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ABSTRACT. We investigate a nonsmooth Newton’s method for the numerical solution of
optimal control problems subject to mixed control-state constraints. The necessary condi-
tions are stated in terms of a local minimum principle. By use of the Fischer-Burmeister
function the local minimum principle is transformed into an equivalent nonlinear and non-
smooth equation in appropriate Banach spaces. This nonlinear and nonsmooth equation is
solved by a nonsmooth Newton’s method. We prove the global convergence and the locally
quadratic convergence under certain regularity conditions. The globalized method is based
on the minimization of the squared residual norm. Numerical examples for the Rayleigh
problem conclude the article.

1. Introduction. We consider the following optimal control problem subject to mixed

control-state constraints:
1

Minimize / (@ (t), u(t))dt
w.I.t. xEWl"o [0,1],R"), u € L>=(]0,1],R™),
(©CP) St P(t) = f(x(t), u(t)) ac. in [0,1].
¥(x(0),z(1)) = 0,
c(z(t),u(t)) <0 a.e. in [0, 1].
Without loss of generality the discussion is restricted to autonomous problems on the fixed
time interval [0, 1]. The functions fo : R" xR"™ — R, f: R™ xR™ — R 1) : R"™ xR"™ —
R™, ¢ : R™ x R™ — R", are supposed to be at least twice continuously differentiable
w.r.t. to all arguments. As usual, the Banach space L*°([0, 1], R"™) consists of all measurable
functions A : [0, 1] — R™ with

[[2]loo := ess supl[|a(t)]] < o0,
0<t<1

where || - || denotes the Euclidian norm on R". The Banach space W1*([0, 1], R") consists
of all absolutely continuous functions & : [0, 1] — R™ with

1All1.00 = max{|[ ]|, [|A[loc} < o0

Several approaches towards the numerical solution of OCP have been investigated in the
literature. The so-called direct discretization method is based on a discretization of the
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infinite dimensional optimal control problem and leads to a finite dimensional nonlinear
program, cf., e.g., Gerdts [5]. The latter can be solved numerically by suitable programming
methods such as, e.g., sequential quadratic programming. The direct discretization method
turns out to be very robust in practice. Nevertheless, the computational effort grows at a
nonlinear rate with the number of grid points used for discretization.

The so-called indirect method for optimal control problems attempts to satisfy the nec-
essary conditions that are provided by the well-known minimum principle numerically, cf.,
e.g. Oberle and Grimm [14]. The exploitation of the minimum principle leads to a nonlinear
multi-point boundary value problem that has to be solved. Although the indirect method
usually leads to the most accurate solutions, it suffers from the drawback that it requires a
good initial guess in order to convergence. One crucial task is to estimate the sequence of
active and inactive intervals of the control-state constraint.

Our intention is to analyze the local and global convergence properties of an alternative
method — the nonsmooth Newton’s method. The method is based on a nonsmooth refor-
mulation of the necessary optimality conditions and it was introduced for the problem class
OCP in Gerdts [7]. A brief outline of the essential ideas of the algorithm is as follows. The
reformulation of the necessary conditions leads to the nonsmooth equation

F(z) =0, F:Z =Y,

where Z and Y are appropriate Banach spaces. Application of the globalized nonsmooth
Newton’s method generates sequences {z*}, {d*} and {a;} related by the iteration

A = 2k agd”, k=0,1,2,....

Herein, the search direction d* is the solution of the linear operator equation V;(d*) = —F(z*)
and the step length aj > 0 is determined by a line-search procedure of Armijo’s type for
a suitably defined merit function. The linear operator V} is chosen from an appropriately
defined generalized Jacobian 9, F(2").

The nonsmooth Newton’s method was investigated in finite dimensions amongst others
by Qi [15] and Qi and Sun [16]. Extensions to infinite spaces can be found in Kummer [9,
10], Chen et al. [1], and Ulbrich [17, 18]. Our approach follows the general framework of
Ulbrich [17, 18].

The paper is organized as follows. Section 2 introduces the nonsmooth Newton’s method
and establishes the locally superlinear resp. quadratic convergence under comparatively mild
assumptions. In Section 3 details of the computation of the search direction are shown. It
turns out that the search direction solves a linear boundary value problem with a differential-
algebraic equation (DAE). If a certain operator is invertible, the so-called index of the DAE
is one and the DAE can be transformed easily into an ordinary differential equation. A
sufficient condition for the existence of the inverse operator is provided. Section 4 analyzes
the global convergence properties of the nonsmooth Newton’s method. Finally, numerical
illustrations are presented in Section 5.

2. Local Convergence of the Nonsmooth Newton’s Method. The (augmented) Hamil-
ton function H : R™ x R™ x R™ x R" — R is defined by

H(z,u, A\ ) := folz,u) + X\ f(z,u) +n"clx,u).

We summarize the well-known minimum principle for OCP, cf. Neustadt [13] and Gerdts [6],
Th. 5.2, p. 19. Let (z.,u.) be a (weak) local minimum of OCP, let

rank (), (. (t), u.(t))) = ne.
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hold a.e. in [0,1], and let the Mangasarian-Fromowitz constraint qualification hold, cf.
Gerdts [6], Th. 6.3, p. 26.

Then there exist Lagrange multipliers A\, € W1H([0,1],R™), n, € L>([0,1],R"), and
o, € R™ with

2, (t) = f(2.(t),u(t)) = 0, (1)
N(t) + Hy (2 (1), ua (1), M), m (1)) T = 0, (2)
Y(x,(0),2.(1)) = 0, (3)
A (0) + ¢, (2.(0), 2.(1)) T o, 0, (4)
A1) = 4, (2,(0), 2.(1)) Tow = 0, (5)
H (2 (), ua(8), Au(8), 7 (8) T = 0. (6)
Furthermore, the complementarity conditions hold a.e. in [0, 1]:
ne(t) >0, c(r.(t),u.(t) <0, nu(t) el (t), ut)) = 0. (7)

Unfortunately, these necessary conditions are not directly solvable for (., u., A, 74, 0x) owing
to the complementarity conditions. Therefore, the subsequent considerations aim at the
reformulation of this set of equalities and inequalities as an equivalent system of equations,
which will be solved by a generalized version of Newton’s method. Throughout the rest of
the paper for brevity we will use the notation f[t] for f(z(t),u(t)).

The convex and locally Lipschitz continuous Fischer-Burmeister function ¢ : R? — R is
defined by

(a,b) :==va®+b>—a—b, (8)

cf. Fischer [3]. The Fischer-Burmeister function has the nice property that ¢(a,b) = 0 holds
if and only if a,b > 0 and ab = 0. Hence, the complementarity conditions (7) are equivalent
with the equality

p(—ci(@(t), us(t), min(t)) =0, i=1,... 0,

that has to hold almost everywhere in [0, 1]. Rather than working with the derivative of ¢,
which does not exist at the origin, we will work with Clarke’s generalized Jacobian of ¢:

dp(a,b) = {(WLW—LW;)—W%)}’ if (a,b) # (0,0),

{(s,7) | (s+ 1>+ (r+1)*2<1}, if (a,b) =(0,0).
Notice, that dp(a,b) is a nonempty, convex and compact set. Let the Banach spaces

Z = Wbh([0,1],R™) x L=([0,1],R™) x L>=([0,1],R™) x L>([0, 1], R™) x R™,
Y1 = L*=([0,1],R") x L*=([0, 1], R"™) x R™ x R" x R™ x L*([0, 1], R™),
Yé = Loo([oa 1]7Rnc>

be equipped with the maximum norm for product spaces and z, = (x4, Us, A\, N, 04). Then,
the necessary conditions (1)-(7) are equivalent with the nonlinear equation

Feo= (1)) =0 g
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where F7 : Z — Y; and F, : Z — Y5 denote the smooth and the nonsmooth part of
F:7Z —Y =Y xY5, respectively:

?() = flx
N() + Hy(a(), u

(), u(-))
(-
| 0

0

), u
)s A ()T

FEO=| o <Qgi2»0_ CBEO =), (0)
A1) — 5, (2(0), 2(1) o
H, (2 (),u(-), AC), ()T
where w = (wy,...,w,,) " : R™ x R™ x R"™ x R" x R™ — R" and
wi(Z, 4, \,1,0) == o(—ci(z,0),7), i=1,...,n. (11)

The standard approach to solve (9) numerically would be to apply the classical Newton’s
method. Unfortunately, the derivative F’(2*) does not exist since the component F is not
differentiable. Hence, we have to find a substitute for the derivative F’ in the classical New-
ton’s method. In finite dimensional spaces, such a substitute for locally Lipschitz continuous
functions may be chosen from the generalized Jacobian of F' defined by

z; €D

z;—z

OF (z) == CO{V V = lim F’(zi)},

where Dp denotes the set of points where F is differentiable, cf. Clarke [2]. However, in
infinite dimensional spaces it is more difficult to define an appropriate generalized Jacobian
since locally Lipschitz continuous functions in general are not differentiable almost every-
where. Motivated by the chain rule in finite dimensions we define the point to set mapping
OF : Z = L(Z,Y) according to

S = diag(si,...,Sn,),
) R = diag(ry,...,7rn.),
H ¢ [Ju) + Ry (si,73) € Op[] a.e

si(+), r;(-) measurable

and use this set as a generalized Jacobian. The same idea was introduced earlier in Ul-
brich [17], Def. 3.35, p. 47. Notice, that the first component Fj of F in (10) is continuously
Fréchet-differentiable with

2'() = fle() = ful-Ju()
N(C) + HE[e() + H” W[ u() + HLLIAC) + Hi LIn()
o2(0) + %, (1)

REE =1 x0) ¢ (00(0) + o (@) + () o |

A(1) — ;m«zxm»—-gwxmwa»——(;gTo
HY () + HI[u() + HALAC) + H ()

provided that the functions fy, f, ¢, are twice continuously differentiable w.r.t. all argu-
ments. All functions are evaluated at 2% = (2, u* M nk o%) € Z.

Replacing the non-existing Jacobian F” in the classical Newton’s method by the generalized
Jacobian 9, F(2*) leads to the following algorithm.

Algorithm 1 (Local Nonsmooth Newton’s Method).

(0) Choose 2°.
(1) If some stopping criterion is satisfied, stop.
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(2) Choose an arbitrary V;, € 0,F(2*) and compute the search direction d* from the linear
equation

Vi(d¥) = —F(2").
(3) Set 21 = 2%+ d* k =k + 1, and goto (1).
The assumptions needed to prove local convergence of the method are similar to those
in Qi [15], Qi and Sun [16], Jiang [8], and Ulbrich [17]. 0,.F(z) is called nonsingular if

for every V € 0,F(z) the inverse operator V! exists and if it is linear and bounded, i.e.
Ve LY, Z).

Theorem 1. Let z, be a zero of F'. Suppose that there exist constants A > 0 and C > 0 such
that for every z € Ua(z.) the generalized Jacobian 0,F (z) is nonsingular and ||V zv.z) <
C' for every V € 0.F(z).

(i) Let
[F(2) = F(z) = V(z = z)lly = o(l[z = zllz) YV € 0.F(2) (12)
as ||z — 2|z — 0. Then, for 2° sufficiently close to z, the nonsmooth Newton’s method
converges superlinearly to z,.

(ii) Let
IF(z) = F(z) = V(z = 2)ly = Oz = z|z"") YV € 8.F(2) (13)
as ||z — z:||z — 0. Then, for 2° sufficiently close to z, the nonsmooth Newton’s method
converges at order 1 +p to z,.
Furthermore, if F(2%) # 0 for all k, then the residual values converge superlinearly:

L IEGE

= 0.
k—oo [ F'(2%)[ly

Proof. Due to the first assumption, the algorithm is well-defined in some neighborhood of
Z.. 1t holds
Vi(Z" — 2) = Vi(ZF + d¥ — 2,) = Vi(2" — 2) + VidF = Vi(2F — 2,) — F(2%) + F(z.).

The assertions in (i) and (ii) follow from

1 =2z = Vit (Ve(e® = 2) = F(") + F(2) lly
< Villle - IIF(2Y) = Fz) = Va(2" — 2l
< C-IF(E) = Fz) = Vi(z" = z)lly

(14)

o(||I2* — 2| 2), in case (i),

{ O(||2* = z]|,™), in case (ii).
Let € > 0 be arbitrary. According to Equation (14) there exists 6 > 0 with
|25+

—2|lz <ell2" — 2|z whenever |28 — 2|z < 6.

Notice, that for any § > 0 there exists some kq(d) such that ||z* — .|| < § for every k > ko(9)
since z* converges to z,. By the local Lipschitz continuity of F' we get

IFE Dy = 1FE) = Fz)lly < LI = 2l < Lell2 — 22
locally around z, and the Newton iteration implies

154 = Mz < IV e - IEGE)ly < CIFGEly-
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Thus,
128 = zllz < 12 = 2Rz + 125 = 2z
< CIFE) Ny + 125 = 2|2
< CIFEMy +ellzh — 212
and o
125 = 2|z < 1—_EIIF(zk)IIY-
Finally,
LeC
IF**Y)ly < Lellz" — 2.z < . €|IF(2'“)|IY‘

Since F'(z¥) # 0 and € may be arbitrarily small this shows the last assertion. O
Remark 1.
e The properties (12) and (13) can be written as
sup [[F(z) = F(z) =V(z = 2)lly = o(llz = zll2),

VEDF(z)
sup || F(2) = F(z) = V(z = 2)lly = Oz = 2l7™)
Ved.F(z)

as ||z — z.]|z — 0 and are referred to as semismoothness and p-order semismoothness
of F'at z,, cf. Ulbrich [17], Def. 3.1, p. 34.

o It suffices if the assumptions are satisfied for certain elements of 0, F' provided that only
these elements are used in the algorithm. For the upcoming computations we used the
element corresponding to the choices

sit) = ——all 1. otherwise,
cilt]>+ni(t)?
ri(t) = (t) ;
(t) m — 1, otherwise.

We will show that the conditions (12) and (13) with p = 1 hold for F' in (9)-(10) under
appropriate conditions.

The first component F} is continuously Fréchet-differentiable if fy, f, ¢, 1 are twice continu-
ously differentiable. The Fréchet-differentiability immediately yields (12) for the component
F}. If the second derivatives of fy, f, ¢, 1 are even locally Lipschitz continuous, then F| also
satisfies a local Lipschitz condition of type

1F1(z + d) = F{(2)lle(zy) < Llld]| 2.

Using this property and the mean-value theorem we find

[Fi(z+d) = Fi(z) = F{(z+ d)(d)[ly, < /0II(F{(2+td)—F{(2+d))(d)llndt

1
< [ IR+ t) - R+ dlleasdt - ldlz
0

L
< §||d||22

and thus (13) with p = 1 holds for F.
The second component Fy(z)(t) = w(z(t)) of F in (10) is a superposition operator as
in Ulbrich [17], Sec. 3.3, with the difference that F» maps from some subset of L> to
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L. This allows us to consider the operator Fy pointwise since ||z — z||z — 0 implies
|2(t) — z«(t)]] — 0 a.e. in [0,1]. Let us summarize some well-known results for finite
dimensions. The Fischer-Burmeister function ¢ : R?* — R is l-order semismooth (and
particularly semismooth) according to Fischer [4], Lemma 20. Furthermore, due to a result
of Mifflin, the composition g = ¢; o g» of semismooth functions ¢, g» is again semismooth, cf.
Fischer [4], page 527. Similarly, the composition of 1-order semismooth functions is again
l-order semismooth, cf. Fischer [4], Theorem 19. In particular, continuously differentiable
functions are semismooth and functions having a locally Lipschitz continuous first derivative
are 1-order semismooth. Consequently, the function w in (11) is semismooth, if the function
¢ is continuously differentiable. Moreover, w is 1-order semismooth, if ¢ is locally Lipschitz
continuous. With these remarks the semismoothness and the 1-order semismoothness of the
superposition operator Fy : Z — Y5 in (10) and (11) is established by the following lemma.

Lemma 1. Consider the operator
g L=([0,1],R") — L>([0, 1|, R™), 2z — g(2)(t) = w(z(?)).
It holds:

(1) g is semismooth at z (in the sense of Remark 1), if w : R" — R™ is semismooth at
z(t) € R™ for a.e. t € [0,1].

(ii) g is p-order semismooth at z (in the sense of Remark 1), if w is uniformly p-order
semismooth at z, i.e. there ezists C, > 0 such that for almost every z € {z(t) €
R™ | t € [0,1]} it holds

max |w(Z+h)—w(z) = Vh| < C’z||h||1+p as k|| — O.
Vedw(z+h)

Proof. Define p: R® x R® — R™ by

pla.h) = | max [lw(a +h) = w(z) — V.

(i) Owing to the semismoothness of w at z(t) for a.e. t € [0, 1] it holds
p(z(t),d(t)) _ oflld(®)])
a(t) = =
[1l]oc l]]oo
as ||d(t)|| — 0 for a.e. t € [0,1]. Since ||d||c — 0 implies ||d(¢)|| — O a.e., it holds
1p(2(-), d(-))lloo = llalloo - 1]l = o([|d]]o0)-

(ii) The uniform p-order semismoothness of w at z yields
p(=(t),d(t)) < Clld(®)[|" < Culld]| L7

a.e. in [0, 1], where C, does not depend on ¢. The assertion follows from |[p(z(-), d(*))]|c <
C.|ldl| ™.

— 0

g
Application of the lemma and the previous considerations yield the following result.

Theorem 2. Let z, be a zero of F'. Suppose that there exist constants A > 0 and C > 0 such
that for every z € Ua(z:) the generalized Jacobian 0. F(z) is nonsingular and ||V ziv,z) <
C' for every V € 0.F(z).

The nonsmooth Newton’s method converges locally at a superlinear rate, if fo, f,c,y are
twice continuously differentiable.

Moreover, the convergence is quadratic, if the second derivatives of fo, f,c,V are locally
Lipschitz continuous and if the uniform strict complementarity condition

72 (O + Nle(. (1), ua ()] = e (15)

is satisfied a.e. in [0,1] for some o > 0.
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Proof. The first assertion follows from Lemma 1 since the Fischer-Burmeister function is
semismooth at every (a,b)" € R? and thus w in (11) is semismooth everywhere provided
that ¢ is continuously differentiable.

Since the Fischer-Burmeister function is twice continuously differentiable at every (a, b) " #
(0,0)7, it is uniformly 1-order semismooth on every compact set that does not contain the
origin. Hence, the assumption in (ii) of Lemma 1 for p = 1 is satisfied at z., if ¢ possesses
a locally Lipschitz continuous first derivative and if the uniform strict complementarity
condition (15) is satisfied. O

3. Computation of the Search Direction. For brevity we neglect the arguments when-
ever possible. The linear operator equation Vj(d¥) = —F(2*) in step (2) of Algorithm 1

reads as
x ’ 0 x . 0 u
_ (%) = f
-ty s ) 1)
and
o 0 0 z(0) o 0 0 z(1)
W, o ) 1, AO) |+ (W, oM., 000 A1)
—W, oY, 0 =yt o —(¢), M), 10
U(x*(0), 2*(1))
= — | MO+, " |, (17)
Ne(1) =, "ot
and
u H! H! r\ H)
A(n) (5 T ) (3) == (udy) "
where

A= < fgg; (C%%)T ) (19)

Herein, every function is evaluated at the current iterate z
exists, equation (18) can be solved for v and 7 according to

()= ) () ()l e

Introducing this expression into the differential equation (16) yields

v L0 L0 (L HLN](w
v )|\ -H, —mr, )"\ -mI, -H, ~Sc. 0 A

=~ [(onaer )+ (o i ) ()] .

Hence, in each iteration of Algorithm 1 we have to solve the linear boundary value problem
given by the differential equation (21) and the boundary condition (17). Herein, the constant
o can be viewed as a solution of the differential equation ¢’ = 0. Under appropriate condi-
tions that are very similar to those needed for the local minimum principle, the boundary
value problem has a unique solution.

k. If the inverse operator A~!
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If the operator A is not invertible, the situation becomes more involved. In this case,
equation (18) imposes algebraic constraints and the equations (16) and (18) form a differ-
ential algebraic equation (DAE) with an index of at least two. Actually, the case when A is
invertible corresponds to the index one case. We will not go into detail here and remain this
problem open for future research.

Finally, we state a sufficient condition for the existence of the inverse operator of A in
(19).

Theorem 3. Let there exist « > 0, 5> 0,7 >0, 0 >0, Kk > 0 such that a.e. in [0,1] it
holds

L[ < v, Nt <6, Nt ]| < s,
and
d"H" [t]ld > a|d|*  VdeR™
and
et ¢l = Bl V¢ e R™.
Then, the inverse operator A~ exists and it is linear and bounded.
Proof. We will show that || Aw|| > C||w|| holds for all w and some C' > 0.
For brevity let Q(t) := H! [t] and recall that
(si,73) € 9[t] € {(s,7) €R* | (s +1)° + (r+1)* < 1} (22)
In particular, it holds r;, s; < 0. For an arbitrary but fixed ¢ € (0, 1) we define the index sets
J(@):={je{l,...,n} | r(t) < —e}, JU)={1,....,n.}\ J(¢).
For an arbitrary but fixed ¢ € [0, 1] define
Ry = diag(r;(t) [ j € J(1)),
Ry = diag(r;(t) | j € J(t)),
diag(s;(t) | j € J(t))
(s;(2) )
|

S1 o= ¢ ;
Sy = diag(s;(t) | 7 € J(1)),
A = (Gl i€ ).
Ay = (Mt ] je ).

In the sequel we suppress the explicit dependence on ¢ for brevity. Notice, that owing to (22)
the matrices R; and Sy are nonsingular. In particular, the following estimates hold (w.r.t.
the spectral norm):

1 1
e<liBill <2, (Rl <e <R < <,
1 1
0<[Sill<2, 1-ve@-eg <|Sl<2 5 <[S']< :
2 e(2—¢)

Without loss of generality assume J(t) = {1,...,¢} and J(t) = {¢+ 1,...,n.} with 1 <
q < n.. Consider the linear equation

(&) Q AlT A;r w1
()] = _SlAl Rl C) W2 . (23)
€3 —SQAQ C] RQ w3

The second equation yields
Wy = Rl_l (62 + SlAlwl) . (24)
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Introducing this expression into the first equation yields
er — Al Ri'es = (Q + Al R{'S1 A1) wy + Aj w. (25)
The symmetric operator Q := Q + AT RS, A satisfies
d'Qd > d'Qd > a|d|*  VdeR™

since (Q is supposed to be uniformly positive definite and R;'S; is positive semidefinite
according to (22). Furthermore, it holds NQI < 1QI+IATI IR - 1S -] Aw | < 7—1:257” =
C; and all eigenvalues of ) are located in [a, Cy]. Consequently, all eigenvalues of Q' are
located in [C%, 1] and

A 1 A 1
dT 71d>_d2 -1 < =
@ dzldl, Q=g
Solving (25) for w; leads to
w1 = Q_l (61 — AIRl_leQ — A;—wg) . (26)
Introduction into the third equation of (23) yields
Syles + Q7 (e = ATRMes) = (4071 AT + SRy ) ws,
The matrix
Q= AQ7'A) + S;'R,
is again symmetric and uniformly positive definite because for all d it holds
~ ~ 1 2
d"Qd = (AJd)" Q7' AJd+d" Sy Rd = || ATd|* = Z|ld]l*
Cy Cy
Hence, the estimate

sl < 1= (185 + 1ell - 1@ - (L AT BT 1) el

holds. Since all norms are bounded we showed that |ws|| < Cyfle|l for some Cy > 0.
Equations (24) and (26) yield

[wr]l < Csllell,  Jlwa]l < Culle]]

with appropriate constants C3,Cy > 0. Finally, we obtain ||w|| < |lwy| + |Jwe]| + [|ws]] <
Clle|| = CllA(t)w|| with C := Cy + C5 + C4. Since C' does not depend on ¢ this estimate
holds uniformly and the assertions follow with Ljusternik and Sobolew [11], Th. 1, p. 106. O

4. Globalization. One reason that makes the Fischer-Burmeister function appealing is the
fact that its square

d(a,b) := ¢(a,b)* = (\/m —a— 6)2

is continuously differentiable with ¢'(a, b) = 2¢(a, b)v, where v € dp(a, b) is arbitrary. Hence,
the mappings

(Z,u,m) € R"™ x R™ x R"™ — ¢(—¢;(Z,u),m), i1=1,...,n
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are continuously differentiable by the chain rule. This allows to globalize the local nonsmooth
Newton’s method using the squared L?-norm of F as a merit function:

() = IFG)I3
= 5 [ 10~ st )P
% /01 IN(E) + B (e), (), AGE), n(6) T || e
5/ L0, ), A n(0) e+ 2 / (—aalt), ult), w0

g le(0), 2P + S INO) + %, (2(0), (1)) o]

#2IA) 0, (2(0),2(0) T

O is Fréchet-differentiable in Z if fy, f, ¢, 1 are twice continuously differentiable. An analysis
of the derivative of © reveals that for d* with Vj,(d¥) = —F(2*) it holds

O'(")(d") = —20(2") = - F(=")|5. (27)

As a consequence, d* is a direction of descent of © at z* and the line-search in the following
global version of the nonsmooth Newton’s method is well-defined unless z* is a zero of F.

Algorithm 2 (Global Nonsmooth Newton’s Method).

(0) Choose 2°, 3 € (0,1), 0 € (0,1/2).
(1) If some stopping criterion is satisfied, stop.
(2) Chose an arbitrary V; € 0,F(z*) and compute the search direction d* from

Vi(d¥) = —F (2.
(3) Find smallest iy € Ny with
(2" 4 pd*) < O(2%) + o4O’ (%) (d)

and set aj, = (.
(4) Set 2" = 2% + qpd®, k =k + 1, and goto (1).

The upcoming global convergence proof to a large extend is similar to the proof pre-
sented in Jiang [8] for finite dimensions. However, some safeguards are necessary for infinite

dimensions.

Theorem 4. Let the inverse operators Vk_1 exist for all k and let C' > 0 be a constant such
that |V 2vzy < C holds for all k. Let z. be an accumulation point of the sequence {z*}
generated by the global nonsmooth Newton’s method.

Then, z, is a zero of F.

Proof. Let {2*} be a (sub)sequence with 2¥ — z, and F(z*) # 0. Then, ©'(z*)(d*) =
—20(2%) = —||F(2%)||3 < 0. The line-search is well-defined by the differentiability of ©.

(i) Case 1: Assume

o := liminf oy > 0.
k—oo

Then
0 <O <" + 00,0 (27)(dF) = O(%) (1 — 20ay,) .
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With o € (0,1/2) and o < oy, < 1 it follows 0 < 1 — 20 < 1 — 20 < 1 and repeated
application yields

0<O(z%) <O(°) (1 —200)" — 0.
By the continuity of F, z, is a zero of F'.

Case 2: Assume that there is a subsequence with o, — 0, k € J C N.
The sequence {d*} is bounded since {V, '} is bounded and

0 < [ld*z = Vi " (FE)z < CIHFE |y < CIFEly-

Unfortunately, the boundedness of {d*} in an infinite dimensional space does not

imply that there exists a convergent subsequence. However, since d* is bounded in
Z = Whe([0,1],R"™) x L>([0, 1], R™) x L>([0,1],R™) x L>([0,1],R") x R™ it is
also bounded in the space Z := W'2([0,1],R") x L2([0,1],R™) x L2([0,1],R™) x
L2([0,1], R") x R™. Z is a Hilbert space and thus reflexive. According to Theorem
[11.3.7 in Werner [19] there exists a weakly convergent subsequence {d*}, k € J CJ.

Hence, there exists some d, € Z such that for every element g € Z* it holds
g(d*) — g(d.). (28)

Herein, Z* denotes the topological dual space of Z. The derivative ©'(z,)(-) is an
element of Z* and an investigation turns out that it is essentially made up of linear
functionals of type

61(2) = / Iz ()=(0)dt,  ga(z) = / ha(z.(8)) 2 (8)dt

with essentially bounded functions hq(z.(-)) and ho(z(-)). Thus, by application of
the Cauchy-Schwartz inequality, the functionals ¢g; and g, are also linear continuous
functionals on Z and thus g1, gs, and in particular ©’(z,)(-) can be viewed as elements
of Z*.

Hence, (28) holds for ¢g(-) = ©'(z.)(+):

O'(2,)(d*) — O'(2.)(d.).

Furthermore, due to the continuity of ©'(-) (in Z) for every € > 0 there exists § > 0
such that for every ||2* — z,||z < § it holds

o6 () -0 ()
< il sup [O(H)(d)  ©/(z.)(d)

lldllz=1

= [d[lz - 1©'(z") = ©'(2.)llcczr) < elld”]l2-

O (z")(d") = &' (z)(d")] = [ld*|z

For arbitrary € > 0 we find
O (=")(d*) = O'(2)(dy)| < [O(z")(d") — O'(2)(d")]
+O'(2:)(d*) = ©'(2.)(d))]
< elld*llz +10'(z)(d") — ©'(z)(dy)].
Since £ > 0 was arbitrary and since d* is weakly convergent it holds

O’ (") (d*) — ©'(2.)(d,) as k — 0.
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In a similar way the Fréchet differentiability of O yields

L0 1 ad) — 6(:H) — ©/(2)(d,)

Qg
< |- (O + aud) — 0(:4)) — O/(H) ()| + [O'(H) (@) - ©'(z)(d)
< offland2) + [O'(Hd) - O/ + [0/(2.)(d) - ©(z)(d)
< 2D e+ 01 ) - B

Since d* is weakly convergent it holds
1

— (0" + ad®) — ©(2%)) —» ©'(2.)(d.)  as k — cc.
677

The line search in step (3) of the algorithm yields
O(zF + apd®) — ©(2%)
(677
O(zF + %dk) — 02"

223

B
Passing to the limit and exploiting the previous considerations yields

00'(2,.)(d.) = O'(2.)(ds).
Since o € (0,1/2) this only holds for ©(z,)(d.) = 0. Thus, we have shown
—[IF("); = ©'(z")(d*) — ©'(2)(d.) = 0.
By the continuity of F, z, is a zero of F'.

< 00'(%)(d"),

> 00/ (M) (dY).

O

The previous result only shows the convergence to a zero of F'. It would be nice to have
also the fast local convergence properties of the local method. The locally superlinear or
even quadratic convergence would follow from the local convergence theorem 1 if we were
able to show that «y = 1 satisfies Armijo’s rule for all sufficiently large k. But unfortunately,
this leads to a two-norm discrepancy. The proof of the local convergence theorem 1 showed
the superlinear convergence of the values ||F(2*)|y, i.e. for any e > 0 there exists § > 0
such that for all ||z — z.|| < § it holds

lz+d=zdlz <ellz = zdlz,  FE+Dly <elF)ly,

where d = —V~1F(2), V € 0,F(z). In particular, with z = z¥ and d = d* there exists § > 0
such that for all ||2* — z,]|z < § it holds

1
128+ d* = zllz < S = zllz, IIFE"+d)ly < VI=20]F )]y,
Unfortunately, we would need this property not for the norm || - ||y but for the norm || - ||
since then
k. gk 1 ko k2 « L 20 k(2 k
O@"+d%) = SIIF (" + &)l = —5—[1F(=")[l2 = (1 - 20)O(=%)

resp.
O(* + d*) < @(zk) —200(2F) = 0(2F) + J@’(zk)(dk),
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i.e. Armijo’s line-search would accept ay = 1 and 2F*! = 2*¥ + d*. Furthermore, [|zF+1 —

zlz < 4|27 = 2|z < 6 and we are in the same situation as above and the argument could
be repeated.

Unfortunately, the superlinear convergence of the residual norms || F(2*)||s could not be
established by now. An additional assumption is needed to prove the fast local convergence.

Theorem 5. Let the assumptions of theorem 4 be walid. If, in addition, there exists a
constant K > 0 such that

IF )y < KIFE]:

holds for {z*} with z* — z.. Then, for sufficiently large k the step length oy, = 1 is accepted
and the global method turns into the local one.

Proof. Owing to the previous considerations it remains to show that

o IFGEDI

—— = 0.
k—oo || F(25)[|

Recall, that || - ||y is essentially the L*-norm. Hence, there exits a constant C; > 0 with
lyll. < Cilly|ly for all y € Y. Together with the superlinear convergence of the values
|F(2%)||y in Theorem 1 for every ¢ > 0 and for sufficiently large & it holds

IF (=" +d)l2 < CIF(" +d))lly < Cel|F()]ly < O K - el|[F(2")] |2

Since € was arbitrary, this shows the superlinear convergence of the values || F(2*)]],. O

5. Numerical Results. All computations were performed on a PC with 3 GHz processing
speed.

5.1. Rayleigh Problem, Version 1. We illustrate the method for the Rayleigh problem,
cf. Maurer and Augustin [12], p. 39: Minimize

/ 0 + (1)t (29)

subject to

Ty = g, x1(0) = =5,

vy = —x;+wo(1.4—0.1423) +4u,  x9(0) = -5 (30)

and

1
-z < 0.
u—i—6x1_

With oz = (21, 22)", A= (A, \2)", 0 = (01,02) " the Hamilton function reads as

1
H(z,u, M) =u + 23 + Mg + Ao (=21 + 22 (1.4 — 0.1423) + 4u) + 17 (u + 6“:1) .
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With z = (z,u, A\, n, o) the function F' in (9) is given by
T — Ty
xh — (—x1 + 29 (%4 — 0.1422) + 4u)
/\/1—|—2£E1—)\2—|—67’]
+5

o (= (u+521)m)
In each iteration of the nonsmooth Newton’s method we have to solve the linear boundary
value problem (17), (21) for x,\,0. We leave the details of the boundary value problem

(17),(21) and equation (20) to the reader. We note, that for all (s + 1)> + (r + 1)* < 1 it
holds

2

detAzdet( 710>:27’+8750

and thus the operator A in (19) is invertible. The differential equations are discretized
on [0,4.5] using forward Euler’'s method with N equidistant subintervals. The occurring
derivatives (z*)" and (A\*)" are approximated by finite forward differences. The boundary
value problem was solved by the single shooting method. Table 1 shows the output of the
globalized nonsmooth Newton’s method, i.e. step size a, residual norm || F||, and ||d*|| during
iteration. The iterations show the rapid quadratic convergence at the end of the iteration
sequence.

ITER ALPHA [IF]] | ldx| |
0 0.000000E+00 0.245000E+04 0.173257E+04
1 0.531441E+00 0.173372E+04 0.316003E+04
2 0.717898E-01 0.170185E+04 0.897810E+03
3 0.185302E+00 0.155477E+04 0.653211E+03
10 0.100000E+01 0.147905E-05 0.592231E-02
11 0.100000E+01 0.167034E-08 0.213155E-03
12 0.100000E+01 0.253557E-14 0.263768E-06
13 0.100000E+01 0.152582E-25 0.598877E-12

TABLE 1. Output of globalized nonsmooth Newton’s method for the first ver-
sion of Rayleigh’s problem for N = 100 subintervals and Euler discretization:
local quadratic convergence.

Figure 1 illustrates the iterates of the nonsmooth Newton’s method. Notice the small
inactive arc of the control-state constraint at the end of the time interval.

For comparison reasons the same optimal control problem was solved alternatively by a
direct discretization method as in Gerdts [5] with Euler discretization and N = 100 subin-
tervals. For this method the overall CPU time was 3.81 CPU seconds on the same processor.
Furthermore, for the direct discretization method the CPU time grows nonlinearly with
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N. Hence, if all regularity assumptions are fulfilled the nonsmooth Newton’s method is an
extremely efficient method.

state x1 state x2
1 - . . . .
s ——
e
0
RS
2+
s 3 &
> x —
a4l
-5
-6 +
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
time t [s] time t [s]
adjoint lambda1 adjoint lambda2
3
2
1 N
0 =
= = 1
s F 2
2 B 3
£ £
< S 4
-5
-6
-7
-8
0o 05 1 16 2 25 3 35 4 45 0o 05 1 16 2 25 3 385 4 45
time t [s] time t [s]
control u
5
4 &
\
3P
\
2l
= 1
5 ot
RN
2+
3t
4 . . . . . . . .
0 0.5 1 1.5 2 25 3 3.5 4 4.5
time t [s]
multiplier control-state constraint eta control-state constraint ¢
4
\
3
\
2 K\
\
= 1
= El
] = 0
o =3
T -1
-2
— 3
0o 05 1 16 2 25 3 35 4 45 0o 05 1 16 2 25 3 35 4 45
time t [s] time t [s]

F1GURE 1. Numerical solution of the first version of Rayleigh’s problem for
N =100 Euler steps: Intermediate iterates (thin lines) and converged solution
(thick lines).

The following table summarizes results for different step sizes. The number of iterations
differs only by one, which indicates — at least numerically — the mesh independence of the
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method. Furthermore, the CPU time grows at a linear rate with V.

N | CPU time [s] | Iterations
100 0.027 13
200 0.136 14

1000 0.271 14
2000 0.505 14
4000 1.083 14
8000 2.065 14

5.2. Rayleigh Problem, Version 2. We consider a slight variation of the Rayleigh prob-
lem where boundary conditions are added and the control-state constraint is replaced by box
constraints for the control, cf. Maurer and Augustin [12], p. 39: Minimize (29) subject to
(30) and x1(4.5) = 0, 25(4.5) = 0 and

—1<u<l.

With & = (21, 22)", A= A, \), 0 = (01,...,04)", 1 = (m1,m2) " the Hamilton function
reads as

H(z,u,An) = u’+af 4+ Maa + A (21 + 22 (1.4 — 0.1423) + 4u)
+m(u —1) +m(—u—1).

With z = (z,u, \,n, o) the function F' in (9) is given by

)
rh — (—x1 + 29 (1.4 — 0.1423) + 4u)
)\/1 + 25(71 — /\2
N, A+ Ao (14 — 0.4222)
21(0) +5
22(0) +5
F(z) = | 2(45)
)\1(0) + 01
)\2(0) + 02
M(4.5) — oy
)\2(45) — 04
20+ 4Xy + 1M1 — 1Mo
@ (= (u—1),m)

p (= (-u—=1),m)

Again, we leave the details of the linear boundary value problem (17), (21) and equation
(20) to the reader. An investigation of the generalized differential of ¢ yields

2 1 -1
det A = det —S1 ™M 0 = 27’17’2 + T1S2 + T251 7é 0
59 0 T2

for any (s1,71) € 0p(—(u—1),m) and (s2,73) € dp(—(—u — 1),12).
Figure 2 illustrates the iterates of the nonsmooth Newton’s method for N = 100.
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state x1

4@

0 05 1 15 2 25 3 35 4 45
time t [s]

adjoint lambda1

state x2

time t [s]

adjoint lambda2

2 T T T T
; SN
0
-1
5 g2
! g
5 5
-5
-6
-7
-8
0 05 1 15 2 25 3 35 4 45 05 1 16 2 25 3 35 4 45
time t [s] time t [s]
control u
6
5
4
3 A
= 21y
>
0
-1
-2
3 . . . . .
0 05 1 15 2 25 3 35 4 45
time t [s]
multiplier control-state constraint etat multiplier control-state constraint eta2
5
4
3
R 2
H g
o o 0
-1
-2
0 05 1 15 2 25 3 385 4 45 05 1 156 2 25 3 35 4 45
time t[s] time t [s]
control-state constraint ¢c1 control-state constraint c2
5 2
4 1
3 0
~ 2t ~ -1
3 1t 3 2
g o £ 3
| E
2t 5
-3 r -6 [
-4 -7

0 05 1 15 2 25 3 35 4 45
time t [s]

05 1 16 2 25 3 35 4 45
time t [s]

FIGURE 2. Numerical solution of the second version of Rayleigh’s problem for
N =100 Euler steps: Intermediate iterates (thin lines) and converged solution
(thick lines).
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Table 2 shows more detailed information about the iterations, i.e. step size «, residual
norm || F||, and ||d*||. The iterations show the rapid quadratic convergence at the end of the

iteration sequence.

14
15
16
17

o O O

.000000E+00
.898145E-07
.442969E-05
.656100E+00

.100000E+01
.100000E+01
.100000E+01
0.

100000E+01

O O O

.205000E+04
.205000E+04
.204999E+04
.137884E+04

.485899E-04
.710910E-07
.108957E-12
0.
TABLE 2. Output of globalized nonsmooth Newton’s method for the second
version of Rayleigh’s problem for N = 100 subintervals and Fuler discretiza-
tion: local quadratic convergence.

271474E-24

O O O

.301353E+08
.T72399E+06
.137827E+04
.533635E+03

.165212E+00
.678731E-02
.842304E-05
0.

130452E-10

The number of iterations remains nearly constant, which indicates — at least numerically
— the mesh independence of the method. Furthermore, the CPU time grows at a linear rate

with N.

N | CPU time [s] | Iterations
100 0.049 17
200 0.204 15

1000 0.502 18
2000 0.848 16
4000 1.785 17
8000 3.713 17
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