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An augmented Lagrangian algorithm for optimization
with equality constraints in Hilbert spaces

Jan H. Maruhn

(ABSTRACT)

Since augmented Lagrangian methods were introduced by Powell and Hestenes, this class of
methods has been investigated very intensively. While the finite dimensional case has been
treated in a satisfactory manner, the infinite dimensional case is studied much less.

The general approach to solve an infinite dimensional optimization problem subject to equal-
ity constraints is as follows: First one proves convergence for a basic algorithm in the Hilbert
space setting. Then one discretizes the given spaces and operators in order to make numerical
computations possible. Finally, one constructs a discretized version of the infinite dimen-
sional method and tries to transfer the convergence results to the finite dimensional version
of the basic algorithm.

In this thesis we discuss a globally convergent augmented Lagrangian algorithm and discretize
it in terms of functional analytic restriction operators. Given this setting, we prove global
convergence of the discretized version of this algorithm to a stationary point of the infinite
dimensional optimization problem. The proposed algorithm includes an explicit rule of
how to update the discretization level and the penalty parameter from one iteration to the
next one - questions that had been unanswered so far. In particular the latter update rule
guarantees that the penalty parameters stay bounded away from zero which prevents the
Hessian of the discretized augmented Lagrangian functional from becoming more and more
ill conditioned.
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CHAPTER 1

Introduction and Motivation

Having its roots in the calculus of variations and the theory of differential equations, today
control theory is a well established field of mathematics in its own right. Historically, the first
control problems were studied in a physical or engineering context. Besides those classical
applications of optimal control, the theory has constantly gained importance in economics
and finance (see for example [20]).

During the seventies a number of economists showed the need to formulate macroeconomic
questions in a dynamic and stochastic setup. Agents in an economy (consumers, firms or
even governments) can be viewed to make their decisions by optimizing specific objective
functions, taking into account that the consequences of their actions

- are uncertain a priori
- will be noticed through a number of periods

- influence some other variables, that will feedback into the economy

As shown in [24], complex stochastic models can simulate whole economies and thus they
can be used to study effects of certain controls imposed by the government like taxes or
pollution charges. In fact these models are used as decision making tools of governmental
institutions in most industrialized countries. An example is the Federal Reserve Banks’ Board
of Governors’ large-scale rational expectations macroeconomic model of the U.S. economy
(FRB/US) which is used in [10] to solve for optimal control rules. But also smaller countries
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simulate their economy in order to predict effects of governmental policy. For example the
Forecasting and Policy System Model (FPS) of the Reserve Bank of New Zealand is used
in [9] to examine the implication of uncertainty about potential output for simple efficient
policy rules.

We will now give a brief summary of some of the features of the FRB/US model as presented
in [7] and [5].

1.1 The FRB/US model

The FRB/US model of the U.S. economy is maintained at the Federal Reserve Board for
use in policy analysis and forecasting. With FRB/US, the Board’s staff can gauge the
likely consequences of specific events through simulation analysis - computational “what-if”
exercises in which the model is used to predict the outcomes from alternative assumptions
regarding fiscal and monetary policy, international conditions, and so forth. In a similar
manner, the staff can use model simulations to assess possible implications for economic
performance of the full range of disturbances likely to be experienced over extended periods
of time.

The equations of FRB/US are specified in accordance with standard economic theory. In
particular, households, businesses, and investors are assumed to be forward-looking in their
decision making as they seek to optimize their welfare:

Individuals choose a path for current and future consumption that maximizes their lifetime
utility, subject to a budget constraint. This assumption implies that consumer spending
today is related to the present value of expected future earnings and the current value of
assets. Similarly, firms maximize expected profits in hiring workers, investing in capital
goods, and setting prices. In financial markets, investors equate expected rates of return on
different assets, subject to premiums that compensate borrowers and lenders for differences
in risk and liquidity.

FRB/US is what is often called a New Keynesian model because of the assumptions it
incorporates. As mentioned before, households and firms are forward-looking - that is,
they base their decisions on the income and sales, financial conditions, and prices that they
expect for the future. However, rather than being instantaneous, the response to changes in
these fundamental factors is gradual because capital installation costs, contracts, and other
considerations create significant frictions that slow the process. For this reason, the failure
of markets to clear quickly after disturbances to the economy can result in periods of over-
or under-utilization of labor and capital resources.

According to the viewpoint embedded in the model, monetary policy can mitigate these
swings in aggregate resource utilization by altering financial market conditions and thereby
exerting an indirect influence on output and employment in the short term and on inflation
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over the longer term. In FRB/US, policymakers alter financial conditions by changing the
short-term interest rate under the control of the Federal Reserve: the federal funds rate.
Current and anticipated changes in this rate influence prices and rates of return on various
financial assets, including bonds and corporate equities, and on foreign exchange. Changes
in these financial conditions in turn influence spending by households and firms and, by
altering resource utilization in labor and product markets, affect the rate of inflation.

Due to the complexity of the processes and interactions in the economy, FRB/US is a large-
scale model, containing some 300 equations and identities. However, the number of stochastic
“core” equations or estimated descriptions of the economic behavior of firms, households,
and investors is much smaller, around 50 equations.

Clearly, a presentation of such a model is beyond the scope of an introduction. In order
to illustrate the concept of economic modeling, we rather introduce a simple model used
to determine an optimal tax policy for a government - optimal in the sense of maximizing
social welfare subject to budget constraints. More precisely, we introduce a model for optimal
redistributive capital taxation in a neoclassical growth model as stated in [17].

1.2 A Model for Optimal Capital Taxation

The model economy consists of a government, identical competitive firms, and two types
of infinitely-lived, price taking agents called workers and capitalists. For simplicity, the
number of each type in the population is normalized to one. Further the model abstracts
from uncertainty, technological progress, and population growth. Workers supply one unit
of labor inelastically and incur a transaction cost for saving or borrowing small amounts. As
a result, all wealth is concentrated in the hands of the capitalists, who do not work.

Instead of discussing the whole model as stated in [17], we restrict ourselves to the treatise
of the capitalists. We will point out the main ideas and briefly sketch the rest of the model.

At a given time ¢ capitalists can either consume ¢() or invest i(¢) of their given income. They
derive this income by renting their capital stock k() to competitive firms at the given rate
r(t). The gross rental income is then taxed at rate 75 (¢). Hence the capitalists’ consumption
and investment satisfies

c(t) +i(t) =[1 — ()] r(t)k(t) + T (t)0k(t)

where the term 74 (t)0k(t) is a depreciation allowance with a fixed depreciation rate § € [0, 1].
The capital stock k(t) evolves according to

k(t) = i(t) — k().



Jan H. Maruhn Chapter 1. Introduction and Motivation 4

In making their decisions, capitalists take r(t) and 74 () as given and want to maximize their
lifetime utility

/000 e "u (c(t)) dt ,p>0 (1.1)

where the utility function u = wu(c) is assumed to be increasing and strictly concave with
lim, o u/'(c) = oo and lim._., u/(¢) = 0. The following figure illustrates the shape of such a
function:

14

U(c) = (0.5¢)*27%

1.2+

Figure 1.1: An Example of a Utility Function

The typical form of utility functions is a standard assumption in economics and represents
the fact that each additional unit of a product we consume provides less utility (better known
as the principle of decreasing marginal utility').

The factor e " in (1.1) and thus p represents the time preference of the capitalist, because
one usually ascribes more utility to instantaneous consumption than to consumption in 10
years. To summarize, the decision problem faced by capitalists is:

! As an example of this principle one usually considers the thirsty man in the desert, who suddenly faces a
refrigerator filled with cool water. Clearly the first gulps eliminate most of the thirst. However, if he drinks
more than ten bottles, he will clearly have no additional utility from drinking more water.
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rrcl(%x/o e P (c(t)) dt
subject to c(t) +i(t) = [1 — m(®)] r(t)k(t) + 71 (¢)0k(t) (1.2)
k(t) =i(t) — dk(t) , k(0) given

In analogy we can set up a model for the workers which have their own utility function
and corresponding lifetime utility. Firms hire the workers, pay wages and thus influence the
distribution of capital.

Given this dynamic neoclassical system, the government tries to find an optimal tax policy
which maximizes social welfare consisting of the lifetime utility of workers and capitalists
(the society) subject to budget constraints. In fact, as shown in [17], the resulting problem
has the standard form of an optimal control problem.

1.3 The General Problem

Instead of considering the model for the whole economy, we focus our attention on the
decision problem for the capitalist (1.2). If we solve the first equation in (1.2) for i(t),
substitute it into the second one and assume the tax rate 74(t) to be given, then (1.2)
describes an optimal control problem itself. It can easily be seen, that this class of problems
can also be formulated as a more general optimization problem of the form

min f(z) subject to c¢(z) =0, ze€X (1.3)

where f: X — IR and c: X — Y are given mappings with Hilbert spaces X and Y over the
reals. Problems of this type arise for example in the context of optimal control or parameter
identification. In these cases X and Y are appropriate function spaces and the constraint
¢ : X — Y describes a system of differential equations.

A classical technique to solve (1.3) is to compute a Karush Kuhn Tucker point (z., As) €
X xY via an augmented Lagrangian method. In this method, instead of fixing the Lagrange
multiplier A and solving for a Karush Kuhn Tucker point directly, one considers a suitable
sequence of subproblems (see Chapter 3 for a further motivation)

min [V (e, M, )l x (1.4)

where @ : X x Y X (0,00) — IR is the augmented Lagrangian functional defined by

1
Oz, A\, 1) = f(z)+ < A\ c(z) >y —i-ﬂHc(x)H%
In this context the vector A is known as the Lagrange multiplier estimate and p is known
as the penalty parameter. < -,- >, denotes the inner product in some Hilbert space Z, and
|-z =<-,- >1Z/2 is the corresponding norm.
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1.3.1 Current Status of Research

Since augmented Lagrangian methods were introduced by Powell [22] and Hestenes [12] for
the finite dimensional case X = IR™ and Y = IR™, this class of methods has been investigated
very intensively. Conn, Gould and Toint prove in [3] local and global convergence results for
an augmented Lagrangian algorithm for optimization with equality constraints and simple
bounds. These results were extended by Conn, Gould, Sartenaer and Toint in [1] to linear
inequality constraints. In particular those papers gave an explicit rule of how to adapt the
penalty parameter ;1 and the Lagrange multiplier estimate A in each iteration such that p is
bounded away from zero.

While the finite dimensional case has been treated in a satisfactory manner, the infinite
dimensional case is studied much less. In case of equality constraints, Polyak and Tretyakov
[21] give an elegant treatise of the augmented Lagrangian method. Ito and Kunisch prove
in [13] local convergence results for an augmented Lagrangian method for the minimization
of a nonlinear functional in presence of equality and affine inequality constraints. In [11]
Hager applies the augmented Lagrangian method to optimal control problems and points
out some difficulties that arise from the discretization of the infinite dimensional setting. Ito
and Kunisch analyze in [14] the augmented Lagrangian-SQP-technique with second order
update of the Lagrange multiplier and prove quadratical local convergence. Volkwein applies
this method in [26] to an optimal control setting, discretizes it, and proves local convergence
for the finite dimensional approximation of the Hilbert space algorithm.

The methods mentioned above provide very strong results for the infinite dimensional setting.
In order to implement these algorithms numerically, one must discretize the corresponding
spaces and operators. Volkwein took a very general approach in [26] and approximated the
infinite dimensional method by means of functional analytic restriction and prolongation op-
erators. Using this general theory, he could derive quadratic convergence for the augmented
Lagrangian-SQP-method.

However, up to this point it is not known how one should adjust the penalty parameter
and the discretization level from one iteration to the next one. In this research, we will
introduce an augmented Lagrangian algorithm which gives an explicit rule for the update of
these parameters. Moreover, we will prove global convergence of the discretized method to
a Kuhn Tucker point under appropriate assumptions.

1.3.2 Approach and Outline

The general approach to solve our task is to construct an algorithm for the Hilbert space
setting and prove convergence results for this infinite dimensional method. Then one con-
siders a discretized version of this algorithm and tries to transfer the convergence results to
the finite dimensional case.
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In this thesis, the infinite dimensional method used to solve (1.3) is a class of augmented
Lagrangian algorithms introduced by E. W. Sachs and Annick Sartenaer in [25]. The pro-
posed method ALINF computes in each iteration an iterate x; which approximately solves
subproblem (1.4) for fixed Lagrange multiplier estimate A, and penalty parameter u;. Here
approximately is to be understood in the sense that

Vo ®(2r, Ay i) || x < wie (1.5)

where wy, is a suitable tolerance at iteration k. This tolerance will decrease from one iteration
to the next one, so that the subproblem will be solved more and more precisely.

Once the iterate x; is computed, we will test it for constraint violation. Depending on
this result, ALINF adapts the penalty parameter and the Lagrange multiplier estimate in
a suitable manner. One of the features of ALINF is, that it allows a certain tolerance
considering the test of the constraint violation and the update of the Lagrange multiplier
estimate. These properties are crucial for the discretization of the algorithm.

In Chapter 3 we introduce ALINF and analyze its convergence properties. In fact we can
prove global convergence of the infinite dimensional method in the sense, that any convergent
subsequence of the iterates (zy)reny converges to Kuhn Tucker point (z,, A\(x,)), i.e.:

Vi(x,)+d(x) M) =0, c(r,) =0

In case of convergence of (xy)renv to a single limit point we can show further, that the
penalty parameters (ug)re are bounded away from zero and that the sequences of iterates
(x)renv and Lagrange multiplier estimates (Ag)reny converge at least R-linearly to x,. and
A(z,), respectively.

As mentioned before, we must approximate the infinite dimensional method in order to allow
numerical computations. In this thesis the discretization is carried out in terms of functional
analytic restriction and prolongation operators, similar to Volkwein [26] and Aubin [4]. This
general approach allows the treatise of a wide class of problems in a rigorous way. The
approximation theory needed for the discretization of the spaces and operators is derived in
Chapter 4.

In Chapter 5 we introduce the discretized algorithm ALDISCR which is based on ALINF.
In this algorithm, subproblem (1.5) is replaced by

< cwy, (1.6)
L(Xn,,IR)

_q)nk,mk (l‘k; )‘kv :uk:)

i

where @, ., @ X, X Y, x (0,00) — IR is the discretized augmented Lagrangian func-
tional, and X, , Y,,, are finite dimensional approximations of the Hilbert spaces X, Y with
discretization levels n; and my in iteration k, respectively.
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By approximating the infinite dimensional method, discretization errors arise in various
forms. The question is whether one can gain enough control over these errors (without
imposing too restrictive assumptions) such that the convergence results of the Hilbert space
algorithm can be transferred to the finite dimensional method.

It turns out, that the approximation of the derivative of the augmented Lagrangian functional
with respect to x is the crucial part in the discretization process of algorithm ALINF. This
is why a major part of Chapter 4 is devoted to the analysis of this problem. In fact, we can
prove the pointwise convergence of the derivative of the discretized augmented Lagrangian
functional with respect to x to the infinite dimensional counterpart in operator norm based
on the assumption of converging approximations of the dual spaces X* and Y*. In order
to justify this assumption, we prove that one can always find a “nice” discretization of a
Hilbert space with countable basis such that the dual approximations converge.

Based on these results, we construct the nested algorithm ALDISCR. It incorporates an ex-
plicit rule of how to adjust the discretization levels, the penalty parameter and the Lagrange
multiplier estimate from one iteration to the next one. In fact we can prove, that all iterates
of ALDISCR satisfy the requirements of ALINF. Hence the convergence results derived for
the infinite dimensional method transfer to ALDISCR. In particular the algorithm is globally
convergent, converges locally at least R-linearly, and the penalty parameter is bounded away
from zero. The last feature is of particular importance for the numerical realization, because
it prevents the Hessian of the discretized augmented Lagrangian functional with respect to
x from becoming more and more ill-conditioned. Finally, we briefly introduce a relaxation
of algorithm ALDISCR in order to improve numerical efficiency.

In the next chapter we present the necessary functional analytic background and general
concepts which will be used intensively in later chapters.



CHAPTER 2

Theoretical Background

In this chapter we first introduce some basic concepts in Hilbert spaces, similar to [18] and
[15]. However, we extend these concepts by several theorems and examples which will be
used intensively in Chapters 3 and 4. This approach facilitates the readability of proofs in
those chapters.

Throughout this thesis we will consider two Hilbert spaces X and Y over the reals with inner
products < -, >y and < -,- >y and the corresponding induced norms || - ||x and || - ||y. In
most cases the assumption of Hilbert spaces can be relaxed to Banach spaces or even normed
spaces, but this is clear from the context. Further let £(X,Y") be the set of all bounded (i.e.
continuous) linear maps g : X — Y. We know from functional analysis that £(X,Y) is a
normed linear space with norm ||g{|z(x,y) = supjp =1 lg(R)y-

2.1 General Derivatives and Gradient

In advanced calculus courses one introduces the directional derivative for points in some
open subset of IR". This derivative can be generalized to Banach spaces in the following
way:

Definition 2.1.1. Let S C X be nonempty and open, let x € S. Furtherlet f:S5 — Y
be a given mapping and h be arbitrary in X. If the limit

i [ 0h) = J(@)

a—0 0%
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exists, it is called the Gateauz derivative of f at x in the direction of h. If the limit exists
for every h € X, f is said to be Gateaux differentiable at x.

The analogy to the directional derivative is obvious. However, remember that the existence
of the directional derivative in IR" does not imply continuity for n > 1. This implication
is only true for n = 1. In the general case one has to demand more in order to achieve
continuity as an implication. In advanced calculus one learns that the total derivative has
the desired property. The appropriate generalization of this total derivative is as follows:

Definition 2.1.2. Let S C X be nonempty and open. Further let f:S — Y be a given
mapping.

i) Let x € S. f is said to be Fréchet differentiable at z if and only if there exists a
continuous linear mapping f'(x)(:) : X — Y such that

1f (2 +h) = @) = f'(@)(B)ly < Ihllxe(llhllx)

for all h € X such that z+h € S where € : IR — IR and lim,_e(r) = 0. Then f'(z)(-)
is called Fréchet-derivative of f at x and f'(x)(h) is called Fréchet-derivative of f at
x wn the direction h.

ii) f issaid to be Fréchet differentiable on D € S if and only if f is Fréchet differentiable
for all x € D. Then we call f'(-) : D — L(X,Y) defined by = — f'(x)(-) the Fréchet
derivative of f on D.

Remark:

i) Note that f/(x) is itself a mapping, namely:
flx): X =Y

X3 he fi(z)(h).

It is continuous and linear with respect to its argument h. Therefore we will switch
from now onwards to the operator notation:

f(@)h = f'(z)(h).
ii) Note, that the inequality in the definition is equivalent to

5 | f(z+h) — f(x) = f'(x)h]
Il|<r [ Al

— 0, r—0.

What we demand is a “uniform convergence”. This will guarantee continuity in case
of existence of the derivative.
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iii) We did not show yet that this new derivative is well defined. This will be proved in
upcoming theorems and remarks.

As mentioned above this new derivative is the generalization of the total derivative in ad-
vanced calculus. This comparison will be clarified in the following example:

Example 2.1.3. Let now X = IR" and Y = IR™ with the Euclidian norm and the standard
inner product. Further let A € R™™ and f : IR® — IR™ be defined by f(x) := Az. Then

If(@+h) = f&) = Ah|| = |A(x + h) — Az — Ab|| =0 < 0 - ||A]
PEZ2 fi(a)h = Ah

That means f'(x) is the operator that maps h to Ah. This differs from what one usually learns
in advanced calculus where one defines f’(x) to be A, an object in IR"™"™. Mathematically
f'(x)(-) and A are the same objects, because we know from linear algebra that R™™ is
isomorphic to L(IR"™, IR™). However, in the general case there is no isomorphism and thus
we have to be more precise with our notation.

The next theorem shows that the simplicity of the Fréchet derivative of linear mappings
also transfers to the general setting. The proof is completely analogous to the last example.
However, in order to meet the requirements of the definition, we have to request now that
the linear operator is bounded.

Theorem 2.1.4. Let A : X — Y be a bounded and linear operator. Then A is Fréchet
differentiable on Xand Vzx, he X A'(x)h = Ah.

We will now prove some basic theorems.

Theorem 2.1.5. Let S C X be nonempty and open. Further let f :S — Y be a given
mapping and x € S. If the Fréchet derivative of f at x exists, it s unique.

Proof. Suppose both f'(x)
For h € X define I(h) := f

12CR) 1f'(z)(h) = f'(x) ()| ~
1f(@+h) = f(2) = f'@) W+ 11f @+ h) = fl@) = f ()R]
1PllCl[Rll) + [[RlEdR 1D

=t [[All(lIAl)

(1) an '(g)() satisfy the requirements of the Fréchet derivative.
"(x )( ) — f'(x)(h). Thus I(-) is linear and

IAINA

where &(r) — 0, r — 0.
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Pick a sequence (r,,)5; C IR such that lim, . 7, = co. I(+) is linear, thus

h bl - (Ind _(1IAl
) = [l (] < |20 2 (220 = g (120 g,
1l = )| < |2 | (1) = e (220) — 0. o
Thus I(h) = 0 for all h € X which implies f'(x)(-) = f'(z)(-). O

Theorem 2.1.6. Let S C X be nonempty and open. Further let f :S — Y be a given
mapping and x € S. If the Fréchet derivative of f at x exists, then f is continuous at x.

Proof. In the definition of the Fréchet derivative we requested “uniform convergence” (see
the remark after the definition). This uniformity assures now, that there exists a ¢ such that
for ||h|| < 0

1f(z +h) = f(z) = f(x)h] < M]R]

for some M > 0. Hence we obtain by the triangle inequality
1f (@ +h) = f(@)[l < MRl + || £/ @)h]| < M{|R]| + ||/ @) Ol e 1hll =: M]|A]
which implies continuity. O

Theorem 2.1.7. Let S C X be nonempty and open. Further let f:S — Y be a given
mapping and x € S. If the Fréchet derivative of f at x exists, then f is Gateaux differentiable
at x and both derivatives are equal.

Proof. Let h € X be arbitrary. By the definition of the Fréchet derivative we have for small
a€ R
I (@ + ah) = f(z) = f/(z)ah]| < [lohlle(([ah])

and thus

h) —
[P o= pagn| = S+ ab) = ) - £ @anl < JilEClabl) 0. a =0
which proves the theorem. O

Remark: This theorem shows us how to calculate the Fréchet derivative. Recall that we
do not know its form or even whether it exists in the general case. The calculation has two
steps:

1. Write down the definition of the Gateaux derivative and try to calculate the limit. If

this limit exists, it is our candidate for the Fréchet derivative.

2. Plug in this limit in the definition of the Fréchet derivative and try to fulfill the re-
quirements.
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This procedure will be illustrated in the following example:

Example 2.1.8. Let (9,4, ) be a measure space. Let LP(€), 1) denote the set of all equiv-
alence classes of A-measurable and to the p-power p-integrable functions f : Q — IR. We
know from measure and probability theory, that LP(2, 1) is a normed linear space with norm

1l = ( / Py

Now let (X, |- [[x) == (L2 || - [|z2) and (Y, |- |ly) := (L', || - |1). Define g : L* — L' by
L*3 freg(f)=fel

Our goal is to calculate the Fréchet derivative of g.

i) Calculate Gateaux-derivative:

Let z(-), h(-) € L?. Then

(2(:) + ah()? — (-)*

2(-)* + 20 ()h(-) + a?h()* — =(-)?

Hg(ﬁ:(-) +ah()) = g(x()

(67

!
-,

- /g}’Qm(-)h(-)%—ah(-)ﬂdu

dp

dp

We want to calculate the limit of this expression as a — 0. Note that this is a limit of
an integral, hence we should try to apply Lebesgue’s theorem of majorized convergence.
For this purpose let ()5, C IR be a sequence such that oy, — 0, n — oo.

= Jsup |ay,| = @
nelN

Now look at
n ::/ 22(-)(:) + anh(-)?|dp
Q

Clearly, (2z(-)h(-) + anh(+)?), converges pointwise almost everywhere. Further

22()h(-) + ch()?| < 202()h()| +ah()* € L'
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due to the Holder-inequality (see Appendix, Theorem A.1). Thus we can apply
Lebesgue’s theorem of majorized convergence (see Appendix, Theorem A.2) and obtain

lim ¢, = lim [ [22(-)h(-) + anh(-)*|du
n—oo n—oo 9]
= / lim |22(-)h(+) + a,h(-)?|du
Qn*)oo

= [ RenCldn

Thus 22(-)h(:) + anh(-)? =50 22()R(:) in ||+ ||p1 V(n)n C IR 5.t ap —p—o0 0

i JEOFARO) = 9@O) 00 (R() + ah()?] = 20()A()

a—0 0% a—0

which is by definition the Gateaux-derivative and thus 2z(-)h(-) is our candidate for
the Fréchet derivative.

ii) Now we check whether this candidate fulfills the definition of the Fréchet derivative.
Let x(-), h(-) € L*. Then

lo(e(()+ b(0) = gl () = 2600
— [ Jol?  2000h) = AP = 2l 20090 d

- / ()P = ()R
VR ez lB Oz = RO - (IR )

AT
>

= Vz(-), h(-) € L* f'(x(-))h(-) = 2z(-)h(")

Note, that this means f/(-) : L? — L(L? L') and = — f’(z)(-) where f'(z)(-) is given
by h+— f'(x)(h) = 2xh.

We see that (if 2z is interpreted as the operator f’(z)(-)) our old formula from the
real line still holds: %:1:2 = 2x. The difference is, that 2z is now an operator!

This example shows that the Fréchet derivative is really the natural generalization of the
total derivative in IR". However, one has to use caution. In applications one should verify
predicted results by hand.
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Several other definitions and results can be derived in analogy to the classical derivative
for mappings f : IR — IR. For example it is easy to prove that the linearity of the differen-
tiation operator also holds for the Fréchet derivative. Further it is obvious how one defines
n-times Fréchet differentiable and continuous Fréchet differentiable. But one has to keep in
mind what this continuity means in Hilbert or Banach spaces: Namely, that

Tn =x © = fl(@a)() e,y f'(@)()

i.e., convergence in the operator norm.

We will now derive the chain rule for the Fréchet derivative. Note that we will not obtain a
product rule in the general Banach space setting as a product of vectors is not defined. Often
we will even write the composition of operators as a product, because no misunderstanding
can result from this notation.

Theorem 2.1.9. Let in addition to X andY now (Z,|| - ||z) be a normed linear space. Let
D cC X, ECY beopen sets. Let f : D — E, let g: E — Z. Further let f be Fréchet
differentiable at x € D and g be Fréchet differentiable at y := f(x) € E. Then T :=go f is
Fréchet differentiable at x and T'(z) = ¢'(y) f'(z).

Proof. Let h € X such that x +h € D. Then

T(x+h)=T(x) = g(f(z+h) —g(f(x))
= g(f(@)+ f(z +h) = fz)) — g(f(z))
= gy+9)—gly)  (define y:= f(z), §:= f(z+h) - f(z))
= [[T(z+h) =T(x) =g Wil = lgly +7) — 9(y) — g W)l < 7lle,(171)
Besides this the following inequality holds:

15 = f'@)hll = 1f(z + h) = f(z) = f@)h] < [|hlle,(IA]])

However, f is also continuous at x, so

191 Ifz+h) = f@) < f(@+h) = f@) = f@)h] + 1 (@)h]
er(IRIDIAI+ RN @) eexyy — 0, (1A —0

IN

= gl =(lAll) =0, [lalf =0
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So altogether:

|T(x +h) = T(x) — g'(y) f'(2)R]]
< |T(x+h)=T(x) =g Wl + 119" (W)7 — g (y) f'(x)h]]
< Nglle, gl + g’ NG — £/ (z)n]]
< NgllesUgh) + llg @Rl AR
< [eg(IRIDNAN + 1R (@)1 eg (EUIRIND) + Il @) MRl (N A)

Ry
O

The next theorem is a simple application of the chain rule and can be proved easily with
Theorem 2.1.4:

Theorem 2.1.10. In addition to X and Y let (Z,||-||z) be a normed space. Let A:Y — Z
be a bounded and linear operator. Further let T : X — Y be Fréchet differentiable. Then
AT is Fréchet differentiable and Vo € X (AT)'(z) = AT'(x).

Now we will introduce the concept of gradients. This concept is based on the special proper-
ties of Hilbert spaces. As defined at the beginning of chapter 2, we assume X to be a Hilbert
space with scalar product < -, - >x.

Let now f : X — IR be a given mapping and assume existence of the Fréchet derivative
at some x € X. Note that f'(z)(-) : X — IR and thus (due to linearity and continuity)
f'(x) € X* = L(X,R). Thus the Riesz representation theorem (see Appendix, Theorem
A.8) assures the existence of a unique h, € X such that f'(z)(-) =< hg,- >. This result
forms the basis for the following definition:

Definition 2.1.11. Let S C X be nonempty and open, let x € S. Further let f : S — IR
be a mapping such that the Fréchet derivative f’(z) exists. Let h, € X be the Riesz
representation of f'(z)(-), i.e.

f(@)() =< hg,- >
Then we define V f(z) := h, and call V f(x) the gradient of f at x.

Remark:

i) If DC SandVx € D3 f'(x), then Vf(-) : D — X defines a mapping by z — V f(x).

ii) In an earlier remark we mentioned that the Fréchet differential operator is linear. This
implies together with the linearity of the scalar product and the uniqueness of the
Riesz representation, that V(-) is also a linear operator. That is, assume that for two
mappings f, ¢g: S — IR 3 Vf(z)and Vg(x). Then for a, § € IR

V(af + Bg)(z) = aVf(x) + BVg(z)
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iii) The Riesz representation theorem (see Appendix, Theorem A.8) also implies that
1f(x)()leex,m = ||V f(x)||x. This result can be used to show that Vf(-) is con-
tinuous if f is continuously Fréchet differentiable.

iv) In case of X = IR" this gradient definition is equivalent to what one usually learns in
advanced calculus.

We will clarify this definition by the following simple example:

Example 2.1.12. Let X = IR" and define f : R® — IR by f(z) := ¢’z where ¢ € IR".
Then Example 2.1.3 implies that the Fréchet derivative of f is given by

fl(x)h=c"h=<c,h >pn

The Riesz representation is unique, thus V f(z) = c.

2.2 Higher Derivatives and Taylor’s Theorem

In this section we will derive Taylor’s Theorem for general normed linear spaces and use it
to prove certain results that are needed later.

We already mentioned in Section 2.1 that one has to use caution when dealing with Fréchet
derivatives of higher order. The corresponding domains and ranges of these mappings are not
trivial and require a precise treatment and notation. Consider now a mapping f: X — Y
which is n times Fréchet differentiable for given n € IN.

As we already pointed out in the last section, the first derivative f'(x)(-) is a mapping from X
to Y, whereas f'(-) is a mapping from X to £(X,Y’). In case of the second derivative it gets
more complicated: f”(-) maps from X to L(X,L(X,Y)). For given z, h; and hy € X this
means that f”(z) € L(X,L(X,Y)), f"(x)he € L(X,Y) and finally f”(x)hehy € Y. For the
n'* derivative f™(-) we obtain that f™ (x)h,h,_;---hy € Y. Note that f) (2)h,hp_1---hy
is by definition of the Fréchet derivative bounded and linear with respect to every h,,.

However, it turns out that it is sometimes useful to suppress the arguments hy, ..., h,. We
will write f(z) as f(x) - ... with n dots after the closing parenthesis. For example
x+— f"(z) - is the mapping from X to L(X, L(X,Y)). If one calculates Fréchet derivatives
of higher order, the dots do not always appear in this nice order, thus it will be important
to link indices to these dots. We write:
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The following examples show the advantage of the new notation:

Example 2.2.1. For given f : X — IR and ¢ : X — Y consider the Lagrange functional
L: X xY — IR defined by

L(z,\) := f(x)+ < A\, c(x) >y

Assume that the mappings f and c¢ are twice continuous Fréchet differentiable. Our goal is
to calculate the first and second Fréchet derivative of L(z, ) with respect to its argument
x. We will denote these derivatives by < L(z, \) and %L(m, A). By Theorem 2.1.10 and the
linearity of the Fréchet differential operator we obtain:

d / /
@L(x, A= fl(z) -+ <\ d(x) >y

and hence by the same argumentation

2

d " "
@L(.T,)\):f (x)"+<)‘70 ('T)">Y

Example 2.2.2. Define for the mapping ¢(-) from the previous example g : X — IR by

1

o(r) = Slle@)l} = 5 < (o), cla) >

Our goal is to calculate the second Fréchet derivative of g. Hence, we start with the first
derivative and in particular with the Gateaux derivative. Let h € X and r € IR. Then

oo 9 1) — g5 (a)
r—0 r

= 712%%[ <c(z+rh),c(z+rh) > — < c(z),c(z) > |

1
= liH(l)Q—r[ < c(z+rh),c(x+rh) > — <c(z),c(x+rh) >

+ < c(x),c(x +rh) > — < (), c(x) > |

1 - 1 -

= —lim< dztrh) = ) cc(z+7rh) >+ lim < ¢(z), dwtrh) = o) >
2r—0 r 2 r—0 r
1 1

= 5< d(x)h, c(z) > tg5 < c(z),d (x)h >

where the last equality holds due to continuity of the scalar product and ¢(-). The spaces
we consider are Hilbert spaces over the reals and thus

lim g(x +rh) — ga(x)
r—0 r

=< ¢(x),d(x)h >
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It is now easy to show (by using the trick of adding a neutral zero), that the Gateaux
derivative fulfills the requirements of the Fréchet derivative, that is

g (x)h =< c(x),d (x)h >

or equivalently ¢'(z)- =< ¢(x),d(x)- >. We continue to calculate the second Fréchet deriv-

ative of g by using the chain rule derived in Section 2.1. To apply this rule we decompose
g'(z). Define T: Y x L(X,Y) — L(X, R) by

U
T (v) =< U, v >y

Note that T'(u,v) has a dot, because it is a mapping itself. To obtain a candidate for the
Fréchet derivative, we calculate the Gateaux-derivative:

1
hrr(1)—(< U+ rup, (V4 rop)- > — <u,v->) =
r—07r
1
= hH(l)— (< u,rvp: > + < rup,v- > + < rup, TV >)
r—07r
= <u,vp >+ <up,v >

Now we check whether this candidate satisfies the definition of the Fréchet derivative:

| <uAup (v+uoy) >—<u,v>—<u,vp >— <upv > | =

= | <up,vn > |lexm) = ”81”1p | < up, v > |
z||=1
< unllx ”51”11D lvnzlly < fJunllx llonll ey
z||=1
2
< unll® + 2llunlllfonll + Jonll* = (luallx + [lonllzoxry)

2
- ()
U ) N xxcix,y)

Hence the Fréchet derivative exists and

u u
T’( ) ( h)~:< U, Ve >y + < Up, U >y

(% Up,

Clearly, in order to decompose ¢'(z) and use the chain rule, we must now define a mapping

S: X =Y x L(X,Y) by
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By definition of the norm on the product space Y x £(X,Y’) it is obvious that S is differen-
tiable and

Hence, as ¢'(z)-1 = T(S(x))-1, we obtain by the chain rule

(@) = T(S(x)1)S (x) 21 = I (Cf(%}l) ( ()2 )

C”(I) 1
1

x)w, d(x)1 >

/

= <c(x),d"(x) 91>+ <c

In this final equation, we can see that it is very important to number the dots. Hence our
notation makes sense. However, with even higher derivatives it might be more convenient to
make the calculations with the corresponding h, and set up the dot-notation in the end.

Consider again the notation f™(x) = f(x)h,h,_;---h,. For our purpose the case h, =
h,_1 = ... = hy is of particular interest. Clearly, a product of vectors is not defined in
general normed linear spaces. However, the following notation turns out to be extremely
useful and intuitive for higher derivatives:

Define for xg, z € X and for v =0,...,n

f(”)(xo)x” — f(”)(Io) TT---1T

v—times

We are now ready to introduce the n'* Taylor polynomial of f:

Definition 2.2.3. Let D C X be open and let f : D — Y be n-times Fréchet differentiable
at zg € D. Then for x € X the n'* Taylor polynomial is defined by

To(e) == 32— f o) — o)

Now we derive a remarkable generalization of Taylor’s Theorem for mappings from one
normed linear space to another. The theorem we state here is an extension of the corre-
sponding theorem in [6, page 281]:

Theorem 2.2.4 (Taylor’s Theorem with Remainder Estimate). Let X and Y be
normed linear spaces. Further let D C X be open and f : D — Y be n-times Fréchet
differentiable on D. Let x,xy € D such that zo +t(x —x9) € DV 0 <t < 1.
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i) Assume that f is n+1-times Fréchet differentiable on D. Then the following inequality
holds:

1
1£(2) = Tu(e)| € ggplle = 3al™*" sup £+ (w0 + ta = a0

(n+1)!

i) If [ is as assumed n-times Fréchet differentiable, then 3 6 = 0(x,x9,n) € (0,1) such
that

1
1f (@) = Tu@)]| < Sl — wol|"[[f™) (o + B(x = x0)) — ™) (o)
Further, if f is n-times continuous Fréchet differentiable, then
f(@) = Tu(@) + ofl|x — o||")

Proof. First we prove part i) of the theorem. According to Theorem A.5 (see Appendix A,
Corollary of Hahn Banach Theorem), there exists a nonzero y* in Y*, the dual space of Y,
such that

y (f(x) = Tul@)) = ly"[ly+[.f (2) = Tn(2)[ly (D
Now define @ : [0, 1] — IR by

®(a) == y*[f(zo + a(z — 20))]
But then we obtain by Theorem 2.1.10 and Theorem 2.1.9

() = y*[f (w0 + a(z — m9)) (2 — )]
Using the same arguments, we can derive by induction for v =0,...,n+ 1

¢ (a) = y*[f" (20 + az — 20)) (2 — 20)"]

Hence, by Taylor’s Theorem for functions of a real variable (see Appendix, Theorem A.3)
360 € (0,1) such that

B(1) — i 2O _gp— L _gming
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which implies that

y*ﬂ@—ZL%M@Mmﬂqu

v=0

= y [(ni 1)!f(n+1)(xo +0(z — x0))(z — fo)(nﬂ)} (IT)

Thus, by the boundedness of the involved linear mappings and equation (I)

* * 1 n n
[y [l (z) = Ta(z)| < [lv7] 'TJrl),f( +1)($0+9($—$0))‘ | — o]+
1
< * . n+1 (n+1) Hr —
< 1yl = ol sup 7o + ta — )

But y* # 0, hence part i) of the theorem is proved. In order to prove part ii) we will use the
proof of part i). Define g(z) := f(x) — T,,(x). Denote the Taylor polynomial of order n — 1
of g by T?_,. Tt is easy to show that T ; = 0. Hence, by equation (II), applied to g and
T4

v lg(e) =TS || =y [f(x) = TI(x)] =

= | U + 0l = w0) = [ (@) @ — )"

Now, by using the same arguments as above at the end of part i), we obtain the inequality
in part ii) of the theorem:

1£@) = Tula)l| < e = ol o + 8z — 20)) — £ o)

Clearly, if f is n-times continuous Fréchet differentiable f™(xy 4 6(z — x,)) converges to
f) (x4) for z — 2. Hence also the last claim in part ii) of the theorem is proven. O

If we set in part i) of Taylor’s theorem n = 0, we obtain the generalized mean value theorem
for normed linear spaces:

Corollary 2.2.5 (Mean Value Theorem). Let D C X be open and f : D — Y be Fréchet
differentiable on D. Let x € D, h € X and suppose that t +th € D YV 0 <t <1. Then

£z + 1) = F@)] < [Il] sup |1z + th)

This theorem helps us to prove the next result:
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Theorem 2.2.6. Let f : X — Y be continuous Fréchet differentiable on X. Let x, € X.

Then f is Lipschitz-continuous in a neighborhood of x,.

Proof. Let M > 0. The continuity of f/(-) implies:

36>0 st |lz—a| <6 implies |f'(2)(-)— f'(z)()|lexy) <M
Now let x € Bs(z,).

= I @llecxy) = 1 @)llexyy < (@) = f@)llexyy < M

Thus f’(z) is bounded on Bj(z,). Let « € Bs(z,) and h € X such that x + h € Bs(x,).

Bs(x,) is convex, thus z + ah € Bs(z,) V0<a<1.
=  ||f(z+ah)]|<L V0<a<l

Hence the generalized mean value theorem implies || f(x + h) — f(z)|| < L||h].

2.3 Hilbert-adjoint Operator

O

In this section we will introduce Hilbert-adjoint operators and apply this concept to functions
needed in later chapters. As the name already indicates, the specific structure of Hilbert

spaces will be used.

Definition 2.3.1. Let T': X — Y be a continuous linear mapping. Then the Hilbert-adjoint

operator T* of T is the operator T : Y — X such that

<y, Tx>y=<T'yx>x VzelX, VyeyY

We will show now, that the Hilbert-adjoint operator T™ is well defined:

Theorem 2.3.2. Let T': X — Y be a continuous linear mapping. Then the Hilbert-adjoint

operator T of T exists, 1s unique and is a bounded linear operator with norm

1T cevixy = 1T || cex,v)
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Proof. Define B : Y x X — IR by B(y,z) :=< y,Tx >. Our goal is to apply a corollary
of the Riesz representation theorem (see Appendix, Corollary A.9). Let =, z1, x5 € X, let
Y, Y1, Y2 € Y. Further let o, # € IR. Then

By, az + fxy) = <y, T(axy+ Prs) > = <y, alx; >+ <y, [Tzy >
= a<y,Tx1 >+B<y,T.CI?2> = C(B(y,]fl)‘i‘BB(y,.Tg)

In analogy we can show B(ay; + fy2, ) = aB(y1,x) + 6B(y2, ). Further we obtain by
applying the Cauchy-Schwarz Inequality and using the boundedness of T"

1By, )| = [ <y, Te>] < [lylll[Tz] < Iyl ITleexewllzlx

This also implies:

|B(y, )|
| B = sup T < T 2ex,v)

zeXx\{0}, yeY\{0} ylly =l x

But on the other hand

<y, Tx > <Tx,Tr >
1Bl = sup l<y.Tz>| > sup | 7 - 1T 2cxv)
cex\(0}, yev\foy Wlvlizllx 7~ sexvqoy, Teevvioy I T2llvll2llx

= 1Bl =Tl ey

Now Corollary A.9 gives us a Riesz representation for B(-,-), i.e. B(y,z) =< T*y,z >,
where T(-) : Y — X is unique, bounded and linear with ||| v, x) = || B||.

—  By,z) =<T"y,x >=<y,Tx> and ||T|zxy) = IT"zrvx)

O

The concept of Hilbert adjoint operators is in fact the natural generalization of the “trans-
pose” in IR™". This is shown by the following example:

Example 2.3.3. Let X = IR" and Y = IR™. Let A € IR™" and define T': IR" — IR™ by
T(x):= Ax. Let € IR", y € IR™. Then

<y, Te>=y " Ar = (ATy) 2 =< ATy, z >

The Hilbert-adjoint operator T*(-) is unique, thus 7*(y) = ATy.

The next example provides the calculation of some gradients that are needed in later chapters:
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Example 2.3.4. Let f : X — IR and ¢ : X — Y be continuously Fréchet differentiable
mappings. Let A € Y. Our goal is to calculate the gradients of various mappings of future
interest.

i) Define g1 : X — IR by gi(z) =< \,c(z) >y. We already showed in Example 2.2.1,
that the Fréchet derivative of ¢;(-) is given by

gi(x) =< N\, d () >y

But (z)(-) is bounded and linear. Thus, by the last theorem, its Hilbert-adjoint
operator exists and

gi(x)- =< N\, () >=<(x)*\,- >
As Vg, (x) is unique, we can just read from the last equation that Vg, (z) = ¢/(z)*\.
ii) Now define go : X — IR by
) = Glel@) = 5 < (o), ela) >y
In example 2.2.2 we already showed that
go(x)h =< (), (x)h >=< (z)*c(x), h >
which implies Vgq(z) = ¢(z)*c(z).
iii) Finally, define ® : X x Y x IR — IR by

Do) = e+ < Aela) >y ol

As V, is a linear operator, we can easily compute V,®(x, \, i) by using parts i) and

ii):
1_1 )
qu)(ilf, )\,,LL) = v:tf(x) + Vx < )‘76(3:) >y +;vx§HC(x)HY

= Vf(x)+d(x) N+ %c’(z)*c(x)

Now we will state some basic properties of adjoints which will be referred to in the next two
sections. The proof of these properties is straightforward and can be found in [16] and [23].

Theorem 2.3.5. In addition to X and Y, let also (Z,< -, >y) be a Hilbert space.
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i) Let T, S € L(X,Y). Then (T + S)* =T*+ S*.
i) Let T € L(X,Y). Then (T*)" =T.
ii) Let T € L(X,X) be bijective. Then T* is also bijective and (T~1)" = (T*)™".
w) Let T € L(X,Y), Se€ L(Y,Z). Then (ST)" = T*S*.
The relations of ranges and null spaces of an operator and its adjoint are of fundamental

importance for later proofs. Therefore, we introduce the following notation: For a given
mapping f: X — Y let R(f) denote the range of f and N(f) the null space of f.

Theorem 2.3.6. Let T € L(X,Y) and let T* be the corresponding Hilbert-adjoint operator.
Then
R(T)" = N(T%)

Proof. We prove the theorem by showing inclusions. First, let y* € N(T*) and y € R(T).
Then y = Tz for some x € X and

<yt y>y=<y" ,Tr >=<TYy" x>x=< 0,z >x=0

As y was arbitrary, this implies that y* € R(T)* and thus N'(T*) C R(T)"*.
Now assume y* € R(T)*. For every z € X : Tz € R(T) and therefore

0=<y"Te>=<TY",x>x
By choosing x := T*y* we obtain T*y* = 0 which implies R(T)* C N(T*). O
Lemma 2.3.7. Let T € L(X,Y) and assume that R(T') is closed. Then there is a constant
K such that for every y € R(T') there is an x satisfying Tx =y and ||z||x < K||yly.

Proof. T is continuous, thus N (T') is closed. Let now X/N(T') denote the quotient space
consisting of all equivalence classes [z] modulo N (T), i.e. for z, y € X

r~y = xz-—yeN((T)

This space is a linear space with alz] + Bly] := [az + By]. N(T) is closed, hence we know
from Functional Analysis, that X/AN(T') is a Banach space with norm

= inf
2]l x/ar ) nelﬁlr(T)HernHX

Now define T : X/N(T) — R(T) by T[z] := Txz. The specific structure of this quotient
space implies that T is well defined, injective and surjective. Further

T(alz]+Bly)) = T(lox+ By)) = T(az + By)
= oTz+ BTy = oTx] + BTy
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Therefore T is linear. Further the definition of || - || x/a(r) implies that there is for every
z € X an T € [z] such that 3||Z||x < |/[]||x/arcr). Hence,

1Ty = 1Tzlly = 1TZlly < ITleeenlZlx < 1T ecen2l2)xnv)

and thus T is also bounded. By assumption R(T') is closed. Thus (R(T), | - [|y) is a Banach
space. Now the Inverse Mapping Theorem (see Appendix, Theorem A.11) implies that T'
has a continuous inverse 71,

Finally, let y € R(T) and define [x] := T~'(y). Then
2 x/nvery = 1T Yl xvery < NTHnexwery lylly

2l x

But  ||[z]||x/n) = infren |2 +nllx = 55 for some Z € [z]. Thus

12 < 20T exsmy lylly =: Kllylly

which proves the theorem (observe that K is independent of y). O
Theorem 2.3.8. Let T € L(X,Y) and assume that R(T) is closed. Then

1

R(T*) = [N(T)]

Proof. Again, we prove the theorem by showing both inclusions. First, let 2* € R(T™).
Then z* = T*y* for some y* € Y. Now let x € N(T) be arbitrary. We obtain

<zt >x=<T'y" x>x=<y " Tr>y=<y",0>=0
Therefore, z* € [/\/(T)]L and thus R(T*) C [./\f(T)]L
Now let z* € [N (T)]l. Further let y € R(T"). We know from linear algebra, that
{reX st. Te=y}=uz,+N(T)

where z, is one specific solution of Tx = y. Now define f(z) :=< z*,z >x. Due to the
orthogonality of 2* to all vectors in N'(T), the functional f(-) is constant on {z € X s.t. Tx =
y}. Therefore g : R(T) — R, y —< z*,z, >x where Tz, = y is well defined on R(T).
Observe, that

g(y) =< 2"z, >x=<a", 2 >x Vee{re X st. Tr =y}

According to the previous lemma, there is an 7 € X satisfying Tz = y and ||z||x < K||y]|y-
Therefore,

gl =1 <2z >x [ =] <27 >x [ < 27| x[IZ]x < [l xKllylly = cllylly
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Thus g(+) is a bounded linear functional on R(7"). Now we can use the Hahn-Banach Theorem
(see Appendix, Theorem A.4) to extend g(-) from R(T) to Y, i.e. there exists a linear
functional G : Y — IR such that

Gly)=9gly) vyeR(T), |Gl <clylly YyeY
Thus G(-) € Y*, hence it has a Riesz representation yg € Y (see Appendix, Theorem A.8):
Gy) =<yc,y> WyeyY
Finally, let & € X be arbitrary. Then T'% € R(T') and thus
< T 'y, & >x=<yg, 1T >y=G(T7) = g(Tt) =< =", x7; >x=<2",T >x

This implies < T*yg — 2", 2 >x= 0 VI € X and therefore T*ys; = z*. But this means
z € R(T*) or [N(T)]" € R(T). O

2.4 Operator Pseudoinverse

The pseudoinverse is an important concept in optimization theory. Assume that A € £(X,Y)
and y € Y and consider the approximation problem

min Az —ylly

Define S := {& € X s.t. & = argmingex| Az — y|ly)}. Then the pseudoinverse is defined
as the mapping A" : Y — X which maps a given y € Y to the minimum-norm solution
argminges||x||x of this approximation problem. In linear algebra one usually covers the
matrix theory of the pseudoinverse, i.e. in the case X = IR", Y = IR™. There one can easily
show, that the pseudoinverse is well defined. The question is how this theory of the matrix
pseudoinverse transfers to the general Hilbert space case.

As Hilbert spaces itself are no more than a generalization of finite dimensional linear vector
spaces with Euclidean norm, one can hope that the theory carries over in a satisfactory
manner. In fact, especially in the case of a bounded linear operator with closed range,
similar theorems can be derived with the best approximation theorem [8]. There are genuine
difficulties, however, when the operator has non-closed range [19].

For our purpose, the analysis of a linear and surjective operator A € £(X,Y") is sufficient.
The range R(A) =Y is closed and one can show in this special case that (AA*) is invertible
(see next theorem) and that the pseudoinverse is given by AT = A*(AA*)~1.
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In Chapter 3 the analysis of the following problem is of particular interest: As mentioned
above, let A € L(X,Y) be surjective. Then consider for given x € X

min [ A"y — zf|x (2.1)

R(A) is closed, therefore by Theorem 2.3.8 R(A*) = [N(A)]" is closed. Hence the pseudoin-
verse theory carries over to the Hilbert space case and (A*)" exists. Furthermore, one can
easily verify with the projection theorem that the solution of (2.1) has to satisfy the normal
equation

AA*y = Ax

As mentioned above, we will show in the next theorem that in this special case AA* is
invertible and therefore by Theorem 2.3.5

y = (A z=(AA")""Az
(A7 ((A4) ™) T w = [A ((A4)) ] e (2.2)
= [A"(AA) ] z=(AM)=

As x was arbitrary we obtain

(AT = (A7) (2.3)

This relation is of particular interest for results in later chapters. As we will see, one has to
assure that (A*)" exists even in case of a perturbed, surjective operator A. The necessary
theory will be derived in this section.

Theorem 2.4.1. Let A € L(X,Y) be surjective. Then AA* is bijective.

Proof. We show first, that AA* is injective. Due to linearity it is sufficient to show N (AA*) =
{0}. Therefore assume that AA*y = 0 for some y € Y. Then

0 =<y, AA*y >y=< A*y, A*y >x= || A"y||%
and consequently A*y = 0. But due to Theorem 2.3.6 N (A*) = R(A)L =Y+ = {0} which
implies y = 0.

Now we show that AA* is onto, i.e. R(AA*) =Y. Clearly, R(AA*) C R(A) =Y. Hence,
it is sufficient to show R(A) C R(AA*). Therefore, let y € R(A). Then y = Ax for
some r € X. A(-) is continuous, thus N(A) is closed. By the projection theorem (see
Appendix, Theorem A.7) we can decompose x in © = zy + xy. where xy € N(A) and

Tyt € N(A)L Th 238 R(A*). Thus 3 g € Y such that A*§ = x1. This implies
AA'g=Azy. = Alay +ayL) = Az =y
Hence, y € R(AA*) and thus R(AA*) =R(A) =Y. O
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In later chapters we will consider a mapping ¢ : X — Y which is continuous Fréchet differ-
entiable. Further we assume ¢/(z,)(:) to be surjective for some z, € X. We have to assure
for further analysis, that ¢/(z)(+) is surjective in a neighborhood of z., too. It turns out, that
d(z)(-) can be represented as a perturbation of ¢/(z,)(-). The next theorem is an appropri-
ate perturbation theorem for bounded linear operators. It is a modification of Theorem 5.11
in [27].

Theorem 2.4.2. LetT € L(X,Y) be bijective. FurtherletS € L(X,Y) s.t. ||ST Hzivy) <
1. Then T + S is also bijective and

(T+8)7 =) ()T H(ST™)"
n=0
Proof. First we show that 7'+ S is injective. Let x € X. Then
ISz|ly = |ST™ Tlly < ST~ |l I T2lly

This implies

(T +S)zlly > [Tzlly = [|Szlly > | T=lly = [IST e IT2]ly
1Ty (1 = [IST Y lzevyy) > 0 for @ #0

Hence, T'+ S is injective. In order to show surjectivity, we define for p € IN

p

Ay = (=) TN ST "

n=0

Thus A, : Y — X and by the Inverse Mapping Theorem A, € L(Y, X). Now we show that
A, is Cauchy. Let m € IN

p+m
1Aptm — Aplleviy = 11 D (D" T ST |l evx)
n=p+1
p+m
< D IT M e lST ) ey
n=p+1
m—1
< AT e IST M %y D IST oy
n=0
<

1T el ST vy D IST e
n=0

= STy, = 0 p— 0
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L(Y,X) is a Banach space, so there exists an A € L£(Y,X) such that lim, .., 4, = A.
Consider now

p

(T +8)4, = Y (=T +8)T (ST~

n=0
_ i( nI ST Z n+1

n=0

= =) (ST Y (-1 (sT )

=1 n=0

— L+ (VST

bS]
=

where [ : X — X denotes the identity operator. Thus we obtain

(T + ) Ay = vy = I=DP(ST™ P ewwy < IST Iy — 0, p— o0

Hence (T'+ S)A, — I, p — oco. Now let y € Y. Then
Apy = x Ay and (T + S)Apy =y Ty =y

The transformations T and S are both bounded. Thus, by the closed graph theorem (see
Appendix, Theorem A.12), the graph of T'+ S is closed. Hence (Ay,y) € Graph(T 4+ S), i.e
(T'+ S)Ay = y. Therefore (T'+ S)A = I. In particular R(T'+ S) =Y and thus T+ S is
bijective. As an additional result we obtain A = (T + S)~!. O

This perturbation theorem will now be applied to the perturbed surjective operator men-
tioned above.

Theorem 2.4.3. Let D C X be open and nonempty. Let c: D — Y be continuous Fréchet
differentiable on D. Further let xo € D and assume ¢/ (zo)(+) is surjective. Then ¢ (x)(-) is
surjective in some d-neighborhood of xg.

Proof. We obtain from Theorem 2.4.1, that ¢/(x¢)c(zo)*(+) is bijective. We will show that
d(z)d (x)*(+) is bijective in some d-neighborhood of xy, which implies in particular the sur-
jectivity of ¢(x)(+). For x € D define T, S, : Y — Y by

T(:) == c(wo)c (x0)" ()

Sa(+) = [ (@) (2)" = ¢ (o) (x0)"] ()
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Thus ¢ (z)d(z)* =T + S,, so ¢(x)d (x)* can be interpreted as a perturbation of 7. Now

152l vy = [[€(@) (2)" — ¢ (z0) (20) || £(vy)
= |I[d(z) = (zo)] ()" + ¢ (w0) ['(2)" — ' (20)"] | v,y
'(@o)lccx Il ()

)

)

< |d () = leevx) + 1€ (@o)ll e €' ()" = ¢ (20) [l 2vix)
Th.2.3.5 " *
' (z) = (o)l cix 1€ (@) | cevixy + 1€/ (o) e vy || [€ (@) — ¢ (20)]” [ 2evix)
Th
HC(l“) CI(JJO)HE(XY HC(fF HL (x,y) + HC(JJO)HE(XY HC r) — ($0)Hc (X,Y)
|/

< Mld(z) = (wo0)llcxy

in some d;-neighborhood of zy. Hence

19Tl eviyy 1Szl e 1Tl ey

<
< M| (z) = @)l ex 1T ey < 1

for z in some d-neighborhood, § < d;. Now Theorem 2.4.2 implies, that 7'+ S, = ¢/(z)d(z)*
is bijective in this d-neighborhood. O

From the last theorem we directly obtain the following Corollary:

Corollary 2.4.4. Let D C X be open and nonempty. Let ¢c: D — Y be continuous Fréchet
differentiable on D. Further let xo € D and assume ¢ (xo)(+) is surjective. Then the operator-
pseudoinverse ¢/ (x)T(+) exists in some §-neighborhood of xo and

d(@)F () = (@) [d(@)d (@) ()
Finally, we show that the pseudoinverse is Lipschitz-continuous in some neighborhood:

Theorem 2.4.5. Let D C X be open and nonempty. Let ¢ : D — Y be twice continuous
Fréchet differentiable on D. Further let xy € D and assume ¢/ (z9)(-) is surjective. Then
()T is Lipschitz-continuous in a neighborhood of xy.

Proof. We know from Theorem 2.4.3, that ¢/(z)(+) is surjective in some d-neighborhood of
xo. If we define for x € D the operators T" and .S, as in the proof of Theorem 2.4.3, we obtain
1527~ | Lv,y) < 1 in the same neighborhood. Now define A(z) : Y — X and B(z): Y — Y

by
Az)(-) :=d(@)"() and B(x)() = (x)(2)"(")

Then, by Corollary 2.4.4, ¢'(x)™ = A(x)B(z)~!. The mappings A(z)(-) and B(z)(-) are both
continuous and linear. Further B(xz)(-) is bijective, so the inverse mapping theorem (see
Appendix, Theorem A.11) implies that B(z)~!(-) is also a continuous and linear operator.
In order to improve the readability of this proof, we will split it up into several parts:
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Part 1): First we show, that A(-) and B(-)~!) are bounded in some neighborhood of z.
The mapping c(-) is twice continuous Fréchet differentiable. This implies:

. Th.2.3.2
[A@) vy = 1€ @) ey =7 @) lexy)y <M

in some neighborhood of zy and for some M > 0. Further B(z) = T + S,, thus Theorem
2.4.2 implies

IB(z) ewyy = T+ S2) ey
= [Ty
n=0 LY,)Y)
< ZHTilHE(Y,Y)HS:ETAHZ(Y,Y)
n=0

1
= ||T7! '
17 ey 77 ey

<M

in some neighborhood of z, and for some M > 0. Note that the sum converges due to
HSxTilnc(y;y) < 1.

Part 11): We will show now, that the operators A(-), B(-) and B(-)~! are Lipschitz-continuous
in a neighborhood of z5. Due to Theorem 2.2.6 ¢/(-) is Lipschitz-continuous in some neigh-
borhood N, thus for x, y € N

1A@) = AW)lleviy = Id@)" = W) e = (@) = @] leevx

Th.2.3.2
=7 @) = dWlleery < Lllw —yllx

where L denotes the Lipschitz-constant of ¢/(+). In analogy to the proof of Theorem 2.4.3 we
can show that

1B(z) — By)llcevyy = I () (2)" = () () |l vy

< |1 (@) = Wl Id @)l ey + W leaxmlle' (@) = ¢ W)l ey
< Mld(x) = ¢ W)llexy
< ML|z —vylx

in some neighborhood of xy and for some M > 0. By part i) B(-)~! is bounded and thus

I1B(x)™' = B(y) lleevyy = 1B(z)™ (B(y) — B(z)) B(y) ey
< |1B@) Meawn 1By) — B@)|lco) |1 BY) ey
< M?*ML|z -yl x
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in some neighborhood of z.

Part i7): Finally we show the Lipschitz-continuity of the Pseudoinverse:

I (2)" = () ¥ |l Lox) = [1A)B(z) ™ — A(y)B(y) v
= J|A(z) [B(x)™' = B(y)™'] + [Alz) — A(y)] B(y>71HL(Y,X)

< [[A@B()™ = By) 7'l + [ A(z) = AW By) |
Parts i),ii) .
< Ll —yllx
for some L > 0 and in some neighborhood of . O

2.5 Necessary Conditions

In this section we will generalize necessary and sufficient conditions for mappings f : X — IR
where X is as before a Hilbert space over the reals. We start with a simple necessary condition
for unconstrained optimization of a Fréchet differentiable function. However, as we will see
later, the extension of necessary conditions for constrained optimization to Hilbert or Banach
spaces is not that simple.

Theorem 2.5.1. Let D C X be open and f : D — IR be Fréchet differentiable at x, € D.
Assume further that f has a local extremum at x.. Then V f(z.) = 0.

Proof. Let h € X. Then the function g : IR — IR defined by g(«) := f(z. + ah) has a local
extremum at a = 0. The mapping f is Fréchet-differentiable. Hence, by Theorem 2.1.7, the
Gateaux-derivative of f at x. in direction h exists and is equal to g} (0). But g has a local
extremum at a = 0, therefore g5 (0) = 0 by ordinary calculus. As h was arbitrary, we obtain

9,(0) = %f(:r* +ah)| =f(x)h=0 VheX

a=0

But then the Riesz-representation of f’(z.)(-) must be zero, too, that is V f(z,) = 0. O

Our next goal is to develop a necessary condition for an extremum of a function f : X — IR
subject to equality constraints c¢(x) =0, c¢: X — Y. For X = [R" and Y = IR™ we already
know a solution: the Lagrange Multiplier Theorem. The question is whether this idea can
be transferred to arbitrary Hilbert spaces X and Y. In fact this transfer is possible - but we
must generalize certain techniques we learned in advanced calculus.
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If we recall how the Lagrange Multiplier Theorem was derived for subsets of IR" and IR™ we
see, that the Inverse Function Theorem was crucial for the proof. That is why we first aim
at obtaining a Generalized Inverse Function Theorem.

Theorem 2.5.2 (Generalized Inverse Function Theorem). Let D C X be nonempty
and open. Let T : D — 'Y be continuously Fréchet differentiable on D. Further let xy € D
and assume that T'(zo)(-) : X — Y is surjective. Then there is a neighborhood N (yo) of the
point yo := T(xo) and a constant K such that the equation T'(x) =y has a solution for every
y € N(yo) and the solution satisfies ||x — xo||x < K|y — yolly-

Proof. First we will (in analogy to the proof of Lemma 2.3.7) construct a quotient space and
then a bijective and bounded linear mapping. The operator T"(zo)(:) is continuous, thus
Lo := N(T'(x0)(:)) is closed. Hence, the quotient space X/Lg, consisting of equivalence
classes [z] induced by the equivalence relation

x~y = x—y€El
is a Banach space with norm
l2]lx/zo = inf |z +mllx
Now define an operator A : X/Ly — Y by
Alx] :== T (xo)x

This operator is well defined since z ~ y implies Az = Ay. In analogy to the proof of
Lemma 2.3.7 we can show, that A(-) is linear, continuous and bijective. Thus, by the Inverse
Mapping Theorem (see Appendix, Theorem A.11), A(-) has a linear and continuous inverse
A_l(-) Y — X/ L.

The idea of the proof is now to construct, for a given y € Y in some neighborhood of
yo = T(xp), a sequence of equivalence classes (L)%, C X/Ly and a corresponding se-
quence (g,)5, C X with g, € L, such that z,, + g, converges to a solution of T'(z) = y.
The proof is quite long, so we will split it up into several parts in order to improve readability.

Part i): To start, let y € Y be fixed and choose gy := 0 € Ly. Then define the sequences
(L), and (g,)22, recursively by

Ly— Ly :=A"(y = T(x0+ gn_1)) (2.4)
and from L, we select g, such that

19n = gn—1llx < 2[|Ln — Lu-1llx/L0 (2.5)

This is possible since for some g, € L,

HLn - LnleX/LO = %2{0 Hgn —Gn-1+ mHX = giEHLfn Hg - gn—lHX
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By construction, L, 1 = A™'T"(20)gn_1 and hence equation (2.4) and the linearity of A71(+)
imply:

L,=A"" (y —T(xo+ gn1) + T’(xo)gn,l) (2.6)
and similarly

Ly = A" (y = T(x0 4 gn-2) + T"(0)gn—2)
Therefore we obtain

Ly = Ly = =AT(T(x0 + gn-1) = T(20 + gn—2) = T'(20)(gn-1 — gn-2)) (2.7)
Part ii): Now define I' : X — X /Lo by I'(z) := =A™ (T'(x) = T"(20)x). The linear mappings

A71(-) and T'(zo)(-) are Fréchet differentiable. Hence, by the chain rule (Theorem 2.1.9),
['(-) is also Fréchet differentiable and

I(z)(-) = —A™(T"(2) — T'(x0)) ()
By applying the generalized mean value theorem (Corollary 2.2.5) we obtain:

| L = L1l = [|T(z0 + gn-1) — I'(20 + gn-2)llx/L0
= |I(zo + gn-2 + (gn-1 — gn—2)) — I'(z0 + gn—2)|lx/1L0

< gn-1 — gn2llx sup. IT" (20 + gn—2 + a(gn1 — gn—2)) ()|l 2x.x/10)
<a<
= Hgn—l - gn—2||X :
$Sup | — A7 (T"(z0 + gn—2 + @(gn-1 — gn-2)) — T"(0)) ()|l cx.x/L0)
<a<
< gn-1 — gn—2llx 1A | v, x/10) -
$Sup 1T (z0 + agn-1 + (1 = @) gn—2)(-) = T"(x0) ()|l x,x/L0) (2.8)
<a<

Part ii): Now choose r := m. The continuity of 7"(-) implies, that there is a §, >

0 such that ||[T"(x) — T"(xo)|lzcxyy < r Vo st ||z — xllx < J,. Now assume, that
lgn-1llx, l|gn-2llx < &r. Then ||agn—1 + (1 — @)gn-2|lx < ¢, for 0 < a < 1 and there-
fore (2.8) implies:

ILn = Lo-1llx/e0 < 1A | 2ovix /L0y 1901 — gn—2llx

Using (2.5) we obtain

Hgn_ganHX QHLn_LnfluX/Lo

27&”‘/471”E(Y,X/L0) Hgnfl - gnfluX

IAINA

1
§!|gn—1 — gn—2|lx (2.9)
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Part w): Now pick € := 7= 1”6 and let y € Y such that ||y — yolly < ¢ We will show by
induction, that ||g.|x < J, Vn:

loillx = llg1=0llx = llgr — gollx
(2.5) def. norm
< 2/l = Lollx/ee = 2lLallx/L,
2.6 _
9| A (y — T(wo +0) + T (20)0] /1,
= 2[4y —vo)llx/ee < 2lly = wolly 1A cevix/Lo)
_ 1
< 2€HA 1H£(Y,X/L0) = i(sr (210)
Thus [|gollx, |lg1]lx < &r. Now assume |[|go||x, ..., ||gn-1llx < . We must show ||g,||x < J;:
lgnllx = ||91+Z —gi-1) Ix < ||91||X+Z||gz‘—gi—1!|x
=2

(2.9) 1\°
2 ol + S o - ol (5)
=1
n—1 1 i 0 1 i
ol 3= (3) < ol 3 (5)

=0 =0

(2.10)
= 2allx < o (2.11)

Thus ||gn||x < d, for all n € IN.
Part v): Finally we show that the constructed sequence from Part i) converges. By Part iv)

and iii) we obtain for ||y — yolly < ¢

1
Hgn - gn—lHX < aHgn—l - gn—2||X Vn € IN

Let now m, k € IN. Then

m+k—1 k—1 1 P
s — gl < 1S lgin —gillx < r\gm+1—gmuxz(§)

1

< 2~ anllx < 2(5) Ty 0, m— o

Hence (g,)22, is Cauchy and thus convergent, i.e. 3 g € X such that g, — ¢, n — oo. In
addition, ||g|| < §,. Further (2.6) implies that L,, converges to some L € X/Ly and due to
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(2.4) we obtain

L=L+Ay—T(zy+g))
—  Aly=A""T(x0+9)
— y=T(zo+9g)

Finally, (2.10) and (2.11) imply

lgllx < 2lallx < 2-2lly = woly A v x/L0)
= KHZ/—ZJOHY

O

Remark: If one compares this generalized inverse function theorem to the one for mappings
from IR"™ to IR", one realizes that our 7' : X — Y is not locally invertible any more. We
only have the existence of a solution of the equation T'(z) = y in some neighborhood of .
But this is not surprising if one recalls that the existence of this local inverse was based on
the same finite dimensions of the domain and the range. In fact, the local inverse does (in
general) not exist any longer for mappings 7" : IR" — IR™ where m # n.

Now, that we derived a Generalized Inverse Function Theorem, we will aim at obtaining
necessary conditions for an extremum of a function f : X — IR subject to constraints
c(xr) =0 where c: X — Y-

Lemma 2.5.3. Let D C X be nonempty and open. Let f: D — IR andc: D — Y be
continuously Fréchet differentiable on D. Further let xo € D and assume that ' (xo)(-) :
X — Y s surjective. If f achieves a local extremum at xq subject to constraints c(x) = 0,
then

f'(xo)h =0 Vh st d(xg)h=0

Proof. Without loss of generality, let f achieve a local minimum subject to c¢(x) = 0. We
will assume that there is an h € X such that ¢(xo)h = 0 and f'(z)h # 0 and lead this to a
contradiction.

Define T: X — R xY by T(x) := (f(x),c(x)). It is easy to prove, that IR x Y is a Banach
space with norm ||(7, y)||rxy := |r|+ ||y|ly. The Fréchet derivative of T'(-) at x¢ with respect
to this norm is 7"(x)(-) = (f'(z0)(+), d(x0)(+)). Since f'(zo)h # 0, f'(x0)() is linear and
d(z0)(+) is onto, the mapping T"(z¢)(-) is surjective. Hence we can apply the generalized
inverse function theorem to the mapping 7'(+) in order to show that in every d-neighborhood
of xy there exists an & such that f(Z) < f(x):

Let 6 > 0 be arbitrary. Let N(T'(xg)) be the neighborhood given by the inverse function
theorem and let K be the corresponding constant (see Theorem 2.5.2). Now choose 0 < 0 <
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2 such that (f(zo) — 0,0) € N(T'(2)). Then we obtain by Theorem 2.5.2 that there exists
an T € X such that T(z) = (f(zo) — 0,0) and
=Kl|f| <6

=y s ] (790 - ()|

Thus Z is in the d-neighborhood of =y, ¢(Z) = 0 and f(Z) = f(zo) — 0 < f(xy) which
is a contradiction to our assumption that f achieves a local minimum at zy subject to
c(x) = 0. O

Finally, we state the generalized version of the Lagrange Multiplier Theorem:

Theorem 2.5.4 (Lagrange Multiplier Theorem). Let D C X be nonempty and open
and let f: D — IR and c: X — Y be continuously Fréchet differentiable on D. Further let
xo € D and assume that ¢ (x9)(+) : X — Y is surjective. If f achieves a local extremum at x
subject to constraints c(x) = 0, then there exists a unique A\g € Y such that the Lagrangian
functional L : X XY — IR defined by L(xz, \) := f(x)+ < \,c(x) >y is for X = \g stationary
with respect to x at xg, i.e.:

V;EL(I(), /\0) = Vf(l'o) + CI(I())*/\O =0
Proof. By applying Lemma 2.5.3 we obtain
f(xo)h =<V f(z9),h >=0 Vh e N((z0)("))

Hence Vf(z9) L N(d(x9)(-)). By assumption, ¢/(xq)(-) is surjective, thus R(c/(z0)(+)) is
closed. Now Theorem 2.3.8 implies, that

R(¢ (20)"(-)) = IV (¢ (o) ())] -
Therefore, V f(z9) € R(c'(z0)*(+)). But ¢(x0)*(+) is linear, thus —V f(zq) € R((x0)*(+)),

1.e.

3 )\0 eyY st — Vf(l'o) = C/(.CI?(])*)\O
—  Vf(zo)+(x0)* X =0

We showed in the proof of Theorem 2.4.1, that ¢/(x)*(-) is injective. Hence the Lagrange
multiplier )\q is unique. U

The Lagrange Multiplier Theorem states that candidates for local minima of functionals
subject to equality-constraints can be found by solving the equation

VoL(z,\) =V f(x)+d(z)"A=0

This is the concept this thesis is based on. The next chapter will be devoted to the derivation
of an algorithm which can solve this equation for the unknowns x and .



CHAPTER 3

Basic Algorithm for Hilbert Spaces

In the next chapters we will consider the following problem: Let X and Y be Hilbert spaces
over the reals. Let f: X — IR and c: X — Y be twice continuously Fréchet-differentiable.
Then we want to find candidate minimizers for

min f(x) subject to c(x) =0, reX (3.1)
Assume that z, € X solves (3.1) and that ¢/(z.)(-) is surjective. Then Theorem 2.5.4 states,
that there exists a A\, € Y such that

Vi(z) +d(x) A =0

But by Theorem 2.5.1 and Example 2.3.4, part i), this is a necessary condition for
min L(x, \,) (3.2)

zeX
where L : X XY — IR is the Lagrange functional defined by
L(z,\) = f(z)+ < A\ c(z) >y (3.3)

In order to solve (3.2), the Lagrange multiplier A\, € ¥ must be known. Therefore, an idea to
solve (3.1) is to predict a good A, and then solve (3.2) with the Newton-method. However,
this has the disadvantage that the constraint ¢(x) = 0 is not considered if A\ # A..

A classical technique to improve this simple idea is the augmented Lagrange method which
penalizes a violation of the constraint by augmenting the Lagrange functional (3.3). Hence

40
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we obtain a new objective function ® : X x Y x (0,00) — IR defined by

(o pp) = [(2)+ < \olz) >y ﬁuc(x)u% (3.4)

Therefore, ® is known as the augmented Lagrange function. Further, for the reasons described
above, A\ is known as the Lagrange multiplier estimate. Obviously, the degree of penalty for
violating the constraint is regulated by g, which is therefore called the penalty-parameter.

The idea for an algorithmic concept is now to minimize a suitable sequence of augmented
Lagrangian functions ®(-, A\, ). Suitable is to be understood in the sense that the Lagrange
multiplier A and the penalty parameter u are subsequently updated depending on how much
the constraint is violated.

Thus, a rough sketch of this algorithm is: Given Ay and gy, solve the subproblem

and obtain the iterate xp. Then adjust \; and .

How does one adjust the parameters Ay and p;? By intention one would say that the penalty
parameter must be decreased if the constraint violation is too large. But what is a good
update for the Lagrange multiplier?

Our solution (z., A.) € X x Y shall satisfy
Vi(z,)+d(x) =0

At such a point the algorithm should terminate. However, in general
IV fxy) + ¢ (2p) M| x >0

Thus our goal should be to make this error as small as possible. An appropriate rule for the
update of the Lagrange multiplier would be: Choose ;.1 such that it satisfies

min {|Vf (zx) + ¢ (@) Ml x = [V f (21) + ¢ (2) M|l x

As pointed out on page 29 this minimization is solved by

(2.3)

M) = =[d (@) TV f () = [ (ax) TV f ()

However, the computation of this operator pseudoinverse cannot be carried out in every
iteration. As we will prove later, the first order Lagrange multiplier estimate

1
M, Ay i) = A + —c(ay)
Mk
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is a good approximation of A(zy) and by far easier to compute. Hence a good update A1
for our Lagrange multiplier A\ is A(xy, A, pr). We introduce the following notation which
will be used throughout the following chapters: Define for x € X, A € Y and p € (0, 00)

Mz, A\ p) = /\—I—%c(x)
Mz) = =[d(@)"Vf(z) (3.6)

where ¢(z)" = d(2)*[d(z)d(x)*]"" as pointed out on page 29. In later sections we will
further use the following identity:

1)) (3.7)

This chapter is devoted to the derivation of an augmented Lagrangian algorithm which solves
(3.1) in the general Hilbert space setting. The proposed algorithm ALINF was developed by
E.W. Sachs and Annick Sartenaer in [25]. As we will see in the next sections, this algorithm
gives an explicit rule of how to adapt the penalty parameter from one iteration to the next
one. Further it provides an approximative rule of how to choose the Lagrange multiplier
update.

Algorithm ALINF solves (3.1) by generating arbitrary iterates in the Hilbert space X. This
is not satisfying, because numerical computations are in general not possible in infinite-
dimensional spaces. It is desirable to choose certain elements of the Hilbert space as iterates
which are representable by a finite set of numbers. However, algorithm ALINF allows a
certain degree of freedom for the choice of elements in the Hilbert space. This degree of
freedom will be used by the second algorithm ALDISCR which we present in chapter 5.
ALDISCR has ALINF as a basis and generates “nice” iterates with the properties mentioned
above. Moreover, the convergence theory we derive for ALINF will also apply for ALDISCR.

In section 3.1 we will introduce algorithm ALINF. Subsequent sections are devoted to local
and global convergence results for this algorithm as stated in [25].
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3.1 Description of the Algorithm

The algorithm as described in [25] computes in every iteration an iterate xy which approxi-
mately solves the subproblem

];Iél)]f(l (I)(.CI?, )\ka ,u/k)

where the Lagrange multiplier estimate A, and the penalty parameter u; are fixed in this
inner iteration. Here approximately is to be understood in the sense that

IVa® (@i, Ak, )l x < wi

where wy, is a suitable tolerance at iteration k. This tolerance will decrease from one iteration
to the next one, so that the subproblem will be solved more and more precisely. However,
the inexact solution of the subproblems will be of particular importance in later chapters
when we approximate those subproblems by discretizations.

Once the iterate xp is computed, we will test it for constraint violation. Depending on
this result we will adapt the penalty parameter and the Lagrange multiplier in a suitable
manner. This update is designed in such a way that the multiplier updates take over in a
neighborhood of a stationary point.

The degree of freedom mentioned above is as follows: Both the test of the constraint violation
and the update of the Lagrange multiplier allow a certain tolerance. These relaxations are
needed in later chapters when we choose certain “nice” iterates which are representable by
a finite set of numbers.

The algorithm E.W. Sachs and Annick Sartenaer propose is as follows:

Algorithm ALINF

0. Initialization: Pick an initial Lagrange multiplier estimate Ay and an initial penalty
parameter 0 < pp < 1. Further let w, <1, 7, <1, 1 <1,7%>1,7<1,a, <1 and
B, < 1 be strictly positive constants. Set wq := g, 1o := pg" and k := 0.

1. Inner Iteration: Find z; € X such that

IVa® (e, Aes )| x < wi (3.8)
2. Test for convergence: If ||V, P(xy, A, ) |lx < w. and ||e(xg)]ly < 1., stop.
3. Updates: If

le(@a)lly < v (3.9)
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execute step 3a. If

le@i)lly = var

execute step 3b. Otherwise if

e < fle(@p)ly < vam
execute Step 3a or Step 3b. Increment k by one and go to Step 1.

3a. Update Lagrange multiplier estimate: Choose )\, that satisfies

[ kg1 = A, Mes i) [y < wye

and set
Hr+1 = Mk
Wi41 = WgHk+1
. B
M1 = MMy

3b. Reduce penalty parameter: Set

Akp1 = A
Hre+1 = THg
Wg+1 = Mk+1
- Qn
Me+1 = Mg

44

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

Note, that the solutions of the subproblems and the tests on the constraints get more and

more precise as k tends to infinity, i.e.:

Lemma 3.1.1. hmk_m Wy = limk_m N = 0

Proof. The adaption of the penalty parameter in step 3a and step 3b implies:

O<pippr Spp < ... <pp <1

Therefore, by the sandwich theorem, 3 limg_, o ptx =: p1s. We show that wy converges to zero
as k tends to infinity. As 0 < ux < 1 we further know by the choice of wy, that 0 < w; < 1 Vk.

In detail, the update of wy.; is defined as follows:

(3.13) (3.13) O<wp <1
In step 3a): Wyt = Willerr = Wil <
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(3.14) (3.14) <1
In step 3b): wrp1 = pierr = THe <
So altogether 0 < wy11 < pur. Now we show the desired result by separating two cases:

Case 1: p, =0
Then the sandwich theorem implies limy_, ., w; = 0.

Case 2: p, >0
ie. limg oo i = pe > 0. We will show by contradiction, that

dkye IN s.t. g1 = Uk, V k> ko

i.e. step 3a is executed for all k£ > ky. Now assume this is not the case, i.e. 3 (n;)ey C IV
such that step 3b is executed for all iterations n;. Without loss of generality assume that
(nu)iev is the sequence of all iterates for which step 3b is executed. This implies p,,4+1 =
Ty, = 7'l+1,un0. But 7 < 1, thus lim_ oo ftn,+1 = 0 which is a contradiction to j, > 0.

So we have V k > kg  wp41 = Wiptg+1 = Wil for some ky € IN. We can show by induction
that Vk > kyand V1€ IN wyy = (fg,) we. But 0 < g, < 1 and thus limy_ wy, = 0.

In analogy one can show limy ... 7 = 0. The only thing that needs to be changed is the

corresponding inequality: one obtains now 0 < 111 < u?in{a"’ﬁ n O

3.2 Global Convergence Analysis

We will make the following general assumptions to show that algorithm ALINF is globally
convergent:

AS 1. The mappings f : X — IR and ¢ : X — Y are twice continuously Fréchet differen-
tiable.

AS 2. The iterates (zy)rev lie within a compact set Q C X.
AS 3. At any limit point x, of (zx)ren the operator ¢/(z.,)(-) is surjective.

AS 4. The convergence tolerances are w, = 7, = 0.
Remark:

i) Assumption AS2 implies that there exists at least a convergent subsequence of iterates

(zk,)ienv. We will denote this subsequence from now onwards briefly with (zj) e where
K C IN.
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ii) As we want to show global convergence in this section, i.e. convergence of iterates
to a stationary point, we cannot terminate algorithm ALINF when the convergence
tolerance w, > 0 is reached. Thus we assume for theoretical results w, = n, = 0 (AS4).

The following Lemma prepares our convergence results. We make the following remarks
considering the assumptions of the Lemma: Note that the sequence (A)rex is unspecified.
This is necessary, because algorithm ALINF allows a certain tolerance in the choice of the
Lagrange multiplier updates and because it is unclear which step is executed in a specific
iteration.

In addition the Lemma allows some freedom of choice for the sequences (ux)rexc and (wg)rex,
because those sequences - if generated by algorithm ALINF - depend on the specific initial-
ization and the convergent subsequence. However, note that the sequences defined in the
algorithm satisfy the requirements of the Lemma (as shown in Lemma 3.1.1 and its proof).

Lemma 3.2.1. Assume ASI1 - ASj to be valid. Let z, € X be a limit point of (zk)ren
and let (zx)rexc be a subsequence which converges to x.. Further let A(x,) be defined as on
page 42. Assume that (A\p)rex C Y is any sequence of vectors and that (py)rexc form a non-
increasing sequence of scalars. Suppose further, that the iterates (xx)rexc satisfy (3.8) where
the wy, are positive scalar parameters which converge to zero as k € K increases.

Then there are positive constants k1 and ko such that

Ik, Ak, i) = M) |
IACzr) = Al
lezr) |

for all k € K sufficiently large. Hence, the sequences (Mg, Mg, fix) ke and (Mzp))rex
converge to \(x,). Further we obtain

Riwy + Ral|zk — .|
Rollzp — 2.

Fawipt + el A = Azl + mopell o — 2.

IAIACINA

116131C Vo @ (@, Mg, pi) = Vo L(z, Mzh)) =0

Proof. AS1 and AS3 imply by Theorem 2.4.3 that ¢/(z)(-) is surjective in a neighborhood
of z,. As (zp)rex converges to ., we have that ¢(xy)(+) is surjective for k € I sufficiently
large. Consequently, by Corollary 2.4.4, ¢/(x;)"(+) exists for k € K, k larger than some k.

By Theorem 2.4.5 ¢/(-)* is Lipschitz-continuous and hence continuous in some neighborhood
of .. Therefore, (¢(x))")rex is bounded and converges to ¢/(z,)". Thus

(e (@) ") T = 1l (@n) "Il < £

for some x; > 0. The inner iteration is terminated as soon as

3.7 v
IV ® (i, M, )| S IV F () + ¢ (@) Mns M, )| < (3.15)
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Combining these two inequalities we obtain

w
)

)

AR Ay ) = M)l = Nk, Ay ) + [ () ]V f () ]
e 2elow I (¢ (x ) [ (@) Man, Ak ) + V()] |
< H( H wy, < Kiwy (3.16)

where the second equality holds due to

2.2)

(¢ (@) ") e ()" B [ (@) ()] M () ()" = T

As a result of AS1 Vf(+) is continuous (see remark iii after the definition of the gradient).
Hence ||V f(xy)|| is bounded for k& € K. Further Theorem 2.2.6 implies that f’(-) is Lipschitz
continuous in a neighborhood of x,. Combining all these facts, we obtain by the Lipschitz-

continuity of ¢/(-)*:

[AGzr) = Al =

W[ @)V () — [ (@) TV ()]
< @) = (@) TNV F @l + 11 @) TV f (@) — Vi)
< Kollmk — x| (3.17)

for k € K sufficiently large and for some k2 > 0. By combining (3.16) and (3.17) we obtain

Ik, Ay ) = M)l < M Ay ) = M) [+ [ M) = Az
< Riwy, + Kel|zk — x| (3.18)
Hence, by (3.17), (3.18) and the assumption that wj converges to zero for k € IC, we have
that (A(zx))rexc and (A(zx, Ak, fix) )kexc converge to A(z,). Thus we can conclude due to the

continuity of Vf(-)

Va® (e, A i) = V() + ¢ (@) Mg, Ae, i) —
—rek V() +(2)"Ma.) = Vo L(2., Az))

where L(-,-) is the Lagrange functional as defined in (3.3). Then (3.15) implies due to
limke’c Wy = 0

0= Ilclglc Vo ®(2p, My pir) = Vo L(w, M) = Vf(24) + ¢ (1) M)
By definition A(zy, A, ptx) = A + ic(mk) which is equivalent to

c(ze) = e (M@, ey k) — M) = e { (M@ns M, i) — A@)) + (A(@2) — M) }



Jan H. Maruhn Chapter 3. Basic Algorithm for Hilbert Spaces 48

Taking norms and using (3.18) we obtain:

le(@i)l| < prawy + pkoller — @l + pel|A(ze) = Aell

O

If ¢(x,) = 0, then the lemma would imply that z, is a Kuhn Tucker point for problem (3.1).
Note that, although wy — 0 and z;, — z. for k € K, we cannot deduce ¢(x,) = 0 by using
the inequality for ||c(zy)|| yet. We know that A(xy, A, i) converges to A(z,) for k € KC, but
we do not know how A itself behaves.

Although Ay satisfies (3.12) in step 3a, we cannot make any direct conclusions for the
sequence (Ag)rex. The reason for this is that we do not know when step 3a is executed, if it
is executed infinitely often and how the choice of A\, in step 3b affects the convergence of
the sequence. In fact, we will need some additional assumptions to show that the Lagrange
multiplier estimate \; converges to A(x,), too. This will be one of our goals in the next
section.

However, one can hope that Ay does not behave too badly so that we can derive ¢(z,) = 0.
This would be sufficient to show that our iterates (xj)rex converge to the Kuhn Tucker
point x, which would prove the global convergence of algorithm ALINF. That Ay does in
fact not behave too badly is shown by the following lemma whose proof is based on the
specific structure of algorithm ALINEF.

Lemma 3.2.2. Let (zx)ren, (Me)kenv, (Mk)kenw and (wg)rew be sequences generated by al-
gorithm ALINF. Further assume that step 3b is executed infinitely often (limg_o px = 0).
Then the product || M|l converges to zero.

Proof. Let § := {ko, ki, ko,...} be the set of indices of the iterations in which step 3b is
executed and for which

NYB g
< (= < = 1
me(3) <3 3.19)

This is possible since (ug)rev 1S a non-increasing sequence with limit zero. Now we want to
express the Lagrange multiplier estimates between two successive iterations indexed in the
set S. Algorithm ALINF does not give an explicit rule how to choose Ay in step 3a, so we
introduce the following notation:

€ = /\k?-f—l — /\(I'k;, )\k,,uk)

Using this notation for iteration k; + j, where k; < k; + 5 < k;1 and k;, k;11 € S, one can
easily verify by induction that

j—1
)\ki+j = )\kz + Z (M + eki+l) (320)
=1

;41
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Further we obtain for these iterations

Bri+j = Heg+1 = THE; (321)
We distinguish the following cases:
Case 1: k+1< ki-f—l

Let j be such that k; < k; + j < k;q. Then for k; + 1, 1 <[ < j either (3.9) or (3.11)
is fulfilled, so ||c(xg,+1)]| < Y27k +1 must hold. Thus by the recursive definition of 7 in

(3.13)
1—1) step 3b I-1)+a I-1)+a
le(@r )| < Yamit = Yoy D B T = gy D
(3.22)
Further we obtain from (3.12) and the recursive definition of wy, in (3.13)
tep 3b
HekiJrlH < Wi, 1 = Wk, +1IU/§<: -11—1 T2 :ugcﬂrl = IU/ZH»I (323)
Thus we get by (3.20) and inequalities (3.22) and (3.23):
x
sl < I Z (fetonedl Hekmu)
Pey +1=Hky 4 o1 J—1 ﬂ (1-1) J—
Il 2D p Z
=1 =
geom. series an—1 1 1
n
< g, ———
- gll o 1= Hkeita
(3.19)
S + 2/“Lk1+1
Thus we obtain by (3.21):
it il Aesll - < 2
0<apn<l1 o

Case 2: kj+ 1= k1. Then pp, 41 = pir, ., = T, and Ay, 1 = Ay, and hence

Pks [ Abia || = (2 + D,
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Thus, if we pick in (3.24) k; + j = ki11, then due to case 1 and 2 the inequality

A

Hheita H)\kiJrl H < Tk + 2(72 + 1)NZ:+1 (3'25)

holds for all 7 € IN. We will show now that

A

converges to zero as ¢ increases. Define

A

0; 1= [lk; and  p; =20y + 1)py!

Then by (3.21) p;11 = 7*p; and hence by (3.25) ;41 < 70; + 7%7p;. Therefore, one can show
by induction

0< 6@ S Ti(S() + po(Ta")i (Tlia")l

0<an<l 1

< Tttt

Thus we obtain by the sandwich theorem

or equivalently (ug|[Ax||) —res 0. To show now that the whole sequence (|| Ak||)rerv con-
verges to zero, we pick m € IN large enough such that py, ||Ay,|| < € Vi@ > m. Then
V' k> ky, k¢S we can uniquely represent k by k = k;+j with ¢ > m and k; < k;+7 < kioq.
Hence (3.24) holds and due to u; — 0 we have

Pl Akl = g | Mgl < €

O

This result will be used now to prove the global convergence property of algorithm ALINF:

Theorem 3.2.3 (Global Convergence Theorem). Let AS1 - AS4 be valid. Further let
x, be any limit point of the sequence (xy)ren generated by algorithm ALINF and let (zx)rex
be a subsequence whose limit is x.. Define A(x.) as on page 42. Then z,. is a Kuhn Tucker
point (first order stationary point), and X(x.) is the corresponding Lagrange multiplier, i.e.:

VeLl(ze, M) = Vf(x.) + () Mz,) =0, c(x,) =0

Further the sequences (A(Tg, Ak, tix) ke and (A(xy))rex converge to X(x,) and the gradients
Vo @(zk, Ak, pie) converge to Vi L(xe, AN(z,)) = 0 for k € K.
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Proof. The assumptions of the theorem fulfill those of Lemma 3.2.1. In order to prove the
theorem, we only need to show that c¢(x,) = 0. We distinguish two cases:

Case 1: Step 3b is executed only finitely often.

Hence step 3a is executed in every iteration for k sufficiently large. Thus by (3.9) and (3.11)
|le(xk)|] < 72me for all k € K greater some ky. But then Lemma 3.1.1 implies that c(xy)
converges to zero for k € K which means by the continuity of ¢(-) that ¢(z.) = 0.

Case 2: Step 3b is executed infinitely often (limy_ o pr, = 0). Then by Lemma 3.2.1
le(@r)l < mwepn + el Mell + pel[ Azl + o]l ee — .]]

But now, by Lemma 3.2.2 and Lemma 3.1.1, all summands on the right hand side converge
to zero for k € K which establishes the desired result. O

3.3 Local Convergence Analysis

In this section we will analyze the local convergence behavior of algorithm ALINF. For the
derivation of these results we need the following additional assumptions.

AS 5. The second Fréchet derivatives of the functions f and ¢ are Lipschitz-continuous at
any limit point z, of the sequence of iterates (xy)remw-

AS 6. Suppose that (x,, \.) is a Kuhn-Tucker point for problem (3.1). Then we assume
that the operator A: X xY — L(X, R) x Y defined by

A (x) = [%L(x*’ A*)] v+ <A d(z) >
A d(z)x
has a continuous inverse.

Remark: The operator A(-) in AS 6 is clearly a linear operator. Thus A~!(-) is also linear
and as A7!(+) is continuous its norm ||A~!|| =: M is finite. Further note that £(X, R) x YV’
is a normed linear space with norm

I(5)

In Theorem 3.2.3 we proved under appropriate assumptions, that A(xy) converges to A(z,)
and that then (z., A(z,)) is a Karush Kuhn Tucker point for problem (3.1). Hence we will
speak from now onwards of the limit point x, and its corresponding Lagrange multiplier A,.

=gl cex,m) + lylly
LX,R)XY
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For brevity we will also occasionally use a different notation for the first order Lagrange
multiplier update A(zy, Ak, x). We will write Ay := A(zx, Ak, fix)-

Our first goal in this section is to show that the penalty parameter p; is bounded away
from zero. We will prove this later by contradiction. The next two lemmas prepare this
contradiction proof.

Lemma 3.3.1. Assume that AS 1 - AS / hold. Let (xy)remw be the sequence of iterates gen-
erated by algorithm ALINF. Further let (xy)rexc be a subsequence which converges to the limit
point x, with corresponding Lagrange multiplier \, at which AS 5 and AS 6 hold. Assume
furthermore that limy_. ur = 0. Then there are positive constants ji < 1, K3, K4, Ks, Kg
and an integer ky such that Vk > ki, k € K

[op — 2| < mawp + Kapr|| A — Ad]
My Ao i) = M)l < mswr + el [Ae — |
le(zp)ll < mswipr + p(1 + Kopr) [ Ak — A
e < op<l

Proof. Observe that our assumptions include those of Theorem 3.2.3. In order to improve
readability, we split the proof up into several parts.

Part i): In this first part we will transform some expressions for further reference. Using
(3.7) in operator notation, we obtain:

d 1
(%@(.Tk, )\k,uk)) - = f/(l'k) 4+ < Cl(l'k)*)\k, - > +ﬁ < C/(.Tk)*c(l'k), - >

= f’(l‘k) 4 < C,(I‘k)*()\k + iC(ZEk)), - >

f’(l‘k) -+ < C,(I'k)*)\k,- >
f/(l'k) 4+ < j\k,Cl(.Tk)' >

d _

Applying Taylor’s theorem 2.2.4 around x, we obtain

2

da?

d - d _
— L(xg, A\g)- = @L(aj*, Ak) -+ l

o L(z., S\k)] (g — ) - 71 (Tp, Ty Ai) (3.27)

where

2 2

_ d _ d -
|71 (zr, 2, M) || < ||@L(I* +0(zp — 24), \i) - — @L(I*y ) cllloe — 2] (3.28)



Jan H. Maruhn Chapter 3. Basic Algorithm for Hilbert Spaces 53

for some 6 € (0,1). By Example 2.2.1 we can rewrite this as

2
I L+ Ol = ). 30) - = L ) |
= ||l f" (@ +0(z1 — 22)) -+ < Mg, & (@h 4+ O(2p — 7)) - >
) < ) > |
<P+ 0w =) - — ) |
IR e+ O ) - = ) |

But by the global convergence theorem in the last section )\, converges to A(x,) = A, and
hence we obtain by the Lipschitz continuity of f”(-) and ¢’(-) at x,

_ d?
—L 0z — ) ) — —
s L+ 0k = 20), )+ —

L, M) | < srllwe — ]|
for some k7 > 0. Therefore, by (3.28)
Hrl(xkax*aj‘k)u < H?ka —$*H2 (329)

We continue to modify expression (3.27). First note that

d - _
@L(x*, Ae) = (@) + < M, () >
d _
= d—L(x*, M)+ < Ak — A, d(x) > (3.30)
T
and second

= f”(x*)(l'k - I*) -+ < S\k, C”(I'*)(Ik — l‘*) >

Inserting (3.30) and (3.31) in (3.27) we obtain

d - d d>
@L(Jfk:)\k)' = @L(ﬂf’*a}\*) e —— Lz, A | (2 — ) -+

+ < M — Ay & () > 1 (@p, Toy \e) F 7o (Tp, Ty Ay Ay) (3.32)
where 7o(p, Ty, Aey Ay) =< Ap — A, & (2,) (21, — 2,)- > and

(s 2y Ay A< A = Al [l — 2155 (3.33)
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for some kg > 0. Moreover, using Taylor’s theorem again, along with the fact that theorem
3.2.3 ensures c¢(z,) = 0, we obtain

c(zy) = (z)(zr — x4) + r3(ap, 24) (3.34)
where we can use the same arguments as earlier in this proof to show that
Irs(@e, @)l < wollzw — a.® (3.35)

for some kg > 0.

Part i7): Combining (3.26), (3.32) and (3.34), we obtain by using the notation of AS 6:

d d
Tk — Tx | _ @cb(xka)\kalu/k) ’ —%L(.CI?*,)\*) _ Tt T2
A (Ak ~ A*) = ( (1) ry (3.36)

Note that by Theorem 3.2.3 %L(x*, A+)- = 0 and hence

(o) = () - () 0

Now we conclude by (3.29), (3.33), (3.35) and Lemma 3.2.1 that

|7

IN

Rrlloe = 2all® + msll Ak = Al loe — 2l + sollow — 2. (3.38)

IN

(57 + fio) [ — x| + ks (mawp + ol — 2| l|2 — 2.

(/17 + Kg + /'ig/ﬁg)”l’k — .T*HQ + /ﬁg/‘ilwkH.Tk — .T*H

rrollzr — @) + rnwg |k — 2.
Further we have by Lemma 3.2.1
le(z)ll < mrwppe + el Ae = Al + Fopellze — 2]
Hence the inner iteration termination criterion (3.8) implies

e W

S Wy + R1Wg U + MkH)\k - /\*H + l€2,uk||l‘k - I*H (339)
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By AS 6, the operator A(-) in (3.37) is invertible with ||A7!|| =@ M and hence we obtain by
combining (3.37), (3.38) and (3.39)

i

Note that by Lemma 3.1.1 limg_.. wr = 0 and by assumption limy_ .. pr = 0. Hence we
may choose ko € IC such that Vk > kg

T _x*
<5\]1: —A )H < M(wy, + rawppe + pl[ Ak — Al + mopnllzr — 2.

+riollzr — z.l” + wnwllzy — 2. ) (3.40)

1

wy <
b= 4MI€11

1
d < [i:=mi —
ot i )

Recall that pug < 1 and thus @ < 1. Then Vk > ko, k € K we have pu;, < 1 and by (3.40)

T — Ty
_ < ~
1 1 9
< Yol o=+ Mol -+
gl [Nk = Al + wi (1 + Fap)]
k12:=14+K1

1
sllze =zl + M [mollzr — 2all® + el A = All + mr2we] - (3.41)

Now, due to xp —kex .« we can choose k large enough such that ||z — x| < 1/(4Mkqp).
Hence we obtain by (3.41)

IN

[z — 2] 2M [rrollz — 2l 4 pur [ A — Al + mrowy]

IN

1
gllan = 2l + 2M [ A = Asll + Krzwy]

which proves our first claim in the lemma with k3 := 4Mk15 and k4 := 4M. Next we use
the last inequality and Lemma 3.2.1 to show that

I = Al < mvwn + follow — 2l < mawg + Ba(kawr + K| Ae — A

which is our second inequality in tht_e lemma with k5 := k1 + kokz and kg := Koky. Finally,
we obtain by the definition of A\, = A(zk, A, ) on page 42

le(zp)]| = MkH/_\k_—)\kH
< (A% = Al 4 (1A = Al
< pgkswg + pike]| Ak — Al + el Ak — Al
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Note that all derived inequalities hold Vk > kq, k € K with some k; € IN. O

For the rest of this section we will assume that the sequence of iterates generated by algorithm
ALINF converges to a single limit point x,. This assumption makes AS 2 unnecessary. We
will not define the new assumption as AS 7 but rather spell it out in each of the following
theorems in order to emphasize its usage. As mentioned earlier, the following lemma shall
also prepare an upcoming contradiction proof.

Lemma 3.3.2. Assume that AS 1 and AS 4 hold. Further assume that (xy)kem, the se-
quence of iterates generated by algorithm ALINF, converges to a single limit point x, at which
AS 3 holds. Let A\, be the corresponding Lagrange multiplier and suppose that limy_, ., g = 0.
Then the Lagrange multiplier estimates also converge to \., i.e. limg_o0 A\p = As.

Proof. Note that our assumptions are sufficient to apply the global convergence theorem
3.2.3. In the following we distinguish two cases:

Case 1: Step 3a is executed infinitely often
Define S := {k € IN s.t. Step 3a is executed in iteration k}. By the triangle inequality
we obtain for k € S

e = Al < P = M, Ay i) |+ A (@, Ay i) — Ad]|

(3.12) _

Hence, by Theorem 3.2.3 the right hand side converges to zero for £ € S, which implies
Ak+1 —kes A« But for £ ¢ S we have by (3.14) A\g1 = Ax. Hence the whole sequence
(Ak)kev converges to ..

Case 2: Step 3a is executed only finitely often
Hence Step 3b is executed Vk > ko for some ky € IN. By (3.14) A will then remain
constant and thus ||Ax — A|| = const Vk > ky. But then we obtain by Lemma 3.2.1
and Lemma 3.1.1

le(zi)l < mrwnpr + pell A — Ml + wopellzr — 2al] < Rz

for some k13 > 0 and Vk > k3 > ko. Now the assumption that limy_.. ur = 0, together
with oy, < 1 implies, that there exists a k4 € IN such that kg, < ’yl/f,:" Vk > ky. But
then Vk > max{ks, k4 }

Step 3b
le(zp)|] < Kz < ”YLUZ" = Y17k

Hence inequality (3.9) is satisfied which is impossible since this would imply that Step
3a is again executed.



Jan H. Maruhn Chapter 3. Basic Algorithm for Hilbert Spaces 57

Thus Step 3a must be executed infinitely often and A\; converges to .. O

Now we are ready to prove that the penalty parameter u; is bounded away from zero. This
result will be of particular importance in later chapters, because it prevents the Hessian
matrix of the discretized augmented Lagrange functional from becoming more and more ill
conditioned. In addition, the next theorem will enable us to derive results for the local
convergence behavior of algorithm ALINF.

Theorem 3.3.3. Assume that AS 1 and AS j hold. Suppose that the sequence of iterates
(xk)kerv generated by algorithm ALINFE converges to a single limit point x, at which AS 3
holds. Let A\, be the corresponding Lagrange multiplier and suppose that AS 5 and AS 6 hold
at (z, \). Then the sequence of penalty parameters () ke i bounded away from zero, i.e.
3 fmin € (0,1) such that g > pimin Yk € IN.

Proof. We will prove this theorem by contradiction. As (ug)gen is by definition a non-
increasing sequence, it is sufficient to assume that u; converges to zero and lead this to a
contradiction.

By definition of the algorithm, if u tends to zero, step 3b must be executed infinitely often.
Note that the assumptions in the theorem are sufficient to apply Theorem 3.2.3 and Lemma
3.3.1. Furthermore, as (zx)ren converges to a single limit point, we may apply Lemma 3.3.1
to all zy, k € IV, if k is large enough.

Choose k; from Lemma 3.3.1 such that we can apply the inequalities in the lemma for all &
greater or equal than k;. In particular we have

pe < p<1 Vk > ky (3.42)

where [ is as stated in Lemma 3.3.1. Note that Yk € IV w, < 1 and hence by definition of
step 3a and step 3b in the algorithm

Now let k4 be the smallest integer k such that

l—ay g 344
-8 o o f L m 3.45
< {2 (3.45)

where k14 := 14 k5 + k. By (3.42), (3.45) and using 0 < 1 — 3, < 1 we obtain for all
k 2 max{kl, k4}2

_ 1 1
e < < - < P (3.46)
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Due to Lemma 3.3.2 we may choose k5 € IN such that

A — A <1 Yk > ks (3.47)
Now define kg := max{ky, k4, k5 } and

[':={k € IN | step 3b is executed at iteration k — 1 and k > kg}

and let ky be the smallest element of I'. By assumption pu; tends to zero, hence I' has an
infinite number of elements.

We will show now by induction, that step 3a is executed Vk > ky which contradicts the
fact that |I'| is infinite. We start by showing that step 3a is executed at iteration ky. By
definition of I', we have for iteration kg

Wry = i and Nky = :u(]:: (348)

Then we obtain by Lemma 3.3.1

HC(IKO)H < K5Wio kg + :U'ko(l + I{/GMkO)HAkO - /\*H
(3.46)
< K5Wio Uiy + 2IUICOH)‘ICO - )‘*H

(3.43),(3.47)
< (2 4 K5tk ) kg

(3.42) l—ay oy
< (24 Ks)pg, = (2+ “5)/%0 i,
(3.44) N
< Vb, = YTk (3.49)

As a consequence of this inequality, step 3a will be executed with Mg 11 = M@k, Moy Mg ) +Chos
where ||ex, || < wg, by (3.12). Then we obtain by Lemma 3.3.1, (3.43), (3.47) and a simple
application of the triangle inequality that

H/\ko-l—l - /\*H < (’{5 + 1)wko + Kfi/ikoH/\ko - /\*H < K1aftk (350)

Now, to fulfill our inductive proof, assume that step 3a is executed for iterations kg +1, 0 <
7 < t and that

iorir = Al < muap ™ 0<i<t (3.51)

Inequalities (3.49) and (3.50) show that this is true for £ = 0. Now we aim at showing that
this is also true for ¢ =t + 1. By assumption step 3a is executed in iteration kg + ¢t. Hence

(3.48) (3.48) t+1)+a
Hio+t+1 = Hko 5 Wgott+1 = M?fa NMko+t+1 = uﬁg’( Fren (3.52)
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Then, by Lemma 3.3.1

le(@hgree1) ] < F5Whot41Hko-+t4+1 T Mo+t (1 Kehgri41) [ Akge41 — Adl]
(3é6) K5Whott+1Hko+t41 T 2Hkg i1 [ Ao rer1 — Au|
(3'51%(3'52) Kt + 2/114Mkoﬂli;rﬁnt
an,Bn<l, pry<1 H5ﬂzg+ﬁn(t+l)+1 + 2n14uk0u23+ﬁ"t
- %Mkouiﬁ%(m) + 2/<014/f1i;](Hl)wn'u”t?;@7
(3é6) (2K14 + “5)Mllc;ﬁn“£g(t+l)+an
(3é5) 71#53 (v 22 V1Mko+t+1

Thus step 3a will be executed again and hence

/\k0+t+2 = /\('rko—i—t—i—lv /\ko—l—t—l—la Mko+t+1) T Chott+1

where ||egytt41]] < Wiore+1 by (3.12). Then, by Lemma 3.3.1 and the triangle inequality

[pY | < (K5 + D)Wkgre+1 + Kottro+t+1 ][ kg1 — Asl|
(3.51),(3.52) .
< (ks + Dppt® + /€6/€14Mkoﬂk;rﬂ"t
<1 1 1 1
< (K5 + 1)Mk:ﬁn(t+ )+ 56514ukouk:ﬁ"t
1-Byy 1 1
= (ks + 1+ Kgkiapty, ﬁn)uk:ﬁn(t+ )
(3.45)
< (ks + 1+ ﬁﬁ)uijﬂ"(tﬂ)
_ K;14'u]1€;rﬁn(t+1)

which establishes (3.51) for ¢ = ¢+ 1. Thus step 3a is executed for all iterations k > ko which
contradicts that I' consists of infinitely many elements. O

Now we are ready to prove local convergence properties of algorithm ALINF. In addition,
the last theorem enables us for the first time to show that the Lagrange multiplier estimates
A converge to the Lagrange multiplier A\, = A(z,):

Theorem 3.3.4 (Local Convergence Theorem). Assume that AS 1 and AS 4 are valid
and that the sequence of iterates (xy)renv generated by algorithm ALINE converges to a
single limit point x, at which AS 8 holds. Let A\, be the corresponding Lagrange multiplier
and suppose that AS 5 and AS 6 hold at (x,.,\.). Then the Lagrange multiplier estimates
(Ae)kev converge to \,. Further the sequences (i)rerv, (Mk, Ak, tir) venv and (M) zenv are
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at least R-linearly convergent with R-factor at most uf,:’m

the penalty parameter generated by algorithm ALINF.

where min 18 the smallest value of

Proof. By the last theorem, the penalty parameter py is bounded away from zero. Thus
Wi = Mmin > 0 Yk > k4. for some k.. € IN. Hence step 3a is executed Vk > k4, and we
obtain for those k by (3.13)

Wi+1 = UminWk and Nk+1 = Mgfmﬁk (3-53)

Moreover, we must have by (3.9), (3.10) and (3.11) that |[c(zx)|| < Y2me Yk > kmae. We
will now use some results we derived in the proof of Lemma 3.3.1. Note that we only use
results of that proof which do not depend on the assumption of Lemma 3.3.1 that the penalty
parameter pu; converges to zero. Following the second part of that proof we can replace the
bound on the right side of (3.39) by wy + vy2nx (here we used ||c(x)|| < v2mx) and hence we
obtain instead of (3.40)

%'k — Ty
Ak — A
< M(wi, + Yo + Kaollze — zl|* 4 kuiwg||lze — ) (3.54)

IN

2k — ]

Therefore, if k > k4. is sufficiently large such that

1
< —x.] < 3.55
Wk = 2MI€1 ’ ka 33' H - 4MI€10 ( )
we use inequalities (3.54) and (3.55) to obtain
1 1
e~ < Mg yame) + 5l — |+ L e — )
= |lop — z|] < AM(wy + yomp) = dMwy + 4M~omy
=! RizWg + K167k (356)

Using this inequality, (3.53), 8, < 1 and fi,,, < 1 we obtain

B
|2k — 2| < KisWi + K16Me = K1sMminWk—1 + K16 pinTh—1
<

B
P (K15We—1 + K167k—1)

which shows that z;, converges to x, at least R-linearly with R-factor /{ffm. Then inequality
(3.56) shows, applied to Lemma 3.2.1, that the same result holds for A(zx, \x, ). As step
3a is executed for k > kyaz, (3.12) holds for all successive iterations, which guarantees that

(A& )kerv also converges R-linearly to A, with R-factor o O

min*



CHAPTER 4

Approximation Theory

In the last chapter we derived an algorithm which generates a sequence (xy)gey C X that
converges under appropriate assumptions to a Karush Kuhn Tucker point x, with corre-
sponding Lagrange multiplier A..

However, this result cannot be used in practice yet, because a computer cannot handle
arbitrary objects in Hilbert spaces. In order to make numerical computations possible, one
must approximate those arbitrary objects by objects which can be represented by a finite
set of numbers. Further one must discretize the mappings f(-) and ¢(+).

As we will see in this chapter, the appropriate functional analytic tool to solve these tasks
are restrictions. We will pick up some basic ideas that for example Volkwein presented in
[26] and modify and extend them for our purpose.

4.1 Discretization of the Hilbert Spaces

Consider the Hilbert spaces X and Y as introduced in earlier chapters. Our goal in this
section is to generate sequences of finite dimensional Hilbert spaces (X,,)neny with X, C X
and (Y},)nen with Y, C Y which approximate the original spaces X and Y in a suitable
manner.

As the task is essentially the same for the spaces X and Y, we will rather discuss the
procedure for a given Hilbert space Z with scalar product < -, - >z and induced norm || - || .
The major tool for the discretization is introduced in the following definition:

61
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Definition 4.1.1. Let (Z,< -,- >4) be a Hilbert space and let Z, be a finite dimensional
subspace of Z. Then a surjective mapping r%» € L(Z, Z,) is called a restriction.

Restrictions provide the finite dimensional interpretation of the infinite dimensional vector
space. We make the following remark on the definition:

Remark: The restriction operator maps an element of the space Z to a finite dimensional
subspace Z, of Z. Thus, as we will also see in examples, %" is more or less described by
a specific basis of Z,,. In fact, in applications one usually chooses “nice” basis-elements
@1, ..., 0n, € Z and constructs the subspace Z, by the span of those elements denoted by
span(¢i, ..., ¢,). The restriction operator r#» is then chosen based on the given basis ele-
ments.

Note that the subspace Z,, of Z is requested to be finite dimensional. Thus it is also a Hilbert
space with scalar product < -,+ >z =< -,- >z and induced norm || - ||z, == || - ||z

The following example will clarify the definition of restrictions and the procedure of how to
construct them:

Example 4.1.2. Let Z := H*(0,1) := {u € L*(0,1) : Du € L*(0,1)} be the Sobolev space
Wh2(0,1) where Du denotes the weak derivative of u defined by the equation

/0 u(z)g' (x)dr = —/0 o(z)Du(x)de Vo € C5°(0,1)

where Cg°(0,1) denotes the set of all C*°(0,1)-functions with compact support, the test
functions. It is well known that H'(0, 1) is a Hilbert space with inner product

1 1
< U,V >pi(01)= / u(z)v(x)d —I—/ Du(x)Dv(z)dz
0 0

Now we construct the basis elements which will span our finite dimensional subspace. Define
for fixed n € IN the mesh-size h := 1/n and for j = 0, ..., n the mesh points a; := jh. Then
we construct the linear finite elements as follows

oo(z) = {g(fh—x) , T € lag, ai

0 , otherwise
p@—a;1) 7€ (a1,a]]
¢j(x) == § plam—2) , =€ (4 a] 1<j<n—1
0 , otherwise

('CIj - anfl) , T E (anfla an]

0 , otherwise

<
3
—
&
I
—
S
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The linear finite elements for n = 4 are illustrated in Figure 4.1.

12

9,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 4.1: Linear Finite Elements for n =4

It is easy to verify that ¢y, ..., ¢, are linearly independent. Using these elements we define the
finite dimensional subspace of Z as Z,, := span(¢y, ..., ¢,) and the restriction %" : 7 — Z,

In order to show that rZ" is well defined, we must prove that u(a;) is meaningful. This
is not obvious, because u € H'(0,1) is only measurable on first sight. However, one can
show that H'(0,1) is compactly embedded in C[0, 1] (see for example [2, page 144]) so that
uw € H'(0,1) is in fact a continuous function.

Finally we will show that r%» satisfies the requirements of a restriction operator. Clearly,
r#n is linear. In order to show that it is bounded, we use again the fact that H'(0,1) is
compactly embedded in C10, 1]. In particular, the identity operator I : H'(0,1) — C]0,1] is
bounded. Now let (uy,), C H'(0,1) such that w,, — win || - ||g1(01). Then

[wm = ullooy < ellum = ullaon) —m—oo 0

where ¢ := || 1| z¢z10,1),c10,17)- But || - |lcjo,1) is the supremum-norm, thus w,,(a;) converges to
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u(a;) for i = 0,...,n. Therefore

n

Z um(ai)¢i - U(%)@

1=0

Hrz"um — rZ"uHHl(O,l) =

H(0,1)

< Z ’|¢i’|H1(O,1)|um(ai) —u(a;)] —m—oo 0
i=0

Hence rZ»(-) is continuous and thus r?" € L(Z, Z,,).

In general there exist several restrictions 7% : Z — Z, for a given finite dimensional subspace
Z, of Z. However, there only exists one optimal restriction, where optimality is defined as
follows:

Definition 4.1.3. Let Z be a Hilbert space and Z,, C Z a finite dimensional subspace. We
say that a surjective mapping r» € L(Z, Z,) is the optimal restriction to Z, in Z if

|z — 120z, = inf ||z — 2|, VezeZ
ZEZn,

The next theorem will show, that the optimal restriction exists and is well defined:

Lemma 4.1.4. Let Z be a Hilbert space and Z, C Z a finite dimensional subspace. Then

the optimal restriction r%» € L(Z,Z,) exists, is unique and equal to the projection operator
given by the projection theorem (see appendix, Theorem A.7).

Proof. As Z, is a finite dimensional subspace of Z, it is closed. Thus we can deduce from
the best approximation theorem (see Appendix, Theorem A.6), that Vz € Z there exists a
unique z € Z, such that

Iz =Zllz <z =2z Viez,

Define r4n : Z — Z, by r4nz := z. Clearly, r%» is well defined and surjective. In order to
prove the theorem we must only show, that r» € £L(Z, Z,).

Let z1, 2o € Z. Then we know by the projection theorem (see Appendix, Theorem A.7), that

21— 21,20 — % € Z+ and 71, % € Z,. Then

Htzm=a+5+ (01— %)+ (22— %)
N——

(. J/

€Zn ezt
which implies that

H21+22_(2\1+é§)||§||21+22_2H VEEZTL
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L _ — _— _ _
Hence zy + 25 = 21 + 23 or equivalently r%n(z; + 2z3) = r?nz; + r?nzy. Obviously, we have

o~

Az = Az for all A € IR. Thus r%~ is linear. Further we obtain by the Pythagorean theorem

lrZez)* = [I21* < [I21* + Iz = 21 = |2+ 2 = 2||* = [|2||?
Hence 72 is bounded and the theorem is proved. O

The question remains whether we can choose a “nice” basis such that the projection operator
can be expressed in a convenient way. The following theorem shows, that this is possible for
every Hilbert space with a countable basis:

Theorem 4.1.5. Let Z be a Hilbert space with a countable orthonormal basis (¢;);en. De-
fine a finite dimensional subspace Z, = span(p1, ..., ) and v 1 Z — Z,, by

n
rinz = Z < i,z >z ¢
i=1

Then r% is the optimal restriction to Z, in Z.

Proof. Let z € Z be arbitrary. Then z can be written as (see for example [23, page 45])
Z=Z<¢uz>z¢i
i=1

But then we obtain by the Pythagorean theorem VA = (A\q, ..., \,)T € IR®

2 2

Z < i,z >z i

i=n+1
2

(o] n
lz—r?z)? = D <¢nz>z0i— Y < iz >z 0
=1 =1
2
+

n

Z (< ¢i,2 >z _)‘z) ¢z

=1

Z < @i,z >z &

i=n+1
o0 n

= |D_<dinz>zdi— > Mo
=1 =1

which is equivalent to

IN

2

|z —T’Z"ZH <|lz—Z| VzZe Z,

But this means, that r%» is the projection operator which we proved to be the optimal
restriction in Lemma 4.1.4. Hence the claim follows. O
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Note that the last theorem is a theoretical result. Its usefulness in practice depends on how
easy the Fourier coefficients < ¢;, z >, can be computed for a given orthonormal basis and
how nice the basis elements themselves are.

Example 4.1.6. We consider again Z := H'(0,1) and define the following basis elements
for j € IN:

00 = (15173 * s — 1))

It can be verified that the (¢;);cnv form an orthonormal basis of H*(0,1). Hence r?" as
defined in the last theorem is the optimal restriction to the subspace Z, := span(¢o, ..., n)
in Z. However, the Fourier coefficients

1 1
< Qi 2 >men = / ¢;(z)z(z)dx +/ gb;(x)Dz(x)dx
0 0

= V2420 - 1)271'2/0 cos((j — V)mx)z(x)dx

are not necessarily easy to compute for arbitrary z € Z. But often the vectors z € Z which
we need to approximate have “nice” properties, so that this integral might be relatively easy
to calculate.

Up to this point, we constructed a restriction r?» which generates the finite dimensional
subspace Z,, of Z. In applications it is not sufficient to approximate the infinite dimen-
sional problem by one finite dimensional subspace, but rather by a sequence of subspaces or
restrictions which “converge” to the subspace Z.

In order to define this convergence, we consider a sequence of restrictions (7%"),c where
Vn € IN r?n . Z — Z, with subspaces (Z,)nen generated by (r%"),cp. Then we will call
the pairs (Z,,77") e approzimations of the space Z.

By intention we will request that the subspaces (Z,)neny become dense in Z as n tends to
infinity. However, in order to define the convergence mentioned above, it is more appropriate
to formulate the desired properties in terms of the restrictions (r%"),cp:

Definition 4.1.7. Let Z be a Hilbert space. Further let (r?"),cv be a sequence of restric-
tions which generates the subspaces (Z,)nev. Then the restrictions (rZn), o are said to be
convergent if

lim ||z —r?"z]|, =0 VzeZ

n—oo

Equivalently we say that the approximations (Z,,, r%"),cn converge.
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The convergence property of the restrictions (r%"),cn will allow us to approximate any
vector z € Z arbitrarily close by its discretization 7?7z € Z,,. We make the following remark
on the definition:

Remark: Note that the definition above means nothing else than that the sequence of
mappings (r“"),cn converges pointwise to the identity operator. In arbitrary spaces we will
not be able to request more than this. In fact it is hard enough to verify this pointwise
convergence in specific examples. The associated proofs are often technical and lengthy.

However, if we restrict our attention to bounded sets of specific elements in Z, then it might
be possible to prove a “uniform convergence” of the restriction operators on these sets.

The following example will state the convergence property of the restriction operators defined
in example 4.1.2.

Example 4.1.8. Let Z := H'(0,1) and define the approximations (Z,,r%"),cn as in Ex-
ample 4.1.2. Then the restrictions (r“"),cn converge, i.e.

lim ||u—r?ull; =0  VYue HY0,1)
For the proof we refer the reader to 4, pages 40-42].

The next theorem will show that the optimal restrictions defined in Theorem 4.1.5 are
necessarily convergent.

Theorem 4.1.9. Let Z be a Hilbert space with a countable orthonormal basis (¢;)jen. Then
the approzimations (Z,,r%") e as defined in Theorem 4.1.5 are convergent.

Proof. Let z € Z be arbitrary. Then z can be written as z = Y .° | < ¢;, 2 >z ¢;. Further
we obtain by the Parseval equality (see [23, page 46])

2

n n
=z = [2=3 <z = 2P =S 1< iz >z
i=1 =1
) n
= Z| < i,z >z |2—Z| < iz >z |
i=1 i=1
o
- Z | < iz >z P —n0 0
i=n+1
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Of course it has certain advantages for the discretization to choose optimal restrictions as
defined in Theorem 4.1.5. Besides the optimality of those operators one can readily apply
the last theorem to obtain the convergence property. However, in order to construct the
optimal restrictions we have to prove that the generating basis elements (¢;);cy form an
orthonormal basis of the Hilbert space Z. These proofs are in general also very technical
and lengthy.

The following example is a simple application of the last theorem:

Example 4.1.10. The cosine approximations from Example 4.1.6 are convergent.

In the next chapter we will assume for simplicity that the subspaces (Z,)nen generated by
the convergent restrictions (r%"),cv are nested, i.e.:

21CZQC...CZnCZn+1C...CZ

This is usually equivalent to the assumption, that the mesh size of the discretization is of
the form (1/2)" for n € IN. The construction of nested subspaces is shown in the following
example:

Example 4.1.11. Let Z := H'(0,1) and define the approximations (Z,, 7%"),cn as in Ex-
ample 4.1.2. In particular Z,, := span(oy, ..., ¢,). Now define Ty = Ton = span (oo, ..., Pan)
and 7% := 1% We claim that (ZNn)nE v is a sequence of nested subspaces of Z. In order to
prove this let for n > 1

—~

Zn = Span(éOa"':éZ”)

—_~—

Zni1 = span(¢g, ..., Pan+1)

Then it is easy to show that

200 = 260+ ¢
20; = Goic1+ 202 + P21 i=1,..,2" -1
2¢2n = ¢2n+171 + 2¢2n+1

Hence span(dy, ..., pan) C span(dy, ..., pant1) or equivalently Z, C Z:r/l As mentioned
above, the mesh size of the discretization is (1/2)". Finally note that the approximations

(ZNn, r?m) e are convergent due to the convergence of the restrictions (r%"),cp.
We conclude this section with the following property of convergent restrictions:

Theorem 4.1.12. Let Z be a Hilbert space and assume that (Z,,m%" e are convergent
approzimations. Further let (yn)new C Z be a sequence such that ¥y, —n—co Y« 0 Z. Then

Tim [[r# g, —y.[ =0
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Proof. A simple application of the triangle inequality implies

Iy =gl < ey = vl s — il

< N My = gell + ey = wll (4.1)
But for all y € Z the sequence (rZ"y),cn converges to y, hence it is bounded. Therefore, by
the uniform boundedness principle (see Appendix, Theorem A.10), ||r#"||z(z,z,) is bounded.
Thus the right hand side of (4.1) converges to zero. O

4.2 Approximation of the Dual Spaces

While the last section equipped us with the tools to discretize vectors in the Hilbert spaces
X and Y, we will now analyze how we can approximate linear functionals in the dual spaces
X*and Y* of X and Y, respectively. As in Section 4.1, we will discuss these issues for a
given Hilbert space Z with scalar product < -, - >, and induced norm || - ||z.

Assume that Z, is a finite dimensional subset of Z. Then it is obvious, that Z} somehow
approximates Z*. However, we must be able to compare elements of Z with those of Z* in
order to make a statement about the approximation error. Hence it is of particular interest
to find prolongations of linear functionals [ € Z to Z*. The basis for our discussion are the
restriction operators (r?"),cv introduced in the last section:

Definition 4.2.1. Let (Z,< -,- >7) be a Hilbert space and assume that (Z,,7%"),cv are
approximations of Z. For given | € Z* the dual prolongation operator ¢~ : Z* — Z* is
defined by g7l := lr?". The pairs (Z}, ¢?" e are called dual approzimations of Z*.

n

We make the following remark on this definition:

Remark: As r? € £(Z,Z,) and | € L(Z,, IR) it is clear that the prolongation ¢Z"[ is an
element of Z*. Thus the prolongation operator is well defined. Further it is easy to verify
that ¢%» is bounded and linear.

Example 4.2.2. We choose Z := H'(0,1) and r?" as in Example 4.1.2. There we defined
the restriction for u € H*(0,1) by r#ru := """ ju(a;)¢; where ¢y, ..., ¢, are the linear finite
elements introduced in example 4.1.2. Let now [ € Z; and v € Z. Then

n

(¢ Du = lrPmu = ZZ u(a;)o; = Z w(ay)l(g;)

1=0

Now we will define convergence of the dual approximations:
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Definition 4.2.3. Let (Z,< -, >) be a Hilbert space with approximations (Z,,7%"),en.
Then the dual approximations (Z, ¢7"),cv are said to be convergent if and only if

g = |l = lr?"||z« = sup |lh —Ir"h| =0 0 Vvl e 7*

[|h||=1,heZ

1= g™z,

Note that the convergence of the approximations (Z,,, 7%"),c of Z does in general not imply
the convergence of the dual approximations (Z*,¢?"),cv as the operator norm demands
a “uniform convergence”. However, if we choose optimal restrictions (r%"),cpv, then the
conclusion holds true:

Theorem 4.2.4. Let Z be a Hilbert space with inner product < -,- >z and countable ortho-
normal basis. Let the approzimations (Zy,, %" ) e be given and assume that the restrictions

(rén)pemnv are optimal in the sense of definition 4.1.3. Then the associated dual approxima-

tions (Z*, q%" e are convergent.

Proof. By Lemma 4.1.4, rZn s nothing else than the projection on the closed subspace 7,
of Z. Thus we have for all z € Z

rénz e Z, z—rinzy € 7+
Further any [ € Z* has a Riesz-representation z; € Z. Hence we can conclude

7z« = sup [lz—Ilrérz] = sup | < z,z—r%nz>|
llzll=1 lIzll=1

1= ¢#1]

= sup | <rérz 4z —riiz,z—rinz > |
llzl=1

= sup | <rérz,z—rinz >4 <z —rirz,z—rinz > |
[|=]l=1

= sup | <z =1z, 2> — <z —rinzring > |
llzll=1

.S.I. — —~
= i Izt = rZz|||z]] = [z — 72| —n-0 O
z||=1

Using Theorems 4.1.5 and 4.1.9, we immediately obtain the following corollary:

Corollary 4.2.5. For every Hilbert space with countable basis one can find convergent re-
strictions such that the dual approximations converge.
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The last corollary justifies that we may in fact assume that the dual approximations are
convergent.

Example 4.2.6. The dual approximations associated with the cosine approximations in
Example 4.1.6 are convergent.

We finally note, that it is often sufficient in applications to request the convergence of the
dual approximations for specific elements of Z*. Thus it may not be necessary to consider
the optimal restrictions (r%"),cp.

4.3 Approximation of the Operators

In the last sections we discretized the Hilbert spaces X and Y and their duals by means
of restrictions. Now we will focus on the discretizations of the mappings involved in our
constrained optimization problem

min f(z) st. clx)=0 ,xeX
where f: X — IR and ¢: X — Y are twice continuous Fréchet differentiable mappings. The
basis for the discretization is a sequence of convergent restrictions.

Let (X, 7% ) e and (Y, 7¥™) e be convergent approximations of the spaces X and Y.
Intuitively, we will want the discretizations of the mappings f and c¢ to have the following
discretized domains and ranges

Cn,m:XnHme ann_)R

In addition the mappings ¢, ., and f,, should be “close” to the original mappings ¢ and f.
These requirements are met by the following approximations which are defined for n € IV,
m € IN and x € X,

Com(T) = rYme(x)|x, = r’me(z)

falz) = f@)lx, = f(2) (4.2)

Clearly, we have by definition of 7™, ¢ and f that ¢, : X, — Y, and f, : X,, — R. We
make the following important observations:

Remark:

i) Although the restriction operator 7" does not explicitely appear on the right hand side
of (4.2), it is extremely important to keep in mind that the domain of these operators
is the subspace X,, of X. As we will see below, this causes severe difficulties in the
approximation of the derivative of ¢(-).
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ii) By definition of f,(-) in (4.2), we formally do not have discretization errors for the
function f(-) itself. A different situation applies for ¢, ,,(-), because in this case an
approximation takes place in terms of the restrictions r¥=. However, note that the
convergence of the restrictions (r¥™),,cv implies the pointwise convergence of the dis-
cretization ¢, ,, to c as m tends to infinity, i.e.:

le(z) = enm(@)]| = lle(@) = re(@)]| 2mace 0 V2 € X,

Recall that we cannot request more than pointwise convergence of the restriction op-
erators in general. However, note that the vectors x € X, are linear combinations of
the “nice” basis elements of X,,. Thus we can hope that the mapping c(-) transfers X,
to a nice subset ¢(X,,) of Y. Using the specific structure of a given mapping c¢(-) one
can often show that the discretization ¢, ,,(-) converges uniformly to ¢(-) on a bounded
subset of X,, as m € IN approaches infinity.

The discretization of ¢(-) and f(-) in terms of linear and bounded restriction operators also
implies the differentiability of the approximations ¢, ,(-) and f,(-):

Theorem 4.3.1. Let f: X — IR and c: X — Y be twice continuous Fréchet differentiable.
Then the discretized operators f, : X,, — IR and ¢, : X, — Yy, are also twice continuous
Fréchet differentiable and

fr(x)h = f'(x)h, (@ =" (x)h Vo, h e X,

Proof. The result is obvious for the mapping f, : X,, — IR as Definition 2.1.2 holds in
particular for the subspace X, C X. In order to show the same for ¢, ,, : X, — Y, we
observe, that 7Y™ : Y — Y, is linear and bounded. Thus we can apply Theorem 2.1.10 and
obtain the desired formula for the first derivative. In analogy we can show the remaining
properties stated in the theorem. O

Remark: The last theorem shows that the Fréchet derivatives of the discretized operators
can be computed easily. However, as mentioned earlier, one has to use caution considering
the domains of the mappings. Note that f/(z) = f/(x)|x,. Due to this restriction f/ (x)(-)
is an element of £(X,, R) and not £(X, IR). In particular we only know that

1@ eenm = sup |fu(@)h] < sup |f'(@)h] = ||/ (2)()]| cex.m)

Ih]|l=1,hE X, Ihl|l=1,heX

but in general equality does not hold. Moreover, as the Riesz-representation of f/ (z)(-) is now
chosen with respect to the Hilbert space X,,, we even have in general that V f,,(z) # V f(x).
Similar problems occur for the mapping ¢, ,,(-). Thus we have to be very cautious when
dealing with derivatives of f,,(-) and ¢, (-).
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Now we will analyze the approximation of the Fréchet derivatives ¢ (x)(-) and f’(z)(-) by their
discretized counterparts. As the operator norms || - ||z(x,®) and || - ||z(x,y) request a uniform
convergence, we cannot evade assuming an additional property of the involved restrictions.
As it turns out, it is sufficient to assume that the dual approximations (X7, ¢*"), and
(Y: ¢¥™),, induced by (X,,,r*"), and (Y,,,¥™),,, respectively, are convergent.

Note that f : X — IR and thus f'(z)(-) € X*. Thus the convergence of the dual approxi-
mations immediately implies the pointwise convergence of f/(x) to f'(z) in operator norm,
le.:

1 (@) = ™ f @) xe = 1) = £/ (2)r [lxe —nase 0

But this result does not hold true for ¢/(z), because neither the convergence of the dual
approximations (X}, ¢*"), nor of (Y,;,¢"), implies the convergence of ¢, (z)r*"(-) to
d(z)(+) in the operator norm || - ||z(x,v). However, we do not have to approximate ¢'(x)(-)
itself in order to discretize algorithm ALINF. In fact it is sufficient to approximate the

augmented Lagrangian functional ® : X x Y x (0,00) — IR:

Recall that the inner iteration termination criterion (3.8) of algorithm ALINF was defined
as follows

< wy

d
x L(X,IR)

Using the discretized mappings f,,(-) and ¢, (+) it is straightforward to define the discretized
augmented Lagrangian functional ®,,,, : X,, X Y;;, X (0,00) — IR by

1
cbn,m(x: Aaﬂ) = fn(x)"' < )‘acn,m(x) > Yo +ZHCH,M(1')H§%
1
= fla)+ <\ r'me(x) >y +ZHTYT”C($)H% (4.3)

In order to transfer convergence results from algorithm ALINF to a discretized version we
will have to assure that the new inner iteration termination criterion

d
H_q)n,m(-rka )‘kv :uk)

<w
dx k

L(Xn,IR)

implies that criterion (3.8) is approximately fulfilled. Thus it is of particular importance
how well %@mm(aj, A, i) approximates %@(z, A, ft).

Applying Theorem 4.3.1 one can prove in analogy to Examples 2.2.1 and 2.2.2, that the
Fréchet derivative of the discretized augmented Lagrangian functional is given by:
d Ym

1
%Cbnym(x, Ap)= fl(z) -+ <\ () >y —i—; < r¥me(z), rmd(x)- >y (4.4)
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Note that the operator ¢(x)(-) does neither appear solely in (4.4) nor in the derivative of
the augmented Lagrangian functional. In fact this operator always appears as one of the
arguments of the scalar product < -,- >y. This circumstance allows us to approximate
®(x, A, pu) arbitrarily close by using the convergence of the dual approximations (X7, ¢%"),,.
We will prove this now in several steps, first without and then with the assumption that the
dual approximations (Y, ¢¥™),, are convergent:

Lemma 4.3.2. Let the approzimations (X,,r*").env and the corresponding dual approzi-

mations (X, ¢ e be convergent. Further assume that the discretization of the Fréchet

differentiable operator f(-) is defined as in (4.2). Then Vr € X
1f'(@) = ¢ f(@)lx- = 1/ (2) = f(@)r* ]l xe —nmoe O
Further we can express the error of the approzimation in the V-notation by
1f'(2) = ¢ fr (@)l x- = [V f(2) = )"V ful) || x
where V f,(x) denotes the Riesz representation of f!(x) with respect to the domain X,,.

Proof. While the first property is a direct implication of the convergence of the dual approxi-

mations (X, ¢*"),emv, the error representation follows from the following simple calculation:

If'(x) =g fi(z)x- =  sup |f'(@)h— f)(x)r* ]
[IRl|=1,heX
= sup | < Vf(x),h>— < V.(x),r*"h>|
[IRl|=1,heX
= sup | <V f(z)— (T’X")*an(l’), h > |
[IRl|=1,heX

= [Vf(z) = ")V (@)l x

O

Now we will focus on those summands in (4.4) that involve derivatives of the operator
¢(+). In the next lemma we will not include the convergence of the dual approximations

(Ynia qu)mEW:

Lemma 4.3.3. Let the approzimations (X, " )new and (Yo, 7™ )mew be convergent. Fur-
ther assume that the dual approzimations (X, ¢ )new converge and that the discretization
of the Fréchet differentiable operator c(-) is defined as in (4.2). Then

sup | <y, d(@)h—(x)r""h>] =00 WyeyY, VreX
[[h||=1,heX

Ic(x) — Cﬁz,m(flf)Hﬁ(xn,Y) —m—oo U Vne N, VrelX,
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Proof. We start with the first property. Note that

sup | <y, d(x)h—d@)rh>] = sup | <d(@)'yh—rh>|
lk|][=1,heX |k||=1,heX

But x and y are fixed, thus < ¢(z)*y,- >€ X*. Hence the first claim follows from the
convergence of the dual approximations. Now we will focus on the second claim:

For fixed discretization n of X we have that X, is spanned by finitely many basis elements
G1, ooy Gaim(x,)- Hence we have for all h € X, with [|h]] = 1 that b = 3% N6, with
Ai € R and || < Ao for i =1, ..., dim(X,,) =: n and some A4, > 0. But then we obtain
by the linearity of ¢/(z)(+)

I1¢(z) = chm@llecxay) = sup [ (2)h = ¢, (@) ]l
heXn,||hl|=1

IN

‘)\z|§)\maz

sup  [|(2) D Ny — & (@)D Nty
=1 i=1
< e Y I @) = (@)l
=1

Th'4:.3'1 )\ma:v Z ||C,(‘r)¢l - TYmcl(I)¢i’|Y
=1

But due to the convergence of the restrictions (r¥™),,cv, the right hand side of this inequality
converges for fixed n € IV and thus fixed n to zero as m tends to infinity. O

We use this lemma to prove that the augmented Lagrangian functional ®(z, A, ¢) can in fact
be approximated arbitrarily close by its discretized counterpart @, ,,(x, A, p1):

Theorem 4.3.4. Let the approzimations (X,, 7" )pew and (Yo, 7™ )mew be convergent.
Further assume that the dual approvimations (X, q¢*") e converge and that the discretiza-
tions of the Fréchet differentiable operators f(-) and c(-) are defined as in (4.2). For fived
ng, mip € IN let v € X,,,, N € Yy, and p € (0,00) be given. Then Ve > 0 there exist
n, m € IN, n>ng, m > my, with m depending on n such that

<€

i
L(X,R)

d
— D Xn,
dx (:z,)\,u) dr n,m(x:)‘a,u)r
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Proof. Let n > n;, and m > my. Then we obtain

d

d
H%@(Jj, )‘:,u) ) _%q)n,m(xa A, M)rxn ) HL(X,R)

1
= sup  |f'(2)h+ < A\, d(2)h > += < c(z),d (2)h > —f'(z)r*"h
|hl|=1,ReX 2

1
— <\l (p)yr¥rh > —= < r¥me(x), ' (2)r ¥ h > |
U

< sup  |f'(x)h — f'(x)r*"hl+ sup | <\ d(x)h—r"md(@)rh > |
lhll=1,reX |h]|=1,heX

1
+ sup | <e(x),d(@)h > — < rme(x), rim (2)rrh > | (4.5)
|k]|=1,heX M

Now we will show that we can choose n and m such that all summands on the right hand
side of this inequality are arbitrarily small. This is trivial in case of the first summand, see
Lemma 4.3.2. The second summand can be estimated by

sup | <\, d(x)h — ¥ (z)rrh > |
[hl|=1,he X

< sup | <\, d(x)h - (z)r*h > |
Ih|=1,heX

+ sup | <\ (@)r*h — ' (2)r ¥ h > |
[hl|=1,he X

< sup | < d(@)*\ h—r"h > |
Ih|=1,heX
A Py ¢/ (x)h = r¥d ()R]l (4.6)

hl=1,h€Xn

But now we can choose n according to Lemma 4.3.3 to make the left summand in (4.6)
small. Since ||r*"|| is bounded by the uniform boundedness principle, we can then choose m
according to the same Lemma in order to make the right summand in (4.6) small enough.
Note that m depends on n, because the supremum of the right summand is with respect to
h € X,,. Finally, we estimate the last summand in (4.5):

1
sup  —| < c(z),d(x)h > — < r'me(x), " (2)r*rh > |
|k]|=1,hex M

1
< = sup | <c(@),d@h—r"d@)r¥h > |+
H |[n)|=1,heX

1
+= sup | <e(x)—rme(x),rmd (z)r¥h > |
K ||h||=1,heX
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1
< = sup | <c(x),d@)h—@)r*h>|
K |n||=1,hex

1
+= sup | <ec(@),d@)rh —r'd (z)r¥rh > |
o ||n||=1,hex

1
2 llel) = rme(@)ly e e @) i) (4.7)
The first summand in (4.7) can be made arbitrarily small due to Lemma 4.3.3, while the last

summand converges to zero, because the restrictions (r*™),, are convergent. Thus we only
have to estimate the second summand in (4.7):

1

— sup | <c(x),d(@)r"h — 1" (z)r¥rh > |
M |n||=1,hex
1
< —fe@|lr*l  sup [l (2)h = (x)h] (4.8)
1% lkll=1,heXn

Again we can apply Lemma 4.3.3 to choose m such that the right hand side is as small as
desired. ]

Remark: The last theorem and its proof make apparent why we treat the discretizations
of X and Y separately. More precisely: If we would not do this, the second property
in Lemma 4.3.3 would not hold in general without assuming the convergence of the dual
approximations (Y% ¢¥™),,. In order to motivate this, assume that the discretizations of X
and Y are not treated separately, i.e. n = m. Then the discretization of ¢(-) is given by

en(+) == cun() = TYnC(')‘Xn'

While the convergence of the restrictions (r¥"),cpy still implies the pointwise convergence of
the mappings é,(+) to ¢(+), we cannot deduce in general that

I (@) = &l(@)lleyy = sup [ld(@)h—r"c(@)h] —ns 0 (4.9)
[Rl=1, heXy

The reason for the problem is, that we can only approximate finitely many vectors in Y
arbitrarily close with the restriction operators (r'),cv. But note that the spaces X,, and
the norms || - ||z(x,.,v) also change as n tends to infinity. For a general proof of (4.9) we
would thus have to take all h € X with ||h|| = 1 into account. But this resulting uniform
convergence cannot be proved for pointwise convergent linear operators. In fact, one can
easily find counterexamples where this does not work (see for example [27, page 76]).

As proven, we can approximate the derivative of the augmented Lagrangian functional ar-
bitrarily close without assuming the convergence of the dual approximations (Y%, ¢*¥),, by
treating the discretizations separately. This can be an advantage in cases where the space
Y has a complicated structure which does not allow a nice formula for convergent dual ap-
proximations. For example, if ¢ : X — Y is a differential operator, the elements of the space
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X are “smoother” than their images. Thus X describes a “nicer” class of functions than Y
does.

The problems described in the last remark are not relevant if we also assume the convergence
of the dual approximations (Y%, ¢*™),,. In this case we obtain the following theorem which
shows the independence of the discretization levels n and m:

Theorem 4.3.5. Let the approzimations (X,, 7" )pew and (Yo, 7™ )mew be convergent.

Further assume that the dual approvimations (X}, ¢*")nen and (Y5, ¢*™)men converge and

that the discretizations of the Fréchet differentiable operators f(-) and c(-) are defined as in
(4.2). For fized ny,, my € IN let v € X,,,, A € Yy, and p € (0,00) be given. Then

=0

d d
—®($, )‘7 ,LL) ' __én m(I7 Aa /‘L)TXn
de L(X,R)

(n,m)—(00,00) dx

lim '

Proof. We can use nearly all results derived in the proof of Theorem 4.3.4. As indicated in
the last remark, we only need to change those parts of the proof where we explicitely used
the second property of Lemma 4.3.3. We will now analyze these parts and derive alternative
estimates which do not impose a relation of the discretization levels n and m. We estimate
instead of (4.6):

sup | < A, d(x)r*h — 'l (z)r¥rh > |
[h]|=1,heX

< @I sup [ <Ay =iy > | (4.10)
Iyl=1yey

But ||| is bounded and thus the right hand side converges to zero due to the convergence
of the dual approximations (Y%, ¢*™),,. With a similar argumentation we replace (4.8) by

1
— sup | <c(x),d(@)r"h — 1" (z)r¥rh > |
M ||r]|=1,heXx
1
< —[d@llllr* sup | <el@)y—ry > | mmme 0 (411)
K lyll=1.y€Y

O

In this section we discretized the mappings involved in our optimization problem and in-
troduced the concepts which are necessary to approximate the augmented Lagrangian func-
tional. In the next section we will briefly introduce the final step in the discretization process:
The representation in terms of IR"™ and IR™.
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4.4 Interpretation by Isomorphisms

By now we have interpreted all major elements of the infinite dimensional method in terms
of finite dimensional Hilbert spaces X,, and Y,, of X and Y. Our goal in this section is to
represent elements of those spaces and the involved mappings f,(-) and ¢, ,(-) in terms of a
finite set of numbers.

It is a standard approach to make this final step by linear isomorphisms called prolongations
an . Rdim(Xn) N Xna an c ,C(Rdim(Xn), Xn)

pYm s RAMOm) L yr o pYe e £(REMY) Y )

which represent the Hilbert space elements in terms of their basis coefficients. Define n :=
dim(X,) and assume that X,, is spanned by the basis elements ¢y, ...,¢; € X. Then we
define pX» : IR* — X, by

A

Xn o

pra=> " aid
i=1

for « € IR". In analogy we define p*™ with respect to the basis elements spanning Y,,. It is
a well known fact that the mappings p*~(-) and p¥™(-) so defined are continuous and linear
bijections. Note that IR" is a Hilbert space with scalar product

<a,B>pi=<pra,p* B >x, =< p o, p B >x

and induced norm

|l = VS = V< PR p >

In analogy IR™, m := dim(Y,,), is a Hilbert space with a similar defined scalar product
and induced norm. Then one defines the final discretized mappings f, : IR* — IR and
Cnm o IR" — IR™ by

fn = fann = prn

Ym>717,Ymchn

—

Cnym Y ) ; X = (

= (p"™) e mp

Clearly, these final discretizations are again twice continuous Fréchet differentiable with
respect to the norms mentioned above, if the approximated operators f(-) and ¢(-) are twice
continuous Fréchet differentiable.

p

As no additional error is introduced by the isomorphisms, it does not make a difference if we
discuss algorithms in terms of the mappings f,(-) and ¢, () or f,(-) and ¢, ,(-). However,



Jan H. Maruhn Chapter 4. Approximation Theory 80

with the intention to keep notation simple, we will take the approach without isomorphisms.
They can easily be implemented after the theory is derived in the next chapter.

Now we are ready to use the introduced approximation theory in order to discuss a discrete
algorithm which has algorithm ALINF as a basis. The next chapter will be devoted to this
task.



CHAPTER b

Discretized Algorithm

In Chapter 3 we proved very strong theoretical results for algorithm ALINF. As mentioned
before, these theoretical results cannot be used in practice if we are not able to provide
a discretized version of this algorithm which generates iterates and Lagrange multiplier
estimates in finite dimensional subspaces of X and Y. The derivation of such a “discretized”
algorithm is the goal of this chapter.

The tools for the discretization were derived in the last chapter. Given problem (3.1) we
make the following general assumption:

AS 7. Let (X,,7*")pew and (Y, 7¥")ev be convergent approximations of the Hilbert
spaces X and Y such that the finite dimensional subspaces (X, )nen and (Yy,)mew are
nested. Further assume that the dual approximations (X}, ¢*"),ew and (Y5, ¢*™)pmen also
converge. Given this setting, let the discretizations of f(-) and c¢(-) be as in (4.2) and define
the approximation of the augmented Lagrangian functional as in (4.3).

In particular this assumption implies the boundedness of the sequences (||[r*"||z(x.x))nen
and (||| 2y, ) )men. We denote their upper bounds by

My = sup [P [l cvry . My = sup [z (5.1)

Besides AS7 we also assume that AS1 holds.

The most desirable discretized version of an algorithm in an infinite dimensional setting is
such that each iterate of the discretized algorithm satisfies all requirements of the original
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algorithm. In this case all convergence results of the infinite dimensional method can be
transferred to the new setting.

In terms of approximation theory, such a situation could be provided by assuming that we
have absolute control over the approximation error. But such an assumption is not very
realistic, because one would have to request for example, that the dual approximations con-
verge uniformly on compact subsets of the dual space. We do not make such an assumption
because it would restrict the applicability of the algorithm to very special cases. Instead
of this, we propose a nested algorithm consisting of two parts, where the inner algorithm
terminates when we have enough control over the approximation error.

5.1 Description of the Algorithm

The basis for the new algorithm ALDISCR is algorithm ALINF. One of the advantages of
ALINF is that it provides an explicit rule of how to adapt the penalty parameter. Now it is
our concern to incorporate the discretization aspect and to give an explicit formula for the
update of the Lagrange multiplier.

As the new algorithm is a finite dimensional approximation of the infinite dimensional
method, the subproblems min,ecx ®(z, Ag, px) in algorithm ALINF are replaced by the se-
quence of discretized subproblems

min cbnk,mk (.1', )‘kaﬂk) 7k €N (5'2)

aceXnk

where @, @ Xp, XY, x(0,00) — IR is defined as in (4.3) and ny, my, are the discretization
levels of X and Y in iteration k, respectively. Of course these subproblems do not need to
be solved precisely during an early iteration. We will adapt the convergence tolerance of
ALINF in (3.8) in a suitable manner.

As mentioned before the proposed algorithm shall be “close” to algorithm ALINF in every it-
eration. The crucial part in this approximation is the derivative of the augmented Lagrangian
functional ®(x, A\, u) with respect to x. We proved in the last chapter that this functional
can be approximated arbitrarily close by its discretized counterpart %Cbn?m(x, A, ). The
following algorithm will include a mesh refinement based on the discretization error.

Algorithm ALDISCR

0. Imitialization: Choose initial discretization levels ng of X and mg of Y. Let the Lagrange
multiplier estimate Ay € Y;,,, and the penalty parameter 0 < po < 1 be given. Further
let w, <1,n <1, 7<1, a<l1, o <1and 3, <1 be strictly positive constants.
Set wo = pg, Mo := pg" and k := 0.
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1. Inner Algorithm: Set ¢ := 1, ng, := ng and my, = my.

la. Inner iteration: Find z, € X, such that

d Wy
— @ my (Thy s Ak L) < — 5.3
Hdl‘ ki» k,b( k k IU/k) [:(Xnk 7B) 2ZMX ( )
1b. Refinement: Choose ny,,, > ng,, my, , > my, such that
d d Xn Wy
— D (g, A =D, S Ak Fit1. < — 5.4
Hdm (s A i) dx " ki (T Ak )T cxmy 4 o4
Y, . T)x
(i) =" el lly < min { T, o, ani | (5.5)
1c. Inner algorithm termination criterion: If
d Xy, d Xy, Wy,
' 2 By (T Ak )70 = Py (L Ay pa )7 .. < 56

then set ny := ng,, N1 = Mgy, Mp = My, Mpyr = My, T = Ty, and go
to step 2. Otherwise, if (5.6) does not hold, set i =i + 1 and go to step la.

2. Test for convergence: If w;, < w, and ||cn,,,me,, (Tr)]ly < 74/2, stop.
3. Updates: If
HCnIchlvkarl (xk)HY < Mk (57)
execute step 3a. If
HCnIchlvkarl (xk)HY > Mk (58)
execute step 3b.

3a. Update Lagrange multiplier estimate: Choose

1
Akl 1= Ap + —anﬂ,mkﬂ(ﬂck) (5-9)
M
and set
He+1 = Uk
Wg+1 = WgHk+1 (5-10)

B
M1 = Ukﬂknﬂ



Jan H. Maruhn Chapter 5. Discretized Algorithm 84

3b. Reduce penalty parameter: Set

Akr1 = A

i1 = Tl (5.11)
W41 = Hk41

Mot = fyph

Increment k by one and go to Step 1.

We will show now that algorithm ALDISCR is well defined. Note first, that the iterates
xj belong to the domains of the discretized operators, because the subspaces (X, )nen are
nested. Further the nestedness of (Y;,,)mev implies that the update of the Lagrange multiplier
estimate is well defined.

The refinement conditions (5.4) and (5.5) can be fulfilled due to AS7 and Theorem 4.3.5.
However, in order to show that the inner algorithm terminates, we must impose the following
additional assumption:

AS 8. Let (X;,r%);cv be approximations of X as described in AS7. Let g : X — IR and
gi » X; — IR, i € IN be twice continuous Fréchet differentiable mappings satisfying Vo € X

X* Ti—oo 0

9(2) = gi(2)] =imec 0, [lg'(2) - —gi(a)r™ - |

Further let (e;);ev C IR be a decreasing sequence such that e; | 0 for i — oo. Then we
assume that the algorithm used to solve (5.3) generates for the problems

i (@) ||l cixim) < e

a converging sequence (;);en, given that the algorithm starts problem i+1 with the solution
x; of the previous i-th problem.

Using this assumption, we can in fact prove that the inner algorithm terminates and thus
algorithm ALDISCR is well defined:

Theorem 5.1.1. Let AS1, AS7 and AS8 hold. Then the inner algorithm terminates in each
iteration of algorithm ALDISCR.

Proof. Let the outer iteration k € IN be fixed and define d: X — IR and &)Z : Xnki — IR by

q)(x) = CI)(ZL‘, )‘kvuk) ) @Z(ZE) = q)nki,mki (ZE, )\lm/'bk)
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We can deduce from Theorems 4.3.1 and 4.3.5 that ®(-) and ®;(-) satisfy all requirements
imposed on the mappings ¢(-) and g;(-) in AS8, respectively. Further, as the right hand side
of (5.3) is a strictly decreasing sequence in ¢, AS8 implies the convergence of (zy,)ien toO
some limit point zj € X. In order to prove the theorem, we must show that

d ~ X d ~ P
_®'+1(xki)r MRia _—q)‘(l‘ki)r "k, . —
de ' dr ' -
d X, d .
— ' %®nki+l’mki+l (xkia )\ka ,LLk)T kit1 . _aénkz’mkz (iji’ )\ka ,U/k)r ki . -
converges to zero for 1 — co. Note that
"%@iJrl(xki)r Fit1 . —%qji(ﬂiki)?“x ki . =
X*
- Sup |f,(xki)7’xnk”1 h — f,(xki)rxnki h+ < Ak, 7 i c'(xk:i)T’X"km h >

[hll=1,neX

Y, X 1 Yoy, Yoy, Xy
— < Ny R (g )1 R h > — < TR e(ay, ), r "R (g )rT et h >
He

1
—— <"y, ), e () R b > | (5.12)
Hok

We will split up the summands of the right hand side and show that they converge to zero:

1 () st - = f () e <
< ) = () e | [ (g e f () )
HIF () - = ) s | L @) = f () - |
< e 1 ) - = p) -l L ) e = f ) )
I (@) - = )™+ s f @) - = f () - | (5.13)

The second and third summand in (5.13) converge to zero due to the convergence of the
dual approximations (X}, ¢*"),en, while the continuity of f’(-) takes care of the first and
last summand. Now we analyze the second pair in (5.12).

SUp | < Ay 1 (g ) e > — < Ny (g, ) b > | =
Ihll=1,heX
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Y, X b%
= sup | < A, "Rl (my)rT b —  (ag)rT et h >
hl=1,ReX

+ < Mg, C/(J}ki)rxnki-s-l h — C/(xZ)TX"kiH h >+ < Ag, C/($Z)7“X"ki+1 h — C/(Z'Z)h >
+ <A, (@b = (@)r i h > + < Ay, (@) r s h — ¢ (g, )r i h >

+ < Ay (g ) b — e (g, ) b > |

Xn, Ym,. .
< P sallld@)] sup | < her iy —y > |
llyll=1,y€Y
Dl e e () = @l + sup | < ap) A h— b > |

IRll=1,heX

+osup [ < (@) Ny b= b > NP Yl () = ¢ ()

[hll=1,heX

+||7’X"’% I ()l sup | < Mg,y —’I“Ymkiy > | (5.14)
lyll=1,y€Y

But now the right hand side of (5.14) converges to zero due to the convergence of the dual
approximations of X* and Y* and the continuity of ¢/(-). Finally, we analyze the last pair
in (5.12). We do not consider the factor 1/, because it is independent of

sup | < P mRie(ay, ), r s (g ) > — < Ree(ay, ), e (g, ) e > |
Ihll=1,heX
= sup | < mie(ay,) — e(al), e () R >
Ihll=1,he X

+ < c(al), r ™l (g, ) b — r e c’(xki)rX"’%H h >
0 = (g, e (e ) e > |

Vo X,
1 1

< le(ap) — e e(ay ¢/ () |||
Flle(ay) — e e(a)|[|r e ] ()

+ sup | <e(@h),r el () r s h — ¢ () s h >
|[hl|=1,heX

ik

[ e |

I

Now we can use Theorem 4.1.12; the convergence of the approximations and the dual ap-
proximations, and the continuity of /() to show, that the right hand side of this inequality
converges to zero. 0

We proved, that algorithm ALDISCR is well defined. However, the mesh refinement con-
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dition (5.4) is not formulated in a satisfactory manner. The following theorem will give a

sufficient condition for (5.4):
> ng, and my,,, > my, are chosen

Theorem 5.1.2. Assume that AS1 and AS7 hold. Ifny, , >
such that all the following conditions are satisfied, then the mesh refinement conditions (5.4)

and (5.5) in step 1b hold:

va(xkz) - (T kl+1) ank¢+1 (xkl) ’X S %
— Ym’fi+1 H < mi U MWk
HC(%) rt )|l < min S e e M My [ (o) T
sup | < (wg,) A, h — PR > | < Wk
[lRll=1,heX 20
sup | < (xg,) c(ay,), h — P, > | < Mk
lhll=1,ReX 20
Y Wi
sup | < A,y —r My > | <
lyl=1.yeY 20Mx || ()
Yy, Wik
sup | < clag,),y —r My > [ <
lyl=1.yeY A0Mx || ()|

Proof. The constants on the right hand side of the inequalities are chosen in such a way
that the crucial inequalities in the proofs of Theorems 4.3.4 and 4.3.5 can be estimated by
fractions of wy which add up to the constant wy/4 for the refinement condition (5.4). As
condition (5.5) is included in the list above, the claim follows. O

The unhandy conditions in the theorem above simplify in case of optimal restrictions to the
following inequalities which can be verified easily:

Corollary 5.1.3. Let AS1 and AS7 hold. Further assume that the restrictions (r*"),cmn
and (r¥™) e are optimal. Then, if Ny = Ny and my,, . > my, are chosen such that all

the following conditions are satisfied, the mesh refinement conditions (5.4) and (5.5) in step
1b hold:

Xy, * Wy,
|VF@) = 0y Vi, @) <5
I (n ) h = e ) Ml < 57
1 () eln,) — 75w () elan) | x < “’;gk
R H < mi U MWy
Jetae) = 7t eon) y =2 M ma {1, 40My My || (), A0Mx [ () [}

ly < st
QOM)(HC/(.T]CZ)

H)‘k - TYmki“ A
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Proof. The claim directly follows from Theorem 5.1.2 if one uses the major inequality from
the proof of Theorem 4.2.4. O

5.2 Convergence Analysis

In order to apply the convergence results of algorithm ALINF, we need to do the following:
For given initial parameters in algorithm ALDISCR, especially the new parameter «, we
must show that the sequences (x)renv and (Ag)rev satisfy the decision rules of algorithm
ALINF in every iteration. Or in other words: we must show that those sequences could also
have been generated by algorithm ALINF.

We will prove this by advancing step by step through an arbitrary iteration of algorithm
ALINF and show that the decisions and updates of algorithm ALDISCR satisfy those of
ALINF. We start with the inner iteration termination criterion (3.8) of ALINF in step 1,
and step 2, the test for convergence:

Lemma 5.2.1. Let AS 1, AS 7 and AS 8 hold. Let (xy)remw be the sequence of iterates
generated by algorithm ALDISCR. Then

i) Fach iterate xy also satisfies the inner iteration termination criterion of algorithm

ALINF, i.e.
d
— A . <
Hdl‘ (xka knuk?) " > Wk
ii) If algorithm ALDISCR is terminated at iteration ko, algorithm ALINF would also
termanate.

Proof. First we prove item i). Using (5.3), (5.4) and (5.6) we obtain

d
I TP VR |
Hdm (Tr, A, ) LS
d d .
S %(b(xka )\k? Mk) . _%@nk+l,mk+l (.T]g, )\k’lu,k)r k+1. .
d . d N
+ H%an-‘rlvmk-&-l(‘rka )‘knu’k)r k1. _%@nk,mk (l‘k’ )‘ky,uk:)r . N
d
+ '%@nk,mk(fka)\kaﬂk)rx’lk- -
e
< — 4+ — 4 |rm —o, m (xk‘a)‘ka,uk)'
4 4 H H dr kM -
< W

5 TMx, T W
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Now we prove part ii) of the lemma: For iteration ky we obtain by step 2 in algorithm
ALDISCR: [len, 4y myy s (Tho) | < & Thus we can deduce by (5.5)

By part i) of the lemma and step 2 of algorithm ALDISCR, the test for convergence, we
finally obtain

’|V$®(xk07AkO7ukO)H S Wi S Wi

O

We will show now that the Lagrange multiplier estimate as chosen in step 3a of algorithm
ALDISCR satisfies the requirements in step 3a of algorithm ALINF. The reason why we
analyze this before the decision rule in step 3 will become clear in the proof of Lemma 5.2.3.

Lemma 5.2.2. Let AS 1, AS 7 and AS 8 hold. Let (zx)ren, (Ak)kenv and (pg)renv be the
sequences generated by algorithm ALDISCR. Then the Lagrange multiplier estimates Agiq
in step 3a of algorithm ALDISCR satisfy the requirement of algorithm ALINF, i.e.:

| Akt1 — AM@p, Ak, pig) || < wye

Proof. By the definition of Ari1 in step 3a of algorithm ALDISCR and the definition of
ATk, Ak, fx) on page 42, we obtain

_ 1 clx
[ Aet1 — A(@r, Ay )| = ’ Ak + _an+17mk+1('xk) - ()\k‘ + ( k)) H
M 223
1
= _"an+17mk+1 (xk> - C(xk)H
i
(5.5 1
S W = Wy
i

Finally we analyze the decision rule for the updates in step 3:

Lemma 5.2.3. Let AS 1, AS 7 and AS 8 hold. Let (xy)rev be the sequence of iterates
generated by algorithm ALDISCR. Pick a as initialized in algorithm ALDISCR and define
v1:=1—a, 7 := 1+ «a. Then the decision rule of algorithm ALINF is fulfilled, i.e.:

If |le(xg)|| < mmp then step 3a of algorithm ALINF is executed.
If ||le(xg)|| = ~vamx then step 3b of algorithm ALINF is executed.
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Proof. We have by (5.5) that ||c(zx) — nyyympss (21)]] < amp. Denote this inequality by (I).
Now suppose that ||c(xy)|| < v11x. Then

leniprmen @Rl < lle@)ll + lle(@r) = eng i mip (@)

¢y)
< mngtFang = N

Hence, by algorithm ALDISCR, step 3a is executed and the Lagrange multiplier \; is updated
according to the rule (5.9). But we showed in Lemma 5.2.2 that this multiplier also satisfies
the requirement (3.12) in algorithm ALDISCR. The update formulas for py, wy and 7 are
identical.

Now suppose that ||c(xy)|| > v21,. Then

ensprmee @Rl = lle@r) | = le(@r) = Cng iy mip (@)

D
> Yol — QM = Mg

Therefore, by algorithm ALDISCR, step 3b is executed which is identical to step 3b of
algorithm ALINF. 0

The previous lemma also reveals the following fact: The constant «, initialized in step 0 of
algorithm ALDISCR, specifies the parameters 7; and 5 in the decision rule of algorithm
ALINF.

All these Lemmas can be summarized in the following Theorem:

Theorem 5.2.4. Let AS 1, AS 7 and AS 8 hold. Let (xg)kenw, (Me)kenw and (ug)remw be the
sequences generated by algorithm ALDISCR. Then these sequences satisfy all requirements
of algorithm ALINF. Or in other words: The sequences could also have been generated by
algorithm ALINF.

As a direct conclusion of this theorem, all the theory we derived in Chapter 3 for algorithm
ALINF carries over to algorithm ALDISCR if AS7 and AS8 are added as a prerequisite to
the lemmas and theorems in that Chapter. Nevertheless, we will list the most important
results:

Corollary 5.2.5 (Global Convergence Theorem). Let AS1 - ASj, AS7 and AS8 be
valid. Further let x, be any limit point of the sequence (xp)renw generated by algorithm
ALDISCR and let (zg)kex be a subsequence whose limit is x.. Define \(x.) as on page 42.
Then x, is a Kuhn Tucker point (first order stationary point), and A(z.) is the corresponding
Lagrange multiplier, i.e.:

VaoL(ze, Mxy)) = Vf(x,) + () ANz) =0, c(z,) =0
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Further the sequences (A(Tg, Mg, pix) ke and (A(xy))rex converge to N(x,) and the gradients
Vo ®(zk, Ak, pi) converge to Vo L(ze, AN(z4)) = 0 for k € K.

Corollary 5.2.6. Assume that AS 1, AS 4, AS7 and AS8 hold. Suppose that the sequence
of iterates (zx)rev generated by algorithm ALDISCR converges to a single limit point . at
which AS 3 holds. Let A\, be the corresponding Lagrange multiplier and suppose that AS 5
and AS 6 hold at (., \.). Then the sequence of penalty parameters (ug ke is bounded away
from zero, i.e. 3 pmin € (0,1) such that pg > pimim Yk € IN.

As the penalty parameters (ug)key are bounded away from zero, one can see in Theorem
5.1.2, that the discretization levels ny of X and my of Y are more or less determined by the
quantity wy. Further the discretized Hessian matrix of @, ., (-, Ak, px) is prevented from
becoming more and more ill conditioned.

Corollary 5.2.7 (Local Convergence Theorem). Assume that AS1, ASj, AS7 and ASS
are valid and that the sequence of iterates (vg)rew generated by algorithm ALDISCR con-
verges to a single limit point x, at which AS 3 holds. Let )\, be the corresponding Lagrange
multiplier and suppose that AS 5 and AS 6 hold at (x., \.). Then the Lagrange multiplier

estimates (A )kerv converge to .. Further the sequences (xg)kenv, (M@, Ak, t) ke and

(Mt ke are at least R-linearly convergent with R-factor at most uf,:’m where fhyin 1S the
smallest value of the penalty parameter generated by algorithm ALDISCR.

5.3 Relaxations

As proven in the last section, algorithm ALDISCR and algorithm ALINF coincide under
appropriate assumptions in every iteration. The question is if this is really desired: Does it
make sense to “perfectly” approximate the infinite dimensional method in an early iteration?
One of the nice properties of algorithm ALDISCR is, that it allows a certain flexibility to
handle this question:

Theoretically, one can omit the inner algorithm termination criterion (5.6) for all iterations
k < ko where kg € IN is an arbitrary integer. This is meant in the way, that ALDISCR
proceeds for these iterations with x; = xj, and discretization level ng,q = ny, to step 3,
neglecting criterion (5.6).

Then, if a desired accuracy in the finite dimensional subproblem is reached, one can start
the inner algorithm to reduce the approximation error of the finite dimensional method. In
fact, if the inner algorithm is executed for all iterations k > ko, the iterates (z)rx, coincide
again with algorithm ALINF, as proven in the last section. Thus all convergence results
carry over to those iterates.

Hence it is possible to run a discretized version of ALINF parallel to the infinite dimensional
method without meeting its requirements. However, whenever it is desired, we can obtain a
“real” iterate of ALINF by starting the inner algorithm to reduce the discretization error.
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As this statement is true for all kg € IN, one could expand the procedure above such that
we terminate algorithm ALDISCR according to the criteria in step 2, never verifying (5.6).
In order to run this extreme version of the algorithm one would not even have to request the
convergence of the dual approximations (Y%, ¢*™),,cv, as proven in Theorem 4.3.4.



CHAPTER 6

Conclusions

In this thesis we derived very strong convergence properties for the discretized version of
an augmented Lagrangian algorithm in infinite dimensional spaces. The algorithm gives
an answer to the question how one should adapt the discretization level and the penalty
parameter from one iteration to the next one. While these results are theoretically satisfying,
the numerical performance of algorithm ALDISCR needs to be explored. My future work
will be focused on this task.

However, there exist various other possibilities to extend and improve the theoretical results
presented in this research:

First of all, one needs to drop the assumption of the nestedness of the approximations
(Xn)new and (Yy,)memn of the Hilbert spaces X and Y which was assumed to hold for
simplicity. To the knowledge of the author, the incorporation of general approximations
- along with more general restriction and prolongation operators - should not cause any
problems in the derivation of the theory.

A far more interesting question is whether one has to assume the convergence of the dual
approximations (X*, ¢*X") ey and (Y%, ¢*™) e in order to prove convergence of the dis-
cretized method. We showed in Chapter 4, that one can partially avoid this assumption for
the dual prolongation operators (¢¥™),,cv by using the “right” refinement strategy. However,
my intention is that the basic algorithm ALINF or more precisely inequality (3.8) requires

this assumption.

Further the theory presented in this thesis does not include inequality constraints. This
restricts the applicability of the algorithm with respect to optimal control problems, as these

93
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constraints often arise naturally from the considered model. In case of X = IR" and Y = IR™
Conn, Gould, Sartenaer and Toint prove in [1] convergence for an algorithm similar to ALINF
in presence of affine inequality constraints. It needs to be analyzed whether these results
can be extended to the infinite dimensional setting in an “inexact” way.

Finally, one could try to generalize the theory to Banach spaces X and Y in order to widen
the class of possible applications.

There is enough work left to do.... Packen wir’s an!



APPENDIX A

Selected Theorems

Theorem A.1 (Holder-Inequality). Let (2, A, u) be a measure space. Let p € (1,00).
Further let LP(Q), 1) denote the set of all equivalence classes of A-measurable and to the
p-power p-integrable functions f: Q2 — IR. Let

1l = ( / Py

denote the usual norm in LP. Let p and q be conjugate exponents, i.e. = 1. Further

let f € LP and g € L?. Then

1 1
p+q

Ifgllze < AN zellgllze

Theorem A.2 (Lebesgue’s Theorem of Majorized Convergence). Let (€2, A, 1) be a
measure space. Let p € (1,00). Further let LP(§2, i) denote the set of all equivalence classes
of A-measurable and to the p-power p-integrable functions g : Q@ — IR. Let (f,)5e, C L?
be an almost everywhere pointwise convergent sequence. Further assume that there exists an
h € LP such that | f,| < h almost everywhere. Define f(x) as the pointwise limit of (fn(x))n
at all x where that limit exists and define f(x) as 0 everywhere else. Then

lim [ fudu = / Fdy
Q Q

n—oo

Theorem A.3 (Taylor’s Theorem). Let I C IR be an interval and let f : I — IR be
n + 1-times differentiable on I. Further let xo € I. Then¥ x € I 30 = 0(z,z9,n) € (0,1)
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such that

") (zg) 1

(2 = 20)" + gy £ o+ 0l — o)) (@ — o)™

v=0

Theorem A.4 (Hahn Banach Theorem). Let X be a real vector-space. Let p: X — IR
satisfy
plaz + (1 —a)y) <ap(x) + (1 —a)ply) Vo, ye X, aec0,1]

Suppose Y is a subspace of X and X\ :'Y — IR is a linear functional such that
A(x) < p(x) VeeY
Then there exists a linear functional A : X — IR such that
A(z) = Ax) Ve ey, A(z) < p(x) Ve e X

Corollary A.5. Let y be an element of a normed linear space X. Then there exists a
nonzero A € X* such that
Aly) = [|A

X+ y||X

Theorem A.6 (Best Approximation Theorem). Let H be a Hilbert space and M C H
be a closed subspace. Then ¥Yx € H there exists a unique m, € M such that

|z —mil|g <l =mllz  VmeM

Theorem A.7 (Projection Theorem). Let H be a Hilbert space and M C H be a closed
subspace. Then Yz € H there exists a unique m € M such that m* :=x —m € M= .

Theorem A.8 (Riesz Representation Theorem). Let H be a Hilbert space and let H*
denote its dual space. Then there exists for each T € H* a unique yr € H such that

T(x)=<yr,x> VreH and | T

H* = HyTHH

Corollary A.9. Let X, Y be Hilbert spaces and let B : X XY be a bounded, sesquilinear
form, i.e. B(-,-) satisfies for x, x1, xo € X andy, y1, yo € Y and all scalars o, [3:

B(z1 + x2,y) = B(z1,y) + B(xa,9)
B(‘rvyl +y2) = B(%?Jl) + B(%?D)
B(ax,y) = aB(v,y)

3¢ such that |B(z,y)| < c|lz|x|lylly
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Then B(-,-) has a representation
B(z,y) =< Sz,y > Vre X, yeY

where S : X —'Y is a bounded linear operator. S is uniquely determined by B(-,-) and has

norm ’B( )’
T,y

[Sllzxyy = 1B = sup e

zeXxX\{0}, yey\{0} ]l x[lylly

Theorem A.10 (Uniform Boundedness Principle). Let X be a Banach space. Let F
be a family of bounded linear mappings from X to some normed linear space Y. Suppose
that Vo € X the set {||Tz|y : T € F} is bounded. Then {||T||r(x,y):T € F} is bounded.

Theorem A.11 (Inverse Mapping Theorem). Let (X, | - ||)x and (Y,|-|ly) be Banach
spaces. Further let T € L(X,Y) be bijective. Then its inverse T~ is continuous.

Theorem A.12 (Closed Graph). Let X andY be Banach spaces. FurtherletT : X — Y
be linear and let X &Y denote the direct sum of X and Y with norm ||(x,y)|xey =
|zllx + |ylly- Then T is bounded if and only if the graph of T is closed in X &Y .
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