular T' € S do
forall irreqular vertices a; € T' do
forall 7" € T such that a; € T' do
Snew = Snew U {T/}
if S, # 0 then
CheckConsistency(7 ,Spew)
S =S5U Shew

(3

(5]
Q12 a2

Figure 2.1: Regular triangle refinement. Original and refined triangles.

When we have checked the consistency of S we proceed with the refine-
ment of all 7" € S and hence create the refined triangulation 7,,,. We
use the regular refinement algorithm from [3], where the two-dimensional
case is trivial but included here for completeness. For any n-simplex let
a; = (a; +a;)/2 for 1 < i < j < n+ 1 denote the midpoint of the
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G
o XXX

Figure 2.2: Regular tetrahedron refinement due to [3]. (a) Original and
refined tetrahedron. (b) The interior octahedron is d1V1ded in one out of three
ways as specified in [3].

edge connecting the vertices a; and a;. Now triangles are subdivided into
four congruent subtriangles connecting the edge midpoints as in Figure
2.1 and as described in Algorithm 3. Tetrahedra are subdivided into eight
subtetrahedra as depicted in Figure 2.2 and as described in Algorithm 4.
We remark that all subtetrahedra are not congruent but on repeating the
procedure the subtetrahedra will stay shape-regular [3].

Algorithm 3: RegularRefinement2D(7")

Input: a triangle T'.
Output: 4 subtriangles 7; C T for i = 1,...,4 such that | J, T; =T

divide T' = {a1, as, a3} into 4 subtriangles

Ty ={a1,a12,a13}, To = {az, ass, a2},

T3 = {61376113, 6123}, Ty = {6112,G23,G13}-




Algorithm 4: RegularRefinement3D(7')

Input: a tetrahedron T'.
Output: 8 tetrahedra 7; C T for i = 1,...,8 such that | J,7; = T.

divide T' = {ay, as, as, as} into 8 subtetrahedra

Th = {a1, 12, a13, a4}, Tor = {a12, az, ass, as},
13 = {CL13, Q23, as, a34}, Ty = {&14, 24, A34, CL4},
T5 = {a12,@13, a14,a24}, T = {a12,a237a23,a24},

T; = {alg,a14,a24,a34}, 15 = {a/137a237a347a34}~

2.2. Irregular finite elements. In order to construct a conforming finite
element space from the finite elements (7, Pr, Nr)rez, where 7; is a 1-
irregular triangulation we need to define a new type of finite elements on
irregular n-simplices.

We say that a finite element is a g-irregular finite element if we evaluate
one or more of the nodal variables N; at points z; € L,(T) £ p where
p = a;—a; such that the line between a; and a; is an edge in T'. For irregular
n-simplices we define g-irregular finite elements so that the generated finite
element space becomes conforming. We describe this in a few examples
below.

2.2.1. I-irreqular Lagrange finite elements. In R? there are finite elements
with 1-3 hanging nodes as in Figure 2.3. The basis functions are as defined
in Sections 1.2.1 but the nodal variables are slightly different. We consider
the finite element in the case of one hanging node, the other cases are
defined in the same way. The nodal variables are defined by

(2.1) N;(v) =v(a;), 1=1,2,
and
(22) Ny(o) = 5 (0(a) + v(as))

where ay = 2a3 — as and N3 is eliminated as a global degree of freedom.
In order to show that the triplet (7, P;,N) is a finite element we take
Piov= Zle U;; for constants v; € R. Then for ¢ = 1,2,

Ni(v)=0 = 4 =0
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(a) (b) (c)

Figure 2.3: Three types of finite elements for the 1-irregular Lagrange finite
elements in R?. e denotes a regular node and o denotes a hanging node. (a)
One hanging node. (b) Two hanging nodes. (c) Three hanging nodes.

and
Ng(U) =0 = 1/2(@2—624‘2{)3) =03 =0.
Thus v = 0 and from Remark 1.1 we conclude that {N;}2_, is a basis for
P, and (T, Py,N) is a finite element. Note that this construction of N
guarantees that the global finite element functions are conforming.
In R3 there are finite elements with 1-4 hanging nodes and the treatment

is analogous to the R? case. In the case of one hanging node as in Figure
2.4 the nodal variables are defined by

(2.3) N;(v) =v(a;), i=1,2,3,
and
(24) Ny(o) = 5 (0(a) + v(as))

where a5 = 2a4 — as, and it follows that (T, P, ) is a finite element.

2.2.2. 2-irreqular hierarchical finite elements. In R? there are finite ele-
ments with 1-2 hanging nodes as in Figure 2.5, note that the hanging
nodes now are on the the edges instead of in the vertices as for the 1-
irregular Lagrange finite elements. The basis functions are as defined in
Subsection 1.2.2 but the nodal variables are slightly different. We consider
the finite element in the case of one hanging node, the other case is defined
in the same way. The nodal variables are defined by

(2.5) N;(v) =v(a;), 1=1,2,3,
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5

Figure 2.4: One hanging node for the 1-irregular Lagrange finite elements in
R3. e denotes a regular node and o denotes a hanging node.

and

Nis(v) = v(ars) — 5(v(@) + v(as),
(2.6) Niz(v) = v(a13) — %(U(al) + v(as)),

Nog(v) = Jo(as) = 5(o(az) + v(a),
where a4 = 2a3 — ao.

2
23 19
3 1
13

(a) (b)

Figure 2.5: Two types of finite elements for the 2-irregular hierarchical finite
element in R?. e denotes a regular node and o denotes a hanging node. (a)
One hanging node. (b) Two hanging nodes.
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In order to show that the triplet (7, Pa, N) is a finite element we take v
as in (1.3). Then for i =1,2,3

Niw)=0 = &=0
and
1. 1. - 1, . - -
N12(U) =0 = §U1+§U2+U12—§<U1+U2> :U12:0,
1
NlS(U) =0 = 561 + 5173 + U135 — 5(171 + ’l~)3> =13 = 0,
1 1
N23<U) =0 = 1773 — g(f)g — 1~)2 + 2{)3 — 8?723) = 1723 =0.

Thus v = 0 and from Remark 1.1 we conclude that {N;}3 | U{N;; : 1 <
i < j <3} is a basis for P} and (T, Py, N) is a finite element.

In R? it is a bit more involved to maintain the continuity. There are
tetrahedra with 1-5 hanging nodes. The basis functions are as defined in
Sections 1.2.2 but the nodal variables are slightly different. We consider
the finite element in the case of three hanging node as in Figure 2.6. The
first nodal variables are defined by

Ni(v) = v(a),

and
ng(l)) = U(CL12> —
Niz(v) = v(a13) —
Niy(v) = v(ayy) —
NQg(U) = 4112](@3)
Noy(v) = %lv(cu)
N34(’U) = %U(CM) —

where

as = 2a3 — ag,

ag = 2a4 — A3,

i=1,2,3,4,

(v(ar) +v(az)),
(v(ar) + v(as)),

(v(ar) +v(as)),
1

8
1

N~ N~ DN~

(v(az) +v(as)),

S(U(Gz) +v(ag)),

1

g(v(%) + v(ag)),

a7 = as + a4 — Ga.
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Figure 2.6: Three hanging nodes for the 2-irregular hierarchical finite element
in R3. e denotes a regular node and o denotes a hanging node.

In order to show that the triplet (T, Py, N) is a finite element we take v
as in (1.3). Then fori =1,2,3,4

and
Nis(v) =0
Nis(v) =0
Nua(v) =0
Nas(v) =0
Naa(v) =0
Nay(v) =0

Ni(v)=0 = 4 =0

1
§@1+§772+1712—§(171+?72)21712:0,
1~+1~+~ %~+~) 0 0
—0 —0 U153 — = (v U3) = V13 =
21 23 13 5 1 3 13 )

1
5751‘{‘564“—1714—5('614"&4):’514:0,
Ly — iy — iy — 205 — 8iag) = Gag = 0
41}3 3 Vo — V2 U3 Vg3) = V23 = U,
1 1(~ Uy — 20y — 8gq) = 0 0
—U4 — = (Vg — Vg — 204 — 8Vgy) = Voy =
44 3 2 2 4 24 24 )
1

Z(—flz + U + Uy — 403 — 4Usq + 4034),

8

.. . . . . .
— —(—21)2 + 2U3 + 2U4 - 81)23 — 8U24) = V34 = 0.
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Thus v = 0 and from Remark 1.1 we conclude that {N;}} ; U{N;; : 1 <
i < j <4} is a basis for P} and (T, Py, N) is a finite element.

2.3. Finite element approximations on l-irregular triangulations.
Let 7, be a l-irregular triangulation. We define continuous finite ele-
ment spaces V; on € by the finite elements (T, Pr, Nr)rez, as in Sec-
tion 1.3, although we now use the 1 or 2-irregular finite elements defined
in Section 2.2. Note that the index set Iy also changes, for example,
Ir = {1,2,3,12,13,4} for the second order hierarchical finite element in
two dimensions, Figure 2.5a.
With

M,
=1

where (@1, ...,uy,) € RM is the coordinate vector with respect to the
basis {¢1, ..., ¢n,} and taking v = ¢; we express (1.8), now with u,v € V,,
as

M,
(2.7) > wal(gi, ¢;) = f(g;) forj=1,..., M,
i=1
Locally on each T' € 7, we have
Gilr = Z Nir(0i) ¢,

kEIT

and hence (2.7) is equivalent to

Z Z Z ; Ny, v (i) a(r,r, o1,0) Nir(95)

(28) i=1 TeS; k,l€lp

= Z ZNl,T(¢j)f(90l,T) forj=1,...., M,

TeS; lelr

where we identify a(¢x 1, pi7) as a local stiffness matrix and f(p; ) as the
local load vector.

The rather involved formula (2.8) in fact expresses the distribution map-
ping defined in [1, 12], which is useful in practice implementing finite el-
ement problems. We note that assembling the stiffness matrix and load
vector we only need to know a few things for each 7' € 7;: (1) where to put
the elements from the local stiffness matrix and load vector into the global
stiffness matrix and load vector, and (2) the weights Ny r(¢;) on the local
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elements. We represent this information in a set of arrays holding three
numbers, (i, k, Ni7(¢;))rer,, where i is a global index, k is a local index
on T and Ny r(¢;) is a weight, and likewise for (4,1, N;7(¢;))rer,. More
precisely we define the representation

(2.9)  Rep(T) = {(i,k, N (¢)) : i € i, kK € Iy, Nir() # 0}

Thus, provided the finite elements (7', Pr, Mr)re7, are well defined we
express the finite element problem as in (2.8) and use the representation
(2.9) for assembling the problem in practice.

We remark that when V; 3 f = 3> fi¢; and (2.8) becomes

Z Z Z U; Nig,r(¢3)a(err, eir) Nir (o))

(2‘10) i=1 TEeS; kel

=Y FiNer(b)(err, i) Nir(d;) forj=1,... M,

TeS; klelp

where we identify (g7, @i r) as the local mass matrix.
In the next four sections we explicitly compute Rep(T') for the finite
elements in Sections 1.2 and 2.2.

2.3.1. Lagrange finite elements. In this case since Ni(v) = v(xy) for zy €
L,(T) and k € Ir as defined in Section 1.2.1, the representation (2.9) is
particularly simple:
g
Rep(T) = | k Vkelp,
1

which probably anyone that have implemented the Lagrange finite elements
recognizes.

2.3.2. Higher degree hierarchical finite elements. We evaluate (2.9) for the
quadratic hierarchical finite element in two dimensions. With Ny(-) and
I as defined in Section 1.2.2 we get

Rep(T) =
il i2 i3 Z.12 i13 Z.23 Z.l 7:1 i2 Z'2 Z.3 i3
1 2 3 12 13 23 12 13 12 23 13 23
111 1 1 1 -1/2 —1/2 —1/2 —-1/2 —1/2 —1/2

The three-dimensional case is analogous.
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2.3.3. I-irreqular Lagrange finite elements. We evaluate (2.9) for the 1-
irregular finite element in two dimensions. With Ny(-) for x; € L1(T') and
I7 as defined in Section 2.2.1 we get

i Gyl iy

Rep(T)=1(1 2 3 3 |,
1 1 1/2 1/2
The three-dimensional case is analogous.

2.3.4. 2-irreqular hierarchical finite elements. We evaluate (2.9) for the 2-

irregular finite element in two dimensions. With Ng(-) and Ir as defined
in Section 2.2.2 we get

Rep(T) =
i 2 i3 iz i3 N i i2 i3 i3 i2 i4
1 2 3 12 13 12 13 12 13 23 23 23
111 1 1 -1/2 -1/2 —-1/2 —-1/2 1/4 —-1/8 —1/8
The three-dimensional case is analogous.

2.4. Multigrid on 1l-irregular triangulations. We need to find the
projection Q,_1 : V; — Vp_1 as defined in Section 1.3. Since V,_; C V, we

can express the basis functions in Vj_y, {¢" '} in terms of the base

functions in V, {qﬁf}lz . Hence, with the definition of Qz 1,

(Qeo1v0,¢7") = (v, 67") = > alj(ve, ¢

j=J¢
for v, € V; and where J; := {j : supp (¢5) N St £ ().
We use the nodal variables to express o/~
azg N]fT(¢Z 1)7

for all T' € T, such that TN S™! # () and for all k € Iy where j;, = j is
the local to global mapping defined in Section 1.3.

3. NUMERICAL EXPERIMENTS

In matrix form (1.8) becomes
Au = F,
where A denotes the matrix [A];; = (Ar¢i,¢;) for i = 1,..., M, and
& € RM¢ denotes the coordinate vector with respect to the ﬁmte element
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basis and F = (Fi,...,Fn,) where F; = (f,¢;). We solve this linear
system using the V-cycle Algorithm 1 with five iterations of a point Gauss-

Seidel smoother. With @ = 0 we iterate m = 1,2,... until the relative
residual H i
F — Au™
Res i= ———
Il

is less than a specified tolerance "Tol” set to 107% in this work. Note that
the relative tolerance times a constant is always greater than ||u — u™||1 .0
where u € V, is the finite element solution we are approximating, cf. [9,
Proposition 9.19, p. 393].

3.1. The Poisson equation. We consider the following Poisson equation
with mixed Dirichlet-Neumann boundary conditions on bounded polyhe-
dral domains 2 C R" for n = 2, 3,

—Au=f in(, u=g on 0Qp, and v-Vu=0 on 0y,

where the boundary is partitioned such that 0Qp U 0y = 092, g is a
constant, v is the outward normal to the boundary and we assume f €
H='(Q2) and thus the problem is a well posed. Let

V={uec H(Q):u=00n00p}.

Now the bilinear and linear forms in Section 1.1 are
a(u,v) = / Vu -V dz,
Q

and
(’U) /Q v axr

With u, denoting the extension of g to H*(2), the weak formulation to the
above Poisson problem follows as usual and reads: find u € H'(Q) such
that

u=ug+ ¢, peV,

a(¢,v) = f(v) —a(ug,v) YveV.
We use the maximum norm error estimator derived in [7, 11] to adap-

tively refine the triangulations. For the solution u to (1.8) and T' € 7, we
compute

(3.1)

1
nr = hT“f + AUHLOO(T) + §||[8VTU]”L°°(6T\8Q)’
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where [0,,u| denotes the jump across 07" in the normal derivative, 0,,.u =
vr - Vu where vy denotes the outward normal to 0T
We define 7,, 1 by refining those 7' € 7, where

nT>ﬁT+S7

where 7, is the mean and s is the standard deviation of ny.

3.1.1. Model problem. In this case we let {2 be the L-shaped domain with
one re-entrant edge, Q = {(z,y) € [0,2]>\ [1,2] x [0,1]} for n = 2 and
Q = {(z,y,2) € [0,2]* x [0,0.5] \ [1,2] x [0, ] [0,0.5]} for n = 3, see
Figure 3.1 and 3.2.

Let 0Qp = 0Qp, U 0Qp, where 0Qp, = {(z,y) : v = 1,y € [1,2]} and
p, ={(z,y) : x € [0,1],y = 0} for n = 2 and INp, = {(z,y,2) : x =
2,(y,2) € [1,2]%x]0,0.5]} and 0Qp, = {(z,y,2) : (x,2) € [0,1]x][0,0.5],y =
0} forn=3. Set f =0, g=0o0n 0Qp, and g =1 on INp,.

We solve the problem for different finite element approximations and
refine the triangulations eight times. The results from these experiments
are summarized in and Tables 3.1 and 3.2.

Table 3.1: Convergence data for the V-cycle multigrid Algorithm 1 applied
to the Model Problem for n = 2 and the finite elements in Section 2.2.

Lagrange (n,q) = (2,1) Hierarchical (n,q) = (2,2)
e M, m Res t My m Res

1 272 2 13-10°°7 1 299 2 12-107°7
2 368 2 83-107® 2 459 2 27-10°8
3 524 2 71-10°8 3 644 2 20-1078
4 767 3 22-1077 4 890 2 43-1078
5 1072 2 3.9-1078 5 1447 3 3.1-1078
6 1642 2 25-1078 6 2066 3 2.7-1077
7 2415 3 3.0-1078 7 3158 3 24-1077
8 3577 3 57-1077 8 4546 4 3.8-1078

4. CONCLUSIONS

We outlined a methodology for implementing the finite element multigrid
method on adaptively refined triangulations for various finite elements,
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Figure 3.1: Adaptively refined triangulations 7; of the L-shaped domain in
two dimensions.

Lagrange ¢ = 1,2 and hierarchical ¢ = 2 for n = 2,3. In a few numerical
experiments we demonstrated that the methodology works in practice by
solving a number of problems in two and three dimensions.
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Adaptively refined triangulations 7; of the L-shaped domain in

three dimensions.

Figure 3.2:

Convergence data for the V-cycle multigrid Algorithm 1 applied

to Model Problem for n

Table 3.2:

= 3 and the Lagrange finite element in Section 2.2.1.

=(3.1)

)

2
2
2
2
2
3
3
3

4q

Lagrange (n,

Res

9.8-10

M,
1382
3207
5378
11542
24185
46834
106711

9
7
7

1
2
3
4
)
6
7
8

1.2-10
1.8-10"
5.2-1077
4.4-1077
2.7-1077

29-.1077
2.3.-1077

225353
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