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Abstract

The paper provides a detailed analysis of a short step interior point
algorithm applied to linear control constrained optimal control problems.
Using an affine invariant local norm and an inexact Newton corrector,
the well-known convergence results from finite dimensional linear pro-
gramming can be extended to the infinite dimensional setting of optimal
control.

The present work complements a recent paper of Weiser and Deuflhard
on a similar multilevel interior point algorithm applied to more general
optimal control problems, where convergence rates have not been derived.

The choice of free parameters, i.e. the corrector accuracy and the num-
ber of corrector steps, is discussed.
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1 Introduction

Primal-dual interior point methods are a powerful tool to solve linear optimiza-
tion problems. In the optimal control area, however, they are most often used
for solving a priori discretized problems.

Recently, WEISER AND DEUFLHARD [17, 18] have presented a novel multilevel
algorithm combining primal-dual complementarity methods in function space
and inexact Newton pathfollowing. This algorithm internally adapts the mesh
refinement to the progress on the central path, and has been shown to solve a
rather intricate real-world problem up to high accuracy, which had previously
been achieved only by indirect methods.

There remained, however, a gap in the accompanying theory. Convergence
of the central path could only be proved for purely control constrained optimal
control problems, and no lower bound on the pathfollowing method’s conver-
gence rate had been derived. The present paper is a step towards filling this
gap.

We analyze the convergence behavior of a very similar algorithm applied to
linear control constrained optimal control problems, which are more accessible
to theory. The main result is that under reasonable assumptions the duality gap
parameter p can be reduced by a constant factor in each step of the inexact
Newton pathfollowing method, taking exactly one corrector step.

The setting is inspired by recent work of POTRA [13] on finite dimensional
linear complementarity problems.

This is an extension of similar results for finite dimensional linear program-
ming problems to the infinite dimensional optimal control setting. This exten-
sion relies on two important properties of linear control constrained optimal
control problems: (a) they decompose pointwise into finite dimensional linear
programming problems and (b) solutions of the interior point Kuhn-Tucker sys-
tems are continuous. Property (a) allows to adapt techniques from a recent work
by POTRA [13] to the infinite dimensional setting.

The consequence for the application of primal-dual interior point methods to
a priori discretized optimal control problems is, that the convergence rate does
not deteriorate as the discretization becomes finer, as could be expected from
the 1 — const/+/n convergence factor predicted by finite dimensional theory (see
e.g. WRIGHT [19]). However, the convergence result does not imply O(y/nL)
computational complexity for solving the whole problem, since the effort spent
per step increases with the size of the discretization.

Remarkably few publications are concerned with applying interior point
methods to infinite dimensional optimal control problems. ITO, KELLEY, AND
SacHs [10] analyze inexact primal-dual interior point methods for infinite di-
mensional linear programs in standard form. The inexactness considered is,
however, in general not sufficient to account for discretization errors, but only
for truncation errors of iterative solvers.

We refer to ULBRICH, ULBRICH, AND HEINKENSCHLOSS [15] and ULBRICH
AND ULBRICH [14] for affine scaling interior point methods. FAYBUSOVICH AND
MOORE [7] extend the Nesterov-Nemirovskii framework to infinite dimensional
problems with, however, finitely many inequality constraints.

More papers treat inexact interior point methods applied to finite dimen-
sional linear programs, predominantly employing iterative linear solvers in or-
der to solve the occuring linear equations. We refer to FREUND, JARRE, AND



MizunNo [8], Bellavia [2], KORZAK [11], and BARYAMUREEBA AND STEIHAUG [1].

The paper is organized as follows. In Section 2 we state the class of problems
considered here and formulate the primal-dual interior point algorithm. Section 3
contains the convergence analysis of the inexact Newton corrector towards the
central path. In Section 4, a lower bound on the continuation stepsize is derived.

Notation. The algorithm is formulated in terms of the compound variable
v = (u,y,\,n)T, which we will write interchangeably, i.e. © = (4,7, A, )T etc.
With co A we denote the convex hull of the set A. The Hadamard (or pointwise,
or componentwise) product of two vectors or functions a,b is written as a * b.
With a bold symbol a we denote the Nemyckii (or diagonal) operator associated
to a, i.e. ab = a x b for all b. 1 stands for the vector (or function) with all
components equal to 1 (almost everywhere).

2 Primal-dual interior point method

Setting. We consider the optimization problem

minimize /tT (Ju ) u(t) + J, (t)Ty(t)) dt

=0
subject to
y(t) + Cy()y(t) + Cu(t)u(t) + c(t) =0 a.e. (1)
Roy(0) + Rry(T) +r =0 (2)
G)u(t) +b(t) >0 a.e. (3)

where u € Lo (0, 7)™, and y € WL (0,7)". The constituting functions J,, :
0,T] - R™, J, : [0,T] — R™, Cy : [0,T] — ™™ C, : [0,T] — IR™ ",
¢:[0,T] - R™, G :[0,T] — R" "™ and b : [0,T7] — IR are assumed to
be continuous. Together with the boundary condition (2) defined in terms of
Ro, Ry € R™ ™ and r € R™, the differential equation (1) is assumed to form
a well-posed boundary value problem, such that for every u € Lo (0,T)™ there
is a unique solution y € WL (0, 7)™ with

l9llw o,ryme < acllull_omyme -

G is assumed to satisfy the following uniformity condition:

1G(®)¢lly = ag €]y for all ¢ € [0, 1]. (4)

In order to ease the notation, we will write the boundary value problem
given by (1) and (2) in the more compact form

Cyy+Cuu+c=0.

Primal-dual interior point method. Under reasonable conditions, any so-
lution (u,y) of the optimization problem above satisfies the following first-order



necessary condition (cf. MAURER AND ZOWE [12]):

AN e (L% x R™)* pe (L") + —Jy+CiA+G*n=0

—Jy+CjA=0
Cyoy+Cuu+c=0
(n,Gu+b) =0
7,Gu+b>0

A well-known method to compute solution candidates for linear optimization
problems is to regularize the complementarity condition (n, Gu+b) = 0, n, Gu+
b > 0 by introducing a duality gap parameter u > 0 and restricting the iterates
to the interior of the feasible region:

n* (Gu+0b) = pl
7,Gu+b>0

The homotopy in p defines a central path that can in general be followed towards
the solution at p = 0. The interior-point Karush-Kuhn-Tucker system to which
a continuation method must then be applied is

—Ju + CiN+G*n
—Jy + CyA (5)
Cyy+Cuu+c ’
n*(Gu+0b)—pl

F(u,y, \,n; 1) =

For F to be continuously differentiable we have to make the regularity assump-
tion n € LS. Additionally we assume A € L2 x R™v. In fact, both assumptions
are justified by the regularity conditions imposed on J,, Jy, Cy, Cy, ¢, and G.
F is defined on the interior of the feasible region:

dom(F):={u € L™ :Gu+b>0} x (WL)" x L x {ne€ L™ :n>0}.

For actually computing an approximate solution we employ a predictor-
corrector continuation method with classic predictor and Newton type correc-
tor. However, since the pathfollowing algorithm is applied to a non-discretized,
infinite dimensional problem in function space, in practice we will not be able
to compute Newton corrections dv exactly. Therefore, we have to employ an
inezact Newton method, where an inner residual r** remains.

Algorithm 1.
initialize u° > 0 and v° € dom(F)

for k=0,...:
perform z’,f corrector steps:
k0 =gk
fori=0,...,i":

compute inexact Newton correction:
FI (v yR)sukot = — F (ks k)  phi
PRl = ki ok

I vk,i’:

decrease continuation parameter:

L= (1= o) )t



Remark 1. For the problem type considered here, this approach is not the most
efficient and is in fact not advocated. One single solve of the adjoint equation
decouples the problem temporally, such that only independent low-dimensional
linear programs for the control u need to be solved. In contrast to this specialized
approach, however, the analyzed algorithm extends in a natural way to nonlinear
problems. The presented analysis is to be seen as a step towards understanding
the behavior of the algorithm for the more general case.

Local norm. First we define a local norm which is suitable for the analysis
of Newton’s method. The construction of the norm is inspired by POTRA [13].

For every pair (u,n) of continuous functions from L™ x L5 with Gu-+b > 0
and n > 0, we define

1wy 0 m) Ty = M7l s + s mxs )T
with
||(T7J«’T)\7T77)||?u,n) = HXHi:oyXR"y + ||(’a,ﬁ)t||?ua77) ’
where
CZ G* 'lZL Tu
Cr M= |(r\|, w=Gu+b, (6)
nG w | |7 Tn
1@,y = s (ORI
1@, 50O) [y ey = IPOCOOI + DO 2O -
and

D .= ufl/Q'r,l/2 .

3 Inexact Newton Corrector

In this section, we will analyze the convergence of Newton’s method towards
the central path. In order to simplify the notation, we will drop indices corre-
sponding to the continuation iteration and also omit the (arbitrary but fixed)
continuation parameter p from the parameter list of F'.

We would like to emphasize the fact that the Newton convergence result be-
low is affine invariant as long as the local norm in terms of which it is formulated,
is itself affine invariant. As the ordinary Newton method itself, the convergence
result is not affected by invertible affine transformations of the domain or image
space, under which the norm is invariant. Note that the local norm defined in
Section 2 is invariant under transformations of the domain space of (u,y). For
detailed treatment of affine invariance we refer to DEUFLHARD AND HEINDL [4],
HOHMANN [9], DEUFLHARD AND WEISER [5, 6], VOLKWEIN AND WEISER [16],
and, in particular, to DEUFLHARD [3].



Theorem 1. Let V and Z be Banach spaces, dom(F) C V open, and F :
dom(F) — Z a twice Fréchet-differentiable mapping. For v € dom(F) let |||,
be a local norm on Z, and let L. (v) denote the connected component of the
level set {v € dom(F) : [[F(0)[| (5 < (1+7/2) [F(v)ll(,y} that contains v. Let
vg € dom(F) be a given starting point. Assume there exist constants 0 < vy < oo,
w< 00,0 <1, and © < 1, such that

1. L (vo) is closed,
2. I’ satisfies the Lipschitz condition
2
I(F' (v + Av) = F'(v)) Av] () < w [[F"(u, n)Av](,) (7)

for v, Av such that v € Lo(v°) and co{v,v + Av} C L, (vY),

3. the local norm |||, satisfies the Lipschitz condition

ellos any < (1470 [F (@) A0l ) el ®)
for all v and Av with ||[F'(v)Av| ) < (1+ 5) HF(UO)H(UU) and co{v,v +
Av} C L,(0%), and
4. the relative error

5k = M <3 (9)
[1E (W)l ory —

of the inexact Newton iteration
F'(0®)6v* = —F(v*) 4 rF
Pl = ok 4 s
satisfies the accuracy matching condition
hk
(L1 + 8900 (3" + 1+ 652 < © (10)
for all k >0, where h* := w "F(vk)"(vk).

Then the inexact Newton iteration converges linearly to the solution:

[F@ D) ey < O NF@H)]] ) (11)
Proof. By induction, assume L. (v¥) is closed. For all s € [0,1] such that
co{vk, vk + suk} ¢ £(||F(v0)||(v0)), we have

F(vF 4 s60%) = F(v*) + / F'(0* + 06v%) 60" do
o=0

= (1—s)F(*) + sk + / (F' (0" + o6v*) — F'(v%)) 60" do

o=0



and consequently, with (7) and (9),
[ F (0" *’55”k)‘hvk) <(1-s) Hl?(”k>H(vk) + 50 HI?(“k>H(uk)
+/ H(F’(vk+05vk)—F’(vk))5vk||(vk) do
o=0

S

< (1—s+6%s) HF(Uk)H(uk) +/ wo HF’(vk)(Ska?Uk) do

o
< (1—-34—5ks)HFKvk)H@k>4—%;w(14-5k)2HFTUk)HZk>
— (1m0 S 549 |G -
Since by (9), (10) and by induction
[F/ (0F)s60* || oy < (1465 [ @) ) < (14 8) [[F@O)]] 0 »

we can apply (8) and (9) in order to obtain

HF(Uk + S(svk)H(karsévk)
”17(vk>”(vk)

2
) -0 Zasen)

(12)
< (14 sy(1+ 6%)h¥) (1 —(1—&")s+ 3(1 + 5’6)%’6) .

Using Lemma 1 below with x1 = v(1 + §%)h* and xo = 1 — 6% — (1 + §%)2nF /2,
and observing that the accuracy condition (10) implies (1 4 §%)h* < 2, yields

||F(’Uk =+ Sévk)”(v’“—i—s&vk) 'y(l + 5k>hk
- <14 N2
[1E (W)l oy

Thus, for all s € [0,1] such that co{v*,v* + sév*} C L, (v*), (13) holds. Now
assume co{v® v* + dvF} ¢ L. (v¥). Because of v > 0, v* is in the interior of
L,(v¥), thus there is a minimal s* > 0, such that co{v*,v* + s*5v*} C L, (vF)
and v¥ + s*dvk € 9L, (v¥). By continuity,

<1+%. (13)

HF(Uk + S*(svk)H(v’“rs*Jvk) =@+ 7/2) HF(Uk)H(Uk) ’

which contradicts (13). Therefore, co{v*,v* + §v*} C L, (vF).
Inserting s = 1 into (12) and using (10) leads to

hk
IFS ) gy < (19014 8905 (84 0492 ) ) o

< O [[F@") o)

and verifies the contraction result (11). Consequently, £ (v*™1) C L, (v*) is
closed, which completes the induction step. [l



Lemma 1. Let x1,x2 >0 and f(s) = (1 + x18)(1 — x28). If f(1) < 1, then
f(s) <1+ % for all s € [0,1].
Proof. From 1 > f(1) =14 (x1 — x2) — x1x2 we infer x; — x2 < x1X2. Then

f(s) =1+ (0 —x2)s —xix2s” <14 (x1 — x2)(s — 5%)
X1 — X2 X1
<14+ 4=/ <14+ =
<1+ 1 <1+ n
for all s € [0,1]. O

In order to apply Theorem 1 to the interior point formulation (5), all the as-
sumptions have to be verified. This is done in the remaining part of this section.

Lipschitz continuity of F’. TFirst we establish local Lipschitz continuity of
the derivative F. Lemmas 2 and 3 are derived from POTRA [13].

Lemma 2. Let G € R™™ be of full rank, and n,b € IR™s, u € IR™. Assume
that both n and w := Gu + b are positive. Any solution (u,n)T of

o o] = L as

—1/2

satisfies
1) |y = | 70) 2 -

1/

Proof. Multiplication of the bottom equation in (14) with (nw)™"/? yields

DG+ D' = (nw) ?a,

where the diagonal matrix D is given by D = w~'/21n'/2. Taking the norm on
both sides leads to

_ o _1.2 _ 2
|G} + 207, Ga) + |0~ a; = ||(nw) ™2
The top equation in (14) implies (77, Gu) = 0, which completes the proof. O
Lemma 3. Let G € R™ ™ be of full rank, and n,An,7,b € R™ u, Au,u €
R™ , such that both n and w := Gu + b are positive. Then

HAU * GU + 1) * GAUH2 < H(ﬁ, ﬁ)TH(um) H(Au, AU)TH(

u,m)

Proof. Defining D := w~'/?1n'/2 and using the Cauchy-Schwarz inequality in
IR? we estimate

[An « Gu+ 7 x GAully < [|An* Gally + |7+ GAul,
< ||DGall, [[D~ Anll, + || D~ |, DG Aw],

< \JIDGa + D171\ IDGAU|2 + [ D~ An
= H(’a’ﬁ)TH(u,n) ||(AU’A77)T||(U,,7]) ’

which completes the proof. [l



Theorem 2. F' satisfies the Lipschitz condition

1(F" (01 + Aw) = F'(00)) Av| ) < @ [1F(0) Ao]

() (15)

with a local Lipschitz constant

Wy = (tg[lg%] minn(t) * (G(t)u(t) +b(0)) o

Proof. First we consider the left hand side of (15), which originates from

Uq

(Fl(ul + AUﬂ?l + An) - Fl(ulanl)) ia =

Ta

Q O O O

with a = An* Gug + (GAu) *n,. Let w := Gu+b. From the reduced system (6)
we eliminate A = 0 and obtain

G*| [a|] |0
nG w/| |7 J|a|’
This system is completely decoupled in time and can be written as

oo S -] swaron

Applying Lemmas 2 and 3 we obtain

o 2
@), 1) [ ey ey

< (mingp(t) + w(t) " a)]);
< w?u o la@)lI3
< W | (wa(®),m ”(u(t) ey [[(Bu®), An(?) T”(u(t) ()
for all t € [0,T]. Taking the supremum finally yields
I (1 + Av) = F' (o)Al < @D
< Wlu,n) H(“a’na)TH(u,n) H(AuvAn)TH(u,n) - (16)

Concerning the right hand side of (15), by definition the local norm satisfies

< ||F (w, ) (i, g, A, )" (17)

@D lwcn

for all (@, 7, A, 7). Combining (16) and (17) yields (15) and completes the proof.
O

Lipschitz continuity of the local norm. Second we establish the Lipschitz
continuity of the local norm.



Lemma 4. Let |a, b\ =14 a’ + Ib2 For real numbers a,b,z,y, Az, Ay such
that x,y,x + Az, and y + Ay are posztwe the following inequality hols:

1+h

bl (18)

|aa b|m+AI,y+Ay <

where h = w|Az, Aylgy and w = 1/,/7y.
Proof. To begin with, we have

y+Ay o, r+Ax,

a b
T+ Ax y+ Ay
y+Ayzy 5 x+Azyx

=2 —J77 b?
erAasyza +y+Ayzy

< max Y x—l—AJc’y—i—Ay z Y21 T2
y+Ay =z y T+ Ax x y

|a’a b|i+AI,y+Ay -

With
A A
[Az] = w\/§|Aac| = w|Az,0|z,y < h and similarly 1Ay] <h (19)
T x Yy

we obtain

1+h 1+h)| 2 _1th

- re-rrmw _ - " 2
1-h'1-h v = Tl ey

|a’ b|z+Az y+Ay = < max (
and immediately (18). O
Componentwise application of Lemma 4 results in

Corollary 1. Let G € R™ ™ be of full rank, and n, An,7,b € R™ , u, Au,u €
R™:, such that n,n+ An,Gu +b, and G(u + Au) + b are all positive. Then

_ hoy,
H(u’n)TH(quAu,nJrAn) — H u TH

where h = w ||(Au, An)TH(u » and w = 1/y/minn * (Gu + b).

Lemma 5. Denoting wy, = 1/,/Ty for positive real numbers x and y, the
following inequality holds for increments |Ax| < x and |Ay| < y:

(um) ’

Wy Y Wy x,Y
il < w < il
1+h = r+Az,y+Ay = 1_h'°

where h = wy y| Az, Aylpy.

Proof. First we have
Ax Ay
o anyeay = 0+ A0+ ) =z (14 57) (14 22)

10



and therefore

-2 |Az| |Ay| -2 -2 |Az| |Ay|
Wy (1+—:c )(1+—y szJrAx’erAwaz’y 1_—z 1—-—=.

Y
From (19) we then infer
WA+ h)? > w i npyeay =@ (1= h)?,
which completes the proof. O
Again, componentwise application of Lemma 5 gives

Corollary 2. For increments (Au, An)T with H(Au,An)TH(u n < w(;ln), the

following inequality holds:

Wu,n) W(u,mn)
T+h S Wt Aunt+an) S T—5n

where I 1= Wy, ) H(AU, AU)TH(

u,m)

Theorem 3. The local norm |||, satisfies the Lipschitz condition

1+h h
71l (2 aam) < ( 5t m) 170 ) (20)

where I 1= Wy ) H(UW)TH(u,n)'

Proof. Let w := Gu+ b and Aw := GAu. For any r = (ry, ry,rx,m,) we have

17wt s amy = Wl | < [I3+ AN + @+ Az, 7+ an)7 |

u+Au,n+An)
Al = @D ) (21)
where
C, G*| |u Tu cr G* u+ AU
Cy Al = |ry| = cy A+ AN
nG w| |7 Tn (n+An)G w+Aw] [n+ A7
Subtraction yields
cr G* Au 0
Cy AN = — 0
(n+An)G w+ Aw| |A7f AnxGu+ 1+ GAu

Obviously, AX = 0. Applying Lemmas 2 and 3 and taking the supremum over
t €[0,T], we get
|| (Aﬂv Aﬁ)T ||(U+AU7U+AU) < W(utAu,n+An) HAU * Gu + 1 * GYA’U’HLoo

< Wt auatan [[@D" |, ) [(Aw An -

(22)

11



Combining (21) and (22) and applying Corollaries 1 and 2 yields

||T||(u+Au,n+An) - Hrll(u,n)

<

H(a + A, 7+ Aﬁ)TH(u+Au,n+An) - H (a, ﬁ)TH(u,n)’

<@ s s am = 1@ D)

+ WutAun+an) H(a’ ﬁ)TH(u,n) H(A“’ AU)TH(

1+h 7
S( —lh_1> H(Uﬂ?) H(um)

Y |- T T

1+h h
< — .

Adding ||r[|(,,, on both sides proves the result. O

w,m)

Closedness of the level sets. Having Lipschitz constants for F’ and the
local norm at hand, we can now establish closedness of sufficiently small level
sets. This also leads to global Lipschitz constants on the level sets.

Lemma 6. Assume F(v*;p) =0 and let

B 2w (a,7) HF(T};,U')H(E 7) <¢
Ligin) = { B (G Y

For ¢ <1 and v € L(¢; ),

2—I—¢

NG

W(u,mn) < w(d)a IU/) =

holds.

Proof. In order to simplify the notation, we define v := v* + Av and omit the
(constant) parameter p. Then

1
F(v) =F(@")+ / F'(v* + sAv)Av ds
s=0
1
=0+ / (F'(v* + sAv) — F'(v))Avds + F'(v)Av
5=0
and thus

1
1@ 2 15080l - [ N+ st0) = Fw) s, , s

w u, 2
> |F'(0) A0l ) — =52 IF ()20, , -

u,m)

12



Solving this quadratic inequality yields

1-yI—¢
[1F' ()Av| ) € ——— or [[F'(v)Av],,, =

W(u,n)

1419
W(u,n)

By definition of L(¢; ), only the left hand inequality can be true, so that we
have

1—+1-—
lau AT, < IF @A, < L2,

W(w,m)

and by pointwise application of Corollary 2, left hand inequality,

W) < (2= V1= @)wus ney -

Observing that w(y- »+) = 1/,/f completes the proof. O

Theorem 4. Assume F(v*;u) =0 and let L(a;p) denote the connected com-
ponent around v* of the level set {v € dom(F) : || F(7; N)H(a,ﬁ) < a}.

Then the level set
=)
£ ;
<2¢«J(¢’>, Mk

is closed and F' satisfies thereon the Lipschitz condition (7) with the Lipschitz
constant w(e, ).

Proof. First we note that by continuity of both F' and the local norm, and the
boundedness of w, ;) on L(¢; ), the level set L(¢; 1) is closed.
For 0 < € < ¢ assume v € L(¢; u)\L(¢ — ¢; u). By Lemma 6,

p—c _ _d—c
Wiy 2w(B,p)

HF(’U, p’)”(u,n) >

and therefore

(¢—¢)
HF(UW)”(u,n)Sm = veEL(p—eu)VogLigipu).

Since L(-) is connected by definition, we have

¢—e¢ >
L <7; p ) C Lo p

2l ") <O
for all 0 < € < ¢. Since L(p; u) is closed and the local norm is continuous, we
also have

L (ﬁ@u) C L(¢; )

which is then closed, too.

By Lemma 6, w(y,y) < w(¢,u) for all v € L(¢/(2w(, p1)); i), and by Theo-
rem 2, the Lipschitz condition (7) is then satisfied on L(¢/(2w(, p)); ) with a
Lipschitz constant of w(¢, u). O

13



Accuracy requirement. For the inexact Newton corrector to be applicable,
we must be able to satisfy the accuracy requirement (10) in the local norm

Il -

Theorem 5. Using piecewise polynomial functions on a sufficiently fine grid
for approzimating the variables u, y, A\, and n, the accuracy requirement (9) of
the inexact Newton corrector can be satisfied for arbitrary 6% > 0.

Proof. Since F'(u,n)~! is bounded, it suffices to show that the exact Newton
correction Av = —F’(u,n) 1 F(u,y, \,n) is continuous and thus can be approx-
imated to arbitrary precision by piecewise polynomials.

With w := Gu + b, the exact Newton correction Av is given by

cx a4 [Au T+ CEA+ G

c: Ayl | —a O
C, Cy AXN| Cyy+ Cyu+c
nG w | |An n*(Gu+0b)— pl

First we eliminate A\ = —X + C*J,,. The sum (£,§) = A + A\ satisfies the
adjoint differential equation

with the transversality boundary conditions
£(0)=Rgé and &(T)=—Ri&.

From this it is immediately clear that the function component of A\ is contin-
uous if Jy, C, and the function component of A are continuously differentiable.

Second we eliminate Ay = —y — C;7' (Cy(u + Au) 4 ¢), which is obviously

continuously differentiable if u, Au, and ¢ are continuous and y is continuously
differentiable. Continuity of Au will be shown below.
The reduced system now reads

G TAu]  [=Ju+ Cr(A+ AN + Gy
nG w| |An| n* (Gu+0b) — pl

Elimination of Ap = —n + w = (ul + n * GAu) leads to
Au=—(G*nG)  (Ju + CE(A+ AN + G*w ™ ),

which is evidently continuous. O

Newton convergence. Now that all building blocks are available, they merely
need to be assembled in order to prove linear convergence of the inexact Newton
iteration.

Theorem 6. For ¢ <1 and § < 1 define
= 1 1+h h
v(¢,0) = < erml) (24)
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with h:= (1 + 0)p/4. If

¢
W0 .
°f (Qw(qi 1) (L +7(¢, 5)/2)’M) ’

and the inexact Newton corrections 6vF are computed up to a relative accuracy
§F < § < 1, then the local norm satisfies the Lipschitz condition (8) with a Lip-
schitz constant of ¥(¢,0), and the inevact Newton corrector converges towards
the central path with a contraction factor of

. Y601 +8)k (<, (1+0)%
6(9,9) = (H m) (H m) - =

where

w(/(L+7(8,0),1)  2—+1-9¢/(01+7(4,0))
w(p, 1) 2—1-¢ '

Proof. By Theorem 4, £ (v°) = L(¢/(2w(¢, i)); p) is closed, and since
1 2
a0

the Lipschitz condition (7) holds with w := w(¢/(1 4+ v/2), ) < w(, ).
Next observe that v := v(¢,0) > 2. The Lipschitz condition (8) must be
satisfied for all Av with

K:i=¢

=9

(14 6)¢ - (14 6)¢
(1++v/2) — 4 ’

w ||FI(’U)AU||(71) < w((bv M)(l + g) ||F(’UO)H(UO) < 2

which means, by Theorem 3,

1+h h _
—_—t —< < .
17h+1—h_1+7h for h < (14 0)p/4

Solving for «y yields (24) and verifies (8). B
By Theorem 5 it is clear that the relative accuracy ¢ can always be obtained.
Applying Theorem 1, the contraction factor © is then given by

0 < (1491 +8)w [FOO)| o)) (3+ (14025 [P o))

~(1+ g)wqb - (1+ S)qub
: (1 R0 +7/2)) (‘” T +7/2)) ’
which proves (25). O

4 Classic Continuation

In this section, we will analyze a particularly simple instantiation of Algorithm 1,
which performs exactly i* = j Newton steps with an upper bound § on the
relative accuracy of the computation. We will derive a lower bound on the
continuation step size ¢ such that the iterates remain in a neighborhood of the
central path which is sufficiently small for the corrector to converge. We begin
with an estimate for the slope of the central path.

15



Lemma 7. For 0 <o <1 we have
[P (1= o/l ) < I1F @, @)l + o,
where 3 = pw(y y)-
Proof. From F(v; (1—0/\/ly)p)—F(v; 1) = (0,0,0, 001/ /)" Lemma 2 yields
[ (v (1 = o/ /i) = F(; )|,y = (minng * (Gu+ )"/ ||lopd/ /g n

= OHun) SUD 1Llly //ron
= OlW(u,m) 5

such that we end up with 8 = uw, .- O

Theorem 7. Assume there is u° > 0 and v° such that

0 (001 7(6.5)/2)
“€£< 2006, 10) ’“)

for some ¢ < 1. The continuation can be performed for k € IN with all continu-
ation stepsizes o > 0 satisfying

0(4,6)'¢ + 26(1 +7(¢,0)/2)0 < o1~ (26)

where

vi= (2= VI78) (2 100y e/ 12002

Proof. In order to simplify notation, let v := v(¢,6) and © := ©(¢,d). By
induction, assume

o Lot) = £ (BT

Theorem 6 then guarantees

k4L k ©7¢/(1+7/2)
1@ 18| iy < O [[F @855 S o)

and thus

! ©7/¢/(1+7/2)
' EK( 2w(¢, i) ’M)'

Hence, by Theorem 4 and Lemma 7,
Wikt gty < w(©76/(1+7/2), 1*)

and

B <ViF (2= V1= 076/(1+1/2))
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Figure 1: Continuation stepsize o(J) versus § for different numbers j = 1,...,4
of Newton corrector steps.
hold. With y**! = (1 — o/ /n;)u", we have
20(¢, M) (1 +5/2) [F@H 5 15 | s
w(o, u* .
<o W01 1y (&7 [ F@": 1) |y, + B0)
1—0/\/fy
<2————=(1+1~/2 + pw(o, u")o
Vi P\ )
1 .
=7 (©7¢ +26(1+7/2)0)
-0

<9.

Since this estimate holds for arbitrary v* € L(¢, u*), v¥*1 is in the connected
component £(¢, x**1), which completes the proof. O

Using the definitions of v(¢,0) and ©(¢,d) in equations (24) and (25), a
simple numerical computation of

o(8) = max{oc > 0: 3¢ < 0 such that o satisfies (26)}

reveales the results shown in Figure 1. Even for infinite dimensional problems
and reasonably inexact solution of the Newton systems, reduction factors com-
parable to those derived for finite dimensional linear programs (see [13]) can
be obtained. Taking the number of Newton corrector steps as a measure of the
complexity (which is, however, not really apropriate in the adaptive grid refine-
ment setting considered here), it becomes clear from Figure 2, that performing
only one corrector step is optimal. By means of a more detailed model for effort
and information gain, but optimistically assuming v = 0, the same observation
was made in [17]. Additionally, a Newton corrector accuracy of § =~ 0.1 and a
predictor target of w HF(vk; uk)H(Uk) ~ 0.9 have been shown to be theoretically
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Figure 2: Averaged continuation stepsize per Newton corrector step a(68)/j ver-
sus ¢ for different numbers j = 1,...,4 of Newton corrector steps.
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Figure 3: Upper bound on the predictor residuum.

18



nearly optimal. Taking the value of v & 2.2 into account, this is also reflected
by the present analysis, as depicted in Figure 3.

For the default accuracy of § = 0.1, a guaranteed reduction factor of 1 —
0.079/,/ny is obtained.

Conclusion

The convergence rate of a primal dual interior point method of the short step
pathfollowing type applied to linear control constrained optimal control prob-
lems has been analyzed. Using an affine invariant inexact Newton method and an
affine invariant local norm, linear convergence with a convergence rate compa-
rable to the ones obtained for finite dimensional linear programs was obtained.
In particular, performing only one corrector step is optimal for all tolerances
of the inexact Newton method. Quite large relative errors of up to 0.2 can be
accepted without severely deteriorating the interior point convergence rate.

It is interesting to note that for discretized optimal control problems the
reduction factor 1 — const/,/n,; is not determined by the size n of the discrete
linear program, but by the much smaller number n,, of inequality constraint
components in the continuous problem.
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