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3 Inexact Newton Continuation

A program may fail, but it must not lie.
— Beresford Parlett —

3.1 Predictor-Corrector Methods

Interior point methods are a means of defining a homotopy for the difficult
to solve KKT systems, with a homotopy parameter p such that the problem
F(v;pu) = 0 is far easier to solve for p ~ 1 than for y = 0. The path v(u)
defined implicitly by F'(v(u); 1) = 0 converges to the solution v*.

The homotopy structure is then exploited by some continuation or path-
following method, most often used in predictor-corrector form. Starting from
v(y), first a predictor is applied for the reduced homotopy parameter i, <
[, tO generate a point v,y &~ v(fyy1). A very popular and simple predictor is
the tangential Euler predictor

Unt1 1= O(ftn) + (1 — o)V (i)

with the derivative of the path given by v'(u) = F,(v(p); ) " E,(v(p); ). Sub-
sequently, a corrector is applied to compute the solution v(ju,11) of F(v; ppy1) =
0, starting from the point v, 1. In general, a Newton type corrector is used.

Many different continuation algorithms have been suggested, using different
predictors and correctors as well as different adaptive step size selection meth-
ods. For an overview, we refer to the textbook by ALLGOWER and GEORG [1].

In the following, we will develop a continuation method that is especially
well suited for following the central path of the complementarity formulation
of optimal control problems in function space. First we will consider the New-
ton corrector step, and its convergence and behavior under linear transforma-
tions are investigated. Then we will construct a predictor-corrector continuation
scheme and, finally theoretically near-optimal parameter settings for controlling
the algorithm are derived.

3.2 Affine Invariance

In the following we will state the standard assumptions that are assumed to
hold throughout the section.
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Assumption 3.2.1. Suppose V and Z are Banach spaces, D C V is open and
F : D — 7 is Gateaux-differentiable. Additionally, assume F,(v) is invertible
for all v € D.

For the solution of nonlinear equations of the form
F(v) =0, (3.1)
Newton’s method

F,(v")Av* = —F(v%)

P = oF 4 AP

in one of it’s many variants is a useful tool. One interesting property of Newton’s
method is its invariance with respect to linear transformations. Let A: Z — Z
and B : V — V be isomorphisms and consider the transformed problem

F(y) := AF(By) =0 (3.2)

with the domain transformation v = By. Clearly, the solution is just trans-
formed as the whole space: v* = By*. Using equivalent initial values v° = By°
for problems (3.1) and (3.2), respectively, Newton’s method generates equiva-
lent sequences of iterates:

Avk = —F,(v")TF(v") = —B(AF,(v")B) " AF (v%)
= —BF (") 'F(y) = BAy*

implies v* = By* by induction. This is a very desirable property, meaning
that Newton’s method does indeed work simultaneously on the whole class
of problems that differ only by a linear transformation. Of course, we would
like to have a convergence theory and actual implementations inheriting this
invariance property.

Unfortunately, this is not possible to full extent, since for convergence to
be measured there has to be a norm applied on the function values (or the
Newton corrections, respectively). Therefore one can only hope to formulate a
convergence theory that is invariant under a certain subset of all transforma-
tions of the general type (3.2). With no actual problem at hand, we just state
the existence of a set of meaningful transformations.

Conjecture 3.2.2. For each problem of type (3.1) there exists a subgroup
T(F) C L(Z)x L(V) of meaningful transformations, under which convergence
theory and actual implementation should be invariant.

What transformations are meaningful is specific for the problem type and
reflects its structure.
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Affine invariant Newton theory and algorithms have been developed for
several types of transformations (cf. [21, 28, 22, 23, 51]). For an overview we
refer to the forthcoming textbook by DEUFLHARD [19].

Since an affine invariant convergence theory must be formulated in terms
of an invariant norm, we have to define what makes a norm an affine invariant
one.

Definition 3.2.3. Suppose the Assumptions 3.2.1 are satisfied. A family of
norms | - ||, : Z — R with v € D is called affine invariant for problem (3.1), if
for all pairs (A, B) € T(F) of meaningful transformations

IE©l, = 1F(BE) 5y

for all v, € D, where F({) = AF(B¢). It is said to form a y-continuous family
of norms, if

Irlore < (1 + Al E(W)El) 7l (3.3)
forall £ € V.

Convergence theories and algorithms which are based solely on invariant
norm values are then invariant under transformations from 7'(F').

Assumption 3.2.4. Suppose the Assumptions 3.2.1 are satisfied. Addition-
ally, let || - ||, : Z — IR form a continuous family of norms.

3.3 Inexact Newton Corrector

Since we have to deal with function space problems, we cannot compute the
Newton correction exactly. Discretization errors and possibly truncation errors
from iterativly solving linear systems have to be taken into account. Therefore,
we consider inexact Newton methods, where an inner residual remains:

F,(v")ov* = —F(v*) + 7k

P = oF 4 SoP

Inexact Newton methods have been studied by BANK and ROSE [3] and
DEMBO, EISENSTAT, and STEIHAUG [16]. YPMA [53] formulated an affine
invariant theory, and adaptive affine invariant algorithms were designed by
DEUFLHARD [18].

The relative accuracy of the inezact Newton correction dv*, given by

e Tl

EC (3:4)

will play a crucial role in the convergence analysis as well as in the implemen-
tation of inexact Newton methods.
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Theorem 3.3.1. Assume the standard assumptions 3.2.4 are satisfied. Let v
and w be constants such that the family of norms is y-continuous and the affine
invariant Lipschitz condition

I(Fy(v + &) = Fo(0)Ellore < twl|F(v)E]; (3.5)
holds for all v,§ € V' such that co{v,v+ &} C D. Let © < 1 and
L) ={seD:|FEl < (1+ 2)IF @), } -

Assume that v° € D, the level set L(v°) is closed, and define hy, := w||F(v*)| .
If hg < 2 and the inner iteration is controlled such that

S 80+ (L4 (L 87 F(0) )5 < ©), (3.6)

then the iterates are well defined for all k € IN, stay in L(v°), and the residuals
converge to zero at a rate of

hiy1 < Ohy, .

Furthermore,

1P e < (8t 50+ 80 ) I ) (37)

Proof. By induction, let £(v*) be closed and w||F(v*)|» < 2. Then

F(w* + s00%) = F(v*) + / Fy (v 4 t5u*)ov dt (3.8)
0
= (1 —8)F(v*) + sr” +/ (F,(v" + tov*) — F,(v"))sv* dt (3.9)
0
for all s € [0, 1] with co{v*, v* + sdv*} C D. From (3.4) we have
IE(0")80 e = [F(0F) = ¥l < (14 1) [1F (07) ] -

Using the Lipschitz continuity (3.5), the continuity of the family of norms (3.3),
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and the accuracy requirement (3.6), we have

”F(Uk + dek)Hvk—I—sév

(1 - S HF( )Hv’“+sévk + SHT Hvk+85vk

b [ IEF o+ 0508) = R e
< (1= 5)(1 + s F (M50 o) | F () s

+ (1 + 57| Fo ()50 o) [ o + / tw]| 7, (v*) 00" 5 dt
0

— (14 57(1+ 6) | F(0") ) (1 = )| F(0") 1 + 564/ F(0%) 1)
L1+ 82| F ()|

+
< (4 71+ S F (0"l (1 = 5 + s6%)

+ 50+ 8 i) [ ()

l\D

Defining x := || F(v¥)|, and using s < 1, §; < 1, and (3.6), we have

”F(Uk + Sévk)Hkarsévk
[F(0%)]| o

1
< (14814 8)x)(1 — s+ sox) + 552(1 + 61) 2 hie

< (T4 s(1+d)x)(1 —s) +sO

§(1—|—25X)(1—s)—|—s§1—|—§

i k i
=1+ =||F <1+ —
PR <142

and thus
1P+ 560" apor < (14 2) 1P o

If v* + §v* & D, then there is some s* € [0,1) with co{v* v* + s*6v*} C D but
P + 575 & L(0F), ie. |[F(0F + s*00%) ||k pgegor > (1 + 7/w)||F (05| o5, which is
a contradiction. Thus, v**! € D. Furthermore, setting s = 1 we have

1 (o) [y < OR[|F (0°) e (3.10)
and therefore £(v*™1) C L(v*). Since L(v*) is closed, every Cauchy sequence
in £(vF*1) converges to a limit point in £(v*), which is, by continuity of the
norm, also contained in £(v¥*1). Hence, £(v**1) is closed.

From (3.9) we conclude in a similar way

1
[ @ ) e < rsllor + 5 (14 82| F(0%) e

1
< (G + 51+ 8% ) | F () e O
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Remark 3.3.2. The linear convergence result (3.10) of inexact Newton meth-
ods can be strengthend to quadratic convergence if the accuracy matching is
strengthened to 6, = O([|F(v*)|2,). N

Remark 3.3.3. For the application to optimal control problems, the Lipschitz
condition (3.5) implies the use of a norm that is at least as fine as Lo, (cf. Sec-
tion 2.3). The consequence is, that possible discontinuities in the Newton cor-
rector must be located exactly at discretization grid points. <

3.3.1 Computable Estimates

For actual implementation of the inexact Newton method analyzed in Theo-
rem 3.3.1 we need easily computable estimates of the unknown constants w
and 7 in order to satisfy the accuracy matching (3.6). From (3.7) we gain the
a posteriori estimate

] = 2 (HF(vk“)Hvk B 5k) <w (3.11)

(1402 F(F) o X\ L (0F)| e
and [hy] := [w]||F(v")|s,. The estimates can be expected to be reliable only if
IE @)l > (o + 1)3k[| (")) (3.12)

with some suitable safety factor p, > 0. The requirement (3.12) of being able
to reliably estimate the Lipschitz constant w motivates an additional accuracy
requirement for J,. Because of

(5o + (1 4 502 I () s

> (5 + ) |
> (pu+ DI

1E @ ) o

Q

we end up with the requirement

(o]
5k < pw7 :
This requirement implies quadratic convergence and is therefore too restrictive.
In actual computation, linearly convergent Newton methods are to be preferred
because of the more fine-grained control of the iteration’s termination they
provide. Hence the conclusion is that the estimate (3.11) has to be used with
care in case (3.12) is violated.
From (3.3) we get the estimate

(3.13)

] = || F, ()65 (HF<U + 00) |50 B 1)

1 (v + 6v)[,
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in case ||F'(v + 0v)|ly150 > || F'(v + 6v)|, or the approximate estimate

HF<U + 57})"v+5v
|1 F(v+ 6v)]l,

(] = [|1Fu(v)do, ! -1/,

otherwise. In general, most of the values that must be computed for evaluating
[7] are needed during the course of the Newton iteration anyway, such that the
estimate comes at little additional cost.

Because invariant norms are frequently defined in terms of F itself, w and ~
are theoretically coupled since both describe aspects of the nonlinearity of F.
Nevertheless, computation of the estimates [w] and [y] is completely decoupled.
In particular, [y] does not depend on ¢. The independence of the estimates
increases the reliability of the computed values.

Having estimates for w and  at hand, the termination of the inner iteration
of the inexact Newton method can be controlled by

[};—k]“ +60)% + (14 (14 60 R F (o) )6 < ©

with some contraction factor © between [ix]/2 and 1.

Remark 3.3.4. For the implementation of the estimators in the context of
adaptively refined discretizations it is of vital importance that the norms are
evaluated using the same discretization, unless the discretization error is unrea-
sonably small. Otherwise, the norm values can be noncontinuous for ||§v*|| — 0,
rendering the computed estimators unusably wrong. <

3.4 Inexact Tangential Predictor

At the topmost level, interior point type methods use a continuation scheme
to follow the central path v(u) to the solution point v(0). Several efficient
and sophisticated algorithms have been proposed, ranging from general pur-
pose methods like [17, 20] to highly specialized higher order predictors for TP
methods [41].

Most of them use a tangential or higher order predictor and propose a
step length based on F(v — Aup; u — Ap) = O(Ap®), where p is the predic-
tor of order s. Accordingly, those methods implicitly assume that ||F(v; p)|| <
|F(v — Aup; p — Ap)|| for every reasonable u. This is justified for finite di-
mensional problems, where Newton’s method or quasi-Newton methods with
quadratic or at least superlinear convergence rate are used. But for function
space problems, a reduction of |F'(v; )| is in general quite expensive, since it
requires a reduction of the discretization error. Fortunately, it is not necessary
to obtain a highly accurate corrector solution in the course of the continuation,
since we are only interested in v* = v(0), as opposed to v(u) for g > 0.
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Figure 3.1: Exact tangential predictor (left) and its inexact counterpart
(right).

Hence, an efficient continuation algorithm for function space problems will
follow the path in an inexact way: The termination criterion for the corrector
will be ||F(v;p)| < adror, with adror, relatively large. The predictor will be
computed only up to a suitably chosen accuracy, thus accepting smaller con-
tinuation step sizes in favor of a cheaper discretization. The consequence of
this tradeoff is, that the deviation from the central path has to be taken into
account when computing a new step size suggestion. Moreover, the higher ac-
curacy of higher order predictors will only pay off if the predictor is computed
with high accuracy, too. Therefore, we will use a tangential predictor with a
step size suggestion based on

F(v— App; p— Ap) = F(v; ) — ApF, (v; p)p + O(Ap?) .

In the following we will establish a continuation method that takes this into
account.

The step size selection mechanism is based on the assumption of a slowly
varying curvature of the path, thus suggesting a step size that would have
been optimal for the last step. For function space complementarity methods,
though, the curvature of the central path can be expected to constantly increase
for p — 0, at least in the presence of bang-bang control. Without step size
control, a reduction of y by a constant factor instead of a constant difference
would be appropriate. Therefore, we will use a scaled homotopy parameter
T := —log i, such that a slowly varying step size At translates into a slowly
varying reduction factor for u.

Lemma 3.4.1. Suppose the Assumptions 3.2.4 are satisfied. Let v and 3 be
constants such that the pair of norms is v-continuous and that

| F(v+ Atov; T+ AT) ||,
< |NE(v; )|l + AT | Fy(v; 7)6v + Fr(v;7) |0 + BAT? (3.14)
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holds for v,0v € V and At € R such that v+ éTov € D. If for some tolerance
droL > ||[F(v;7)|s the inexact tangential predictor p defined by F,(v;T)p =
—F.(v;T) + 1 is used together with a step size AT satisfying

(1 + A7 [F (v m)pllo) (1F (03 7)o + AT |Irlly + BAT?) < 0ron,  (3.15)
then
IF (v 4 Atp; 7+ AT) [l45mp < 0L - (3.16)
Additionally,
dtoL

|F(v+ Arp; T+ A7)

< . 3.17
I < T AT TR (3.17)

Proof. Inequality (3.17) is easily verified. The main statement (3.16) is then a
direct consequence of the ~-continuity of the local norms. O

3.4.1 Computable Estimate

For actual implementation we need an easily computable estimate for the un-
known constant 3. From (3.14) we get the estimate

6] -

= 2 I+ Arpyr + AT)|lo = | (v 7)llo = A7) < 5, (3.18)

which is reliable if ||[F'(v + A1p; 7+ AT) ||, — | F(v; 7)|lo > (pg + 1)AT||7|, with
some safety factor pg > 0. In order to obtain reliable estimates we derive the
accuracy requirement |||, < ﬁ—;[ﬁ] from

|F(v+ Arp; 7+ A7) |0 — | F(v;7) || = AT 7|0 + ﬁATZ .

Because of the high computational effort that must be spent on reducing the
discretization error, we will impose a lower bound on the requirement:

||r||v S max {H[ﬁ]armin} . (319)
Pp

Note that in contrast to the computation of the Newton correction there is
no definite upper bound on the tolerance for computing the inexact tangential
predictor if only [3] is sufficiently large. However, too large deviations from
the exact tangential predictor lead to unreasonable small step sizes and hence
inefficiency.
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3.4.2 Step Size Selection

In order to be able to continue the homotopy method along the path, we will re-
quire the corrector to converge, starting from the predicted point (v+ A7p, 7+
AT). Clearly this imposes an upper bound on how far from the path the pre-
dicted point may be:

2
5TOL < —.
w

Then we can substitute the unknown quantities 3, v, and w by their estimates
[w], [B], and [7y], and suggest a suitable stepsize via (3.15). Since the estimates
may be too small, the proposed step size can be too large, such that we need
to

e select dror, < 2/[w].

e introduce a safety factor 0 < p < 1 and compute a step size A7 satisfying

(1 + AT [|Ey(v; 7)pll) (1 F (03 7)o + AT [I7[ls + [61AT%) < pdroL -
(3.20)

e do a step size reduction if the corrector does not converge.
For efficiency reasons, we propose a three level step size reduction scheme:

1. Test for |[F(v + Atp; 7 + A7), < p?d1or. If the test fails, update the
estimate [3] and compute a smaller step size based on the new estimate.
In general, this will require one function evaluation.

2. Test for

IF (v + ATp; 7+ AT) ot arp
< p (L4 WIATIE (v m)pllo) | F(v + Arpy 7 + A7), -

If the test fails, update [y] and [(] according to the new information and
compute a smaller step size based on the new estimate. In general, this
will require one derivative evaluation and one system solve.

3. Test for corrector convergence. If the corrector does not converge, update
the estimates [w], [y], and [3] according to the new information and com-
pute a smaller step size based on the updated dror. In general, this will
require one function evaluation and one system solve.

Theorem 3.4.2. Under the assumptions of Lemma 3.4.1, the step size reduc-
tion scheme defined above terminates after finitely many reductions.
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First we prove that the tests 1 to 3 are passed if only the estimates are suffi-
ciently accurate.

Lemma 3.4.3. Under the assumptions of Lemma 3.4.1, the step size suggested
in (3.20) will pass the step size reduction tests if pB < [B], py < [7], and
pw < [w].

Proof. By (3.14) and (3.20) we have

| F(v+ Arp; 7+ AT) ||,
< | F(v;)|lo + AT | Foy(v; 7)p + Fr(v; 7)o + BAT?

1
< =(|1F(; 7)o + AT | Fy(v;7)p + Fr(vs 7)o + pBAT?)

p
< %(HF(U; T)o + AT | Fy(0;7)p + Fr(0;7)||o + [B]AT?) (3.21)
< 1 p*oror
~ p L+ AT |Fy(v; T)pll
/125T0L

< .
~ 1+ AT (v 7)pll
Thus, the reduction test 1 is satisfied. Because of
1F(v+ ATp; 7+ AT) [l arp

< (L +AATE (o m)pllo) [|1F(0 + ATp; 7+ AT)

3.22
< (1 + WIAT (v 7)pll) [P (o + Arpir + A7), 522

the reduction test 2 is passed, too. Combining (3.21) and (1) we have

2 2
[P0+ ATp; 7+ A7)losary < poror < = < =

[w]

The predicted point is inside the local convergence domain of the Newton cor-
rector, such that the final reduction test 3 is satisfied. O

Now we can prove Theorem 3.4.2.

Proof. First we show that whenever the reduction test 1 fails, a finite number
of step size reductions suffices to pass the test. If the test fails for the step size

defined by (3.15), i.e.

|F(v+ Arp; T+ A7)y > p*droL
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the new estimate [(],ew for 8 computed from (3.18) is

1
[Blnew > 75 (P*droL = [F(vi 7). = A7|rll.)

N 1 < p*oror
— A2\ 1+ [YAT|[Fy(v;7)pllw

25
+(1- p)”AjSL

2
p~oTOL
= 1-— .
5]+ (1 - )%
Thus, [(] is increased by an amount that is bounded from below, which im-
plies that a finite number of step size reductions suffices to satisfy the passing
condition pf < [F].
If, on the other hand, the first test is passed but the second test fails, i.e.

I F@n) - Aruruv)

1 (v + ATp; 7+ AT) [l arp
> p (L4 AT E (v m)pllo) | F (v + Arpy 7 + A7)l

the new estimate [y]uew for v computed from (3.13) is
Voew > (AT]|F, (3 7)pll) ™!

‘ (01(1 + AT F (v; T)pllo) |F(v + ATps 7+ AT) [0 1)
|F(v+ Arp; T+ A7),

_ -l
AT Ey(v; m)pllo

+p 0],

which is implies that [y] is geometrically increasing. Actually, the updated
estimate [3] may be smaller than before, but the reduction test 1 is guaranteed
to pass again after a finite number of reductions.

Finally, if the tests 1 and 2 are satisfied but test 3 fails, i.e.

| F(v+ Atp + 6v; 7+ AT)|vrarp = | F(v + Amp; T+ AT) |lvt-arp
the new estimate |[w]pew for w computed from (3.11) is
2(1 — 6)
new Z
hew 2 TSR+ Arpi r + A7) any
20-0+(1-09))
(14 0)?|F(v+ Atp; 7 4+ AT)||yArp
L 2(+ 0B F(w+ Arpi 7+ A7) a0 04 (1- 6)
- (14 0)?|F(v+ Atp; 7 4+ AT)||prarp
2(1-0)
(1+0)?F(v+ Amp; 7 + AT)|[orarp |

=] +
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which is greater than [w] by an amount that is bounded from below indepen-
dently of [w], [y], and [5]. Actually, the updated estimates [y] and [5] may be
smaller than before, but the reduction tests 1 and 2 are guaranteed to pass
again after a finite number of reductions. O

So far the step size selection relies on the quality of the path curvature
estimate (3.14). When applied to the complementarity formulation (2.9), the
estimate is good only as long as the predictor does not cross the bend of the
complementarity function ¢) near the origin, which is especially sharp for small
. Therefore it is highly advisable to restrict the predictor step in order to stay
in the feasible region if possible. Although this additional restriction is not
required for the algorithm to work, it helps to stabilize the step size selection
mechanism a lot.

3.5 Accuracy Matching

Within the computationally available bounds (3.19) and (3.20), the predictor
step size and accuracy and the corrector termination criterion can be chosen
arbitrarily. In this section we will develop a simplified model of the computation
process such that we are able to determine algorithmic parameters maximizing
the overall efficiency, i.e. the information gain per unit work:

AT

work

maximize @) :=

In order to achieve the maximal step size per unit work, the whole cycle of pre-
diction and correction has to be taken into account. This cycle is characterized
by three quantities:

e the norm np := ||F(vp; )|, at the predicted point vp, corresponding to
the predictor target pdtor

e the norm n¢ := ng; := ||F(ve;; 7)., at the subsequent corrector result v,
obtained by j Newton steps, corresponding to the corrector termination
criterion

e the norm ng := |[F(ve,_,;7) + Fy(ve,_;7)0ve,_|le = dc,_,nc,_, of the

last inner residual, corresponding to the relative accuracy dc,_
on the solution of the last Newton corrector

, imposed

To ease the derivation, we will neglect the difference of the local norms and use
a fixed norm || - || instead, thus assuming v = 0.

In the context of adaptive methods for differential equations, the inner
residual is essentially the discretization error, and the amount of work can be
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assumed to be proportional to the mesh size when using optimal solvers. We
make the simplistic assumption that both predictor and corrector are computed
using the same discretization. In contrast to pure inexact Newton methods, all
corrector steps use the discretization that stems from the previous continua-
tion cycle and that is assumed to be sufficiently fine to represent the Newton
corrector steps dvg;, ¢ = 0,...,7—1, with the required accuracy d¢,. The size of
the common mesh and hence the work required for one Newton step is asymp-
totically proportional to ng/ ‘ where ¢ denotes the approximation order of the
discretization scheme. The convergence of the Newton corrector is quadratic
until the accuracy gain is limited by the discretization error, at which time the
corrector iteration reaches the requested accuracy and is terminated. Therefore,
the number of corrector steps can be estimated as

loglog “3¢ — loglog 22
log 2 '

~
~

Remark 3.5.1. Of course it is possible to start every corrector iteration on a
coarse discretization and save some work during the first few corrector steps,
but this imposes the difficulty that an error estimator may fail to detect the
need for refinement when the error is visible only on a much finer grid than the
coarse grid, terminating the corrector iteration on prematurely coarse grids. <

Since in addition to the corrector one predictor step is performed, the com-
plete work for one cycle is

-1 log log “2< — log log “2&
WoranRq[HggQ ggzw
log 2
The largest possible predictor step size is
1
Ar = o (VIFZ+430np —ne) — Il - (3.23)

Since both computations are done on the same discretization, we assume
that ||r| &~ ng. Thus, we end up with the theoretical efficiency indicator

2
_ Vg +48(np —no) —np 3
o 1 log log “J"TC—log log WLTP R
+ log 2

Q

A short visual inspection shows that the choice of j = 1, i.e. one Newton cor-
rector step, is optimal over a reasonably wide range of the involved parameters
np, nc, ng, B, w, and ¢, except for nearly straight paths (5 < 1) and pre-
dictors very close to the boundary of the corrector’s domain of convergence.
In these cases, the choice of more Newton corrector steps may be more effi-
cient, although the difference is in general not significant. Furthermore, small
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Figure 3.2: Theoretically optimal values of ¢ (left) and wnp (right) for ¢ =
1,...,4 plotted versus w(.

[ are more difficult to estimate correctly and predictors near the boundary of
the domain of convergence are unfavorable because of robustness reasons. The
standard choice will therefore be j = 1, leading to the efficiency indicator

Q= nfl% (\/n%%+4ﬁ(np —ng) —nR) )

With j = 1 we have ng = dnp and, assuming equality in (3.6), nc =
(14 0)*%np +0)np:

Q = (dnp): <\/(5WP)2 +40np (1 - %(1 +6)%wnp — 5) - 5nP>

This theoretical efficiency indicator may now easily be maximized numeri-
cally with respect to 0 and np for relevant ranges of § and w and different q.
As it turns out, the optimal parameters § and np do depend only on ¢ and
the product w3, but not on the quotient g The optimal values of § and wnp
are plotted versus w( in Figure 3.2 for different values of ¢. In the numerical
examples in Section 4 we use the even simpler constant choice 6 = 0.1 and
np = 0.9.

3.6 Affine Invariant Norm

In the light of Section 2.3 we have to work out two different norms, a coarse
norm in which convergence of the path is measured, and a fine norm required
for continuous differentiability.

Solving optimization problems, the actual error ||z — z*| of an approximate
solution x is in general of little interest. Instead, solution points are naturally
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characterized by feasibility (c¢(z) = 0 and g(x) > 0) and optimality (J(z) —
J(xz*) = 0). The meaningful transformations under which the algorithm is
expected to be invariant must therefore leave the constraints untouched, such
that an appropriate norm of their violation can be taken. Since the dual space
is directly coupled to the constraints space, the Lagrange multipliers will not be
transformed. Furthermore, the cost functional values must not be transformed,
such that cost improvements can be appropriately measured.

The remaining transformations are just the transformations of the domain
space X, and, correspondingly, the dual space X*. Transforming the domain
space as B¢ =z

¢(BE) =0
9(BE) =0

transforms F' by the chain rule as B} F/(B4¢), where

min J(BE{)  subject to

B
B4 = and B4¢ =v.

1

The derivative of F' is then transformed as BjF(By¢)B,. Since the adjoint
equation

J(z) = (2)"A = ¢'(x)'n=0.

is transformed, the canonical norm of F' in Z is not invariant. Instead, an
invariant norm has to be constructed explicitly.

3.6.1 A Norm for Equality Constrained Problems

The elimination of the inequality constraints from the complementarity system
as in the proof of Theorem 2.5.4 yields a pure saddle point operator

sty = [ 1) ]

()

with the same structure as a Kuhn-Tucker system for an equality constrained

optimization problem. For those problems an affine invariant norm has been

developed recently in the context of augmented Lagrangian SQP methods [51].
If we assume that the modified Hessian

H(v) := Loa(z, A, 1) + g () Wy (w, 05 1) " U (w, m; 1) g’ ()

is positive definite on the nullspace of the equality constraints ¢’(z) as in The-
orem 2.5.4, we can utilize the induced norm on ker ¢ to construct an affine
invariant norm on X*.
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Let us introduce the bounded linear operator T'(v) : ker ¢/(v) x Ay — X3 by

Lemma 3.6.1. Under the assumptions of Theorem 2.5.4, T (v) is an isomor-
phism.

Proof. For arbitrary » € Xj; the equation T'(v)é = r for & = (£,&)T €
ker ¢ (v) x Ay is equivalent to
&1 Tl
S = .
[52 0

Because of the assumptions 1 and 3 of Theorem 2.5.4, ¢’ satisfies the inf-sup-
condition and H is positive definite on ker ¢/, such that S is an isomorphism
(cf. [8]). Thus, ¢ is uniquely determined and ||[|xx, < const ||7 | x;. O

Additionally, we define the bounded, linear, symmetric positive definite op-
erator R(v) : ker ¢(v) x Ay — X5 x Ay by

Rlv) = {H@) [R} '

Here, I : Ay — A} denotes the Riesz isomorphism.
Using R and T, we can now define an affine invariant norm.

Lemma 3.6.2. The mapping || - |||, : X3 — IR defined by
lrlI3 = (R()T (v) "', T(v) ') (3.24)
is an affine invariant norm, which is equivalent to the canonical norm on X;.

Proof. Since R(v) is coercive and T'(v) an isomorphism, ||| - |||, defines indeed a
norm which is equivalent to the canonical norm on X3:

const HTH§(2 < const HT(U)’WH%QXA2
< A(R(v)T(v)"'r, T(v)7'r)

< const ||T(?J)_17“||§(5XA2 < const |||

2
X3
for all r € X3.

Note that H transforms as

B*Lyo(BE X, 0)B+ (¢'(BE)B)* Wy (w,m; 1)~ Wy (w,m; 1) g' (BE) B
= B*H(By)B
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and d(x) as ¢(B&)B. Thus, R(v) and T'(v) transform as
By R(By§) By = By R(v) By
and

B*T<B4¢)BQ = B*T(’U)BQ y

me[? )

The norm defined above is invariant, since the transformations cancel out:
1 B*rll|%,s = (B3 R(Ba¢) Bo( BT (Ba) By) ' B*r, (B*T(Ba¢) B) ' B*r)
= (B3R(v)ByBy ' T'(v) ' B™*B*r, By 'T'(v) "' B™*B*r)
= (B3 R(v)T(v)"'r, By ' T(v)7'r)
= (R(v)T(v)~'r, T (v)"'r)
= [I~II5 - O

respectively, where

Note that the equivalence between the invariant norm and the canonical norm
is not uniform for v € D.

In order to define a norm on the whole image space Z, we take additionally
the norms of the equality constraints, the slacks, and the complementarity
equations, since these are not transformed. Together with the norm (3.24) on
X35 x A3 they define the following affine invariant norm on Z2:

(21, 22, 23, 20) M5 = Wzallls + Nz2lR, + Dzsllivs, + Nzalli, -

Remark 3.6.3. Note that albeit its nontrivial definition, the norm (3.24) is
comparatively easy to compute. By definition of R(v) and T'(v) it is clear that

llz1lll; = (H (v)€, &) + A,

S(v) m _ m . (3.25)

By Step 1 in the proof of Theorem 2.5.4, ¢ and [ can be computed as solution
of

where

Fy(v)(& 1, 51,82)" = (21,0,0,0)7,

where the s; and sy components are ignored.

Thus, computation of the affine invariant norm requires the solution of one
more linear system with the same operator and a different right hand side. In
actual computation, the required discretization F,(v) will already be assembled
for computation of Jv. In case a factorization of F,(v) is available, it can be
reused to compute ||| - |||, with negligible cost. q
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Concerning the finer norm | - ||, that is required for the Newton theory, we
note that under the assumptions of Theorem 2.5.4

(HE€) = / E(TH(DE(R) dt
and

()T H(£)E(t) = const[¢(t)]*.

Thus the norm

(21, 22, 23, 20) Lo 1= [z s + ll22ll3 . + N8l + l2allwe
where
lll} o= oo + IR, and  ¢(t) := &(t)" H(1)E()
is equivalent to || - ||y... Moreover, || - ||, forms a y-continuous family of invariant

norms due to the Lipschitz continuity (2.19) of F,.

Corollary 3.6.4. Under the assumptions of Theorem 2.5.4, the complemen-
tarity formulation (2.9) satisfies the affine invariant Lipschitz condition (3.5):

I(F (v + dvs 1) = Fo(3 1)) 00lly < w[F(v; p)dv][3 -

Proof. The corollary is a direct consequence of the Lipschitz continuity of F;,
asserted by Theorem 2.5.2 and the equivalence of the norms |||, and ||-||y,.. O

3.6.2 A Norm for Inequality Constrained Problems

The norm defined in (3.24) suffers from the increasing ill-conditioning of the
reduced complementarity saddle point operator H(v(u)) for g — 0. This ill-
conditioning has been introduced by the elimination step from (2.21) to (2.22),
after it had been avoided by the introduction of Lagrange multipliers for the
barrier formulation. To overcome this difficulty, we can resort to the splitting
of the inequality constraints into nearly active and nearly inactive constraints
introduced in Definition 2.6.1. Thus we can exploit a more careful elimination
as has been used in Theorem 2.6.5.

To this extent we combine equality constraints and nearly active inequality
constraints by setting A, := A7 x Wy and defining C*(x) : Xo — A%, DP(v) :
A, — A}, and HP(v) : Xp — X5 as

0 0

o) =~ {gcg(xx))} D)= {0 Wi (w s )= (w o )|
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and
H?(v) = Lyo(v) 4 g7 () UL (w' 0" 1) 7L (w', n'; ) g ()
which yields the perturbed saddle point operator

SP(v) = [éfﬁé;’i fgf%} '

Then we can substitute T'(v) and R(v) by their counterparts 7%(v) : X,(v) x
A, — X3,

TP(v) == [H?(v) C?(2)*] ,
and RP(v) : X,(v) x A, — X5 x A,

RO(v) = [Hp(“) IR} |

Because of the perturbation D?(v) in S”(v) we have to resort to
Xp(v) = 8(v) H(X5 x {04,})

instead of ker ¢’(z) as before. Note that X,(v) is almost ker ¢’(z), especially
for p — 0, since (lllﬁ)*lllf;? tends to be small. This justifies the additional
assumption of the following theorem, the proof of which is completely analogous
to the proofs in the previous section.

Theorem 3.6.5. In addition to the assumptions of Theorem 2.6.5, suppose
that H*(v) is positive definite on X,. Then the mapping || - ||, : X5 — R
defined by

713 := (RP(0)T7(v) "', T (v) ')
is an affine invariant norm, which is equivalent to the canonical norm on X;.

Again, efficiently computable norms on Z5 and Z,, can be defined by

(21, 22, 23, 2) T |7 = Wzl + +llz2lI3, + 12505y, + [z4lliy, (3.26)
= (HP(0)&, &) + T3, + 2], + 23l + [lz4ll5,
and
(21, 22, 23, 20) 7|12 = 1@ oo + IR, + l22l1%, + 28l + lzallfy, . (3:27)

respectively, where

s [§] = [3] ana o0 = s m0e0).
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Note that in general the norms | - ||, do not form a v-continuous family,
except for fixed nearly active sets. This must be taken into account when using
the norm (3.27) for the continuation procedure.

For the special choice of p = 1 in the case of control constraints only,
however, a slightly weaker continuity property of the coarser norm ||| - |||, can
be shown.

Lemma 3.6.6. Using I-nearly active sets and the Fischer-Burmeister comple-
mentarity function (2.7), there exists a constant v, such that

=Ml < (U4 Y[ Fy (015 ) (01 = v2)[lon) Il 2]l

holds.
Proof. For z = (21, 29, 23, 24)T € Zs,
Eu; 21
F,(vi; ) i\]vi = 8 , and [, = PX} fori=1,2 (3.28)
wz 0 !
consider
120115, = M=IIZ,
= (HP (1), €)= (H(02)€0s Eu) 0y 13, 00) = Nl 13, 02
= (Laa(v1)&01 €o1) — (Law(02)E0s, Eun)
+ (Dr(v1)&01,vs) — (Pr(v2)E0s, )
AR, = I3,
170 vy acony = 1783 13 a0
where

D(v) = gy(a) Ty ()"0, (v) gy (2) -
The first and third difference in the right hand side sum do not depend on the
partitioning of €2 in active and inactive sets. Therefore, they can be handled
by Lipschitz continuity of F, as in Corollary 3.6.4. The remaining terms are
investigated below. Let Q¢ := Qf(v;) for i = 1,2. First consider

DI Ul évla §v1> <DI <U2)§v27 §U2>

Tww< )t )
/smg g )6 - /smg e gl €

_ T o rPu(v) df — 7 o 7 Puw(v2)
_/Q}\Q% gvlg (xl) wn<vl)g(xl)§vl t /Q%\Q} gvgg ('TQ) wn(,U?)

T Tww(vl) / T¢w(02) ,
+ /Q o (ﬁmg(m) %(Ul)g(azl)ﬁm £.,9 (22) wn(vz)g<“2>§”> dt

g (,02)/5712 dt
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The third integral can again be handled by the Lipschitz continuity of the
involved functions. From (3.28) and (2.25) we infer

U (0;) @' () &0, + (Vi) 10, = 0

and thus

[ e e e, a

wn(vl)
_ r Yn(01) Yo (v1) Yy(v1) o r (o)
/Q}\Qg”%(m) Bn(on) Gulon) ™ /Q;\Q; Tox g (00) ™

Let r == ||z|2 | Fy(vi; ) (01 — v2)||o, . On Qp\QF we have wy > ny and wy < 12,
such that there is some v with @w = 77 on Q}\Q7 and

[0 = v1llve < flvr — vallv,, < const|[Fy(vi; ) (v — v2)l|o, -

Then,

T ICIV dt — 7 Y (V) d
/Q}\Qg gvlg (xl) @/}n(vl) g (:L‘l)gvl ¢ /Q}\Q% Ty wn(@) Ty t+ O(T)

= / 'r]glml dt + O(r)
ohQ

2
I

because of

Consequently we have

<DI<U1>£U17£UI> - <ID1<U2>5027 §v2> = /Ql\ 7731%1 dt — /92 773;771}2 dt + O(T) :

On the other hand,

172 s vcony — I B sy = / 0L o di — / 7L dt
o\Q! O\Q2

I

=/ T o dt—/ T oy dt
03\ Qo2

+ / (7711;1 Ny — 7711;;771)2) dt ;
Q\(Q;nQ7)

~
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such that

(Dr(v1)€uss €or) = (Pr(v2)6us, &ua) + 105 Iy u oy = 175 1 a0

(78 Moy — My h) dt + O(r)

/<ﬂ}\9§>u<ﬂ%\ﬂ}>
=0(r)

and
1215, = 112115, = O(r).
Finally we introduce a constant v and conclude

2115, = 205, < AI=l5 1Fu(vrs ) (or = v2) o,
2115, < (1 + Y1 Fo(or; ) (vr = v2) o) * 12115,
2l < (T4 AIE (01 1) (01 = v2)llon) 2]l - U

4d
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