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Abstract

One of the major difficulties faced in the numerical resolution of the equations of physics is
to decide on the right balance between computational cost and solutions accuracy, and to
determine how solutions errors affect some given “outputs of interest”.

This thesis presents a technique to generate upper and lower bounds for outputs of
hyperbolic partial differential equations. The outputs of interest considered are linear func-
tionals of the solutions of the equations. The method is based on the construction of an
“augmented” Lagrangian, which includes a formulation of the output as a quadratic form
to be minimized and the equilibrium equations as a constraint. The corresponding La-
grange multiplier, or adjoint u, is determined by solving a problem involving the adjoint
of the operator in the original equations. The bounds are then derived from the under-
lying unconstrained max-min problem. A predictor is also evaluated as the average value
of the bounds. Because the resolution of the max-min problem implies the resolution of
the original discrete equations, the adjoint on a fine grid is approximated by a hierarchical
procedure that consists of the resolution of the problem on a coarser grid followed by an
interpolation on the fine grid. The bounds derived from this approximation are then op-
timized by the choice of natural boundary conditions for the adjoint and by selecting he
value of a stabilization parameter k.

The Hierarchical Bounds Method is illustrated on three cases. The first one is the
convection-diffusion equation, where the bounds obtained are very sharp. The second one
is a purely convective problem, discretized using a Taylor-Galerkin approach. The third
case is based on the Euler equations for a nozzle flow, which can be reduced to a single
nonlinear scalar continuous equation. The resulting discrete nonlinear system of equations is
obtained by a Taylor-Galerkin method and is solved by the Newton-Raphson method. The
problem is then linearized about the computed solution to obtain a linear system similar to
the previous cases and produce the bounds.

In a last chapter, the Domain Decomposition is introduced. The domain is decomposed
into K subdomains and the problem is solved separately on each of them before continuity
at the boundaries is imposed, allowing the computation of the bounds to be parallelized.
Because the cost of sparse matrix inversion is of order O(N?), Domain Decomposition
becomes very useful for two-dimensional problems, where the overall cost is divided by K?2.
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Introduction

When solving an engineering problem, one has to evaluate some outputs of interest, or
design variables that determine the performance of the design. These outputs are often
functionals of fields that are in turn solutions of ordinary or partial differential equations.
These functionals are often linear, or more generally convex, but they can be nonlinear
as well. An important part of the process followed by the engineer therefore consists of
modeling a given problem, i.e. of translating it into a mathematical model, which generally
yields a set of partial differential equations such as the Euler, Navier-Stokes or Maxwell
equations. The solutions of these equations are the fluid velocity and pressure fields or the
electromagnetic field. From the engineering point of view, these solutions are not as critical
as the outputs derived from them, like the lift of a wing, the drag of a body or the radar
cross section of an aircraft. The fields are nonetheless worthier than just intermediary steps
to these outputs of interest. Indeed, if the engineer finds that the outputs do not satisfy
the design constraints, he can go back to the fields to find information on the reasons for
the degradation of the performance (shocks, turbulent transition, scattering...).

Because the analytical solution to the equations of physical problems is not always
(and one could almost say rarely) available, the fields have to be computed numerically.
The resulting discretization of the equations leads to a necessary trade-off between cost
and accuracy : on one hand, a very fine discretization step usually yields very accurate
solutions, with a very high computational cost ; on the other hand, the computation of a
solution on a coarse grid may be much cheaper, but it is always at the cost of accuracy.

Several approaches have been suggested to reduce the cost of computations while keeping
an acceptable accuracy. The simplest one consists of using non-uniform meshes to discretize
the equations, the grids being refined only at places where high resolutions are needed : close

to walls, around the expected positions of shocks or where the solution is expected to vary
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very fast. This method is limited by two factors. First, the cost may remain high because of
the regions where the mesh is refined. Second, the zones where solutions vary rapidly may
not be known a priori. To put up with the latter, an iterative process can be used, involving
adaptative mesh refinement. The key idea of adaptative techniques is to define a certain
norm for the error, which is made up by adding up the contributions from each point, the
mesh being refined in the regions where these contributions exceed a certain threshold. A
difficulty encountered by this approach is that the process does not stop by itself : either
it is stopped “manually”, or a minimum size must be fixed for the elements, under which
the refinement is suspended. These mesh refinement methods achieve cost reduction by
performing accurate computations only where they are needed.

The technique adopted in this thesis does not aim at finding the “exact” solution, but
rather seeks to estimate bounds for an output derived from the solution. The idea is to
replace the direct solution of the equations on a fine grid by a Hierarchical Bounds Method
(HBM) that gives a much cheaper estimation of the output of interest considered, assuming
that the difference between the fine grid output and the exact output is negligible. Bounds
for this fine grid output are actually computed, so that, if they fit into the design constraints,
the “exact” solution need not be computed.

The first chapter of this thesis presents a general theory of the Hierarchical Bounds
Method, yielding bounds for some given output. The following chapters show how this
theory can be successfully applied to several typical problems, the convection-diffusion
equation, the pure convection equation (linear problems) and an equation derived from
the one-dimensional Euler equations for a nozzle flow (nonlinear problem). In each case
the particularities and difficulties encountered are illustrated, as well as the necessary ad-
justments made to apply the HBM. In particular, the natural boundary conditions used for
the adjoint are derived and the sharpness of the bounds is discussed. In the last chapter,
the Domain Decomposition technique is presented as a tool, useful especially in two or
more dimensions, that allows further computational cost reduction and parallelization of

the HBM.
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Chapter 1

General Theory for Bounds

1.1 Introduction

This first chapter introduces a general theory for the Hierarchical Bounds Method, yielding
bounds for linear functionals of solutions (or outputs) of partial or ordinary differential equa-
tions. After a brief preliminary discussion about Sobolev spaces, the theory is developped
in three steps. First, the continuous problem is discretized by a Galerkin finite element
method. Second, the outputs of interest are cast as the stationary point values of a La-
grangian (saddle problem) and bounds for these outputs are derived. Third, a hierarchical
procedure is applied to obtain these bounds in a more computationally efficient manner.
The last part of this chapter presents a procedure for sharpening the bounds based on the
optimization of a stabilization parameter introduced in the formulation. In this thesis only

one-dimensional problems are considered.

1.2 Sobolev Spaces

In this section, Sobolev spaces are briefly introduced. For a more complete description, the
reader may consult [1] or [2]. First, let 2 be an open subset of IR™ (n > 1). The space
of infinitely continuously differentiable functions with a compact support on € is denoted
D(R2). The space D'(Q) of distributions on € is defined as the dual space of D(Q), i.e. the
space of linear forms that are “continuous” on D(Q2). The duality between D'(2) and D(2)
is denoted < T,¢ > VT € D'(Q2) and V¢ € D(Q).

Let L2(Q2) be the space of square integrable functions on Q with respect to Lebesgue’s

12



measure, i.e the set of functions such that

AUde<+w (1.1)
A scalar product can be defined on L?(Q2) by
(F.9000 = [ f(@)g(e)do (1.2
and the corresponding norm is :

e = 0032 = ([ sraz) 13

With this scalar product, L?(€) is a Hilbert space. Distribution derivation is then defined

as

T
UTeD(Q),VoeD(Q)and Vi (1 <i<n), < or ,p>=—<T, 99 > (1.4)
The first order Sobolev space on €2 is then defined as
HY(Q) = {ngQ ‘ L%Q%lgign} (1.5)
ox;

A scalar product can be defined on H!'(Q2) as

and the associated norm is :

1/2 tofouN\t o, 1/2
lull1,0 = (u,u))'q = {/Q LE; <8—xz> +u d:r:} (1.7)

With this scalar product, #*(2) is a Hilbert space. The closure of D(£2) in H!(Q), i.e. the

set of all functions of H!(Q) that are limits of converging sequences of functions of D(€2), is
denoted H$(£2). It can be shown that H}(€2) is the set of functions of H!(£2) that vanish on
the boundary of €. For example, if n = 1 and © =)0, 1], then H} () is the set of functions
of H!(2) that vanish at = 0 and z = 1.

13



The dual of H}(£2) considered as a subset of H!(Q2) is denoted by H~(Q2). That is,
H~L() is the set of linear forms that are continuous on Hj(£2). One can show that the
elements of H () are the finite sums of functions in L?(Q) and first order derivatives of

functions in L2(Q).

1.3 Continuous Problem

The generality of the theory is kept if one assumes that the domain on which the differential
equation is defined is D =]0,1[. The corresponding Sobolev spaces are denoted H'(D),
H{(D) and H~Y(D). The problem considered is a second order linear problem where the

values of the solution u at 0 and 1 are imposed :

f(xauaumaua:m) =g

U(O) = Uo U(l) = Ul

(1.8)

f is a linear function of its arguments and the forcing function g is assumed to be in H~!(D).
Let H1,(D) be the set of all functions v(x) in H!(D) that satisfy the boundary conditions
in0and1:

HE(D) = {v € HX(D) [v(0) = Uy, v(1) = U7 } (1.9)

One looks for solutions u to (1.8) in HL(D).
A weak formulation for the problem is obtained by multiplying the differential equation
by w € H{(D) and integrating over D, the second derivative terms being integrated by

parts (see [3]). The final result can be written in the form :

1 1
/ [w f1(z,u, ugp) + wy fo(w,u,uy)] de = / wgdr (1.10)
0 0

In a more abstract form, the problem (1.10) can be stated as finding the solution u € HL,(D)
such that :
a(u,w) = M(w) Yw € Hy(D) (1.11)

We shall consider problems such that the bilinear form a(u,w) is coercive :

Ja >0 suchthat Vue€Hp(D),  alu,u)>allulllg (1.12)

14



Lax-Milgram’s Theorem then ensures that the problem (1.11) has a unique solution [3].
Although the theory to be presented can be easily generalized to nonlinear convex func-
tionals, the outputs considered are linear functionals of the field u. These outputs are

written as :

sO =W (y), 5@ = 1D (),. .. (1.13)

1.4 Discrete Equations

We consider a linear Galerkin finite element approximation [4] on a general mesh with a
uniform grid-spacing 4.

Let n be the total number of nodes interior to the interval [0,1]. One has :

1
=—--1 1.14
= (114)

Let 2; = j 0 be the coordinate of the jth node of the mesh (0 < j < n+1). To each
of these nodes is associated a piecewise linear function ¢; (“hat” function) equal to 1 at
node z; and to 0 at all other nodes. Let Xp C HL(D) and Xy C H{(D) be the classical

continuous-piecewise polynomial sets. They can be expressed as :

Xo = span{pi(z),...,pn(2)} (1.15)

Xg = {UE(l‘) =U) Lpo(iv) + ’U(l‘) +U; (,0"+1(:E) |U(:E) S X()} (1.16)

where Uy and U; are the boundary conditions of the problem.

The finite element method then consists of approximating the solution w by its decom-

position on the basis functions {¢g, ..., @nt1} :
u(@) = U po(x) + ) ulz)) p;(z) + Ut o1 (@), (1.17)
7=1

The Galerkin finite element method is a particular case where the “test function” w is chosen
to be p;(x) (1 < j < n), which leads, after inserting (1.17) into (1.10) and evaluating the

integrals, to a linear system of n equations with n unknowns that one can write as :

Lu=f (1.18)

15



where u = [uy,...,u,]" now designates the set of unknowns (values of the solution u at the
points interior to the domain D). From now on, depending on the context, the notation u
may denote either the solution to the continuous problem (function) or the solution to the
discrete problem (vector). The context will prevent any confusion. L is an n X n matrix
(not necessarily symmetric) and f is the forcing term. The latter can be either calculated

exactly when the function g is simple enough :

1 Tj41
fj:/o @jgdx+a(0)51,j+ﬁ(1)5n,j:/ 0 gdz +a(0)dy; + (1) dn,;  (1.19)
xr

j—1

or computed numerically by projecting g onto the space spanned by the basis functions ;’s

and performing the exact integration of the products ¢; ¢; :

n+1

1 1
/Ocpjgd:v ~ gi/o j pi dx

+

@
Il
o

(9j—1 +49; + gj+1) (1.20)

D>

In (1.19), 61 and 6, ; are the Kronecker symbols ; a(0) and (1) are coefficients that
depend on the equation and contain the boundary conditions u(0) = Up and u(1l) = Uj.
a(0) and (1) appear only in the first and the last components of the vector f respectively.

A discrete linear output of the problem can now be expressed as a function of the solution

vector u :

s=ull+c (1.21)

with £ € IR" and ¢ € IR.
For the following analysis, we introduce the matrix A which is twice the symmetric part
of the matrix L :

A=L+IT (1.22)

Because the bilinear form in (1.11) has been assumed coercive, the matrix A is positive

definite.
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1.5 Duality Approach to Bounds for the Outputs

Following [5], a quadratic “augmented” output functional is first constructed. The first step
consists of pre-multiplying (1.18) by u’, and post-multiplying the transpose of (1.18) by u,
to obtain

w'Lu = u''f (1.23)

wW'LTu = flu (1.24)

Adding these two equations, dividing by 2 and noting that the right-hand sides are equal,

one obtains, with (1.22) :
1

5uTAu—qu:o (1.25)
Let us now define the functional
Si(v):gvTAv—ﬁvai(vT€+c) Vv e R"and VK € R" (1.26)

From (1.21) and (1.25), the output and its opposite can be written :
+ 5 = S*(u) (1.27)

Because u is the unique solution of the system (1.18), it is the only element of the set

{ve R"|Lv = f}, and the output can be rewritten as :

+s5s= m S*(v) (1.28)

= in
{veR™ | Lv=f}

This trivial result transforms the original problem into a constrained minimization problem.
Following [6], a Lagrange multiplier (or adjoint) u can be used to build the constraint of

the primal problem (1.28) into a Lagrangian :
LH(v,p) = 85 (v) + ' (Lo — f) (1.29)

(1.29) can be interpreted as an augmented Lagrangian with respect to the output s, in which
k plays the role of a stabilization parameter.

The dual problem is obtained by eliminating v from the Lagrangian. To that end, the

17



Lagrangian is minimized with respect to v. The stationarity condition for this unconstrained
minimization is

kAv=rfFl—L"u (1.30)

A being positive definite, (1.30) has a unique solution that can be inserted into (1.29) to

obtain
min £ (0,1) = = 5 (LT 0= YT A (LT 0= f) e = T = ~R*(n) (131)
v " K

The dual problem can therefore be written :

1
—RE() = — = (I — TA-1 (1 — — 2
:Iela% R*(w) ;Iéa)% o (L'ptl—rsf)y A (L'ptl—rf)tec—p f (1.32)

By definition,
V(v,u) € R" x R", —R*(u) < LF(v,p) (1.33)

Weak duality then follows from the equality of £*(v, ) and SF(v) when the constraint is
satisfied :
For all admissible v and g, —RE () < SF(v) (1.34)

A small trick can be used to extend this inequality to all vectors (v,u) € IR™ x IR™ : if the
constraint is satisfied, then the value of S*(v) is given by (1.26), whereas, if the constraint

is not satisfied, the value of S (v) is set equal to +oco. Thus, one has
V(o,n) € R"x R, —R*(n) < L (v,1) < §F(v) (1.35)

It can be shown that the values of the constrained minimum of S*(v) and of the maximum

of —R*(u) are equal :

SEw) +RE() = gvTAv—anf:t(vTéch)
—i—i(LTuj:E—ﬁf)TA’l(LT,ujzé—nf)$c+,qu
= i(Iﬁ}AU-|-LT,U,:|:£—I€f)TA71(Iﬁ}AU-l-LT,U,:l:E—IﬁZf)
—%(HAQ))TA_I(LT,U,:EE—K}]F)—HUTLUZEUTE-F/LTLU

1
= %(HAULT/Lﬂze—H}f)TA_I(HAQ)LT,U,:EE—KZ]F) (1.36)

18



Equation (1.36) is obtained by making use of the fact that A is symmetric and that for all
admissible v, the equality L v = f is satisfied. The stationarity condition of the Lagrangian
with respect to v being (1.30), the right-hand side in (1.36) vanishes, which proves the

Minimaz Theorem : min  St(v) = max —RE(y) (1.37)
{vER™|Lv=F} {pemr}

S*(v) is by construction the maximum of the Lagrangian when p varies and —R*(u)
is by definition the minimum of the Lagrangian when v varies, so the Minimax Theorem

allows us to write :

+s = i L* (v, 1.38
ST iy g L) (1.38)
= max min £ (v,pu) (1.39)

{uelrr} {velrm}

The solution (u, ™) of this saddle problem, also called saddlepoint, is determined by the
stationarity conditions derived from setting the derivatives of the Lagrangian with respect

to v and to p equal to 0 :

kAu+ LT  —kf+0 = 0 (1.40)

Lu—f = 0 (1.41)

Equation (1.41), which is equivalent to (1.18), shows that u does not depend on the sign
chosen for the output and the Lagrangian, whereas, from (1.40), 4% does.
The bounds immediately follow from (1.39), because

Vit € R®  min L(v,iF) < +s (1.42)
{velR"}

which can also be written as :

min LT (v,4%) <

(1.43)
{ver"} {veRr"}

V2]
A
|
g
[
=
=
=

Thus, for any 4+ € IR™, solving (1.40) to obtain the vector v € IR™ that minimizes the
left-hand side of (1.42) and plugging it into (1.29), we obtain upper and lower bounds for

the output.

19



1.6 Hierarchical Procedure

Equation (1.43) can be used to give bounds for the discretized output of interest. From
(1.38)—(1.39), the bounds are exactly equal to the output when the Lagrange multiplier
it and the field v satisfy the stationarity conditions (1.40)-(1.41). Unfortunately, two
difficulties complicate the choice of 4F in contradictory ways. First, the vector i* chosen to
compute the bounds must be as close to the “true” adjoint as possible, because the sharpness
of the bounds is closely related to the quality of the approximation of the exact saddlepoint.
Second, (1.41) shows that the computation of the adjoint requires the resolution of the
original discrete system, hence makes the computation of the exact saddlepoint on a fine
grid prohibitively expensive.

Because the saddlepoint cannot be computed cheaply on a fine grid, the Hierarchical
Bounds Method consists of considering 2 different grids, i.e. 2 levels of discretization, one
fine (“truth” mesh) and one coarse (“working” mesh), and solving for the saddlepoint only
on the coarse grid. The adjoint is then interpolated to obtain an approximation of the
exact saddlepoint on the fine grid and the bounds are obtained from (1.43) by solving only
a symmetric problem. Further gains on the cost can be achieved, even in one dimension,
by the use of the Domain Decomposition technique presented in the last chapter.

The general uniform grid-spacing J can now be equal either to H (coarse grid) or to h
(fine grid). The nodes of the coarse mesh are, from now on, assumed to be nodes of the
fine mesh as well. The variables corresponding to the coarse grid (H-mesh, or “working”
discretization) are denoted with an H subscript (e.g. L, um,zqj,...), while the variables
corresponding to the fine grid (h-mesh, or “truth” discretization) are denoted with an h
subscript (e.g. Lp,up, Thi,-..). The numbers of the points of the meshes that are interior

to the domain D are N and n for the coarse and the fine grids respectively.

1.6.1 Computational Procedure

The saddlepoint on the coarse mesh (uy, @bfl) is first determined by solving the stationarity
conditions (0 = H) :
ﬁAHuH—i—ngpffl—ﬁfH:l:éH = 0 (1.44)

LHUH—fH =0 (1.45)
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(1.45) is solved for uy (coarse grid solution), plugged into (1.44), which is then solved for
Y € RN by :
Ly = — (6 A uy — K fu + Cy) (1.46)

Next, ﬂf € IR" is formed by interpolation of 1% on the h-mesh (§ = h). Let the
boundary values for the adjoint in x =0 and x = 1 be gi and zpll’i respectively. One has

Vi(l<i<n):
N
(ﬂf) Q’bo 0 (Zh,i) Z( ) ¥H.,j th)+¢1 o N+1 (Th,i) (1.47)

Equation (1.47) shows that the values of ﬂ,f, especially at points close to z = 0 and

= 1, directly depend on the choice of the boundary conditions ngi and @blfi for the
adjoint @bﬁ. Two considerations must be taken into account for this choice. First, the
approximation ﬂf of the discrete adjoint has to be of good quality, otherwise accuracy
is lost and the sharpness of the bounds is affected accordingly. Second, the interpolated
adjoint has to be consistent with the underlying continuous problem. Because the choice
for these natural boundary conditions depends essentially on the problem studied, they
have to be determined for each particular case. Let us just mention, however, that the
boundary conditions are derived from the continuous problem and a continuous equivalent
of the discrete Lagrangian (1.29).

Finally, the bounds for the output s; are computed on the fine grid as :

(n)pp (H) = min £*(v.4f) (1.48)
(swyp () = = min £ (0., (1.49)

The stationarity conditions for these two unconstrained minimization problems are sim-

ply (1.40) written on the fine grid with % = i, Le. :

kA == (LR =k fu £ 0y) (1.50)

which is solved for ﬁ,jf The computation of the bounds is then straightforward by plugging
a5 and i into (1.29), (1.48) and (1.49) :

(sw)op (H) = LF (a5, i) (1.51)

(sn)y (H) = =L (i, iy ) (1.52)
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Equation (1.50) shows that, although the first component of the exact saddlepoint (u, )
did not depend on the sign chosen for the output and the Lagrangian, ﬁ,f does depend on
this sign, since it is determined from ﬂf.

A simpler expression can now be derived for (1.51) and (1.52) : multiplying (1.50) on

the left by ﬂfT, one obtains

wiit Ayt = = (6T LE i - wai” £ a7 0,) (1.53)
Therefore,
At A K. N N N A N
E,ﬂf(u}f,u%) = 3 ufTAh uf - Hufoh + (ufoh + ch) + ufT(Lh u,jf — fn) (1.54)
=~ A i e — i fi (1.55)

Equation (1.55) is obtained by adding (1.54) and (1.53). The bounds can thus be computed

as :

H ~ ~ A

(sn)pp (H) = -3 U}TTAh a +cp — M;Tfh (1.56)
Ko _ ~e e

(swyp (H) = Ji" Apiy + cn+ i fa (1.57)

1.6.2 Computational Cost

We now briefly discuss the advantages and drawbacks of the Hierarchical Bounds Method.
The advantages of this procedure are not immediately obvious. As a matter of fact, the
cost of the method resides essentially in the inversion of the matrix A; to obtain ﬁ,f : the
inversion of Lj has been replaced by that of Ap, which is as costly, since both matrices have
the same size and are tridiagonal in the one-dimensional case. Given that tridiagonal matri-
ces can be easily and cheaply inverted, even when their sizes are large [7], the Hierarchical
Bounds Method does not seem very advantageous.

However, the HBM presents two undeniable advantages. First, in two dimensions, the
HBM represents a real improvement, because the matrices are not tridiagonal anymore, but
sparse. Replacing the inversion of the matrix Ly, which is not necessarily symmetric, by the
inversion of Ay, which s symmetric becomes critical. As a matter of fact, numerous very

efficient algorithms are available to solve sparse symmetric problems (especially iterative
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processes, like the conjugate gradient [8, 9, 10]), whereas existing methods to invert non-
symmetric matrices are usually neither systematic nor efficient. Second, the cost of the
HBM can be improved, even in one dimension, by the use of the Domain Decomposition
studied in more detail in the last chapter. The key idea here is to divide the domain D into
several subdomains and solve in each subdomain Neumann or Neumann-Dirichlet decoupled
problem with appropriate boundary fluxes. The cost is reduced because each subdomain
contains many less points and the resolution of the problems on the subdomains can be

easily parallelized.

1.7 Optimal Stabilization Parameter

The results of Sections 1.5 and 1.6 are valid for all positive values of the stabilization
parameter . This additional parameter can now be used to optimize (i.e. sharpen) the

bounds. To begin, the adjoint on the coarse grid is decomposed as :

Vi = V5 +KYE (1.58)

where
o= F(Lh) m (1.59)
W= (W) [fu — Agual (1.60)

uy being the solution of the system on the coarse grid (1.18). Similarly, the boundary

values for this adjoint are decomposed as :

bE = M eyt (1.61)

T (1.62)

where ng bt ébi, ?bi and wi 5% are independent of .

The approximated adjoint on the fine grid can now be written as :

fif =+ Rt (1.63)
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where 9% and 1'% are interpolations on the fine grid of 1/)in and Q/J;Ii respectively :

(ﬂ?ﬁ)i = 8" om0 (xh) ( ) e (whi) + ) Eom N (Thi) (1.64)

2 uMz

(ﬂflli)i = " om0 (Thi) Z( )@HJ (i) + 91 Fom N1 (Ths) (1.65)

for all i (1 < ¢ < n). Following the notations of [5], the bounds are denoted as :

(k) = (sh)rs (1.66)

- (Sh)UB (1.67)

dl
=
I

Two new vectors can be introduced :

yt = Lip)* +y¢, (1.68)

Zy = Lhy —fa (1.69)

and the corresponding inner products are defined as :

of = yFTAyE (1.70)

B = A S 2 T (1.71)

where A;l is interpreted as the inverse of Ay,.

Using (1.50), (1.55), (1.63) and (1.68)—(1.71), the bounds (1.66) and (1.67) can be

written :
(k) = —guffTAhuh ton— iy
= =5 (i) At (Anai) £ — (B +eats) i
_ _QL (LT (A + mal®) —mfut ] 7" [LT (005 + migt) - x fu £ 0y
o — (At +mift) fi
= —i (y,ﬂf+m,ﬂ;)TA (v +mh)ich—(ﬂgi+m,§i)Tfh
= —% (ﬁi—sz T R (0 +mz,1f) fn (1.72)
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where the symmetry of A, (therefore of Agl) has been used. Finally, the bounds are
expressed as functions of x:

0 (k) =5« _Eﬂi T A 2 — T ¢y (1.73)

Taking the first derivative of n* (k) with respect to  :

1

1
= — - = 1.74
n (k) 52 @ 2,6’ (1.74)

The stationarity condition (k) = 0 yields the value of the optimal stabilization parameter,

K*E

(1.75)

where the denominator is assumed positive for £** to be defined. This is not guaranteed,

in particular for nonlinear problems.

Note that (1.59)(1.62) and (1.64)-(1.65) show that 4}~ = —a)" and ji;~ = i, so
that y, = —y," and z, = z;. Therefore, o~ = o™ and = = %, which leads to
+
KT =k =k = g_i (1.76)

A second consequence concerns the predictor (or predicted output) defined as the average

value of the bounds :

[(sn)yp (H) + (sn)pp (H)] (1.77)

1
Spy-e(H) = 5

This predictor does not depend on the stabilization parameter x. Indeed, we have :

1 _
Spre(H) = 5 [ (H) -7 (H)]
1 1 K +T T 50
= 5 ma® gl e A A i
1
to-a 458 4y A s T e
= —y A — fEA ey (1.78)

where x does not appear anymore.

From a computational cost point of view, the optimal stabilization parameter needs to

25



be computed only for one of the bounds, its value being the same for the other bound. The
computation of k* requires the inversion of A to be performed twice, which was already
the cost of the HBM without optimizing k. Furthermore, there is no need for any other
inversion of Ay, since the expression for the bounds is (1.73), the last inversion in this
equation having already been performed to compute G+,

Finally, taking the second derivative of n* (k) with respect to , we obtain :

ot

Mho(R) = = —5 (1.79)

When x = k¥, this second derivative is negative, which means that the optimum obtained
is indeed the maximum of n* (k). Practically, (1.66) and (1.67) show that the maximum of
the lower bound and the minimum of the upper bound are determined by this procedure.
The following chapters are devoted to the application of this theory to three differ-
ent equations. Each of these problems have its particular features. The first one is the
convection-diffusion equation, for which the general theory developed in [5] can be readily
applied, without any modification. The second one is the purely convective case, where the
straight finite element formulation needs to be modified to stabilize the solution and deal
with the absence of the second boundary condition. The third one is a nonlinear equation
derived from the steady Euler equations, where the problem needs to be linearized before

it can be solved.
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Chapter 2

The Convection-Diffusion Problem

In this chapter, the Hierarchical Bounds Method is applied to the one-dimensional convec-

tion-diffusion equation.

2.1 Continuous problem

The problem can be formulated in a differential form as :
—VUge + Uy =9 V€D (2.1)

’LL(O) = U(), u(l) = U1 (2.2)

where v is a (small) positive constant, Uy and U; are real numbers and D =|0,1][. Be-
cause the problem is time-independent, (2.1) is an ordinary differential equation. The weak
formulation of the problem can be written :

For g € H~Y(D), find u € H}(D) such that
1 1
/ (VW ug + wuy) dm:/ wgdr Yw € H}(D) (2.3)
0 0

The outputs of interest considered are the average value of the solution (s!)) and a

pointwise value, i.e. the value of the solution u at a given point Z < 1 (s(?)) :
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2.2 Continuous Formulation

A continuous formulation for the problem is first introduced. This will prove useful to
determine natural boundary conditions for the adjoint.
The first step consists of deriving the equivalent of the discrete Lagrangian (1.29) for

the continuous case. Multiplying (2.1) by u and integrating between 0 and 1, one obtains :

1 1 1
/ —uuumdm‘—i—/ uuxdx—/ ugdr =0 (2.6)
0 0 0

The first integral is integrated by parts and the second one can be integrated directly :

(1)? — u(0)?

_yuf,;(l)u(l)4—l/u‘f,;(0)u(0)4—/011/(ux)2 do + = 5 —/Olugdxzo (2.7)

The continuous form of the augmented output (1.26) is then defined as :

1 ) U2 _ 2 1
SEw) = i | = 0p(1) Uy + 1 0,(0) Uy +/ v (00)? do+ =2 —/ vgde| £1(v) (2.8)
0 0
The trivial minimization follows :
+s= min S*(v) (2.9)
{UEH}E (D) fol(ll W Uz +W Uz —w g) dz=0 V’wE?—l(l)(D)}

and the corresponding Lagrangian becomes :

1
L0,0) = S¥(0) + [ (=00 + v~ ) do (2.10)

0

Integrating the second derivative term by parts, one obtains :

1 U2 _ 2 1
LEv,p) = K —va(l)Ul—i-I/vm(O)Uo—i-/ v (vg)? dm+%—/ vgdr| £1(v)
0 0

() 1) 0)ea(0) + [ Wiz +ivg —pg)de (201

Let us now consider the first output, namely the average value of the solution over the
domain D, ie. IM(v) = folvd:v. The first variation of (2.11) with respect to variations

w(z) = v(z) — u(r) must be equal to 0 for u to be a stationary point :

1
:l:/ wdx
0

() e (1) + v 0) w0) + [ (pawat g de = 0 (212

1 1
K —wa(l)Ul—i—l/wx(O)Ug—i—/ 21/wxuxdx—/ wgdz
0 0
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The natural boundary conditions for the adjoint now appear simply by grouping the
terms containing either w;(0) or w;(1), and setting them to 0, since the equation must be

valid for any value of w,;(0) and w;(1). One obtains :

w(0) = —kUy (2.13)

u(l) = —kU (2.14)

As far as the second output is concerned, the reasoning is not modified and, since

0 <7 < 1, the natural boundary conditions for the adjoint remain unchanged.

2.3 Discrete Equations

The problem (2.1)—(2.2) is discretized with a Galerkin finite element method. Denoting the
size of the space discretization 6 and the number of points interior to the domain n, the

elements of the resulting n x n matrix of the system (1.18) are given by :

L[ dp; dp; dyp;
Y /0 (V dr dx Tt dz &z V(i j) (1<4,5<n) (2.15)

where the basis functions ¢; (1 < i < n) are the usual “hat” functions (piecewise linear

functions). The matrix L then becomes :

A% v 1
7 _54_5 0 0
v b2
o 2 0
0 .. .. .. .. :
I — (2.16)

2v v, 1
) )
1% 1 2v

0 R

The corresponding matrix A = L 4+ LT can be obtained either from (2.16), or directly

by discretizing the self-adjoint part of the differential operator in (2.3), i.e. :

L dgr dg; o
Aij:2/0 <y 2 %) de V(i,j) (1<i,j<n) (2.17)
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which leads to :

4v 2v

: s 0 : 0
v
P
0 .. .. .. .. :
A (2.18)
v
5 5
2v 4v
0 ' L

The forcing term f is defined in the general case, for (1 <i < n), as:

1 do; d d do; d d
fi:/o {%‘9— (V LR A %Jrl) U1—< Gy <P0> Uo] dr  (2.19)

dr dx dx v dr dx Z%

Assuming that ¢ is discretized using the ¢; (1 <1 < n) basis, one obtains :

) v 1 v 1
fi=5 (gi—1 +4gi + git1) + <S + 5) Up 01, + (5 - 5) Ul 0n,i (2.20)

where 61 ; and ¢, ; are the Kronecker symbols ; (% + %) Uy and (% — %) U, are the terms
a(0) and (1) seen in (1.19) respectively.

The discrete form of the outputs can be written as :
s=ull+ec (2.21)

where ¢ € IR" and ¢ € IR. For the two outputs considered in this chapter, one has s(!) =
n n

fol u(z) de ~ fol S ouipide =Y u; 6+ § and s? = u(T) = u(r;) = uj. Hence
i=1 i=1

(2.22)

(@ = 10...010...0", =0 (2.23)

In the case of the second output, the single nonzero component corresponds to j = Z/¢

assumed integer.
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2.4 Numerical Results

The general theory of the Hierarchical Bounds Method can be applied directly to the
convection-diffusion equation. The numerical results obtained are presented for both ouputs
with and without optimization of the stabilization parameter.

For these numerical simulations, the viscosity parameter v has been taken equal to
0.1. The forcing term g in (2.1) is equal to 0 over the whole domain D and the boundary
conditions are Uy = 0 and U; = 1. The right-hand side of the discrete equations f therefore

v_ 1

has all its components equal to 0 but the last, which is equal to (3 — 5). The boundary

conditions for the adjoint become :

p(0) = 0 (2.24)

p(l) = —k (2.25)

The size of the fine grid cells is h = 1073, and the bounds presented have been computed
for values of the coarse grid discretization H ranging between h and 0.1. More precisely,

H € {0.1; 0.05; 0.025; 0.02; 0.01; 5.1073; 4.1073; 2.103; 10 3}. Figure 2-1 presents the

1 T T
Exact —
Fine Grid -----
Coarse Grid -<¢--
0.8 |
0.6
0.4 |
0.2 |
O 4 &
0 0.2 0.4

X

Figure 2-1: Solution of the convection-diffusion problem (h = 1073, H = 0.1)

solutions of the problem obtained on the fine and coarse (H = 0.1) grids. The exact solution
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of the problem (2.1)—(2.2), u(xz) = (e** — 1) / (e” — 1) is given as a reference.
Good accuracy is observed, even for the coarsest grid. For the fine grid, the plot of
the solution computed by the Galerkin finite element method cannot be distinguished from

that of the analytical solution.

2.4.1 First Output : Average of the Solution

The results obtained for the first output (average of the solution over the domain D) are now
presented. The stabilization parameter x is chosen equal to 1, which in this case happens
to coincide with the optimal value, as described in Chapter 1. Figure 2-2 shows the adjoints

1/);{1 for this output.

0.8 T T T T

0.6 - B

04 - B

\

‘

0.2 -
\

04b N g

.06 - \\\\\\ //‘/,/”/‘ \\\ i

‘
\
‘
-0.8 |- \ 4
\
\

X

Figure 2-2: Adjoints 3 (H = h = 1073)

Figure 2-3 shows the bounds obtained. Three observations can be drawn from this
graph. The first one is that the outputs computed on the coarse grids are very close to
the output on the fine grid, since the curves seem to be on top of each other. The second
one is that the bounds computed on the coarse grid estimate the “true” output within
approximately 20%, even for large values of H (e.g. H = 0.1). The third one concerns the
predictor. Like the coarse grid output, this predictor is so close to the h-mesh output that

it becomes impossible to distinguish one curve from the other in the plot.
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Figure 2-3: Bounds for the output : Average Value of the Solution

A closer look at the neighborhood of the fine grid output shows that the predictor is
actually closer to the h-mesh output than the H-mesh output (see Figure 2-4). Therefore,
the predictor estimates the “true” output better than the coarse grid.

To examine the convergence to the “true” output as a function of H, the rate of con-

vergence r of the upper bound is defined as : syp(H) — sp, = O (H"). One has,

log |syp(H) — sp| = r log H + constant (2.26)

Therefore, the rate of convergence of the upper bound is given by the slope of a graph of
log |syp(H) — sp| as a function of log H. The same reasoning holds for the lower bound,
the predictor and the coarse grid output. Figure 2-5 presents plots showing the convergence
rates of the upper and lower bounds as well as those of the predictor and the coarse grid
output. The plot of the logarithm of the difference between the upper and the lower bounds
is also represented. Some observations can be drawn from this graph. First, there is
a large difference between the error bounds and the predictor error. Second, the errors
corresponding to H = h have of course not been shown, since by definition they are equal
to 0. Third and final, the slope of the lines is equal to 2, which confirms the prediction of [5]

according to which the convergence of the bounds is O(H?). This second order convergence

33



0.099985 T T T T T T T T T

Predictor <— A
Fine grid —+-- B
Coarse grid -8--
0.09998 T
0.099975 | _
0.09997 -
0.099965 -
0.09996

0.099955 |emam— e

0.09995 1 1 1 1 1 1 1 1 1
0 001 002 003 004 005 006 007 008 009 0.1
H

Figure 2-4: Predictor for the output : Average Value of the Solution

of the coarse grid output is characteristic of linear finite elements, at least as long as the

problem is elliptic and the solution is sufficiently regular.
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Figure 2-5: Convergence of the bounds for the output : Average Value of the Solution
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2.4.2 Second Output : Pointwise value of the solution

In this subsection, we consider the value of the solution at point T = 0.9, i.e. s = u(0.9),
as the output of interest. The discretizations are such that z = 0.9 corresponds to a grid
point in all meshes. In this case, the optimal value of the stabilization parameter x* is
not 1 anymore, but converges to a finite value (approximately 1.124) as H converges to h.
Because this value is very close to 1, we present the results obtained for k = 5 and xk = k*
to highlight the improvement of the bounds computed.

Figure 2-6 presents one characteristic feature of the chosen output : the first derivative
of the adjoint shows a discontinuity, which occurs at the point T = 0.9 where the solution

is evaluated.

Psi- — Psi- —
Psi+ ---- Psit -
06 1

04+

0.2

04|
06 F

08 F

(a) k=5 (b) k = K*

Figure 2-6: Adjoints for the output : Pointwise Value (H = h = 10~ 3)

The improvement on the bounds between the case where x = 5 and the one where x
takes its optimal value is significant, as shown on Figure 2-7. In particular, while the lower
bound is below the output of the H-mesh in both cases, it is much closer to the fine grid
output in the optimized case. Two other observations can be drawn from this figure. First,
the bounds obtained on the coarsest grids give the “true” output within 20% for k = 5,
and within 10% for x = k*, which is even better than for the average output. The bounds

are thus very sharp. Second, although the coarse grid output is better than either of the
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Figure 2-7: Bounds for the output : Pointwise Value

01

bounds, the predictor/estimator is significantly better than the coarse grid output. As

expected, this predictor is also independant of k.
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Figure 2-8: Convergence of the bounds for the output : Pointwise Value
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The convergence of the bounds with the stabilization parameter s optimized is given on
Figure 2-8. As in the case of the average output, a second order convergence is numerically

observed.

2.5 Conclusion

Three aspects of the Hierarchical Bounds Method have been highlighted in this chapter.
First, the numerical results show that the bounds for the output computed on the fine grid
are fairly sharp, and that the convergence is in O(H?) (second order). Second, although,
in the case of the outputs considered so far, the coarse grid gives a better approximation
than the bounds, the average value of the bounds (predictor) is still better than the coarse
grid output in the sense that it is closer to the “true” output than the output computed
on the H-mesh. Third, the improvement brought by the optimization of the stabilization

parameter has been illustrated numerically.
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Chapter 3

The Convection Problem

3.1 Introduction

This chapter considers the application of the Hierarchical Bounds Method to the linear
pure convection equation. This equation is of interest for two reasons. First, the direct dis-
cretization of this equation with a Galerkin finite element method leads to a skew-symmetric
matrix (hence with a zero symmetric part) and in certain cases to solutions with unphysical
oscillations. Second, the convection equation is a first order ordinary differential equation
that requires only one Dirichlet boundary condition.

In this chapter, we present a modification of the Galerkin procedure that allows for nu-
merical solutions without oscillations to be computed. We then apply the theory developed
in the first chapter, suitably adapted to this problem. We consider a problem in which the
convection speed is from left to right and where a Dirichlet condition is applied at x = 0
while the solution at x =1 is unknown.

The first step consists of finding a new formulation of the problem that eliminates the
oscillations and allows for the computation of the solution at z = 1, yielding an “augmented”
matrix L of dimensions (n + 1) x (n + 1). In the second step, a variation of the scheme
leads to the algebraic computation of the boundary conditions for the adjoint @/)icl at 0.
This modification is necessary because, by definition, the adjoint is solution of the dual
convection problem that involves a boundary condition at x = 1. This results in augmenting

the dimensions of the matrix once again to (n +2) x (n + 2).
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3.2 Formulation of the problem

The purely convective problem can be written as :

= ) (31)

U(O) = U() (32)

where ¢ is a function of the space variable x. For simple enough functions g, analytic
solutions can be obtained to compare with the results of the numerical schemes.

In certain cases (in particular when g is not continuous), a direct Galerkin finite element
method fails to give an acceptable solution (presence of unphysical oscillations). A possible
way of avoiding this numerical difficulty consists of using a simple Taylor-Galerkin approach

[11]. The basic idea of this approach is to introduce an artificial time-dependence :

ou  Ou
E + 8_:E =g (33)
and compute the solution to problem (3.1) as the steady-state solution of (3.3).
u = —uUg+g (3.4)
U = —Ug (35)
= Ugy — Gy (3.6)

since g does not depend on the time variable ¢. u(x,t+ At) can be expanded in a Taylor

series, and, keeping the first terms up to the second order, one gets :

At? 5
u(z,t+At) = wu(z,t)+ Atu(z,t) + - up(z,t) + O(At?) (3.7)
= wu(z,t)+ At (—u, +9) + Tt2 (Ugz — go) + O(AL?) (3.8)

The solution of the original convection problem is then the steady-state solution of this

differential equation. One thus writes :

u(z,t + At) = u(x, t) (3.9)
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The new scheme then consists of solving the equation
—TUgg + Uy =g — TGg (3'10)

with 7 = At/2. Applying a CFL condition to the equation, one gets, for 6 € {h, H}

T =

0
3 (3.11)

A convection-diffusion problem can be recognized in (3.10), except that, in the Taylor-
Galerkin formulation of the convection equation, the diffusion term goes to 0 as the size of
the space discretization goes to 0. One should thus be able to apply a straight Galerkin
finite element method to (3.10), just like in the case of the convection-diffusion problem.

Before performing the discretization, one difficulty must be solved concerning w(1).
Because the boundary condition on v at x = 1 is not specified in the original problem, the
value of the solution at this point must be computed algebraically. u(l) = u(x,41) must
therefore be considered as the (n + 1)st unknown of the problem.

A weak form for (3.10) can now be written :

1 1
/ (waux—i—wux)dx:/ (wg+ 7wy g) dx (3.12)
0 0

The output considered for this problem is the pointwise value of the solution u at point
Zn+1 = 1. This output offers a direct way of checking the convergence of the scheme to the
exact value at 1 as the space discretization becomes small.

Using the Galerkin method with piecewise linear approximations leads to a matrix of

the form :
2T T
5 sty 0 0
_r_ b2
o 2 0
0
L =
0
2T +1
) o 2
T 1 T 1
0 O 573 53
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hence

1 0 0

-1

I 0
0
o - -~ 0 =1 1

where L is of dimensions (n + 1) X (n + 1).

3.3 A New Formulation for the Adjoint

In order to be able to determine algebraically the values of the adjoints at the boundaries,
the numerical algorithm is modified so that the Dirichlet boundary condition is imposed

through the variational statement.

3.3.1 Additive term

Equation (3.12) can be written as :

[ e = ) 7 g~ gl =0

for all w and u equal to zero at x = 0. A modified scheme is obtained by allowing «(0) to

take any value and requiring :
1
[ = ) + 70 (2 = 9)] d+ w(0) u(0) = 0 (3.13)
0
for all w and u (with no condition on u in 0). After integration by parts, one gets :
! 1
/ (W (ug —g) — 7w (ugy — g)g) do + [T w (uy — g)]y +w(0) u(0) =0 (3.14)
0

This is valid for all values of w(0) and w(1), so that the natural boundary conditions for

the solution of this problem are :

u(0) =7 (ugy —g)(0) = 0 (3.15)

(uz —g)(1) = 0 (3.16)
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The solution of the original convection problem (3.1)—(3.2) satisfies (3.15)-(3.16) as well as
(3.14), but these boundary conditions are only used to check the validity of the solution given
by the scheme. In the process, the initial single Dirichlet condition has been transformed
into a pair of Neumann-Dirichlet conditions.

The absence of boundary conditions implies that, instead of looking for solutions of
(3.13) in H(D) like in the general theory, we shall look for u € H!(D). The continuous-

piecewise polynomial set X g therefore needs to be redifined as :

Xg = span{po(z), ..., Pnt1(2)} (3.17)

Moreover, because of the second term in the integral in (3.13), g € H (D) is not sufficient
to ensure the existence of this integral. ¢ must be such that the integral of the product
(wg g) is defined, even for w = @y or w = ¢,4+1. Therefore, g is restricted to a subset of
H (D). The forcing functions chosen for the numerical tests do not raise any difficulty
from that point of view.

The resulting system has dimensions (n + 2) x (n + 2). Three new terms appear in
this matrix. First, a 1 appears in the upper left corner because of the new term w(0) u(0)
(Lo = 14+ % —3). The other two are linked to the addition of up = u(0) as a new unknown :
the term previously containing the boundary condition is taken back to the left-hand side
of the equation (Lip = —§ — %) as well as the term expressing the dependance of u; on this
boundary condition (Lo; = —% + 1).

The resulting matrix is :

T 1 T
1+ - __ 4=
+5 5 5+ 0 0
T 1 2T
o 2 )
0
L =
0
2 7.1
) o 2
T 1 T 1
0 O 573 5t2
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l.e.

1 0 0

-1

I 0
0
0 - . 0 -1 1

3.3.2 Natural Boundary Conditions for the Adjoint

Although they are computed algebraically, natural boundary conditions for the adjoint
can be determined analytically from the continuous problem. The continuous Lagrangian

corresponding to the new scheme can be written :

1 1 1 1 1
L(v,p) = n{ —1)2:| —/ vgda:+7/ U;dl‘—T/ vxgdm+v(0)2}j:l(v)
0 0 0

2 Jo
[ e ) 7 s~ 9] o+ (0)200) (3.1)
1 1 1 1 1

= n{ 502}0—/0 vgda:+7/0 Q)idl‘—T/O vxgdm+v(0)2}j:l(v)

[ e b g+ T @i+ e g)) e (1) 47 el (319)

Taking the first variation of the Lagrangian with respect to variations w(z) = v(z)—u(z)

and considering the pointwise value of v in 1 as the output one obtains :

1
K {[w uly — /0 (wg+ 7 (—2wy uy + wy g)] de + 2w(0) u(O)} + w(l)

—/Ol[w (1o + 7 f120)] do + p(Dw(1) +7 [upw]l = 0(3.20)

The coefficients of w(0) and w(1) are set equal to zero, since all variations around 0 are

allowed. This gives natural boundary conditions for the adjoint :

p() +7pe(l) = —(ku(l)+1) (3.21)

Tuz(0) = rKu(0) (3.22)

Again, these conditions are not used directly in the numerical scheme, but are useful as
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a check of the numerical results.

3.4 Optimal Scaling

3.4.1 Optimal Value for

To compute the optimal value of £ in the case of the pointwise value output, we follow the

procedure outlined in Chapter 1 and write :

o= F(Lh) (3.23)
o= (L) fr — Agug] (3.24)

Given the form of the matrix Ly (previously noted L for simplicity of notations), the

inverse of its transpose is simple to find :

1 e 1
G B (329
0 0 1

With the output vector £z = [0---01]7 (column vector of size (N + 2)), the constant part

of the adjoint for the coarse grid becomes :

W o= T (3.26)

This vector is then interpolated on the “truth” mesh. The values of the components of

%,i being all equal, the components of the interpolated vector ﬂ%i are also all equal :

pE = F | (3.27)

The interpolation process therefore does not change the form of the constant part of the
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adjoint, which means that, on the fine grid, one has :
vt =F(LE) e, (3.28)
Equation (3.28) immediately shows that
pr =Ll +4,=0 (3.29)

which also implies that

ot =pT AT pT =0 (3.30)

The optimal value of k£ given by (1.76) is thus equal to 0.
The natural boundary conditions for the adjoint given by (3.21) and (3.22) then become :

pr) +7ap (1) = Fl (3.31)

iz (0) = 0 (3.32)

Equation (3.28) and x* = 0 imply that (ﬂf) = (ggi)i = F1 Vi, so (ﬂf)m = 0 and

i

thus, both equations (3.31) and (3.32) are satisfied.

3.4.2 Behaviour of the Bounds as x goes to x* =0

In this section, we investigate the limiting case where k tends to zero. It is not clear that
for k = 0 the formulation presented applies as the Lagrangian is not strictly convex.

First, from (3.23) and (3.24), one has

AN (3.33)

it o= (3.34)
all terms being independent of k. ﬁf is then defined by
Lhi = LE (a5F + s it) = ¥l — w (An i — fn) (3.35)

which, using (3.28) leads to
Ap i = —LL ™ + f (3.36)
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ﬂf is therefore independent of x and one has

af =, = (3.37)

Furthermore, the bounds syp(H) and s p(H) can be computed by

K N P
sup(H) = Sy Apin+ iy fi (3.38)
Ko N N
sep(H) = —3 ah Apan — it (3.39)
Hence,
KT, A 1 ~0—
sup(H) = 5 [U;;Ah ip + 20, Tfh] + iy (3.40)
KT, N A W
sep(H) = =3 [0 Aniun + 2057 fu] — iy fi (3.41)

In both formulas, the factor in brackets and the second term of the right-hand side are
independent of k. This establishes the linear convergence of the bounds to a finite limit

when x converges to 0. The limits are :

. A 0-T
lim syp(H) = " fa (3.42)
. ___~04T
limspp(H) = —f," " f (3.43)

Because of (3.28) and (3.33),

W = [(Lf)lehrfh

= L fn
= (Iy, (3.44)
i = —hun (3.45)

where uy, is the solution obtained on the fine (“truth”) grid (by definition, Lpup = f3).

Since, by definition, é{uh is the output s; computed on the fine grid, one finally finds :

lim syp(H) = lim spp(H) = sp, (3.46)
K—0 K

—0
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In other words, for any fixed value of H, when « goes to 0, the upper bound and the lower
bound computed from the coarse grid both converge to the output computed on the fine
grid.

Equation (3.46) is valid as long as 1/)in is a linear function of z. Indeed, the interpolation
f19% has then the same form as ¢%, and (3.28) is satisfied. Otherwise (in the case of the

average output for the convection-diffusion problem, for instance), one should rather write
LT = x4y, + ¢y, (3.47)
with all the terms being independent of . Thus,
.+ T~1+ Eh
Ap Uy = —Lp i+ frp — . (3.48)

The solution ﬂf can be decomposed as ﬂf = ﬁ?f + ﬂ}f /k and it immediately appears
from (3.38) and (3.39) that one has :

mSUB(H) = mSLB(H) = 400 (349)

li —1i
Kk—0 Kk—0

This explains why 0 is not an optimal value for the scaling factor in general.

3.5 Numerical results

Different functions have been considered for the forcing function g. The first one is a “step
function” equal to 1 between 0.4 and 0.6, and to 0 everywhere else. Figure 3-1 shows
the oscillations obtained when a Galerkin finite element method is directly applied to the
convection equation. This figure demonstrates the need for another formulation to avoid an
oscillatory numerical solution. The presence of oscillations only on one side of the domain is
linked to the fact that, in one dimension, the finite element method is equivalent to central
finite differences everywhere, but with an artificial Neumann boundary condition imposed
in 1.

The other two functions tested for the forcing term are g(z) = x and g(x) = cosz. The

numerical results are presented for x = 1 and for the optimum x.
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0 0.2 0.4 0.6 0.8 1
X

Figure 3-1: Finite Element Method directly applied to the convection equation

3.5.1 Results for a non-optimal stabilization parameter : Kk =1

The modifications proposed for the scheme lead to a numerical solution, which does not
exhibit an oscillatory behaviour. The results obtained for different values of H are given in
Figure 3-2.

Although the error is rather large on the coarse mesh, it decays rapidly as the grid is
refined. This error behaviour is characteristic of a non-continuous right-hand side g : when
the function ¢ is continuous, the solution computed by the modified scheme is very close to

the exact solution, even for the coarsest grid (H = 0.1).
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Figure 3-2: Numerical solution, ¢ is a step function, h = 1073
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The computed adjoint has to satisfy the natural boundary conditions (3.21) and (3.22).

To check this property, the adjoint gbli{ is plotted on Figure 3-3. The following values can

15 T T T T

X

Figure 3-3: Adjoint for ks =1, H=h =103

be determined from this figure :

(vii), © =0
(1) = —1.2
Y (1) = 08

(vi) (1) = o0

so that with u(0) = 0 and u(1) = 0.2, the boundary conditions on the adjoint are immedi-
ately satisfied.

The bounds for the value of the fine grid solution at x = 1 are plotted on Figure 3-4.
In this figure, h = 1073 and H varies from 0.1 down to 1073. Two conclusions can be
drawn from this graph. First, the output computed on the coarse grid is closer to the
“exact” output than both bounds, especially when the discretization step becomes very

large. Second, the curves representing the bounds are symmetric with respect to the fine
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Figure 3-4: Bounds for k =1, h = 1073, 1072 < H < 0.1

grid output, so the average of the bounds, used as an estimation of the value of the output
(predictor), matches exactly the output produced by the “truth” mesh. Again, we can
verify that x only affects the bounds and not the predicted value.

The convergence of the bounds is again given by a plot of the logarithm of the er-
ror as functions of the logarithm of the grid size. This graph is shown on Figure 3-5.
Although, in the present case, the coarse grid output converges only linearly because of the
discontinuity of the forcing term, the bounds still converge as O(H?). The error on the
predictor /estimator has not been plotted because this error is equal to 0, the bounds being
symmetric with respect to the fine grid output.

Four other functions have been tried for the forcing term g. The results obtained are
given for two of them. First, we investigate the case of a linear forcing term : choose g = x
and solve {u; =z Vo € D,u(0) = 0}. The solutions obtained by the finite element method
are given in Figure 3-6. One can immediately check that the nodal values of the solutions
on both the coarse and the fine grids coincide with the exact solution (u(z) = 22/2). This

is to be expected, from the inspection of the resulting difference scheme.
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Figure 3-5: Convergence of the bounds for u; = g,u(0) = 0 (step function), pointwise value
output, Kk =1
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Figure 3-6: Solutions of uy, = z,u(0) =0
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The bounds computed are presented on Figure 3-7. Two observations can be drawn
from this figure. First, the bounds appear to be very close to the fine grid output (even if
they do not exactly match it) and the average of the bounds exactly matches the output

computed on the h-mesh. The second observation concerns the sharpness of the bounds :

0.5001 . T T T T ' ' ' I

Upper bound ~—

Lower bound -+--
0.50008 | Predictor -&--

Fine grid

Coarse grid ——-
0.50006 |- |
0.50004 |
0.50002 - |

05 (e B +

0.49998 | |
0.49996 |- |
0.49994 - |
0.49992 N
0.4999 . ' ' ' ' : : : :

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
H

Figure 3-7: Bounds for u, = x,u(0) = 0, pointwise value output, x = 1

although the estimation obtained is not exact, the bounds remain within 0.016% of the
exact solution.

The convergence of the bounds is now plotted on a log-log graph presented in Figure
3-8. This figure shows another feature of the bounds obtained in the purely convective case
with a C* forcing term : not only are the bounds very sharp, but they also converge very
fast, a fourth order convergence is observed (i.e. O (H?*)). The errors on the coarse grid
output and on the predictor are of the same order as machine precision. The bounds in this
purely convective case with a linear forcing term are therefore sharper and converge faster
than those obtained for the convection-diffusion model case.

Finally, we consider the case g = cosz, i.e. the resolution of u, = cosz,u(0) = 0. The
exact solution is u(x) = sinz. The solutions given by the finite element method are shown
in Figure 3-9. The forcing term being C*°, the numerical solutions are much closer to the
exact solution than when the forcing term is a step function. Also, the forcing term is not

linear, so the coarse grid solution does not match the exact solution at the nodes anymore.
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Figure 3-8: Convergence of the bounds for u, = x,u(0) = 0, pointwise value output, x = 1
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Figure 3-9: Solution of u, = cosz,u(0) =0
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The bounds obtained by the general method described in the previous sections are shown

on Figure 3-10. Once again, the bounds are very sharp. In this case, they give even a better

08416 T T T T T T T T T
0.8415 B
0.8414 T 3
0.8413 - -
0.8412 | .
0.8411 -
0.841 -
Upper bound —<— =
0.8409 Lower bound -+--- N 4
Predictor -8-- ™
Fine grid
0.8408 - Coarse grid ——- .
08407 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
H

Figure 3-10: Bounds for u; = cosz,u(0) = 0, pointwise value output, x = 1

estimation of the fine grid output than the coarse grid does. In other words, the bounds are
closer to the “target” output than the coarse grid output. The convergence of the bounds is
again O (H 4), as shown on Figure 3-11. However, the convergence of the coarse grid output
is still O (H?), which is usual for the linear finite element method.

In summary, one can say that in the case of the purely convective problem, when one
chooses k = 1 (which is not optimal), the method gives very good results, especially when

the forcing term is continuous.

3.5.2 Optimization of the Stabilization Parameter : x* =0

The results obtained for kK = 1 are already good, but the optimal value of the stabilizing
factor is not 1 but 0, independantly of the forcing term g or of H. Let us see what happens
numerically when x = 0 is directly imposed for the case where ¢ is the step function equal
to 1 between 0.4 and 0.6 and to 0 everywhere else. The solutions remain unchanged, since k
comes into play only in the computation of the bounds. The bounds obtained are given on
Figure 3-12. Apart from the coarse grid output that does not match the fine grid output,

all the other curves are so close to each other that they cannot be distinguished on this plot.
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Figure 3-11: Convergence of the bounds for u, = cosz,u(0) = 0, pointwise

k=1

value output,

This is understandable : it has already been shown that they are theoretically supposed to

match the “exact” output.
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Figure 3-12: Bounds for u; = g,u(0) = 0, kK = k* = 0, pointwise value output
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Figure 3-13, which is the same graph, but with the coarse grid output removed, gives a
better resolution, and it appears that, in perfect accordance with the theory, the bounds,

as well as the predictor, match the fine grid output perfectly. This fine grid output is just

0225 T T T T T T T T T
Upper bound <—
Lower bound -+--
0.22 - Predictor -2--
Fine grid -
0.215 —
0.21 B
0.205 4
02 F S - E
0.195 4
0.19 B
0.185 E
018 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
H

Figure 3-13: Bounds for u; = g,u(0) = 0, kK = k* = 0, pointwise value output

above the exact value 0.2 because the point where the difference is negligible has not been
reached with 1000 elements. Although this might seem surprisingly good, the plotting of
the curves at higher resolutions (zooming around y = 0.2) gives exactly the same result.
Furthermore, a look at the computed numerical values also reveals a perfect match between
the fine grid output, the upper and lower bounds, and the predictor.

It is not clear that the theory applies directly with x = 0, given that all the results
were derived with the assumption that k # 0. The question is thus to know what happens
if one chooses k # 0 and has this stabilization parameter tend to 0. Figure 3-14 shows
that the bounds get closer and closer to the output obtained on the fine grid, which is a
good indication of the consistency between the results and the theory. The upper and lower
bounds have been plotted for x € {1; 0.5; 0.1; 1072; 1073}.

Figure 3-15 describes the evolution of the upper and lower bounds for H fixed equal to
0.1, 5 varying from 1 down to 1073. This plot confirms that, for a fixed value of H, the
upper and the lower bounds both converge to the “true” output when x tends to 0, and

that the convergence is linear, as predicted by the theory. This is why one can take Kk = 0,
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Figure 3-14: Bounds for u, = g,u(0) = 0, x converges to 0, pointwise value output

since the bounds present a regular behaviour near 0. In other words, when x goes to 0, the

bounds converge to the bounds obtained when s = 0 is directly imposed in the equations.
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Figure 3-15: Bounds for u, = g,u(0) =0, x converges to 0, H = 0.1 fixed, pointwise value
output
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3.6 Conclusion

Three important conclusions can be drawn from the results presented in this chapter. First,
the Hierarchical Bounds Method can be adapted to first order differential equations, where
only one boundary condition is available in the problem, and the numerical diffusion added
to stabilize the numerical solution is sufficient to force the symmetric part of the discrete
system matrix to be positive definite, so the Hierarchical Bounds Method can work.

Second, the boundary values of the adjoint are computed algebraically. Thanks to this
property of the formulation, the natural boundary conditions need not be derived from the
continuous problem, which is quite convenient, because the natural boundary conditions
given by the continuous problem are not of the Dirichlet type, and are not very easy to
implement.

Third, the bounds can be impressively sharp. In the case of the convection-diffusion
equation, the coarsest grids give bounds within 20% of the “target” output (fine grid out-
put). For the pure convection equation, the bounds are within less than 1% for the coarsest
grids (H = 0.1) when the stabilization parameter is not optimal. What may be even more
remarkable is that, even if the problem is solved only on a coarse grid, the optimization of
the stabilization parameter produces bounds that match ezactly the fine grid output, which
is not the case for the convection-diffusion equation. This is of course particular to this

problem, and not necessarily generalizable to other problems.
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Chapter 4

Nonlinear Problem

In this chapter, the Hierarchical Bounds Method is extended to nonlinear problems. The
model equation chosen is a scalar nonlinear equation derived from the one-dimensional

steady Euler equations.

4.1 Governing Equations

The model problem considered is the steady flow of an inviscid fluid in a diverging nozzle.
The problem can be modelled as one-dimensional, and it is thus governed by the 1D steady

Euler equations :

Fe+G=0 0<z<1 (4.1)
where
puA 0
F = (pu*>+p) A |, 9= —pA, (4.2)
(pE+p)uA 0

In (4.2), p is the density, u is the velocity, p is the pressure and A is the variable cross-section
of the nozzle. Here, only the diverging part of the nozzle is modelled and A is assumed to

be a given monotonically increasing and differentiable function. One also has

U2

E = — 4.
e+2 (4.3)

where e is the specific internal energy.
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The pressure p is given by the equation of state of a perfect gas :

p=(—1)pe (4.4)

where v > 1 is the gas constant. For air, v = 1.4. Three types of flows can be observed
physically : totally supersonic, totally subsonic and transonic. In the latter case, the flow
is supersonic at the inlet and subsonic at the outlet.

In the case of a steady flow, the Euler equations (4.1)-(4.2) can be reduced to a sin-
gle nonlinear equation (see [12]). To that end, the first and third equations are directly

integrated to obtain :

puAd = C (4.5)
(pE+p)uAd = H (4.6)
With (4.3) and (4.4), (4.6) gives
2
ve+ % =H (4.7)

The constants C' (mass flow rate) and H (total enthalpy) can be evaluated either at the
inflow boundary or at the outflow boundary, as they are conserved even through a shock.
Using (4.5) and (4.7), p and e can be eliminated from the second component of (4.1). One

writes :

o
- 4
p — (4.8)
1 u?
= - |H-— 4
e 5 ( 2) (4.9)
Plugging this into
[(pu*+p) A]m—pr =0 (4.10)
yields :
_ 2 _ 2
Clas 1=t (g o, (g (4.11)
u y 2 . uA v 2
Simplifying by C' and multiplying by % leads to :
v—1 H) Ay v—1 (u H>
2——— —2—|=-—— ] =0 4.12
<u+ T r1e), T Aty 2T (4.12)



Denoting 7 = % and H = 2% H, one finally obtains :

fotg=0 (4.13)

where
fw = w2 (4.14)
g(u,z) = % <7u — g) (4.15)

Equation (4.13) is now a single scalar nonlinear equation, to which the HBM is applied.
Assuming that the direction of the flow is from left (inlet) to right (outlet), the solution
of (4.13) satisfies the following properties :

e the flow is sonic at

u=u, =VH |, (4.16)
subsonic for u < u, and supersonic for u > u, ;

e the shock jump from uy (left of the shock) to ugr (right of the shock) satisfies the
Rankine-Hugoniot condition

UL-UR:F y (4.17)

e the entropy condition ensures that any shock is physically acceptable (i.e. no expan-

sion shock) :

ur, > Usx > UR (4.18)

For a smooth flow, (4.13) being a first order ODE, only one boundary condition is

required. Rewriting (4.13) as :

g—£ ugy+g=0, (4.19)
Equation (4.19) has the form of a convection equation where the direction of the information
flow is given by the sign of the coefficient of u, : if this coefficient is positive, information
is transported from the inlet to the outlet, if it is negative, information is transported from
the outlet to the inlet. Equations (4.14) and (4.16) show that for completely supersonic

flows, f/(u) = % is strictly positive, whereas, for completely subsonic flows, f'(u) is strictly
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negative. As a consequence, for a completely supersonic flow, the boundary condition on
the velocity is to be imposed at the inlet. For a completely subsonic flow, the velocity should
rather be imposed at the outlet. If a shock is present in the flow, then the inflow has to be
supersonic and the outflow must be subsonic. For this reason, one boundary condition has
to be imposed at each end of the nozzle.

For smooth solutions, the nonlinear equation (4.13) can now be integrated analytically :

fz 1s first expanded and one obtains :

(1—m> Uo7 (w?—2H) =0 (4.20)
which leads to
Agu¥ (2H - u2) T Auy, (27H - u2) ) (4.21)
and
(Au), (2H —u?) + 2 Auluy =0 (4.22)
T v — 1

Let r = ﬁ and multiply (4.22) by (2H — u2)r71, (4.22) becomes :

% [Au (ZH — UQ)T] =0 (4.23)
and finally

Au(2H —?) =K (4.24)

K is a constant determined from the boundary conditions. When there is a shock in the
duct, the constants computed from the inflow and outflow boundary conditions are different
and it can be shown that K, which is an entropy function, increases across a shock (see
[12]). (4.24) actually defines a family of curves relating the area of the cross-section of the
nozzle to the velocity of the flow. The shape of the curves is given in Figure 4-1.

Equation (4.24) and Figure 4-1 illustrate the discussion on the boundary conditions.
When the solution is smooth, then a single boundary condition completely determines
the flow in the nozzle. Indeed, this boundary condition defines the constant K, hence a
particular curve of the family (4.24), and one remains on this curve throughout the duct. If
a shock is present, then each of the two boundary conditions determines a constant K and

a curve of the family. The shock then enables to “jump” from one curve to the other. Let
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Figure 4-1: Curves for Ky (supersonic), K; (subsonic) and Solution with shock

then Ky and K3 be the values of the constant computed based on the supersonic inflow and
the subsonic outflow boundary conditions respectively. The function z(u) being defined, as
[12] :

2(u) =u (2H —u?) (4.25)

the position of the shock is given by :

1 1 H
o z(ur) — el z (E) =0 (4.26)

Equation (4.26) is derived by making use of (4.17) and of the fact that, at the shock, the
area is the same on both sides. In the case where a shock is present, it can be shown that,

since Ky < K1, (4.26) has a unique solution (see [12]).

4.2 Discrete Analysis Problem

The domain D =]0, 1] is discretized with a uniform grid. The node coordinates are x; =
i0 (1 <i<n)and u; is the (unknown) value of the solution at point x;. Equation (4.13)
looks very much like the pure convection equation, and better results can be expected if a

Taylor-Galerkin approach is applied prior to the resolution of the equation. To that end, a
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non-physical time dependance is introduced :

up+ fz+9g=0
from which

Ut = _(fw + g)
leading to

Uy = —fut — Gt

and the equation corresponding to (3.10) is then

fe+tg+7 (fee+9¢) =0

(4.27)

(4.28)

(4.29)

(4.30)

Using Schwarz’s Lemma, the order of the derivatives can be inverted and one obtains :

foo = (fi),
- (%),
- [F 9]
and similarly
9z = % (=fa—9)

Plugging (4.31)—(4.32) into (4.30), one obtains the following scheme :

fotg—r7 H% (—fx—g)] +% (—fx—g)}ZO

T

(4.31)

(4.32)

(4.33)

Equation (4.33) can be “checked” intuitively by noting that, when f = u and g is indepen-

dant of u, like in the convection equation, (4.33) becomes exactly (3.10).

The corresponding weak form is then :

of

/Olw(fa:-l-g) dx—l—/OlTwm [— (—fm—g)] dx—/olq—w@ (fo+g) dz =0

ou ou
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4.2.1 Smooth Flow

Let us now assume a smooth solution with no shock. For simplicity, the flow is assumed
supersonic in the rest of this section. The results obtained can be derived in a very similar
way for totally subsonic flows. The solution is determined by the inflow boundary condition,
and consequently, no outflow boundary condition can be imposed. Following the same
reasoning as for the purely convective case, an additional term is introduced and the values
of the solution w at all the points including the boundaries of the domain D are assumed

to be unknowns. The scheme can now be written as

/01 <w+wﬂ% —mg—z) (Fu+ g) dz + w(0) (u(0) — uzy) = 0 (4.35)

where u;, is the boundary condition that defines the problem. By analogy with the linear

case where 7 was the term multiplying the w, term, one now chooses

J

(4.36)
2 max (8,

T =

where ¢ is a fixed small number that prevents divisions by zero at sonic points (not exercised
in this case).

If w is set equal to the piecewise linear basis function ¢; (0 < ¢ < n+1) and a one point
integration is performed to approximate the resulting integrals, one obtains a nonlinear set

of n equations with n unknowns, which can be written as :

Wi(u) =0 (4.37)
with
. ) of 0 Of of | w; —u;q _
1 — — PR _ . —_— - .
W) = lz”’ dulz, 2" du m] lau L e
0 of 0 of of Uil — Ui _
S —Ti 2| — s T SO S : 4.
[2 e du Uit1 2 s du E‘+1] [311 Uit1 0 o] (459)
where u; = % and 7; = 7(@;). In (4.38), one can recognize the contribution of element

i (between x;—1 and z;) on the first line and the contribution of element (i + 1) on the

second line. The first contribution of course does not exist for ¢ = 0 (in which case the
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additional term u(0) — u;, appears), and the second does not appear for i = n + 1.

This nonlinear system can be solved by the Newton-Raphson method. This requires
the computation of the Jacobian matriz of the nonlinear system, which will also be needed
for the HBM. Practically, the Jacobian matrix is computed by assembling the matrices
computed on each element i (1 <i<n+1) as

owi-l gwi-l
8We . 8ui_1 8uz
ou oW} oOW?

8ui_1 8uz

(4.39)

in (4.39), the index e indicates that the contribution of element e is considered.
The reasoning for subsonic flows is exactly the same, except that the boundary condition

is imposed at = = 1 and the additive term is w(1) (u(1) — ueyut) instead of w(0) (w(0) — wsp,).

4.2.2 Normalization

In the rest of this chapter, the following normalization is used. The speed of sound at

infinity is set equal to 1. This speed of sound is given by :

p
=102 =y~ 1)ew (4.40)
Poo

so that, with co, = 1, one obtains

1
If one moreover assumes p,, = 1, one has
-1 1 1
Hoo:Eoo+7;;’°:Eoo+7p— (pooEoo—gpoougo>:’yeoo+§ugo (4.42)
o0 o
which gives the following consistent set of variables :
P = 1 (4.43)
oo = 1 (4.44)
Uso = Moo (4.45)
1 M2
H, = —] + Too (4.46)



since by definition u = ¢ M. The parameter H is then determined by

H=2yHy,=——+-—M (4.47)

4.3 Bounds for the Average Value of the Solution

The goal of the previous section was to provide a discrete solution to the problem (4.13).
In this section, the Hierarchical Bounds Method is applied to the problem to find bounds
for the average value of the solution u. Because the HBM can only be applied to linear
problems, the equation must be first lsnearized. A heuristic approach is now used. The
solution on the coarse grid is assumed sufficiently close to the solution on the fine grid, so
that W (u) can be linearized about the H-mesh solution. Let uy and uy, be the solutions on
the coarse and fine grids respectively, and let Wy (ugy) and Wy (up) be the corresponding

systems of nonlinear equations. By definition, one has :

Wh(ug) = 0 (4.48)

Wi(up) = 0 (4.49)

Let w;zr be the linear interpolation of uy on the fine grid. If wy is sufficiently close to upy,

one can write :

oW,

Wh(up) = Wh(uwig) + a—uh(ulH) (up, — wig) (4.50)

hence, from (4.49)
Ly up = fn (4.51)

where
ow

L, = a—uh(um) (4.52)
fo = Lpuin — Wy(uin) (4.53)

One can verify that, in virtue of (4.48), the linearized equation on the coarse grid has
the same form as (4.51).
The HBM is then applied to the linearized problem, with the possible extensions or

modifications mentioned for the smooth case. Two main conceptual difficulties can be
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expected. First, because nothing ensures that the self-adjoint part of the linearized system
matrix is positive definite, one cannot be sure that the HBM gives correct bounds for the
output. Second, even when this matrix is positive definite, the bounds obtained correspond
to the linearized problem, and nothing ensures that the fine grid output computed directly

from the nonlinear system lies between these bounds.

4.4 Numerical Results

The simulations were performed using some of the numerical data given in [12]. More
precisely, the diverging nozzle has a linearly growing area, with A(0) = 1.05 and A(l) =
1.745. The inflow boundary condition in the case of a completely supersonic flow is u(0) =
1.299, and the outflow boundary condition for the totally subsonic flow is u(1) = 0.35. The
fine grid discretization step is h = 1073, and the coarse grid element size is refined from 0.1

to 1073,

4.4.1 Supersonic Flow

The completely supersonic flow is first investigated. The solutions obtained by the Newton-
Raphson method applied to the modified scheme (4.35) are given on Figure 4-2. Even for
coarse grids, the solution is very accurate, so one may expect the coarse grid output to
be very close to the fine grid output. Contrary to the previous two equations studied is
Chapters 2 and 3, the analytical solution is not readily available in the present case, at least
not under the explicit form v = u(z). The exact solution given as a reference was actually
computed as z = x(u) from (4.24) and the velocity appears to be a growing function of the
space coordinate, as is expected from a supersonic flow in a diverging nozzle.

The adjoints associated to this problem are now plotted on Figure 4-3. The boundary
values of the adjoints are computed algebraically, as in the purely convective case. One
remark should be made at that point. The choice of the parameter 7 is critical to the quality
of the solution, as well as to the stability and the convergence of the scheme. Indeed, this
parameter 7, which is “artificial” (it is introduced to improve the quality of the solution)
can be interpreted from two different points of view. First, as the coefficient of the second
derivative of the solution in the equation, 7 can be seen as an (artificial) viscosity coefficient.

Second, from (4.36), 7 is also a time step that can be used for time marching.
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Hence, a large CFL number multiplying the factor 7 smooths the solution and pre-
vents numerical oscillations by adding some artificial viscosity, but destabilizes the iterative
Newton-Raphson procedure. On the contrary, a small CFL number stabilizes the numerical
scheme, but allows parasite oscillations to appear in the solution. In the results given in
this section, the CFL number is equal to 1, which seems numerically to be a good trade-off
between stability and accuracy.

The bounds obtained for this problem are given on Figure 4-4. Four observations can

1.592 T T T T T T T T T
Upper bound —<—
Lower bound -+-
159 Predictor -8-- i
Fine grid -~
Coarse grid -2
1.588 B
1586 b o -%\\‘:ji’i""ﬁ"f- = e ]
T T A
L |
1.584 |- ]
e
1.582 |- i
1.58 B
1.578 + i
1576 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
H

Figure 4-4: Bounds for the Output : Average of the Solution, Completely Supersonic Flow,
h=10"3,10"2 < H <0.1

be drawn from this graph. First, the fine grid output represented is the output computed
directly on the fine grid, and not the linearized problem output. sj is indeed between the
bounds computed by using the linearized problem. The second observation concerns the
sharpness of the bounds. Even though the lower and upper bounds are not as sharp as in
the linear purely convective case, they estimate the fine grid output within less than 1% in
the worst case, i.e. when the coarse grid is made of only 11 points (10 elements). The third
observation concerns the coarse grid output. The main difference between the nonlinear
case and the other previous cases is the closeness with which the the coarse grid output

matches the fine grid. In the nonlinear case, the coarse grid is closer than either the bounds
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or the predictor. This of course does not mean that the method fails for the nonlinear
case. Indeed, the present results show that one can compute strict bounds for the average
of the velocity, which, for the engineer, is at least as important, if not more important than
computing the output exactly. Finally, it has to be noted that in these simulations, the
stabilization parameter « has been optimized at each step. A characteristic feature of this
problem is that the optimal value of kK becomes very large as H converges to h. Even if
the optimal value of k is not computed when H = h because both the numerator and the
denominator in (1.76) vanish, the evolution of x for the last values of H indicates that the
stabilization parameter goes to +00 as H converges to h.

Again, the convergence of the bounds is O(H?), as shown by Figure 4-5. This figure

-1.5 T T T T T T T T
log |sUB-sLB| <—
2L log |sUB-sh| -+~ -
log |sLB-sh| -8--
log |spre-sh| -x 1
25k log [sH-sh| -&-- = |
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-35 e T
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4+ - i
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2.8 2.6 2.4 2.2 1.8 -1.6 -1.4 -1.2 -1

2 -
log (H)

Figure 4-5: Convergence of the Bounds for the Output : Average of the Solution, Completely
Supersonic Flow, h = 1073, 1073 < H < 0.1

shows that the coarse grid output and the predictor are not as close to the fine grid output
as in the purely convective case (the gap between the lines is not as important), and that

the convergence is much more similar to the convection-diffusion case.
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4.4.2 Subsonic Flow

Similar numerical results can be obtained when the flow is subsonic, i.e. when a subsonic
boundary condition is imposed on the outflow velocity. Not all subsonic boundary conditions
are acceptable in this case. Indeed, when one “goes back” into the nozzle, the velocity grows,
since in that direction, the nozzle is converging, so the sonic point may be reached before
the inlet if the outflow velocity imposed is too large, and the flow cannot be solved. One
can also understand this phenomenon by looking at Figure 4-1 : starting at A(1) and u(1)
on the subsonic curve, the sonic point (extremum of the curve) is reached before A(0) (the
vertical line A = A(0) is left of the extremum), so that no point of the curve corresponds to
A(0). This explains why the value u(1) = 0.35 has been chosen for the boundary condition.

The solutions computed are given by Figure 4-6. Again, the accuracy of the solutions, even

0.75 T T T T
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X

Figure 4-6: Modified Finite Elements, Completely Subsonic Flow, h = 1073, H = 0.1

for very coarse grids is remarkable and the coarse grid output is expected to be very close
to the fine grid output.

The bounds obtained for the average output are given on Figure 4-7. Several points
can be derived from this graph. First, the coarse grid output is very close to the fine grid
output, as expected. Second, the bounds are clearly not as sharp as in the supersonic case.

In particular, in spite of the optimization of the stabilization factor, the lower bound is
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Figure 4-7: Bounds for the Output : Average of the Solution, Completely Subsonic Flow,
h=1073,10"2 < H <0.1

very poor for the coarsest grid, which affects the estimator accordingly. Third, although
the sharpness of the bounds is a little disappointing, their convergence is still fast and the
fine grid output is indeed between the bounds. Fourth and finally, except for the coarsest
mesh, the predictor estimates very well the fine grid output, since on this plot, the curve
representing the predictor cannot be distinguished from the curve representing the fine grid
output when H < 0.05. A closer look at the neighborhood of the fine grid output (Figure
4-8) shows that, even if the predictor remains close to the fine grid output (as shown by the
vertical scale of the plot), its evolution is not as regular as in other cases, and the coarse
grid output gives better results.

The convergence of the bounds is illustrated on Figure 4-9. The irregularities in the
evolution of the predictor are more apparent on this plot, but one has to take into account
that the general theory does not give any indication on the behaviour of this predictor. On
the other hand, the convergence of the bounds is regular (but for the first points of the
curves), and the slope of the lines is approximately 2.56 for the error bounds (the coarse

grid output converges as O(H?)).
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4.5 Conclusion

The main conclusions of this chapter are twofold. First, the Hierarchical Bounds Method
can be adapted to nonlinear cases, at least to a certain extent. Even though the results are
not as good as those in the linear cases considered, the bounds provided by coarse grids
remain fairly sharp. Second, the fine grid output computed directly from the nonlinear
discrete system lies between the bounds in the cases considered. The problem is now that
in the case where the flow is not smooth (presence of a shock), it seems that the HBM
fails, mainly for two reasons. First, the self-adjoint part of the linearized system is not
positive definite. Second, in certain cases, the optimal value of x is not defined because the

denominator 3% of the fraction under the square root is negative.
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Chapter 5

Domain Decomposition

5.1 Introduction

In the problems considered so far, the Hierarchical Bounds Method hardly brought any
improvement with respect to the direct resolution of the equations on a fine grid. This is
because, in one dimension, the matrix L of the discrete system is tridiagonal, inverting its
symmetric part is as costly as the direct inversion of Lj,.

However, two features of the HBM have been highlighted by these examples. First, the
values of the fine grid output predicted by the bounds (average value of the upper and lower
bounds) is usually closer to the exact solution than the coarse grid output. Second, in higher
dimensions, the matrix of the discrete system is not tridiagonal anymore, but sparse, so the
symmetry of Ay can be fully exploited. On one hand, a whole range of methods is available
to invert symmetric matrices : direct inversion (Gauss’s pivot, LU or QR Decompositions
[7, 10]), iterative methods (conjugate gradient, GMRES [8], Krylov subspace methods in
general [9]),... On the other hand, the existing methods to invert non-symmetric matrices
like Lj, are either not very efficient in general (Gauss’s Pivot) or not systematic.

The Domain Decomposition is a technique that further reduces the cost by using the
fact that the inversion of a general n x n matrix (even sparse) is a O(n?) process. The
domain D is decomposed into K subdomains and the problem is solved on each subdomain
before continuity is imposed at intersubdomain boundaries. For simplicity, and following

[5], the Domain Decomposition is presented in this chapter for one-dimensional problems.

77



5.2 Domain Decomposition Formulation

5.2.1 Notations

The problem is defined on D =]0,1[. The closure of D is noted D. A decomposition of D

into K subdomains is now introduced. Let K = {1,..., K} C IN, one has :

D=J7D" (5.1)
kek
where D" is the closure of DF = ]ak,ak‘Irl [ The points a* (1 < k < K) are such that
al=0<a?<---<aft =1
The subdomain boundaries are assumed to be nodes of the grid, and the corresponding

indices J* are defined by :

Jt=1
a® =z s for (2<k<K) (5.2)
JE+L —p

where n is the number of points of the mesh in D and {z;},;.,, are the nodes of the grid.
Two sets of indices, local and global, are then defined on each subdomain. Let M* =
{1, . ,Mk} be the set of “local” indices on DF for all k € {1,...,K}. The number of

points in each subdomain D" interior to the domain D is thus
MF =g gk 41 for keK (5.3)

In the enumeration of the points of the subdomains, the extremities are cited twice, once
for each participating subdomain, so the number of degrees of freedom before imposing the
continuity of the solution at the subdomain boundaries is n =n + K — 1.

The global indices of this “decoupled” enumeration are defined on each subdomain by

the sets J* = {jk, N Lo 1}, where

Jv=JF+k—-1 for kek

JEH =7 +1
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5.2.2 Subdomain Operators

With the notations of the previous subsection, one defines two hybridization operators
Q € R™™ and V € RUE-1*" related to direct stiffness summation and intersubdomain

continuity respectively. The matrix @) is given by

Vhek and pemt. O 1 if i=J+p—1 and j=JF4+p—1 55)
) 1] — .
0 otherwise

and the matrix V is defined as

—1 if j=J"F1-1
Vie K, V= 1 if j=Jgitt (5.6)

0 otherwise

To be more explicit, let us consider a decomposition into 3 intervals of equal length, we

have
1 0 0
0 1
1 0
0 0 1
1 0 0
0 1
Q= (5.7)
1 0
0 0 1
1 0 0
0 1
1 0
0 0 1
and
o -0 -110+---0 0 0O0--0
V= (5.8)
o ---0 O OO -0 -110 ---0

The columns of () containing two nonzero entries correspond to the subdomain bound-

aries (columns J¥). The nonzero entries of V are in the columns J*¥*t' — 1 and J¥*!. The
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matrix V is defined only for K > 2.

Given any v € IR" specifying the global nodal values of the solution, () - v assigns these
values to the local nodes on each subdomain. Conversely, given any w € IR", V -w evaluates
the jumps in w across the K — 1 subdomain boundaries. From (5.7) and (5.8), the following

equalities can easily be derived :

QTVT = 0 (5.9)

vVt = 2Ix (5.10)

where I is the (K — 1) x (K — 1) identity matrix.
The subdomain matrix operators L* and A¥ can now be defined along with the subdo-
main right-hand sides f* by writing the weak form of the equation on each subdomain. For

instance, for the convection-diffusion problem, one obtains :

Vkek, V(4 e (Mk)2
(Lk)ij _ /a:’““ <,, d%zkﬂ d@j:lr;kl T %) dx (5.11)
(), = 2l () e 022
(fk)i = /a:k+1 {%‘Hkq g— <V d%zk*l dgf;;l — Pipgk—1 %) Uy
- (V% % — Pirsk 1 %dm‘> U()] dz (5.13)

The output linear functionals also need to be decomposed. This decomposition is not
unique. A judicious choice can however facilitate computations in certain cases as discussed

in [5]. One possibility consists of writing :

, . z'e{l,...,Mk—1}
VkeIC(E’“) S k=K and i=M~K (5.14)

0 if ke{l,...,K—1} and i=M*

7

The block diagonal operators used to solve the problem numerically are now formed.
These operators are denoted with an underlining bar to distinguish them from the original

matrices on the global discretizations. These operators contain the unassembled, decoupled
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matrices (5.11)~(5.12). One thus defines (L, A) € (IR™*™)” by :

VkeK
“\2
Lk B B if (i,5) € Jk
(L)ij — ( )i—J’f+1,j—J’C+1 it (i) ( ) (5.15)
0 otherwise
“\2
Ak B B if (i,5) € Jk
(A)z] = ( )i—Jk-I-Lj—Jk-l—l ! (Z ']) ( ) (516)
0 otherwise

The vectors ( f E) € (ﬂ%ﬁ)2 are also formed. They contain the “unassembled” and

decoupled inhomogeneities (5.13) and output functionals (5.14) respectively :

VEkeK Vie Jk

£o= (), (5.17)
4= (¢), 5, (5.18)

The operators (5.15)-(5.16) and the vectors (5.17)—(5.18) can be expressed simply using
(5.7) and (5.8) as :

L = Q"LQ (5.19)
A = QTAQ (5.20)
f = Qf (5.21)
¢ = Q"¢ (5.22)

The consequences of the domain decomposition on the general theory provided in Chap-

ter 1 are now discussed.

5.3 Duality Approach to Bounds for the Outputs

u is the unique solution of (1.18), so that, using (5.9) and (5.19) and letting

u=Qu (5.23)
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u becomes the solution of the system :

Q'Lw = f

Vw = 0

(5.24)

(5.25)

Moreover, V' is of rank (K — 1) and @ is of rank n, so (5.9) shows that the columns of @

span the nullspace of V. Adding to this the assumption that A is positive definite leads to

the conclusion that this solution is also unique.

If (5.19), (5.20), (5.21) and (5.23) are now plugged into (1.25), one obtains :

gu Au—ru"f=0

An augmented output form is then defined for all v € IR" :

S*(w) = gy Av— vTii(yTﬁJrc)

and the output can be written, with (5.24) and (5.25), as

+s= min S*(v)
{veR*|QT Lv—f=0,V v=0}

The Lagrangian corresponding to (1.29) introduces the additional adjoint p :

L5, p,p) =S (0) + 1" (@ Lo~ f)+p Vo
and the duality result (1.38)—(1.39) can be written as

+s = min max LE (v, p,
{velR™} {pelrR™, pcIRK—1} (_ a p)

= max min £F (v, 1,
{peR", pcIRK-1} {velR"} ( a P)

The bounds are therefore given by :

Vit € R and ¥ p* € RE!
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(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)



and the saddlepoints (u,1*,w®) are solutions of the systems of equations :

rAu+L'Qy* +VIw™ —wftl =
Q"Lu—f =
Vu =

0 (5.33)
0 (5.34)
0 (5.35)

obtained as stationarity conditions for the Lagrangian (5.29) with respect to u, pu and p for

(5.33), (5.34) and (5.35) respectively. (T, w™) are the values of the adjoints that make the

bounds (5.32) exact.

5.4 Hierarchical Procedure

Two levels of discretization are now introduced, one coarse (“working mesh”) and one fine

(“truth mesh”), and the domain decomposition is chosen such that all the intersubdomain

boundaries are also nodes of both grids. (ﬂ,ﬂf, ﬁ,jf) are computed as linear interpolants of

the best choice for the adjoints on the coarse grid, which are, from (5.33)-(5.35), (@bﬁ, waI)

5.4.1 Computational Procedure

First, the solution on the coarse grid uy and its “decomposed”

computed. The stationary conditions on the coarse grid are

HAHQH +L£QHT/)%I +ng§ — K’iH :|:£H

QgLH Ug — fH

Vi ug

version uy = Qg upg are

= 0 (5.36)
= 0 (5.37)
= 0 (5.38)

Pre-multiplying (5.36) by Q% and using (5.9), (5.19)~(5.21) and (5.23), ¢ is obtained by

L%}z/)fl =—(kAgug — kK fg £ lx)

(5.39)

+

which is exactly (1.46), which does not include the domain decomposition. wj; is then

obtained by pre-multiplying (5.36) by Vi and using (5.10), which yields directly :

1
wi =5V (hAgug + LEQu v - f , + Ly) (5.40)
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The domain decomposition technique therefore does not add any complexity to the pro-
cedureso far, at least from a numerical point of view. ¥y can now be interpolated as in
(1.47). Moreover, both wi: and ﬁ,jf have the same dimension (K — 1), so, given the results

of the coarse grid computations, the best choice for pf is

The bounds are then computed as
S H) = min £ (v, 5, pF 5.42
(swpp () = min L] (w0l 57) (5.42)
S H) = — min L; (v, i;,p0; 5.43
(sn)up (H) (velRh) h (_ Hp Ph) ( )

From the stationarity condition (5.33) applied on the fine grid (§ = h), if

~t : + N N
y = arg, min L, (9, i, ,ph) (5.44)
one must have
KAy =~ (LEQui + Vil pif —n £, £ ) (5.45)

and the bounds become, as in (1.56) and (1.57) :

(sw)ps (H) = £f (af, 5, 7))

= —Sai Ay iy o — " (5.46)
(swop (H) = —Ly (g i 7 )

= S8 Ay @ + o+ " o (5.47)

In view of (5.19), (5.20) and (5.23), these expressions for the bounds are actually exactly
the same as in (1.56) and (1.57). Furthermore, using (5.9) and (5.21), (5.45) pre-multiplied
by Q7 gives exactly (1.50).

5.4.2 Computational Cost

Given that the final results obtained are exactly the same as in Chapter 1, one might wonder

whether the Domain Decomposition really improves the performance of the Hierarchical
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Bounds Method. Furthermore, nothing guarantees that (5.45) has a solution. In fact, as
shown in [5], there is always a solution and @,f can be computed.

The main gain may not be obvious from this presentation because the procedure has
been presented only in one dimension for simplicity. It appears nevertheless that the cost of
the method once again comes from the inversion of A;. Only this time, (5.16) shows that
this inversion is in fact decomposed in the resolution of K decoupled systems of size n/K.
The Domain Decomposition is thus cost effective for two reasons. First, the resolution of
subsystems can be parallelized. Second, in higher dimensions, the cost of the inversion of
Ay, (which is sparse instead of tridiagonal) is O(n?), whereas the cost of the inversion of A,

is the cost of K inversions of systems of sizes n/K, so the total cost is divided by K2.

5.5 Optimal Stabilization Parameter

The determination of the optimal boundary conditions for the adjoint refers only to the
continuous problem and not to the discretization, so that the natural boundary conditions
for the adjoint are not modified by the Domain Decomposition. On the contrary, the
determination of the optimal stabilization parameter x* has still to be discussed, since it
depends on the domain decomposition.

The procedure is similar to the one presented in Section 1.7. The first equations (1.58)—
(1.64) remain unchanged and are kept as such. But another adjoint must now be taken into

account. wfl is therefore also decomposed as :

wi =Wl rwiE (5.48)
where
1
= =5 Vi (LhQu £ L) (5.49)
1
wiit = 3 Vi (AH u + LEQuiy — iH) (5.50)
and pf can be written as
Ph =B Epy (5.51)
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where

P = wp (5.52)
= wi (5.53)

because of (5.41). (1.68), (1.69), (1.70) and (1.71) are then replaced respectively by :

yr = LEQuid* x40, + Vil pl* (5.54)
zi = LiQuiy — f, + Vi oy (5.55)
af = gAY (5.56)
ge = TAh 2z + 2 fn by (5.57)

The values of a* and #* are unchanged. Indeed, with (5.20), the pseudo-inverse of A,

is determined by :

=04 Q" (5.58)
The notations for a* and G+ are therefore the same, with or without domain decomposition.
With the same notations as in Chapter 1, the bounds then become :
+ Lo Koy iT ~0+
n(k)=——a  — =0 ATt zE — (0% £ ¢, (5.59)
2K 2
which yields the same result as the theory without domain decomposition :

K=o (5.60)

On the contrary, the values of gi and zT are different from the values of y* and z*
respectively, but because of (5.58), the value of the inner product g}fTAgl g,f remains
unchanged, so the values of the bounds are unchanged by domain decomposition.

The cost of the procedure is once again in the inversion of A, and the reasoning of
Section 1.7 still holds. The gain of the procedure using domain decomposition is then the

same as for the resolution with any value of k.
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Conclusion

Three main conclusions can be drawn from the results obtained. First, the Hierarchical
Bounds Method works and gives good results in the linear case, whether it is applied to
second or first order differential equations. The bounds are sharp, even for coarse grids, and
second order convergence has been observed in all cases. Second, the HBM is a global method
that gives bounds for a fine grid output, but gives no information as regards the contribution
of each element to the error. Its use in adaptative methods is thus not straightforward.
Third, although the HBM also works in some cases for nonlinear problems, success is far
from being guaranteed. In particular, the heuristic approach adopted in Chapter 4 does not
automatically yield discrete systems that satisfy all the assumptions made in the general
theory of the HBM (e.g. symmetric part positive definite).

Efforts for the future development of the HBM should therefore concentrate on two
aspects of the problem. First, some further theoretical study should be conducted on the
nonlinear case to come up with a formulation that either guarantees that the conditions
of application of the HBM are gathered or at least that specifies the “functioning domain”
of the method. Maybe the use of a simpler nonlinear equation (Burger’s equation for
example) would be a good starting point. Second, the HBM needs to be implemented in
two dimensions, because that is where the gains can be realized : inversion of symmetric
sparse matrices instead of general matrices and Domain Decomposition. Some initial efforts
in that direction are already available [13]. They seem very promising, and one can hope
to see the HBM applied in the near future, for instance to validate low-order models like

those developed in [14] without going to the full solution.
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If riding in an airplane is “flying”, then riding in a boat 1s “swimming”.

To experience the element, you have to get out of the vehicle.

... And once you have tasted flight, you will walk the Earth, looking skyward,

For there you have been, and there you long to return.
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