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Abstract: The paper considers parametric optimal control pro-
blems with bang—bang control vector function. For this problem we
give regularity and second—order optimality conditions at the nomi-
nal solution which are sufficient to: (i) existence and local uniqueness
of extremals, (i) local structure stability, (74) strong local optimal-
ity, under parameter perturbations. Here “local” means in a L.—
neighbourhood of the nominal trajectory, regardless of the control
values.

Stability results were obtained by the first author using the shoot-
ing approach, while optimality results were obtained by the other
authors, using the Hamiltonian approach. The paper, combining
both approaches, allows to unify the assumptions and to close some
gaps between optimality and stability results.
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1. Introduction

From optimal control theory in case of continuous control functions we know
that, in analogy to the mathematical programming situation, a successful sen-
sitivity analysis of the solutions requires certain strong second—order optimality
conditions and possibly additional constraint qualifications. In recent years, es-
sential progress has been made in deriving sufficient optimality conditions for
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the so—called bang—bang controls in control-affine systems. Important contri-
butions on second-order sufficient optimality conditions in case of bang—bang
controls are given in Osmolovskii (1995, 2004), Milyutin and Osmolovskii (1998),
Sarychev (1997), Agrachev et al. (2002), Poggiolini and Stefani (2004), Maurer
and Osmolovskii (2004), Noble and Schéttler (2002).

A standard assumption in the above mentioned papers, except for Sarychev
(1997), consists in the fact that all control switches are simple (i.e. control
components do not switch simultaneously). In the case of simultaneous (or
multiple) switches, strong local optimality results have been given in Poggiolini
and Stefani (2006), Poggiolini and Spadini (2008 and 2009). Prior to this, up to
the authors’ knowledge, only Sarychev (1997) faced the multiple switches case,
considering Li-local optimality, under stronger regularity assumptions. An ex-
ample where a simultaneous switch of two control components was detected
numerically was given in Oberle (1987) and personal communication.

For stability and sensitivity investigations on bang—bang extremals, results
are given in Kim and Maurer (2003) and in Felgenhauer (2003, 2004 and 2008b).
In the first paper the authors exploit the finite-dimensional sub-—problem of
minimising over switching times. In the other papers the author starts from the
state—adjoint system given in the form of Pontryagin’s Maximum Principle: this
method requires to analyse parameter dependencies of the canonical system.

For linear or semi-linear dynamics, differentiability of the switching times
with respect to parameters was shown in Felgenhauer (2005) without the sim-
ple switches restriction. For a general control-affine system this property holds
true only under the simple switches assumption, see Kim and Maurer (2003),
while only Lipschitz continuity holds if multiple switches occur, see Felgen-
hauer (2008a) for a proof and Felgenhauer (2008b) for an example where the
multiple switching time is not differentiable.

In the present paper, the authors have brought together and compared dif-
ferent methods:

1. the so—called shooting approach in analysing bang—bang extremals with
simultaneous control switches, already exploited by the first author to
obtain stability and sensitivity results,

2. the Hamiltonian formalism and analysis of maximised Hamiltonians, pre-
viously used by the other authors to obtain strong local optimality results.

The common feature of the two approaches is to consider the second—order con-
ditions associated to the optimisation problem over switching times positions.
As a result, the assumptions of the two approaches are proven to be equivalent.
Moreover, the shooting procedure can be seen as an embedded part of the con-
struction of the Hamiltonian flow. This observation made it possible to find a
new proof for the local stability of the switching structure and to obtain a unique
optimiser in an L., neighbourhood of the reference trajectory, independently of
the related control values. In the result, the structural stability properties as
obtained in Felgenhauer (2008a), that is in a Lo, X L7 neighbourhood of the
reference trajectory—control pair, could be strengthened.
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The plan of the paper is the following: in Section 2 we define the nota-
tion; in Section 3 we state the problem and the regularity assumptions on the
bang-bang structure of a reference extremal; in Section 4 we discuss the finite
dimensional sub—problem, provide second order conditions and state the main
theorem of the paper. In Section 5 we explain the Hamiltonian approach and
derive an equivalent Hamiltonian formulation of the main assumptions. Finally,
in Section 6 we prove the result stated in Section 4.

Hopefully, the result of this paper will be extended to general Mayer prob-
lems.

2. Notation

Let R™ be the Euclidean space of column vectors with norm |-|. We shall denote
the space of row vectors as (R™)*. If p € (R")* and ¢ € R", then (p,q) will
denote their duality product, that is (p,q) = pq.

The Lebesgue space of order r of vector—valued functions on [0, 1] is denoted
by L,([0,1];R™). Wk([0,1];R") is the corresponding Sobolev space, and norms
are given as || - || and || - ||k, (1 <7 < 00, k > 1), respectively. For the space
of k-times continuously differentiable functions we will write C*. The subspace
of functions with Lipschitz continuous derivatives of order k is denoted C*!.

Let © be an open interval of R containing the origin. For any smooth
parameter dependent function a: (¢,h) € R"® x Q — a’(q) € R, the symbol
D, a"*(g) denotes the gradient row vector, with respect to the g variable. The
symbol 0y is used for (partial) generalised derivative in the sense of Clarke.

For any smooth parameter dependent vector field in R”, f: (¢, h) € R"xQ
f(q) € R™ we denote by f: ¢ € R" — f"(q) € R" the vector field obtained
by fixing h. Therefore, the Jacobian matrix of f with respect to the ¢ variable,
evaluated at (g,h) is denoted as D, f*(¢). By “smooth parameter dependent
vector field” we mean that f is at least C2.

The Lie bracket between two vector fields, fi and fa, is denoted as [f1, fa]:

[f1, fo] == (Dg f2) fr = (Dq f1) f.
The symbol exptf(q) denotes the solution of the Cauchy problem
i(t) = f(z(t),  x(0)=gq.

The directional derivative of a smooth function o with respect to a vector field
f in a point ¢ is denoted as f - a(g), i.e.

fralo) = Salesptf(@)

t=0

Further, by conv M we denote the convex hull of a set M. For characterising
discontinuities, jump terms are denoted as [v]° = v(ts+) — v(ts—) where the
index s will become clear from the context.



1308 U. FELGENHAUER, L. POGGIOLINI, G. STEFANI

We shall identify the tangent space to R™ in a point =z with R" itself, the
cotangent space with (R™)*. The tangent bundle and the cotangent bundle will
be identified with R™ x R™ and (R™)* x R", respectively. The elements of the
cotangent bundle will be denoted as £ = (p, q), with p € (R")*, g € R".

The projection of the cotangent bundle onto the state space is denoted as 7:

7 (p,q) € (R")" xR" — g € R™.

The symbols F" and F" will denote the Hamiltonian function and the corre-
sponding Hamiltonian field associated to f", respectively, namely:

F:(p,q,h) € (R")* xR" x Q— F"(p,q) == (p, f"(q)) €R,
F:(R")* xR" x Q — (R")* x R"
e h h h
F (p;th)’_’ F (p7Q) = (_DQF (paq)vD;DF (paq))
With the symbol F”* we denote the flow of the parameter-dependent Hamilto-
= —
nian field F', emanating at time ¢ = 1, i.e. F/'(£) = exp(t — 1) F"(¢) denotes

the solution A*(¢) = (p"(t),q¢"(t)) € (R™)* x R", evaluated at time ¢, of the
Hamiltonian system

d

N () = F"(\(1)), A1) = .

Finally, we denote as Sign: R —o R the set—valued sign function, i.e Sign(z) =
sign(x) for x # 0, and Sign(0) = [—1,1].
3. The problem and the regularity assumptions

We consider a family of optimal control problems. To be more precise, we
consider the following one—parameter family of Mayer problems on the fixed
time interval [0, 1] and with vector—valued bounded control u: [0,1] — [-1,1]™
entering the system dynamics linearly:

(Pr) minimise 3"(x(1)) subject to

(t) = fM(z(t) + Zuz-(t)gfl(x(t)) a.e.in [0,1], (1)

lui(t)] < 1, i=1,...,m, ae. in [0,1]. (3)

We suppose that the initial state value, the dynamics and the cost depend on a
real parameter h € 2, where {2 is an open interval containing the nominal value
of the parameter hy = 0. The unknowns of the problem are the state of the
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system x : [0,1] — R™ and the control w : [0,1] — R™. The control set will
be given by

U = {v € Lo([0,1];R™): ||]loo < 1}

Further, we denote by ¢g"(z) the n x m matrix whose columns are the param-
eter dependent controlled vector fields g and assume that all the data of the
problem are at least C2.

We assume that, at h = 0, a bang—bang admissible state—control pair (°, u°)
in WL ([0,1];R") x Le([0,1]; R™), which contains at most one double switch, is
given. We want to pursue optimality and stability analysis for problems (Pp)
near hg = 0.

In this paper we are concerned with strong local optimality where by (z", u")
being a strong local optimiser of (Pj) we mean that (2", u) minimises the cost
functional 3" (x(1)) among all the admissible couples (x, ) such that ||z — 2" ||
is small enough, regardless of any distance between v and u”.

We recall that a necessary condition for an admissible couple (z",u") to be
an optimiser of (Pp) is Pontryagin’s Maximum Principle (PMP), which ensures
the existence of an adjoint covector function p”: [0,1] — (R™)*. In particular,
(u", 2", u") can be characterised as a solution of the following shooting problem
for the canonical system:

Find z such that

a(t) = fM(x(t) + g"(@(t)u(t),
fu(t) = —(u(t), Dg(f* + g"u(t))(x(t))), (4)
u;(t) € Sign{u(t), g (x(t))), j=1,...,m

z(l) ==z (5)

p(1) = =Dy 5" (2), (6)
with target (see (2))
T(z,h) = x(0,2,h) = a(h). (7)

We call a couple \ := (u, x) solving (4) a Pontryagin extremal of control system
(1). The solutions A of (4)—(7) are called Pontryagin extremals of problem (Pp,)

For any fixed h, system (4)—(6) describes a backward parametrised family of
Pontryagin extremals for the problem obtained from (Pp) by removing the ini-
tial constraint. Thus, problem (7) can be interpreted as the backward shooting
system for determining Pontryagin extremals of (Pp,)

In what follows we state the regularity assumptions made on the control
structure of the reference extremal (u°, 2%, u%). We define

o} (t) = (u° (), g7 (° (1)),
E? ={te[0,1]: O'?(t) =0}.
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We point out that such conditions are the strengthening of the necessary con-
ditions coming from Pontryagin’s maximum principle.

ASSUMPTION 1 (BANG-BANG REGULARITY) The triple (u°, 2% u%) is a Pon-
tryagin extremal of (Po) such that u® is piecewise constant, uj(t) € {-1,1}
for almost any t € [0,1] and for any j = 1,...,m. For each j = 1,...,m,
the set X9 := {t € [0,1] : 02(t) = 0} is finite and coincides with the set of
discontinuity points of ug-). Moreover, 0,1 ¢ E?.

ASSUMPTION 2 (STRICT BANG-BANG PROPERTY) For every j = 1,...,m and
for any ts € 29, d?(tﬁ—) . cj?(ts—) > 0.

For the purpose of this paper, we add

ASSUMPTION 3 (DOUBLE SWITCH RESTRICTION) Any switching time of u°,
ts € U;nzl Eg, is the switching time of at most two control components.

4. The finite—dimensional sub—problem and the main
result

In order to formulate second—order optimality conditions for the control prob-
lem, consider the induced finite-dimensional problem obtained from (P ) when
the control structure is fixed but switching times positions are allowed to vary,
see Agrachev et al. (2002). For each control component, the switching times in
general can move independently. In particular, the double switching time may
bifurcate to two simple switching times for the related u—components. Accord-
ing to the order of the switches, the control will take a different intermediate
value on the new continuity interval.

Denote the double switching time of u° by 7% and assume that the control
components switching there are the first two, i.e. {7°} = X9 N 9. Without
loss of generality, the sign of u;, us may be adjusted in such a way that

(W(r%4) —ud(r°=)) = 2, i=1,2. (8)

The jump of u° at 70 is then accomplished by u®(7%4) — u%(7°—) = 2(e; + e2),
where e; stands for the +—th unit vector in R™.

Let £0:= (2Y,...,XY) be the vector of all switching times of u". We will
enumerate them in decreasing order and assume that there are R — 1 simple
switching points between 7° and 1, and other R’ — 1 simple switches between 0
and 70. If we set 0 :=1, 69, = 0%, :=7° and 6% .., =0, we have

1=00>0)>...>0% 1 >0%=7"=0%,, >
0 0 0 —
>0pyo>...> 0 >0p, g 1 =0. (9)
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The length of X0 is L = R+ R'.
Further,

L= (00,,0)), r=0....R+R . r#R, (10)

defines pairwise disjoint intervals where the control takes constant value vQ :=
W (69-). ,

Any given vector (6,¢) € RFHE =2 x R? of sufficiently small norm defines
perturbed switching times

0, =60+ 6., r#RR+I, (11)
=1"+¢, i=12, (12)
where 71 and 79 stand for the new switching times of uj, ugs respectively.

If (6,¢) is sufficiently close to zero then the new switching vector remains par-
tially ordered in the following sense:

1>00>60°>0 = 1>6,>0,>0. (13)
The times
Or = max{r, T2}, Ors+1 = min{m, 7o}, (14)

define an interval Ir = (0r+1,0r) where the control will take one of the values
u’ = u(t'+) - 2e, = v%_ | —2e,, v=1,2,

depending of the order of control switches: v =1 if &1 > €9, and v = 2 other-
wise. On Ip,r # R, use u = v? = u2(02-).
Now, the auxiliary parametric optimisation problem w.r.t. switching times po-
sitions is given by

(OPp,) minimise J"(5,¢) = A"(x(1)) subject to
tel,,

@) + g @®)vy 0,....R+R,r#R (15)

i(t) =

fr(t) + g™ (x(t) v, telr
z(0) = a(h) (16)
0r = max{e1, e2},0p+1 = min{eq, €2} (17)
vi=1if 61 >¢ey, v :=2if g1 <eq,

0, = 6°+6,, r=0,...R+R +1,
60 =0, 6pt+rr+1 =0,
I, == (0,41,0,), 7=0,...,R+R.

The feasible set for (OPp) (say: M) will be further restricted to those (6,¢)
that ensure the monotonicity property (13).
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PROPOSITION 4.1 For each sufficiently small h, the functional J" is a C'!
function of (8,€) near zero. Define M,,, v=1,2 as

M1 = {(6,6) L& Z 62}, M2 = {(6,6) L& S 62}.

Then the restriction J" of J" to M, is C? for either v = 1 or v = 2. On
M; N My, the generalised Hessian in the sense of Clarke is defined by

ds.e) (Vo ") = conv{Vs ) J1, Vis T3}
At h =0, the first variation V((;)E)JO(O) equals zero.

The proof was given in Felgenhauer (2008a), where (OPp,) was formulated as a
minimisation problem over the vector ¥ = (¥1,...,%,,) € R" which assembles
component—wise the switching times of u. The data correspond one-to—one to
(0,€) since, for each ) € X9, the perturbed 6, = 67 + 6, belongs to ¥; if
r# R,R+1, and 1, = 0% +¢; € ;. In Felgenhauer (2008a), section 4, the
piecewise C? behaviour of the objective functional has been proven under the
Assumptions 1-3. Moreover, explicit formulas for VJ" and for the matrices
spanning Clarke’s generalised Hessian had been provided (Felgenhauer, 2008a,
(23) respectively (24)—(25)). For problem (OP4y,), now the following generalised
strong second-order optimality condition is assumed to hold at A = 0:

ASSUMPTION 4 Each matriz Q € s (V(5.)J°) (0) = conv{Q1,Q2} with
Q. = Vf&s)JS(O), v =1,2, is positive definite on R".

The assumption is obviously equivalent to requiring that both @; and @2 be
positive definite.

REMARK 1 Assumption 4 is a strong second—order optimality condition for
the non-smooth problem (OPg) since, together with the first—order condition
V([;)E)JO(O) = 0, it ensures strict local optimality of the solution (5,€) = 0, see
Corollary 6.21 from Klatte and Kummer (2002), or Theorem 13.24, Rockafellar
and Wets (1998).

REMARK 2 The coercivity Assumption 4, together with Assumptions 1-3, yields,
moreover, the existence, local uniqueness and Lipschitz reqularity with respect to
h of the solution (6,€) = (0(h),e(h)) of (OPy,) (see Felgenhauer, 2008a, The-
orem 2). In Felgenhauer (2008b), Theorem 3, it was proven that the switching
times can equally be found from the shooting system (4)—(7) where the latter
was restricted to an appropriate neighbourhood of (z°,u°,0) in CO([0, 1];R™) x
Li([0,1; R™) x Q. As it will be shown in the following (see Remark 4 in Sec-
tion 6.2), one can get rid of the Ly constraint for u by revising the proof of the
structural stability result from Felgenhauer (2008a), Theorem 1.

For the parametric problem (P}) the following main result is obtained:
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THEOREM 1 Suppose Assumptions 1—4 are fulfilled for the reference solution
(2°,u°) of (Po) at h = 0. Then there exist a constant ¢ > 0 and a neighbourhood
V of 2% in C°([0,1]; R™) such that, for each h with |h| < c, there exists a strong
local minimiser (x",u") of (Pp) with o™ € V. Furthermore, such minimiser
is unique in V x U. The corresponding control u” is bang-bang with the same
number and type of switches of each component of u°, and the associated vector
of switching times positions X" is Lipschitz continuous with respect to h.

5. Hamiltonian formulation of the Assumptions

In this Section we reformulate the assumptions in Hamiltonian formalism so that
we can compare them with the assumptions in Poggiolini and Spadini (2009)
(see also Poggiolini and Spadini, 2008, and Poggiolini and Stefani, 2006) where
strong local optimality sufficient conditions were proven.

In Subsection 5.1 we reformulate the regularity Assumptions 1-3, while in
Subsection 5.2 we reformulate the coercivity Assumption 4 on the second vari-
ation of the finite dimensional sub—problem (OPy).

Since all the assumptions can be given by means of strict inequalities involv-
ing Hamiltonians, they are preserved under parameter perturbations.

5.1. Regularity assumptions
We denote the couple (u°, 2°) as
At e [0,1] — \O(t) € (R™)* x R™,
According to (9), we also define
0O = ¢%):=X0% r=0,...,R+R +1.
Notice that £, = (%, = X°(70).
On each interval I? from (10), we define k”(q) := f"(q) + g"(q¢)v?, so that

k%(q) is the restriction of the time-dependent vector field defined by the refer-
ence control u%(t) to the time—interval I?:

kX a) = 2(q) + ¢°(q)vy, r#R.

Also, we denote as K (p,q) the parameter dependent Hamiltonian function
obtained by lifting k" (q), i.e.

K!'p,q) == (p,k!(q)), r#R.

At time 7°, where two components of the reference control u°, v and u$
switch simultaneously, we have

k%1 = k% 1(q) +297(q) +295(q)
K 1(p.q) =K% 1(p,q) +2(p.g(q) + 93(q)).

according to the switching terms given by (8).
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In the newly appearing interval I, according to which control component
switches first, one of the two following vector fields (and Hamiltonian function)
drives the control system:

ki, (q) = kh_1(q) — 29} (q)

v =1,2. 19
K, (p,q) == K 1(p,q) — 2 (p, g (q)) 19)

With such formalism, Assumptions 1 and 2 can be easily restated in the following
way
1. Bang-bang regularity.
For any t € I?, r # R and for any u € [—1,1]™ \ {00} we have

(1), £ (2" (1) + ¢ (" (O)u) < K (X°(1))- (20)

2. Strict bang-bang property at switching times.
For each choice K% € {K%,, K%},

d
— (K = K _;) (A°(t)) <0, r=1,...,R+ R, (21)
dt =00

"

equivalently: for each choice k% € {k%, k%, },
(07, kY1, K))(g)) <0, r=1,...,R+ R (22)

REMARK 1 The strict inequalities "<” in equations (20)—(22) can be replaced
by "#£” since mild inequalities "<” hold true by PMP.

As a direct consequence of the above reformulation and by continuity with
respect to h € Q) we get

LEMMA 5.1 There exists ¢ > 0 such that for any (p,q, h) with H(p, q) — K?H +
|h| < ¢ and any choice k% € {kk  kh,},

(b, [KI_1, k") () <0, r=1,...,R+R. (23)

5.2. The second order conditions

In Poggiolini and Spadini (2009) the second variation for the finite dimensional
sub—problem (OPg) has been determined in terms of the vector fields defined
by the nominal parameter h = 0, see also Poggiolini and Stefani (2006) for the
case when only one (double) switch occurs. In those papers it is also proven
that (OPy) is C*.

Here we give the ideas of the construction to demonstrate the approach. To
start with, we denote by S(q, J, ) the solution of (15), for the nominal value of
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the parameter h = 0, in case of x(1) = ¢:

So0(q,0,€) = exp(—bpyr k% g 0 exp(Orsr — Or+r—1)kp iR 10 -
o exp(Or+2 — Or1)kp i1 © exp(Ori1 — Or)kp, ()0
[¢) exp(@R — eR—l)k%,l O--:0 exp(92 - 91)k? o exp(6‘1 — 1)/€8(q) (24)

Here and in the sequel the “o” operation denotes the composition of maps. In
particular, the flow S;(q, 0,0), associated to the reference control, will be shortly
denoted as S;(q).

By the properties of flows, formula (24) can be written by means of the
push—forward of the involved vector fields at time ¢ = 1.

Namely, in a neighbourhood of z°(1) and for any choice k% € {k%;, k%, }
define

k2 (q) == (Dg 86,(9)) "k (S6,(@)  r=0,...,R+R. (25)

In order to write more compact formulas we introduce as variables the variations
of the lengths of the intervals I.:

Wy 1= —5T+1 +6, T 75 R, WR = |€1 — 52| = —5R+1 + 0rg. (26)

Is is easy to see that for each fixed v, the map (d,¢) — w is one-to—one.
For the push-forward of the flow we thus have (see e.g. Poggiolini and Stefani,
2004)

(So)_lSo(q, 5, E) = eXprJrR/E%JrR/ O0---0 eXpr+1E%+lo
© exp WR%ORU © exp WR—I%%—l ©--roexp WO%S(Q)'
Recalling definitions (19)—(25) and using Campbell-Hausdorff formula (see e.g.

Goodman, 1976) it is easy to see that the first-order approximation L(q,d, ) at
(2°(1),0,0) of the map (Sp)~1So, is well defined and is given by:

R+R'
L(q,0,e) :=q+ Z wrkd 4+ 0p1 kS | (2°(1)—
r=R+2
2 B R—2
-2 gl (x°(1)) + <—5Rl Ko+ wﬂc?) (z°(1)). (27)
i=1 r=0

REMARK 2 The first order approximation formula (27) proves that problem
(OP()) 8 Cl.

From formula (27), applying Pontryagin Maximum Principle, it is easy to see
that the first variation of (OPyg) is zero on the whole space of admissible tangent
directions (g, J, €), that is on those (g, d, ) such that L(q,d,¢) = 0.
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Applying once again the Campbell-Hausdorff formula it is now a lengthy
but straightforward calculation to obtain that the second variation of (OPg) on
M,, v=1,2is given by

2,:l & ~02. 0/,.0
Q,00,¢2 = 5{( D wk?) - ")+
r=0

R+R'

Y wT[ES,TzleES} @)} (28)
r=0 s=0

where EOR = E%V.

Recalling (19), (25), (26) one can check that the analytic expression of the
second order variation of (OPg) changes according to the sign of €1 — e5 while
they coincide on M7 N M. Namely, the second order variation is given by a
quadratic form Q7 on M7 and by another quadratic form Qs on M that coincide
on M; N Ms, i.e. when g1 = 5.

Requiring the coercivity of such second variations is equivalent to requiring
the coercivity of both @7 and Qs on the whole tangent space.

To clarify the non—smoothness of the second variations, we give explicit
formulas for the case when only the double switch occurs. In this case we have
01 = max{e1, ez}, 02 = min{eq, e}, oo = I3 = 0. Define

90(9) = (Dg S70(a)) " 90(S-(a)). (29)

For the two cases v = 1,2 the second variation is given by the two quadratic
forms:

Qiler,e2)® =2 (e19) +299) - (1) + 52@3) B2 (1) +
+21 g9, k9] B2 (2°(1)) + 3 59, K] - B (=" (1)) + (30)
+2e9(e2 —e1) [97, 99] - B°(2°(1))

and
Qoler, e2]® =2 (e19) +299) - (1} + 52@3) B2 (1) +
+21 g9, k9] B0 (2°(1)) + 3 59, K] - B (=" (1)) + (31)
+2e1(e2 —e1) [97, 5] - B°(2°(1)).

REMARK 3 Notice that Q1 = Qo and the problem is C? if and only if the duality
product (u°(7°), [g7, g8)(=°(7°))) = (g7, 8] - B°(z°(1)) is null.

REMARK 4 Under Assumptions 1—4 the optimality of the Pontryagin extremal
for the nominal problem (Po) is shown in Poggiolini and Spadini (2009), see
also Poggiolini and Stefani (2006) and Poggiolini and Spadini (2008) for some
preliminary results.
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6. Proof of the result

In this Section we give the proof of Theorem 1.

To start with we give the main steps explaining the underlying ideas coming
from the Hamiltonian approach to optimal control.

From the Hamiltonian point of view, each solution of the shooting system
(4)-(7) is a solution (u”, 2"*) of the Hamiltonian system associated to the max-
imised Hamiltonian H™&*

H™(p, q,h) == max{(p, f"(q) + g"(q)u), u € [-1,1]™}, (32)

with boundary conditions p”(1) = — D, 8"(2"(1)) and z"(0) = a(h).

In our case H™?* turns out to be non—smooth but the regularity Assumptions
1-3 ensure that the associated Hamiltonian system admits a unique flow which
is Lipschitz continuous with respect to the initial point.

The construction of such flow clearly shows that the regularity assumptions
yield the structural stability of Pontryagin extremals of control system (1) with
boundary conditions (1" (1),2"(1)) in a neighbourhood of (u°(1),2°(1)) in the
cotangent bundle and small enough |h|. This construction is described in Section
6.1.

Using this construction and Assumption 4, in Section 6.2, we prove that
the shooting system (4)—(7) has a unique solution for small enough |h| and z
sufficiently close to z%(1).

Finally, in Section 6.3, by continuity, we observe that the sufficient optimality
conditions stated in Poggiolini and Spadini (2009) are fulfilled by the extremal
(', ") of (P).

6.1. The maximised flow

Let t € [0, 1] — H?(p, q) be the solution (if it exists) of the Hamiltonian system
associated to the maximised Hamiltonian with boundary condition H?(p,q) =
(p,q). Equivalently, H"(p,q) = (u"(t),z"(t)) where (u",z") is the solution of
(4) with boundary conditions p”*(1) = p, z"(1) = q.

In what follows we explain how our regularity conditions give the existence
of H}(p,q). The construction will be pursued in a similar way to what is done
in Agrachev et al. (2002), Poggiolini and Stefani (2006), Poggiolini and Spa-
dini (2009) using the Implicit Function Theorem.

Since, by Assumption 1, the duality product (u°(1),¢%(2z°(1))) = o3(1),
j =1,...,m is not zero, there exists ¢ > 0 such that (p,g;?(q)> # 0 for any
(p, q, h) such that ||(p,q) — €3]] + |h| < c. That is, there exists a neighbourhood
W of £ and ¢ > 0 such that for any (p,q,h) € W x (—c,c) the maximised
Hamiltonian is given by

H™(p,q,h) = K{(p,q) = (p, f"(q) + 9" (0)v]).
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Therefore, H}!(p, q) coincides, for ¢ close to 1, with the flow exp(t — 1)?8 (p,q) of

l_()g emanating from (p, ¢) at time ¢ = 1. By continuity and because of regularity
Assumption 1, this flow coincides with the maximised flow until it intersects the
hyper-surface K — K = 0. By possibly restricting W and for ¢ > 0 we get
that such intersection is transversal, since
9 h h TEh 0 1.0 2.07/,0
E(Ko — K1) oexp(t — 1)K (p, q) = —(p1, [ko, k1] (a1))
(69,€9,0)

which is positive by (22). Hence, we may apply the implicit function theorem
and define a smooth function 64 (¢, k) such that

{91@& 0) = 6%
(Kt — KI) o exp(61(¢,h) — 1)K A(¢) = 0.
We iterate this procedure by defining
Oo(t h) =1 po(l,h) =
and, 0,(¢,h), ¢-(£, h) as

0,(€3,0) = 6,
(KM y — KI) oexp(0,(¢,h) — 1)1—()};_1 opr_1(¢,h) =0.
@r(6,h) = exp (1= 0,(¢,h)) K* o exp (6,(¢,h) = 1) K1y 0 gy 1 (4, )
forr=1,...,R—1. Thus, for any »r =0,..., R — 2 the maximised flow is thus
given by
HE(0) == exp(t = KT o g (L) L€ [B41(61),0,(£,h)].

Notice that, possibly restricting W, such flow is well defined because the number
of switches is finite. Moreover the procedure coincides with the one introduced
in Agrachev et al. (2002) in the case of simple switches.

We now define the decoupling 71 (¢, h) and 72(¢, h) of the double switching
time 79 by

Tl,(fg,O) =70
(Kb, — KB |) oexp(ry(6,h) = VK", 0 pr_1(6,h) =0

and
v Th Th
Ok h) =exp(l — 7, (¢, h)) Kk, oexp(r,(6,h) — 1)Kk _1 0 or—1(¢, h).
Also we define 71 (¢, h), T2(£, h) by

;1(6870) = TO
— e
(Kl@zﬂ - K}%z) oexp(71 (4, h) — 1)K}11%2 °© S"%%(fa h)=0
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and

2 (687 O) =70
_ —

(K — Kfy) oexp(Ta(€,h) = 1)Ky 0 pR(¢,h) = 0.
That is, the index 1 always refers to the switching time of the first component of
the control, which is 71 (¢, h) if 71 (€, h) > 72(¢, h), T1(¢, h) otherwise. The index
2 always refers to the switching time of the second component, which is 72(¢, h)
if 72(¢,h) > 11 (¢, h), T2(¢, h) otherwise.

The decoupled switching times are then defined as

Or(l,h) = max{r (¢, h), 2(¢,h)}

T2(¢, h) if 71(¢,h)

Ort1(4,h) = {3:1([, h) it 7 (¢, h)

REMARK 1 Ort1(€,h) < 0r(€,h). Moreover, 71(€,h) = ma(L, h) if and only if
Or1(L,h) = 0r(¢,h). For a short proof see Poggiolini and Spadini (2009).

The maximised flow is thus given by

exp(t — )E%_, 0 por (4, h) if ¢ € [0 (L, h), 0r_1 (L, h)]
M (0) = if Op (0, h) = 7, (¢, h)

t— 1)KL oh(l,h
xp(t = DK, © k(6 h) and ¢ € [ (4, ), Or (0, ).

Now we repeat the procedure given before for the simple switches for each of
the two possible paths. Define

v TEh TEh v
Pre1(lh) = exp(l=0Or41(l 1) K yy 0 exp(Or41(L h) = 1) Ky 0 9R(€, h).
We can define 6,, r = R+2,..., R+ R’ as follows: first define 6% (¢, h), ¢¥(¢, h)
by

02 (£9,0) = 69
(KM, — K1) oexp(6(6,h) = VK"_ 0@V (6,h) =0

P2 (6, h) = exp(1 — 62(6, )K" 0 exp(67 (£, h) — 1)K, 0 @/, (£, h),

then choose 6,.(¢, h) according to the choice made at the decoupling of the double
switching time 79:

1 : >
0.(0.1) — {Hr(é,h) it 71(0,h) > (0, h

~

02(¢, h) if (¢,h) <7l h).
The maximised flow is thus defined as

le [9r+1 (ﬂv h)7 er(ﬂv h)]

_
M (0) =exp(t = 1)Koy () o R e
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where

v=1 ifeR(f,h)ZTl(f,h),
=2 if HR(f,h)ZTQ(f,h).

By construction, the maximised flow is Lipschitz continuous and piecewise
smooth. Also we point out that ¢ — H?(¢,h) is a bang-bang Pontryagin ex-
tremal of control system (1), hence the vector of switching times (¢, h) is well
defined and has the same length of 3°.

The previous procedure can be summarised in the following Lemma:

LEMMA 6.1 There exists a neighbourhood W of £3 in (R™)* x R™ and ¢ > 0
such that the maximised flow

H": (t,p,q) € 0,1] x W= H}': (p,q) € (R")* x R"

is well defined for any h € (—c,c). Moreover, for any (p,q,h) € W X (—¢,c),
the extremal (z",u") of (Pn) associated to

t— Hi'(p,q)

preserves the structure of (z°,u®), that is: u” is a strict bang-bang control, each
component ul' switches |$9| times and the double switch restriction also holds
true.

REMARK 2 The only difference between the qualitative behaviour of u° and u”
that may occur is that the double switching time ° = 9% = 910%+1 splits in two

different switching times for the components u?' and u} of u”.

6.2. Proof of the stability result
Starting from Lemma 6.1 we consider the map
U = (¢,id): #W x (—¢,¢) = R" x (—¢,¢)
U = (¢,id): (q.h) = (¥(a. h), h) == (7Hg(— Dy 6" (q), ), h).

The first step is to prove that if Clarke’s generalised Jacobian of 1)°: g — (g, 0)
at ¢ = 2°(1) is maximal rank then W is locally Lipschitz one-to—one and this
will yield the existence of one and only one local solution to the shooting system.
Namely we prove the following Lemma:

LEMMA 6.2 If 9,4°(2°(1)) is mazimal rank, then there exist a neighbourhood
V of 2°(1) in R™ and ¢ > 0 such that for any h € (—c,c) the shooting system
(4)—(7) in V admits a unique solution z(h). Moreover the map

he(—cc)—zh)eV

is Lipschitz continuous.



Optimality and stability result 1321

Proof. The map WV is Lipschitz continuous, hence its Lipschitz invertibility can
be proven using Clarke’s Implicit Function Theorem (theorem 7.1.1 in Clarke,
1983). An easy computation shows that if 9,1°(2°(1)) is of maximal rank, then
also (4, ¥(2°(1),0) is of maximal rank.

Possibly restricting ¢ > 0, there exists a neighbourhood Vy of a(0) = 2°(0)
such that the inverse mapping U1 is defined in Vy x (—c,c):

TV x (—¢,¢) = V x (—¢,c).

Since a depends continuously on h, again possibly restricting ¢, we may assume
that (a(h), h) € Vo x (—¢,c).

Thus, the point z(h) defined by (z(h), h) = ¥~1(a(h), h), solves the shooting
system (4)—(7), and the structure of (z°,u°) is preserved by construction.  m
LEMMA 6.3 Under Assumption /J the set 9,4°(2°(1)) is of mazimal rank.

Proof. A complete proof will appear in Poggiolini and Spadini (2009), here we
give the proof only in the study case when no simple switch occurs (so that

= 6Y = 6) is the double switching time and R + R’ + 1 = 3), and the
reference vector field is given by

k9 = kg —2(97 +99) te(0,7,
k9 te[r91].
In this case

<d ?2(687 0)7 ((%7 0)> = <dTl (687 0)7 (6& O)>_

= {d(m1 = 72)(£,0), (6¢,0)) %ﬁ’ [k?(j’ kgg](qu

(d71(£3,0), (6£,0)) = (dm2(£5,0), (6¢,0))+

(P, [k, K9] (g

+ <d(Tl - 7-2)@87 0)7 (6& O)>

and
HO(0) = exp(—T2(0) K9 0 exp(Fa — 71)()(KY — 2G9)o
o exp(ri(0) — K if 71(0) > 7(0),
HO(0) = exp(—71(0) K Y o exp(F1 — 72)(0)(KY — 2GY)o
o exp(r2(0) — K if 73(0) > T1(0).
The differentials at £3 are given by
Dy HY(€8)¢ = De(exp(—m"K ) () { (d 7(0), 50)2 G (¢9)+

+(dry (69), 60)2G9(0) + Dy (exp(r0 — 1)K ) (€9)5¢}
if (dr (€9),80) > (dro(£9), 60),



1322 U. FELGENHAUER, L. POGGIOLINI, G. STEFANI

Dy H(£6)3¢ = Di(exp(~r"K9))(@){ (7 (6), 50)2 G () +
+ (d72(£5), 602G(E) + Delexp(r” — ED) (¢B)o¢}
if (dr2(€0), 66) > (dri(€9), 6¢).
For any dz € R" let 6/ := (— D, 8°(¢0)(dz,-),dz). The differentials at ¢ of ¥°
are thus given by
D, wO(QO)&C
=D, So(q)){2 <d72(€0) o¢)
= Dy So(g0){2(dmi(45), 60)(

S

2(40) + 2(d7i(£3), 6637 (a5) + o}
Y +95)(a0) +2(d(72 — 1) (£5), 06) 35 (q5) + 0}
if (dr (£9),50) > (dra(€0), 50),

=4

and

D, ¢°(g9)dx =
=Dy So(g9){2 <dﬁ(€o) 5¢)
=D, So(q){2(dma(€3), 66)(

=4

?(a0) + 2(dm2(£5), 66) 5 (qp) + o'}
Y +95)(a0) +2(d(T1 — 72) (£5), 06)3" (q5) + 0}
if (dry(£9),56) > (dri(£2), 60).

=4

We have to show that every map in Clarke’s Jacobian of ¥° at ¢f = 2°(1) is
maximal rank, i.e. we must show that for any v € [0, 1] the map y.A; + (1 —7) A2
is invertible. Taking into account that the map D, Sp(g) is an isomorphism,
this is equivalent to proving that the map

By = (Dg So(g0)) ™" (7 AL + (1 — 7)A42)

is an isomorphism for any v € [0, 1]. Since

Bybx = oz + 2y {{dn1((g). 60) (7 + 95)(q0) + (d(72 — 10)(€5), 60)55 (a5
+2(1 =) {{d2(65), 60) (97 + ) (g0) + (d(T1 — 72)(€5), 60)7 (45)

the kernel of B, is a linear sub-space of

V.= span{g{l)(QB))v@g(qg)}'

Also, if V' C kerdr(£3) N kerdr2(£3), then the restriction of B, to V is the
identity map, hence B0z # 0 for any éz € R™\ {0} and for any v € [0, 1].

Let us assume that V ¢ kerdr (£) Nker dm(£3). In Poggiolini and Spadini
(2009) it is shown that both By and By have the same orientation of the identity
mapping, that is: if we choose bases of R", and the matrices By, B; represent
By and By in such bases, then det By det By > 0

If dim V' = 1 then det B, is a linear function of v, thus B, is an isomorphism
for any v € [0,1] and we are done. If dimV = 2, then we distinguish between
two cases:
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A) V Ckerd(r — 72)(£8)
In this case, for any dz € V we have

B,ox = Bodx = B1ox Vv € [0,1].

B) V ¢ kerd(m — m2)(£9)
In this case V Nkerd(r; — 72)(£)) is a one-dimensional linear space. Let
us fix 0y € V Nkerd(r — 72)(£3) and 6z € V Nkerdry (£)) \ ker dra(£5) so
that span{dy,dz} = V.
Denote by B, the matrix associated to B, in the bases {0y,d0z} and
{9%(a0), 93(a5)}- Since

B,dy = 8y + 2 (dr1(£5), 0y) (37 (40) + 95(40)),
Byoz = vyA1dz+ (1 — ) Aodz,

we get
det B, = ydet By + (1 — ) det By.

In Poggiolini and Spadini (2009) the authors prove that the determinants of
both matrixes By and B; have the same sign of the matrix representing the
identity map, thus our claim is proven, both in case A) and in case B). [

REMARK 3 "(q) is the target mapping T defined in (7). Moreover, the ex-
tremal (", u™) preserves the structure of (x°,u%), in the sense of Lemma 6.1:
u™ is a strict bang-bang control, each component uf switches |X9| times and the
double switch restriction also holds true. By construction of the mazximised flow
it is clear that the switching times of u" depend smoothly on the initial point (.
Since £ = (— Dy B"(2(h)), z(h)) is Lipschitz continuous with respect to h, then

also " has the same regularity.

REMARK 4 The statements in Lemmata 6.2, 6.3 strengthen the stability results
from Kim and Maurer (2003) and Felgenhauer (2008b) specifying them on state—
parameter neighbourhoods (i.e. w.r.t. strong topology) for simple as well as for
double switching points. The restriction to an L1 neighbourhood of the reference
control as formerly used in Felgenhauer (2008b) is no longer required.

6.3. Proof of the optimality

Lemmata 6.2 and 6.3 yield that there exists ¢ > 0 such that for any h € 2, such
that |h| < ¢, there is a unique solution z(h) € V of the shooting system (4)—(7).
Therefore, we obtain a Pontryagin extremal given by

t— (" (), 2" () = He(= Dy 8" (2(h)), z(h))

with associated bang-bang control u”. Hence, for sufficiently small h, such
extremal is a regular bang—bang extremal with the strict bang—bang property
and it has at most one double switch.
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Thus, we can define the quadratic forms Q;(h), Q2(h) along the extremal
(uh, :Ch) by means of 7%{}, e %EU, e %%JFR/. It is clear that, possibly restricting
¢, they are coercive by continuity.

Applying the results in Poggiolini and Spadini (2008 and 2009) we have that
(2", uM) is a strong local optimiser of (Pp,).

This completes the proof of the theorem.
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