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NORMALITY AND GAP PHENOMENA IN OPTIMAL
UNBOUNDED CONTROL™

Monica MoTTal*, FRANCO RAMPAZZO! AND RICHARD VINTER?

Abstract. Optimal unbounded control problems with affine control dependence may fail to have
minimizers in the class of absolutely continuous state trajectories. For this reason, extended impulsive
versions — which cannot be of measure-theoretic type — have been investigated, in which the domain
is enlarged to include discontinuous state trajectories of bounded variation, and for which existence of
minimizers is guaranteed. It is of interest to know whether the passage from the original optimal control
problem to its extension introduces an infimum gap. This paper provides sufficient conditions for the
absence of an infimum gap based on normality of extremals. In certain cases, the normality conditions
reduce to simple verifiable criteria, which improve on earlier, directly-derived sufficient conditions for
no infimum gap.
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1. INTRODUCTION

It is well known in Optimization Theory that the infimum cost is ‘stable’ under structural changes, if the
optimization problem considered is normal, i.e. Lagrange multiplier rules are valid in a form that requires the
cost multiplier to differ from zero (see, e.g., [6, 16]). Likewise in Optimal Control Theory, it has been shown
that, under normality-type hypotheses, the infimum cost will not decrease when we enlarge the class of state
trajectories to include relaxed state trajectories, i.e. trajectories whose derivatives lie in the convexified velocity
set, a procedure that can be interpreted as a (infinite-dimensional) structural change to the domain of the
optimal control problem under consideration. When there is no such decrease, we say ‘there is no infimum gap’
(see [26, 27, 34, 35]). We remark that no infimum gap can occur when the right endpoint of state trajectories
is free, in consequence of the Relaxation Theorem which tells us that the set of state trajectories is ‘C°-dense’
in the set of relaxed state trajectories. But infimum gaps may arise when the right endpoint is constrained.

Similar considerations come into play in connection with the following class of optimal control problems, in
which the original dynamics are unbounded and the customary coercivity hypotheses, which have the effect of
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excluding optimal trajectories that are discontinuous, are no longer invoked.

Minimize h(ty,x(t1), ta, x(t2),v(t2))
over t1, ta € R, ty < ty, (z,v,u) € WH([t1, t2]; R™ x R x R™) satisfying

L) = fea) + Zgj La) W) aeteln

(P) do du Y
a() dt()’ a.e.te[t1,t2]
du

dt()eC a.e. te[tl,tQ}
v(t1) =0, w(ty) <K, (ti,z(t1) t2,z(t2)) €T,

where K > 0 is a fixed constant (possibly equal to +00), C C R™ is a closed convex cone, and the end-point
constraint 7 C R x R™ x R x R™ is a closed subset. Notice that for every ¢ € [t1, t2], v(¢) is nothing but the total
variation of w on [t1,t]. In particular, the choice K = 400 means that there are no constraints on the total

du
variation of the controls u. Since the derivatives T here playing the role of controls — are not L*> uniformly

bounded, in general, due to a lack of coerciveness, minima do not exist in the set of W! trajectories, even if
one assumes the control cone C to be convex. So, in general, minimizing sequences of trajectories do not even
converge to a continuous path. This is why we call these problems impulsive. We remark that the occurrence
of impulses (i.e. discontinuities of (z,u,v)(+)) is not ruled out by the weak coerciveness assumption K < +oc.
However, through a time-reparameterization ¢ = ¢(s) based on the total variation map v(-) one can reformulate
problem (P) as the following equivalent space-time minimum control problem, having the same form but with
bounded control derivatives.

Minimize £ (y°(0),(0),4°(S), y(S), v(S))
over S >0, (°,y,v,¢% @) € WH([0,S];R x R x R x R x R™) satisfying

0 0
%(3) - dd%(s) a.e. s € [0,5]7
eyl L) = 1) +Zga )y )ddij( ) e scl05], (1-2)
dv de
E(8) = ds( s)| ae. s€ [0,5],
<d(;i’ if)(s) €C ae s€(0,9],

where
C:={(w’w) eRy xC: v’ + |w| =1}

and go | = [t1,t2] is a surjective, non-decreasing, parameterization of [t1,t3]. The controls (¢, ) verify

’ s)’ =1 a.e., so they are 1-Lipschitz continuous. The embedding of the problem (1.1) into the
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standard control problem (1.2) is obtained by setting

s(t) = /tt (1+

where ¢ = t(s) denotes the inverse function of s. To further elucidate the relation between the two problems,
we observe that, for a given control function u, the preceding change of independent variable, expressible in

fli;(t)’)dt7 replaces the differential equation for z in (1.1) by the differential

du
E(T)

) dr (%, ) = (id,u) ot (y°,y) := (id,x) ot, (1.3)

infinitesimal form as ds = (1 +

equation for y(s) := z(t(s))

dy, . dae dt, 1 n y
&(3) T &(3) = f(t(s),z(t(s))) m + ;ga (t(s),z(t(s)) —F——— -

0

We see that, according to the embedding, (dg’; , %) and u have the identifications

dg” L d?

de® | (s) = _Hr )
1+ [du(y(s)) ds

ds L [ges]

We point out that by allowing the time-maps ¢ to be constant on non-degenerate intervals', we arrive at
parameterized limits of trajectory graphs — here called extended sense trajectories — which are not graphs
of trajectories of the original problem. For a selective bibliography on this subject, we refer the reader to
[3, 4, 7, 14, 15, 18, 20-25, 29, 30, 33, 36], and to the references therein. In particular, the state trajectories y
may happen to be non-constant on s-subintervals where the real time t = y° is constant. On the other hand, it
is known that s — (¢, ¢)(s) coincides with the reparameterization s — (id, u)(t(s)) of the graph t — (id,u)(t)
0
of some strict sense (i.e. absolutely continuous) control v if and only if di > 0 almost everywhere.

ds
Since the set of embedded strict sense trajectories? is C%-dense in the set of extended sense trajectories, it is

natural to address the infimum gap issue, as has previously been done in the context of relaxation for optimal
control problems [26, 27, 34, 35]. That is, one can question whether the infimum value of the functional among
the strict-sense trajectories happens to be greater than the corresponding infimum among the extended-sense
trajectories. Such infimum gaps may actually occur, as shown by simple examples. In the present paper we aim
to explore the connection between ‘normality’ of a minimizer of problem (P,) and the occurrence of an infimum
gap. In this case, normality means that if (pg,p, 7, ) is an arbitrary set of ‘multipliers’ (the adjoint component
paths and cost multiplier) appearing in the Maximum Principle,® then A > 0. Omitting some details concerning
the precise hypotheses we impose on the data, our main result (see Thm. 4.2) may be summarized as follows:

Theorem 1.1. Consider the optimal control problem (1.1) and its extended sense formulation (1.2). Assume
that some minimizer for (P.) is a normal extremal. Then there is no infimum gap.

As we shall see, this relation is proved by means of a topological argument concerning the properties of so-
called isolated extended sense feasible trajectories (see Thm. 4.4). We point out that our normality hypotheses
are of more theoretical than practical interest. Indeed to check them requires knowledge of all sets of Lagrange
multipliers (po,p, 7, A) in the Maximum Principle, associated with some minimizer. Yet, this drawback may be

LA distributional, or measure-theoretical, approach is out of question here, in view of the fact that the vector fields g; are allowed
to be non-commutative, see [7, 19].

2Namely, the extended sense trajectories associated to graph reparameterizations of strict-sense controls.

3The adjoint component py corresponds to the time variable y°, while m corresponds to the variable ‘total variation’, v (see
below).
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overcome in certain situations in which verifiable condition on the data can be identified, guaranteeing that
every set of multipliers is normal. Such considerations are the motivation for the last part of the paper (see
Sect. 5), where several sufficient conditions for normality are provided in terms of quite reasonable assumptions
on the end-point constraints and the vector fields f, g1,..., gm.

A ‘no gap condition’ is clearly desirable, in particular when numerical schemes are employed to solve specific
problems. We point out that consideration of impulsive systems is crucial in many applications (see, e.g. [5, 12,
17]). Instances in mechanics are situations where some state parameters (ug, ..., u,,) are regarded as controls
[9-11]. The fact that the derivatives of these controls appear linearly in the dynamical equations (rather than
quadratically) is an intrinsic, metric property of the foliation u = ¢, ¢ € R™, when the space of states is endowed
with the kinetic energy metric. Examples where this property is verified include a swing where the length of the
swing is regarded as the control input, and a multiple pendulum where the control inputs are identified with
the mutual angles between adjacent single pendulums (see e.g. [8, 31]).

The paper is organized as follows: in Section 2 we describe how the original problem is embedded in the
extended problem; Section 3 concerns a Maximum Principle for the extended problem, which, compared with
the standard version, includes an improved non-triviality condition. In Section 4 we prove that an isolated
extended-sense extremal cannot be normal and, as a corollary, we deduce the main result. In Section 5 we identify
some classes of problems where normality — hence the non occurrence of gap-phenomena — can be established a
priori, without any knowledge of the multipliers associated with the given extended-sense minimizer, as earlier
anticipated. Finally, in Section 6, we present some instructive examples — including one where normality is
shown to be not necessary to rule out gap phenomena.

Preliminaries and notation. In an Euclidean space of dimension N, the norm |z| of a vector z is defined as

N 1/2
|| := (Z(SE"V) ;

i=1

and the closed unit ball {z | |z| < 1} is denoted by By. The surface of the unit ball {z | |x| = 1} is written 0By .
Ry := [0,+00). dp(z) denotes the Euclidean distance of the point x € RY to the given closed set D. Given
a,b € R, we write a V b := max {a, b}.

Some standard constructs from nonsmooth analysis are employed in this paper. Background material may
be found in a number of texts, examples of which include [13, 28, 32].

Definition 1.2. Take a closed set D C R¥ and a point # € D. The limiting normal cone Np(Z) of D at 7 is
defined to be

Np(Z) = {p | 3 AME, p; — p s.t. limsup W < 0 for each i},
D T —T;
T—T;

. . D _. . . . . _ .
in which x; — Z is notation conveying the information ‘z; — z’ and ‘x; € D for all ¢’.

Definition 1.3. Take a lower semicontinuous function f : R¥ — R and a point Z € R*. The limiting
subdifferential of f at T is

of(z) = {§ |3¢ — € and 2; — T s.t. limsup G (@—m) = flo) + fli)

T—T; |$ - xz‘

< 0 for each 2}

We take note, for future use, of the following facts about the limiting subgradient of the distance function
dp from an arbitrary closed set D (see, e.g., [32], Sect. 4.8):
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(i) if z ¢ D and € € dp(Z) then [¢| = 1;
(ii) ddp(z) = Np(z) N By whenever z € D.

2. THE OPTIMAL CONTROL PROBLEM AND ITS IMPULSIVE EXTENSION

2.1. The optimal control problem

Fix K € (0,+00], a closed, convex cone C C R™ and a closed set T C R x R” x R x R™, and consider the
optimal control problem (P) formulated in the Introduction. We shall invoke the following hypothesis

(H1): (i) the vector fields f : R x R® - R", g; : Rx R® - R", j =1,...,m, are of class C'! and for some constant
A > 0, verify

x- f(t,r) < Al + |x]?) for every z € R™,
z-g;(t,z) < A(l+ |z]?), for every z € R" and j = 1,...,m;

(ii) the function h: R x R x R x R® x R — R is of class C! and for every (t1,1,t2,22), the map v
h(t1, z1,ta, x2,v) is monotone non-decreasing.

dz d
Remark 2.1. By means of the addition of the trivial equations d—j(t) = d—z(t), where 7 = (z"*1, ... ant™),
we can allow h, f, g;, 7 =1,...,m to depend on u as well as on (¢, ).

Definition 2.2 (Strict sense processes). Let t1,t5 € R verify t; < to. We call a function u € Whi([t1, t2]; R™)

d%:(t) € C ae. in [t1,t2]. A strict sense process is a five-tuple (t1,t2,z,v,u),

t1 < tg, in which u is a strict sense control on [t1, %] and (z,v) is a Wh1([t1, t2]; R™ x R) function satisfying

a strict sense control on [ty, o] if

L) = f(t.2(1) +;gj<t,x<t>>iif<t> ac.t € [tn,to] -
%(f) = flﬂ;(t)‘ a.e. t € [tl,tg].

If (t1,t2,7,v,u) is a strict sense process, the four-tuple (¢1,ts,z,v) € R? x Whi([t;, t2]; R™ x R) is called the
(strict sense) trajectory corresponding to (t1,ts,x,v,u). If a strict sense process (t1,ta,x,v,u) also satisfies
v(t1) =0, v(ts) < K and (t1,2(t1),t2, 2(t2)) € T, we say it is feasible.

Let us observe that there is a trivial one to one correspondence between trajectories (t1,t2,x,v) and the four-
tuple one obtains by extending continuously (z,v) to R in such a way that both of them are constant outside
the original domain [t1, t3]. In order to define a metric on strict sense trajectories we shall always consider their
extension to R. Let us define the distance

do ((fl,tz,x,ﬂ)y (51752,537’5)) = |ty — G| + [t2 — o] + [[(2,v) = (Z,0)|| Lo (r)- (2.2)

Definition 2.3 (Local and global strict sense minimizers). We say a feasible strict sense process (¢, s, Z, 7, @)
is a strict sense L™ local minimizer if there exists § > 0 such that

h(tlaf(tl)vt%j(t?)vﬁ(tQ)) < h(tlax(t1)7t27x(t2)7v(t2)) (23)

for all feasible strict sense processes (t1,te,x, v, u) verifying

doo(<tlat27xa v)7 (Ela&?jv@)) < 57
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If relation (2.3) is satisfied for all strict sense feasible processes (t1,t2,x,v,u), we say that ({1,t2,7,0,4) is a
strict sense L™ (global) minimizer.

2.2. The extended system

Let (t1,t2,x,v,u) be a strict sense process. If we reparameterize time in the graph-equation

dz?
Q)

— (1) = f2%(t), (1)) +Zgj(1’°(t)7fv(t))

du?

g(t) a.e. t € [tl,tQ],

(2.4)

(t)‘ a.e. t € [ty,ta],

through a bi-Lipschitz increasing, surjective map ¢° : [0,S] — [t1,2], we obtain the equivalent differential
system on [0, S]

%f(s) - %(s) a.e. s €10,5],
0 m J
s) = £ 906D T+ Ly (5). () G (9) e s € [0.5),
2 (2.5)
dv de
E(S) = E(3) a.e. s €0,9],
<ﬁ7x> (s) € C ae. s€[0,5],

where
C:={(ww)eRy xC: v’ + |w|=1}.

If, however, we allow the map ¢° merely to be non-decreasing, we arrive at a new, impulsive, system, in which
the s-intervals where ¢ is constant represent the arcs of (nonlinear) instantaneous evolution of both the control
and the state:

Definition 2.4 (Extended sense processes). An extended sense process (S,4°,y,v, 9", ¢) comprises S > 0 and
Lipschitz continuous functions (y°,y,v,¢% ¢) : [0,5] = R x R" x R x R x R™ satisfying (2.5).

Remark 2.5. We observe that system (2.5) is rate independent. Indeed, if one considers a bi-Lipschitz increasing
map o : [0, 5] = [0, 5], then (3°,y,v) 0o~ is a solution of (2.5) on [0, 5] corresponding to the control (¢°, ) o
o=l if and only if (y°,y,v) is a solution of (2.5) on [0, S] corresponding to the control (¢, ¢). Thus, imposing
the condition on controls

de? de
L)+ 520s)

1 =1 ae s€][0,5] (2.6)
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is a convenient, but arbitrary, choice.*

There is a natural embedding Z of the family of strict sense processes into the family of extended sense
processes, which is expressed by

I(ty, to, z,v,u) == (S,9°,y,v,¢°, ),
where

du
E(T)

o(t) = /tt (1+

W, y, v, 0%, 0)(s) :i= (id, z,v, id, u)(a_l(s)) Vs € [0, S].

>d7, S = o(ts),

Notice, in particular, that

v(S) = v(ts). (2.7)

Observe also that the map ¢°(= o~ 1) : [0, 5] — [t1, t2] is increasing and 1-Lipschitz continuous. Furthermore it
0
verifies dd%(s) > 0 for almost every s € [0, 5]. Actually, such mappings provide a characterization of extended

sense controls (¢, ) that are graphs of absolutely continuous, strict sense controls u:

Lemma 2.6. The embedding I is injective.® Moreover, the image space of the embedding I comprises the

subclass of extended sense processes (S,y°,y,v, ¢, ) that satisfy d(fgo (s) > 0 almost everywhere. In fact, for
every extended sense process in this sublass the map ¢° is invertible with inverse (¢°)~! absolutely continuous.
The map T~ is defined (on the image of ) by

7S, 9%y v, 00, 0) = (tr, ta, w0, u) == (9°(0),0°(S), y o (%)L vo (90 wo (¢*)7H).

See e.g. [1] for a proof of this standard result.

de? d
4For instance, one could have used also controls verifying (di, i) (s) € C with
s

ds
C:= {(wo,w)GRJrXC: |(w0,w)\=1} or C:= {(wo,w)€R+ xC: |w0\+\w1|+...+|wm|:1}

or even C := {(wo,w) ERL xC: a<w’+|w| < ﬁ}, with any «, 8 such that 0 < a < B (with the latter choice, different pairs
may well represent the same control u).

0 0
5Notice that the injectivity is a consequence of the fact that we require (9, ¢) to verify dd%(s) + ‘dd%(s)‘ =1a.e. in [0,5].
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2.3. The extended optimal control problem

Consider the extended optimal control problem

Minimize h(y%(0),4(0),4°(S), y(S), v(S))
over S >0, (v°,y,v, 0", ) € WHL([0,S];R x R™ x R x R x R™) satisfying
dy?® B dcpo
E(5) = K(s) a.e. s € (0,5],
0 m J
(P %(8) - f(y0(8)7y(8))ddi (s) +Zgj(y°(8)7y(8))%(8) a.e. s € [0,5],
Lis) = [S0s)| e seo.s),
0
(iﬁ, if) (s) e C ae. s€]0,5],
v(0) =0, uS)<K, (4°00),5(0),4°(S),u(8)) €T

Definition 2.7. We say that an extended sense process (S, 9", y,v, ¢, ¢) is feasible for (P,) if
v(0) =0, v(S) <K, (5°00),5(0),5°(S).y(S)) € T.

Definition 2.8. A feasible extended sense process (5,7, 7,7, ¢", ¢) is said to be an extended sense L™ local
minimizer for (P.) if there exists § > 0 such that:

h(g"(0),5(0),5°(8),5(S), #(5)) < h(y°(0),5(0),5°(S), y(S), v(S)) (2.8)

for all extended sense feasible processes (S,4°,y, v, ¢°, @) satisfying

dee ((5°(0),°(8),9:0). (1°(0),5°(), 3. 9)) < 6 (2:9)

If (2.8) is satisfied for all extended sense feasible processes (S,y°, y, v, ©°, ), we say that (S,7°, 7,7, 7", @)
is an extended sense L™ (global) minimizer.

Let us remark that the notion of extended sense L local minimizer for (P,) is consistent with the definition
of L local minimizer for problem (P). To be precise, it is not difficult to prove the following result.

Lemma 2.9. A process (t1,12,%,0,4) is a L™ local minimizer for problem (P) if and only if

(5'72?07@7177@07@) = I(E],EQ,.%’,U,@)

is an extended sense L™ local minimizer for problem (P,) among embedded strict sense feasible processes.
Moreover, these equivalent properties imply

h(gjO(O),y(O),go(S),g(S), ﬂ(S)) = h(fla j(t_l)a{%j({Q)?’D({Z))'

6 As in the strict sense case, we mean that (7, 7) and (y,v) are continuously extended to R so that they are constant outside the
original domains [0, S] and [0, S|, respectively. Let us observe, incidentally, that

5 =%(8) = ¢°(0) +v(5) = 4°(5) = 4°(0) + v(9).
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Remark 2.10. Although the question of existence is not addressed in this paper, we point out that the existence

of an optimal extended sense feasible process has been established in several cases. For instance, when either

K < 400 or h(ty, z1,t2, 2,v) > 9(v) with lir+n ¥(v) = 400 and the target is of the form 7 = {(¢1,Z1,%2)} x T
v—>+00

for a given closed set T C R™, one can establish existence by compactness and the continuity — in suitable
topologies — of the input—output map” (see, e.g., [7, 18, 21, 22]). These include so-called weakly coercive problems,

namely those problems where the cost has the form J(t1,t, z,v,u) = fttf [Co(t,z(t)) + L1 (t, x(t))|0(t)|] dt, with
l1(t,x) > C for some constant C' > 0.

3. NECESSARY CONDITIONS FOR THE EXTENDED OPTIMAL
CONTROL PROBLEM

This section provides necessary conditions, in the form of a Pontryagin Maximum Principle (PMP), for
extended sense L°° local minimizers.

Theorem 3.1. Take an extended sense L™ local minimizer for (P.), (S,9°,y,v @ gb) Assume hypothesis
(H1) s satisfied. Then the following conditions are verified: there exist (po,p) € Wb (0 S; RH”) and real
numbers w, X\, with m <0 and A > 0, such that

(pOap7 A) 7é (07070)a (31)
Do) = -plo) (G (). +Z W6 06D (9) aes € 0.8]
; (32)
L) = -t (e >,g(s>>d§; (s >+F ff;( () y(s))cg*f;(s)) wese(0.9],
J 50 5
plo) - (£ 906 o) + Zgj VB (9)) () o 0) + 7 || o) =
m (3.3)
e Lot <f(§°(8),ﬂ(8))w° +;gj<y°<s>,y<s>>wj) Fa(s)u 4 alul f =0
a.e. s €0,5] and
(P0(0),p(0), —po(S), —p(S), —7) € (3.4)
AVA(5°(0),5(0), 5°(S), 5(S), 7(S)) + N7x0,x1(5°(0), 9(0), 5°(5), 5(S), #(S)) - '
Moreover, additional ‘multiplier’ information is available in the following special cases:
(i) if A2E(5°(0),5(0),5°(S),9(S),7(5)) =0 and (S) < K then
= 0;
(ii) if 3°(0) < y°(S), inequality (3.1) can be strengthened to
(p,A) # (0,0). (3-5)

7Of course one has to assume that the set of feasible extended sense trajectories is non-empty.
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Definition 3.2  (Normal and abnormal extremals). A feasible extended sense process
(S,9°,9,7,8°, @), is said to be an extended sense extremal if there exists a set of multipliers (pg, p, T, \) such
that (po,p, 7, A) and (S,9°, 7, 7, ¢°, p) satisfy the conditions listed in Theorem 3.1. An extended sense extremal
(S,9°,9,7,¢°, @) is said to be normal if the only possible choices of multiplier sets (po,p, 7, A) associated with
it are such that A > 0. If there exists at least one set of multipliers such that A = 0, we say that the extended
sense extremal is abnormal.

Remark 3.3. The standard PMP applied to the extended problem tells us that there exists a non-trivial
multiplier set (pg, p, 7, A) satisfying conditions (3.2)—(3.4). The novelty of Theorem 3.1 consists in the stronger
non-triviality condition (3.1) and the additional information concerning the multipliers non-triviality in some
cases of interest.

Proof of Theorem 3.1. (P.) is a standard optimal control problem, to which the ‘free end-time’ PMP is appli-
cable (see, e.g., [32], Thm. 8.7.1), with reference to the L°° local extended sense minimizer (S,%°, 7, °, %). This
yields the existence of (po,p) € W ([0,5];R*") and 7 € R, A > 0 satisfying (3.2)-(3.3), the transversality
conditions (3.4) and the non-triviality condition

(po,p,m,A) #0. (3.6)

Since  22(5°(0), 7(0),5°(S5), 5(S), 7(S)) > 0 and Njg r(v) = {0} for v < K, Njg g1(K) = [0,+00), it follows
from (3.4) that 7 = 0 as soon as A2 (5°(0),5(0), 5°(S), 5(S), 7(S)) = 0 and (S) < K, while 7 < 0 in the other
cases. So the proof concerning the sign of 7, and also relation (i), is complete.

Next, we show that (po,p, A) # (0,0,0). Indeed, if this were not true, it would follow from (3.6) that 7 # 0.
But then D(S) = K. Integrating the first equation in (3.3), one obtains 7K = 0. This is not possible, since
K > 0.

Finally, we consider relation (ii). Suppose then that 7°(0) < °(S). We must show that (p, \) # (0,0). If this
were not true, we would be able to deduce from (3.2) and (3.3) that po(-) is a constant function and

dg? dg
S ORR A0

Po(s) T ds

0 _
= + =0 a.e. s€]0,5].
(wglg)).(ec{po(s)w 7r|w|} a.e. s € [0, 5]

If 7 < 0, it would follow from this relation that py(s) = 0 for all s € [0,S]. This cannot be true since, as we
have shown, (pg,p, A) # (0,0,0). If, on the other hand, = = 0, it would follow from the preceding relation that

po(s) <0 a.e. s € [0,5]. But then we would have dd—“f(s) = 0 a.e., which would imply

) o [%dg° B
yO(S)—yO(O)—/0 < (s)ds =0.

This is not possible since, as we have assumed, 3°(0) < §°(S). From this contradiction we deduce relation
(if). O

4. ‘NO INFIMUM GAP’ AND NORMALITY
Write J(t1,t2, z,v,u) for the cost of a strict sense process (t1, t2, 2, v, u) in problem (P), namely,
J(tl, tg, ZT,v, u) = h(tl, .’E(tl), t2, .%‘(tg), ’U(tz)),

and J.(S, 9%, y,v, ©°, ) for the cost of an extended sense process (S, 4", y,v, ¢, ) in problem (P.):

Te(8,°, y,v, 0", @) = h(y°(0),5(0),5°(S), y(S), v(S)).
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Let us also write A and A, for the class of feasible strict sense processes (in problem (P)) and for the class of
feasible extended sense processes (in problem (P,)), respectively.

Definition 4.1. We shall say that

(i) there is no infimum gap if

inf {Je(sa y07 Yy, v, LPO’ <P> | (Sv y07 Yy, v, <PO, 50) € Ae} (4 1)
= inf{J(t1,t2,z,v,u) | (t1, 2, x,v,u) € A}.
Furthermore, if (S, 7°, 7, 7, @°, ¢) is an extended sense L> local minimizer, we shall say that

(ii) there is no local infimum gap at (S,7°,9,7, 3%, p) if, for some § > 0,
Je(‘gvyovgvﬂa@oa@) = inf {J(tl,tg,x,v,u) | (t17t27$7vvu) S B5 (Svgoagvﬂa 9507@)] }

where we have set

B |:(5' —0 -~ - =0 7)] (tl,tQ,.’E,'U,’U,) €A | (Sv yovyvyv QOOaSD) :I(t17t2,1’,v7u)
) ) 7”7 ) = - — ad —_ - .
IR S and doo ((3°(0), 5°(9), 5. 9), (4°(0), 3°(S),3,v)) < &

To prove Theorem 4.2, it will be convenient to introduce the subset AF C A, defined by
Al = {(5'7 vy, 0% 0) | (S, 40y, v, 00, @) = Z(ty, ta, x,v,u) and (t1,ts, z,v,u) € A}.
Using the same notation of Definition 4.1, by Lemma 2.6 we have:
inf{J(t1,to, z,v,u) | (t1,t2, ,v,u) € A} = inf{J.(S, 4", v, v, %, ©) | (S,4°,y,v, 0%, ) € AT}
and
inf {J(tl,tg,x,v,u) | (t1,t2,2,v,u) € Bg[(g,go,gj,ﬂ,(ﬁo,@)]}

= inf{J.(S, 4% v, v, €% ©) [ (S,3°, y, v, %, ¢) € AF and

oo ((3°(0).5°(5).5.7), (5°(0),5°(S).9,v) ) < o}

Theorem 4.2. Assume Hypothesis (H1) is satisfied.

(i) Suppose that there exists an extended sense L™ minimizer for (P.) which is a normal extremal. Then
there is mo infimum gap. - ~
(ii) Take an extended sense L°° local minimizer (S,4°, 4, v, @Y, @) for (Pe). Suppose that (S, 7,9, 0,0, @) is
a normal extremal. Then there is no local infimum gap at (S,4°, 9,7, 7", @).
Theorem 4.2 will be proved in Section 4.2 as a consequence of Theorem 4.4, which relates ‘isolated processes’

and normality.
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4.1. Isolated extended sense feasible processes

Notice that, on the one hand, the trajectory of any extended sense process (S,7°, 7,7, 2°, ) can be approx-
imated by the trajectory of an embedded strict sense process, that is, for any § > 0 we can find an embedded
strict sense process (5,9, y, v, ¢, ) such that

aeo ((5°(0),5°(3), 5,9), (5°(0), 8°(5), ) < &, (42)

where dy is the metric defined in (2.2). On the other hand, the presence of endpoint constraints could make
such an approximation unachievable, if we keep the requirement that approximating embedded strict sense
processes have to be feasible as well.® This is because the perturbation that changes (S,%°,9, 7, @°, ®) into a
close embedded strict sense process might violate either the end-point constraints or the total variation bound.
The phenomenon is captured in the following definition (of topological nature):

Definition 4.3. [Isolated feasible extended sense processes|] We say that a feasible extended sense process
(S,9°,9,7,¢°, @) is isolated if, for some § > 0, there does not exist a feasible embedded strict sense process
(S, 9%, y,v, ¢, ) such that (4.2) is satisfied.

A feasible extended sense process having the properties described in this definition is called ‘isolated’ because
the state trajectory component (7°,%,7) : [0, 5] — R x R™ x R is not in the closure (w.r.t. the metric defined
by the left side of (4.2)) of the set of state trajectories arising from embedded strict sense processes, whose
endpoints lie in the target set and satisfy the total variation constraint.

In this section we give a necessary condition for a feasible extended sense process to be isolated. The relevance
of this condition, which will be explored in subsequent sections, is the insights that it will provide into possible
differences between the infimum cost of the optimal control problem (P) and its extension (FP,).

The following result relates isolated extended sense processes and abnormality, from which the main result
(Thm. 4.2) will follow.

Theorem 4.4. If a feasible extended sense process (S,3°, 7, v, @°, p) is isolated, then it is an abnormal extremal
for (P.).

Proof. We may assume, without loss of generality, that (H1) (i) is replaced by the stronger hypothesis:

(H1)*: (i) the vector fields f: R x R®" = R", g; : Rx R" = R", j = 1,...,m are of class C?, Lipschitz
continuous and bounded.

(If only (H1) (i) is satisfied, we consider an optimal control problem related to (P), in which f and the g,’s are
modified outside a ball in R x R" containing Graph{(¢°, %)} in its interior, by truncation and mollification. Since
the analysis involves consideration of extended sense trajectories with graphs arbitrarily close to Graph{(7°, %)}
in the Hausdorff sense and the relations appearing in the statement of the theorem concern properties of the
data ‘near’ Graph{(7", %)}, it suffices to prove the assertions for only the modified problem.)

Let (S,9°,9,7,2°, @) be an arbitrary isolated extended sense feasible process. Define the map ¢ : R x R" x
R x R™ x R — R, given by

(Y9, Y0, Y, y1,v) := max {d7(yJ, yo, 7, 1), (v — K) V0} (4.3)

8 Actually, such a requirement seems minimal if one wishes feasible extended processes to retain the physical meaning of limits
of actual — i.e. strict sense feasible — processes.
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(see the notational conventions in Sect. ). Take a sequence ¢; N\, 0. For each i € IN, let us consider the free
end-point optimal control problem

Nz 6((47(0),5(0).1°(5).4(S), (5)
over (y°,y,v) € WH([0,S];R x R™ x R) and measurable functions d , w satisfying

dd%(s) = (14d(s))(1 — |w(s)|) a.e. s €[0,5],
] 26 = WA (£ - o) +Zgg )y (5)) ae. s 0,51,
dl/

s) = (L+d(s)|w(s)], ae s€[0,5],
w(s) € (1—¢€)(CNB,,), ae. s€[0,9],
d(s) € [-0.5,4+0.5], a.e. s € [0,5],
k(0)=0

We call a collection of functions (y°,y,v,d, w) satisfying the constraints in this problem a feasible process for
problem (]57) (Notice that, to simplify the notation, we use here w for the s-derivative of ¢, and express the
variable (w®, w) satisfying the constraint (w®,w) € C, as (1 — |w/|,|w|) where w € (1 —¢)(C N B,,)).

The idea behind the subsequent analysis is to show that a minimizer, which is ‘near’ the given isolated
point (S,7°, 9,7, 3%, p), can be found for a perturbation of problem (ﬁl), that depends on the parameter ¢;;
furthermore, applying the PMP to (131) (with reference to this minimizer), we obtain, in the limit as ¢ — oo, an
extremal for the extended problem (P.) with cost multiplier A = 0. The assumption that (S,3°,7, 7, @°, ) is
isolated is crucial because it permits us to show that the extremal satisfies the non-triviality condition (3.1).

The reason for including the control like variable d(-) in (P;) is to generate variations, with the help of which
we can derive one of the extremality conditions, namely that the maximized Hamiltonian vanishes along the
extended sense process (S, 7%, 7,7, #°, @). (See condition (3.3).)

For every i € IN, let (S,9?, 9, 74, #7, ¢i) be the extended sense process in which

and, for a.e. s € [0, 9],

(e (1 =€) )/ |52(9)]) i 4(s) <

dgf dp; (5) =
ds " ds )\ T

de; = 0 o~ -
Notice that for each i € IN, on the one hand, di(s) € (1—€)(CNB,,) a.e. s € [0,5], so that (42, s, 74,0, &
s

4

dpd _ _
i (s) > € > 0ae. s €0,5],so that (S,9?, 9, s, 3%, ¢i)

is an embedded strict sense process for problem (P,). Moreover,

d@o d(pz B dgoo de
ds 7 ds

a feasible process for problem (R)7 on the other hand,

—0asi— o0, (4.4)
L>=(0,5)
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which implies that the (¢?,¢;) converge uniformly to (#°,¢). Noting Hypothesis (H1)* (i) and also the
continuity properties of the input—output map, proved e.g. in [22], we obtain:

||(g?7gla 191) - (gO’ Y, D)”L‘X’(O,g) — 0, as ¢ — oo. (45)

Since ¢ is non-negative valued and vanishes at (°(0),7(0), 7°(S), %(S), #(S)), and in view of (4.5), there exists
a sequence p; \, 0 such that, for each i, (92,9, 7,0, %) is a pZ-minimizer for (I:’l), i.e. is a process whose cost
exceeds the infimum cost for (P;) by an amount not greater that p2.

Problem (I:’l) can be regarded as an optimization problem with continuous cost over elements
(d,w,y°(0),4(0)) in a closed subset of L([0,S];R) x L'([0,S];R™) x R x R". In consequence of Ekeland’s
Principle ([32], Thm. 3.3.1), there exists, for each i, a feasible process for (]52),

(v9, yi, vi, di, w;), such that

[(37,9:)(0) = (47, 9:) (0)] = 0, [[t; — will 11,5y — 0 and [|ds| 1 (0,5) — 0 as i — o0, (4.6)

and (y9,yi, Vi, d;, w;) is a minimizer for

S
pi- (160900 = GO+ [ Tute) = 9]+ 1aG6) = di)fas)
over (y°,y,v) € WH([0, S];R x R™ x R) and measurable functions
d:[0,5] =R, w:[0,5] - R™ satisfying

dy© -
g(s) = (1+d(s)(1 —|w(s)|) a.e. s €]0,5],
(Pi) d m
) = (@A) (6P~ [09) + D69 06D (9) ) aer s € 0,51,
j=1
Ls) = -+ () fus)]

w(s) € (1—¢€)(CNB,,), ae. s€0,5],
d(s) € [-0.5,40.5] a.e. s € [0, 9],
v(0) = 0.

It follows from (4.4) and (4.6) that

By extracting subsequences, we can arrange that

dg

- ds — 0 and H(ygvyivl/i)_(govgvlj)”Li’C(OS) —0, as 1 — 0. (47)

Wy

L1(0,5)

w;(s) = @(s) and d;(s) - 0 ae.s€]0,9], asi — 0. (4.8)
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Now, apply the PMP to (P;) with reference to the minimizer (v, yi, vi, di,w;). This yields (po;,p:) €
Whi([0,S];R") and 7; € R such that the adjoint equations

Ms

o) = o) (G0 N~ o))+ 0 GO )9 (14 ), (1.9)

%iwz()yl( Dud(s) ) (1 + (o)

?MSW

Pis) = —pils) - (gf;(yx oy = fui(s)]) +

are verified (on [0, S]), inequality

S 0
/0{[xs)'(f(yi(s),yz-(s))1—|w +Zgj (42(5). () <>)
pos()(1 — w(s)]) + m—|w<s>@ (14 d(s)) + pi (o) — wils)] + Jd(s) — di(s)) }ds
S m
</ { [ (s) (f@?(s),yi(s))(l 9+ D080 e <s>>
pos()(1 — () + m-|wz-<s>] 1+ di<s>>}ds (4.10)

holds true for all measurable selectors w and d of (1 —¢;)(C NB,,) and [—0.5, 0.5] respectively, and, furthermore,
one has the transversality relation

(Po;(0),2i(0), —po;(S), —pi(S), =)
€ 9(0(2(0),3:(0), 7 (),3:(9),14(9)) + pil (1, )(0) = (4, ) (0)])
C 99 (y7(0),5:(0),57(5),5i (), v5(S)) + piBran x {0145} x {0} (4.11)
Notice that we have set the cost multiplier equal to 1, as is permitted, since (P;) has free right endpoint. It
can be deduced from (4.9) and (4.11) that {(po;,p:)} is an equi-bounded sequence of functions in W1 with

equi-integrable derivatives and {m;} is bounded. It follows that there exist (pg,p) € Wt and 7 € R such that,
along some sequence (we do not relabel)

[(Poispi) — (po,P)llL~0,5y = 0, mi — 7 asi— oo. (4.12)
Notice next from (4.7) that
|(7(0),3i(0), 57 (S), y:(S), vi(5)) — (5°(0),5(0),5°(5),5(S), (S))| =+ 0 as i — 0.
Let (0, 1) € WH1(0, 5] R x R™) be defined by

pi(s) = @"(0) + /Os (1+di(r)) (1 = [wi[(r))dr
Vs €10,9].

wi(s) == @(0) + /OS (1+di(r)) w;(r)dr
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By the rate independence of the system

0 0
Wi () = (14 di(s) i s)

ds ds
ORI CTETIEY ~EEOWAVERIRE <B)
dy;

)

) = 1+ )| 2249

ds

S
by considering the reparameterization o;(s) = / (1+d;(s"))ds’,
0

(g?7gmﬁ’b7¢?7¢2)(o—> = (y?»yla Vi7§0?u30i)(0-i71(0-))7 0 =0 S S7

where S; := 0;(S), we obtain — see Remark 2.5 — that (79, ;, ;) satisfies the differential system

dgg 4@} 5
1s (s) = P (s) ae. s€]0,5],
i 0) = LG BONEEC) + 2 as 00BN oo € 0.5)
do;  «  |dg; &
P (s) = ‘ P (s)| ae s€]0,5;]. (4.13)
We observe that, for each i, we have
dey | _ de; de; =
K(s) =1- P ()], s (s) e (1—¢)(CNB,,) ae. se€][0,5], (4.14)
(700), 3 (0), 32(54), 5:(8:), 7:(8:)) = (47(0),5:(0), 47 (), 4:(S), i(S)) - (4.15)
Therefore, we deduce from (4.7) that, for i sufficiently large,
doo ((g?(()), g?(gz)a gia D’L)’ (g0<0)a g0(5)7 Y, D)) < 6a (416)

where & > 0 is the constant appearing in Definition 4.3, with reference to the isolated extended sense feasible
process (S,9°, 7,7, 9%, 5). Relations (4.13) and (4.14) tell us that (Si,g}?,gi,ﬂi,@?,@i) is an embedded strict
sense process. But taking note of the conditions imposed on the process (S,4°,%,7,#", @) in the theorem
statement (namely, the fact that it is an isolated feasible extended sense process), we deduce from (4.16) that
(Si,;g?,gji, Ui, @9, pi) cannot be a feasible embedded strict sense process. We conclude that it must violate the
endpoint constraints. By (4.15), also (S, v, yi, vi, ¢, ;) must violate these constraints. Therefore,

Inequality (4.17) provides the important information that, if the maximum in

¢(y7(0),4i(0), 47 (S), 9:(S), vi(5)) = max{dr(y; (0),4:(0), 57 (5), 4:(S)), (vi(S) — K) v 0}
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is achieved at d7(y2(0),4:(0),59(S),y:(S)) then d7(y2(0),4:(0),59(S),y:(S)) > 0, and if the maximum is
achieved at (;(S) — K) V0, then v;(S) — K > 0. Note also that (see, e.g., [32], Lem. 4.8.3)

O (S)—K)v0)=1 ify(S)>K

Making use of these facts, we can deduce from the ‘max’ rule of subdifferential calculus (see, e.g., [32], Thm.
5.5.2) the following estimate: if £ € d¢(z) at z = (y2(0),v:(0),42(S),vi(S), vi(S)) then

e a ((adﬂy?(omi(m,y?<s>7yi<s>> A OBriniiin) X {0}) . an({oHnHM} < {1})
with a; € [0,1]. It follows then from (4.11) that

(p0;(0),pi(0), —po;(S), —pi(S)) €

o (4.18)
o (0d7(y9(0),4:(0),49(S5), 4:(S)) N OB1ynt14n) + piBrn X {0140}

and
m = —(1— ay). (4.19)
By extracting further subsequences, we can arrange that «; — « as i — oo, for some « € [0, 1]. Passing to the

limit in (4.9) (in ‘integral’ form), in (4.10) and in (4.11), as ¢ — oo, with the help of (4.7), (4.8) and (4.12), we
arrive at

W0 = 00e)- (G670 +Zagﬂ 956D (1.20)
RO ON CATIERT ))ﬁ(wzfj){{g(ou D% 9) aesepsl

S B - d@O m - ~ d@j
< [ o0 (100600 + > a6, o) o)) (1.21)
S 0 0
[ (e | )] ) s
for all selectors w of C N B, and d of [-0.5,0.5], (4.22)
(p0(0)7p(0), _p0(5)7 —p(g) € a(adT(gO (0>7 g(O), gO (S’)7 g(§>) N aBlJrnJrlJrn) ’ (423)

7| =1—a. (4.24)
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We deduce from (4.21) with the help of a measurable selection theorem that, for a.e. s € [0, .5],

=0

o) (16700790 - 6) 4 30559, N2 ) + m(6) %26 47| %2 o

ds ds ds
[p(s) - (S () BN + S5y 93 (°(5), 5(5))w?) + pols)w® + wlwl] (1 +d) |

Since 1 is interior to [0.5,1.5], this implies

=i =0 -0
po) - (£0°(6) 906 S o) + Zgj 9.3 2 <s>) o) 9 (5) 7 | B
= (wglg)xec p(s) - (f(7°( Jw? + Zgj w?) 4+ po(s)w’ + wlw| p =0 ae. (4.25)
Furthermore, (4.23) and (4.24) imply that
(p0(0), p(0), =po(5), =p(S)) € N7(5"(0),5(0),5°(5),5(5)). (4.26)

From (4.23) and (4.24) we deduce that (pg,p, 7) # (0,0, 0). Employing the same arguments as those in the proof
of Theorem 3.1 we deduce from the latter relation that

(po,p) # 0. (4.27)

Surveying the relations satisfied by the absolutely continuous function (pg,p) and 7 < 0, namely (4.20), (4.25),
(4.26) and (4.27), we see that the proof is complete.
O

4.2. Proof of Theorem 4.2

It is convenient to prove the two assertons in reverse order.

(ii) Assume contrary to the assertions of the theorem, that the L* local minimizer
(S, 9°, 7, ,(p @) for (P,) is a normal extended sense extremal while, at the same time, there is a local infimum

gap at (S, 7°, 9,7, @°, ). We deduce from the latter property that there exists a number ¢ > 0 such that

Je(S.9°.5.7,8°, @) < Je(S.y° y, v 9% ¢) —c (4.28)
for every embedded strict sense feasible process (S, 9%, y,v, 0, ) verifying (2.9) for the same § > 0 as in
Definition 2.8. Since (S, %°, %, 7, ?°, ®) is a normal extended sense extremal, we know from Theorem 4.4 that it

is not an isolated extended sense feasible process. This means that there exists a sequence of embedded strict
sense feasible processes {(S;, vY, vi, Vi, ¢, i)} such that

197 (0) = 5°(0)] + 197 (Si) = 5°(S)| + (Wi v2) = (7. P)l| L=y = 0, as i — o0, (4.29)

(where (y,7) and (y;,v;) are extended continuously to R by requiring them to be constant outside the original
domains [0, 5] and [0, S;], respectively). This is simply shown to imply that lim S; = S. But
1— 00

Je(S7 yzoa Yiy Vi, @?’ <Pz’) = h(y?(O),yi(O), y?(Si)7yi(Si)7 Vi(Si)) (4-30)
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and, since h is continuous, we deduce from (4.29) and (4.30) that
S Jo(S, 4 yis vis 0 pi) = Jim Ay (0),5i(0), 57 (8:), i (8:), vi(S:))
= h(7"(0),5(0), 5°(8),5(8), (8)) = Je(S,7°, 5,7, ", ) -
This is not possible, in view of (4.28). So there is no local infimum gap at (S, 7°, 9,7, @°, ).

(i): Suppose that there exists a minimizer for (P.) (write it (S, 7%, 7,7, @, @) ) which is a normal extended sense
extremal. Then (S, 3°, y,v, @Y, ¢) is certainly an extended sense L° local minimizer. So by part (ii), there is no
local infimum gap at (S, 4°, 7,7, #°, ¢). This means that, for some § > 0,

Jo(2) = inf{J.(2) |z € AF s.t. doo(2,2) <0} > inf{J.(2)]| 2 € AT},

Jo(2) =inf{J.(2) | z € Ac}
Bearing in that inf{J.(2) |z € A.} < inf{J.(2) |z € A}}, we conclude that
inf{J.(2) |z € A} = inf{J.(2) |z € A}},

i.e. there is no infimum gap.

5. VERIFIABLE CONDITIONS FOR NO INFIMUM GAP

The sufficient condition of Theorem 4.2 for the absence of an infimum gap has the disadvantage, as a practical
test, that it is expressed in terms of some minimizer, detailed information about which might not be available.
The ‘normality’ test is of interest, nonetheless, because in certain special cases it can be replaced by simpler,
verifiable conditions, some examples of which we now provide. These involve two notions of controllability w.r.t.
the target set.

Definition 5.1. Consider the control system

" ) = f(t,2(0) +3t.a(0) L) et e it
%(t) €C ae. t€ [t1,ts],

(i) (S)is said to be quick 1-controllable w.r.t. the target set T at a point (¢1,x1, t2, z2) € T if, for any covector
¢ =Gty Cars Ctar Can) € Ny (t1, 21,2, 22) such that ¢, # 0, we have

inf G, ;gjaz,m)wﬂ <. (5.1)

(ii) (S) is said to be drift-controllable w.r.t. the target set 7 at a point (t1,x1,t2,x2) € T if, for any covector
C = (Ctl7<l‘l7<t27 CCEQ) S N'T(tla X1, t27 fEQ) SUCh that CCEQ 7é 07 we have

Cup + f(t2,22) <O0. (5.2)
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Proposition 5.2. Consider the optimal control problem (P) and its extended sense formulation (P.). Let the
data satisfy hypothesis (H1). Assume that there exists an extended sense minimizer (S,4°, 9,7, ¢", @) such that
(i) °(S) > g°(0) (that is, the t-time interval is non-degenerate),
(ii) 7(S) < K, B )
(iii) (S) is quick 1-controllable w.r.t. T at (3°(0),5(0),5°(S), %(S)).

Then (S,4°,5,7,2°, @) is a normal extremal and, in consequence of Theorem 4.2, there is no infimum gap.

Remark: The role of 1-quick controllability as a no infimum gap sufficient condition was earlier identified in [2],
in the case when 7 takes the form

T = {0} x {m} x {T} x T,

for some closed set 7 C R and some T' > 0. Proposition 5.2 broadens the applicability of the earlier sufficient
condition by no longer requiring 7 to have this special structure.

Proof of Proposition 5.2. The proof involves showing that the given extended sense minimizer (S, 7°, 9, 7, 2°, @)
is a normal extremal; it will follow immediately from Theorem 4.2 that there is no infimum gap. Suppose that
(S,9°,9,7,¢°, @) is not a normal extremal. Since, by assumption, 7(S) < K and 3°(S) — 4°(0) > 0, we can
deduce from Theorem 3.1, there exists a set of multipliers (pg,p, 7, A), with A =0, p # 0 and 7 = 0. From (3.3)
and (3.4) in Theorem 3.1 it may be deduced that

(p0(0)7p(0)7p0(‘§)ap(§)) = (Ctngwu _Ctzv _sz)

for some (§t13<1317 7Ct27 *Cmg) € NT(gO(O)a g(0)7 gO(S‘)’ y(’g)) with ng 7é 0.
From the almost everywhere condition (3.3) and the continuity of (pg,p) we deduce that

= G (F°() 05D + 306505 ()?) — G =0 (53)
: =
and, choosing wy = 0, we arrive at
i . (7°(S). (S wd >
nin Gy j;gg %°(8), 5(S))w’ > 0. (5.4)
This trivially violates the quick 1-controllability hypothesis. So (S, °, 9,7, #°, ¢) is a normal extremal. O

If we assume 7 has an epigraph structure, as made precise below, then the assertions of Proposition 5.2
remain valid, either when it is no longer assumed that the ¢-time interval is non-degenerate (condition (i)), or
when we replace (i)—(iii) by ‘slow controllability’.

Proposition 5.3. Consider the optimal control problem (P) and its extended sense formulation (F.). Let the
data satisfy hypothesis (H1). Assume that there exists an extended sense minimizer (S,4°, 1,7, 7", @) such that

(i) T is an epigraph set on a neighborhood of e := (7°(0),%(0),7°(S), %(S)), in the sense that there exist € > 0
and a lower semicontinuous function ¥ : R x R™ x R™ — R such that

TN(e+ eBiion) = {(t1,z1,t2,22) [ta > Y(t1, 21, 22)} N (e + eBiyon)

(ii) either (S) is drift-controllable w.r.t. T at (§°(0),5(0),5°(S),4(S)) or v(S) < K and system (S) is quick
1-controllable w.r.t. T at (§°(0),7(0),7°(S), 5 (S)).
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Then (S,4°,7,7,@°, @) is a normal extended sense extremal and, in consequence of Theorem 4.2, there is no
mfimum gap.

Proof. Once again, the proof involves showing that the given extended sense minimizer (S,7°, 7,7, ", @) is
a normal extremal; the fact that there is no infimum gap will then follow from Theorem 4.2. Suppose in
contradiction that (S, 7°, 7,7, 8°, ®) is not a normal extremal. To start with, notice that, since, by assumption,
T is (locally) an epigraph set, we can deduce from Theorem 3.1 that there exists a set of multipliers (po, p, 7, ),
with A =0 and p # 0. Indeed, if on the contrary (p, A) = (0,0), then (3.1) in Theorem 3.1 implies that pg # 0.
By the first equation in (3.2) we derive that py = Py is constant, from (3.3) it may be deduced that

Po <0, (5.5)

while (34) implie§ tha} (p0(0>7p(0)7p0(5)ap(s>) = (Ch ) C:m ) _<t27 _Cﬂvz) for some (Ctl ’ Cwl’ _Ctz’ _sz) €
N7(5°(0),5(0),5°(S), 5(S)). Now, since T is (locally) an epigraph set, we know that ¢,, < 0. Hence py > 0,
which together with (5.5) implies that pp = 0, in contrast with the hypothesis pg # 0. Thus there exists a set of
multipliers (po,p, 7, A), with A =0 and p # 0.

At this point, from (3.3) and (3.4) in Theorem 3.1 it may be deduced that

(pO(O),p(O),pO(S_’),p(S)) = (Ctl?CCU17 _Ctzv _sz)

for some (Ct17C11’ Ctzv sz) € NT( ( )a ( )ayo(‘g) g(g)) with Cacz 7é 0.
From (3.3) and the continuity of (pg,p) we deduce that

(w%,w)eC

max { — Co - (F@°(9), ()’ + Zgj@‘)(s‘), y(S))w?) — ¢, w° + m} =0. (5.6)

Now, if (S) is drift-controllable w.r.t. 7 at (3°(0),%(0),5°(S),%(5)), choosing (w® w) = (1,0), we arrive at
—Cayp - F(°(9),5(S)) — ¢, <0, where (,, < 0. This yields the contradiction to (5.2):

In case 7(S) < K and system (S) is quick 1-controllable w.r.t. 7 at (3°(0),%(0),5°(S),%(S)), # = 0 by Theorem
3.1. So, choosing wg =0 in (5.6), we obtain the following contradiction to (5.1):

i . - (=0/Q\ (T j >
peBin  Ca ;gxy (), 5(8))w’ > 0.

Hence (S,7°, 7,7, %%, ¢) is a normal extremal in both cases. O

The no infimum gap sufficient conditions derived up to this point arise from the properties of normal extremals
provided by Theorem 4.4. But normality-type conditions fail to cover some situations where we can demonstrate
the absence of an infimum gap by independent analysis. One such case is identified in the following proposition.

Proposition 5.4 (The case without drift). Consider the optimal control problem (P) and its extended sense
formulation (P.). Let the data satisfy hypothesis (H1). Assume that

f=0  (‘no drift’).

Then there is no infimum gap.
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Of course, the relevance of this proposition is due to the fact that abnormal extremals can exist in the no-drift
case (see Exam. 6.3).

Proof of Proposition 5.4. This sufficient condition is an immediate consequence of the lemma below, which
yields directly the following information about systems with no drift: given an arbitrary extended sense process
(S, 9%, y,v,¢°, ), we can find a strict sense process (t1,t2, ¥, v, u) with the same endpoints, that is

y2(0) = t1, y(0) = z(t1), ¥°(S) = t2, y(S) = 2(t2) and v(S) = v(t2).

For such systems, an extended process is feasible if and only if the corresponding strict sense process is feasible
and the costs (for problems (P) and (P,) respectively) are the same; an infimum gap cannot then arise. O

Lemma 5.5. Let hypothesis (H1) be satisfied. Assume that

f=0.

Then, given any extended sense process (S,y°,y,v, ¢, @) for (2.5), there ewists a strictly increasing, onto,
absolutely continuous map o : [t1,ta] — [0, 5] such that the trajectory-control pair

(2,0,0)(1) = (y,v) 0 0(t) VEE [t1,t2] (5.7)

is a strict sense process for (2.1).

Proof. Define

to — 1
@O(s) == t1 + 25 Ls Vselo,9).

Consider the bi-Lipschitz change of parameters r : [0,.5] — [0,.5]

0= [ () + |2

where S’ := r(S). Write the inverse mapping s := 7~!. Now define the Lipschitz continuous functions

)ds’ Vs € [0, S]

(@ @)(r) = (&%, p) o s(r) V¥re 0,5 (5.8)
We can show, by means of straightforward calculations, that

D
0 (). 5E0) e Ctornere .8

(il) @°(0) =t1, BO(S") = ta;
(iii) the path (§°,7,7) defined by

@°,9,0)(r) == (@0(7"), yos(r),vo 5(7“)) Vr € [0,5'] (5.9)

coincides with the unique solution to (2.5) corresponding to ($°, @) and initial state (y°,y,)(0).
d ~0
(Note that, to establish (iii), we make use of our assumption that f = 0). Since di(r) > 0 for a.e. r € [0,5],
T

the extended sense process (S,4°, 7,7, ¢°, p) is an embedded strict sense process, i.e., (z,v,u) defined by

(‘T7U7u)(t) = (g’f/?@) © (‘ﬁo)il(t) vt € [tlth]



is a strict sense process for (2.1) (in which f =
(5.8) and (5.9), when we choose o := s o (¢%)~L.
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6. EXAMPLES

0). To complete the proof, we observe that (5.7) follows from

We provide, in this section, a number of examples to illustrate the preceding theory.

Example 6.1. This example tells us that an infimum gap can actually occur when the sufficient condition of

Theorem 4.2 is violated.

In this special case of (P), n =2, m =1, T = {0} x {02} x {1} x T, in which 7 =R x (—o0, 0], C = [0, +0),

K =1 and

Minimize — (1)

The extended problem is

Minimize — y;(S)

subject to

dx; du

dx

d—;(t) = z1(t) a.e. t €[0,1]
dv du

—_— = —_— .C. 1
)=S0 aete0,1]
du

—(t) >0 a.e. 1
dt(t)_an t € [0,1]

v(0) =0, v(1) <1, 1(0) = 22(0) = 0 and z2(1) < 0.

over S >0, (y°,y,v,¢% p) € WH([0,S];R x R2 x R x R x R)

0 0
%(s) _ dd%(s) a.e. s € [0, 5]
1
%(s) — %(5) a.e. s €0,9],
dy2 o d(po
g(s) — y(s) e (s) ae. s€l0,9],
dv, . |dy
E(S) =@ (s)| a.e. s€]0,5],

satisfying

dy? d
<£(s), df(s)) € {(wp,w) Ry xRy : wog+w=1} ae. s€]0,5],

V(O) =0, V(S) <1, (y0(0)7y1(0)>y2(0)) = (0’070),

y°(S) =1,

y*(S) < 0.
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- - dg® d
It is straightforward to show that (S, 7°, ¥, 7, °, ¢) given by S = 2, di =1-—w, % = W, in which § = (7%, 2),
s s

Y]

Y2 =0, v =g and

g1 (s) = 0 for0<s<1 _0()_ sfor0<s<1 o(s) = Ofor0<s<1
yils) = 8—1f0r1<s§2’y S l1lforl<s<2” T l1forl<s<?2

is a minimizer for the extended problem. Furthermore the infimum costs for the original and extended problems
are, respectively,

inf(P) =0 and inf(P,) = —1.

Since there is an infimum gap, all the sufficient conditions of the previous section, for non-occurrence of an
inﬁmur{l gap, must be violated. In connection with Proposition 5.2 we note that the vector ¢ = (0,1) lies in
N (5(8)) = {0} x [0,00) and

(-g1w >0

for every w € C, in violation of the the quick 1-controllability condition. (Also, condition 7(S) < K is violated).
Concerning the Proposition 5.3, we see that

¢ f@(8) =0

in violation of the drift controllability condition. Consider the normality condition. We can establish by simple
calculations that (S, 7°, 7,7, ", §) is an extremal, and a possible Lagrange multiplier set is (po, p1,p2, T, \), in
which

pOEOa p1507 P2 =¢, 71—:07)‘:07

for any constant ¢ > 0. Notice that A = 0, so (S, 7°,7, 7, @°, §) is an abnormal extremal. Since there is a unique
minimizer? for the extended problem, we have shown that all minimizers for the extended problem are abnormal.
Thus, the sufficient condition of Theorem 4.2 is violated.

Example 6.2. This example aims to demonstrate that the ‘no infimum gap’ sufficient condition of Theorem
4.2, based on normality, is distinct from those of Propositions 5.2 and 5.3, based on quick 1-controllability and
on drift controllability respectively. Consider the problem

Minimize h(z(1))

over (z,v,u) € WH1([0,1];R3 x R x R?) satisfying

Q0 = F(0) + 1 (#(0) S () + 0o (0) S2(0), et € [0,1],
dv du (6.1)
gt(): S, aete)

E(t) €C:=R? ae. tc|0,1],

v(0) =0, v(l) <K, z(0)=(1,0,0), z(1)eT.

9 Of course, ‘unique’ here means ‘up to translations of (0, )’
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in which n = 3, m = 2, K=2, h(z) := —xy, T = {(x1,22,23)| x1 <0, 29 <0, 23 <0}

1 0 0
g1(x) := 0], glz)y=11 . f@) = x2 |, VzeR3. (6.2)
T2 —T1 0

This is an example of problem (P), in which the underlying control system is a modification of the nonholonomic
integrator, to include a non-zero drift term.
The extended problem is

Minimize h(y(S))
over S >0, (y°,y,v, 0% ) € WHL([0,S];R x R? x R x R x R?) satisfying
dy’ . d¢°
E(s) = E(s), 0 a.e. s €[0,5], 1 2
D) = F6) ) + 015 () + 20(9) o s), e s € 0,5), (6:3)
dv dep
g(so) = g(s) , ae s€el0,5],
<d(f9(8)a (if(s)) € C:= {(wo,w) € Ry xR?: wo +|w| =1} ae. se0,9],
W(0)=0, v(S) <K, y(0)=(1,0,0, °0)=0, ’(S)=1, y(S)eT.

It is straightforward to show that the feasible extended sense process (S, 7°,¥, 7, @°, @), where S = 2,

dg? dg dg? dp' dg?
Y — =, ——F— ] =(1,0,0 0,-1,0 6.4
(dS ) dS) (dS ) dS’ ds ( Yy )X[O,1]+( ) ’ )X[l,2]7 ( )
and
(goagvﬁ) = (goﬂg17g27g3717) = (S, 1707030)X[0,1] + (172 —5,0,0,s — 1)X[1,2] ) (65)

is the unique minimizer. By Theorem 3.1 there exists a set of multipliers (p,po,m, A) with (p,A) # 0, where
A >0, po € R and m = 0, since % =0 and 7(S) = 1 < 2. The costate trajectory p satisfies the differential
system

dpy _
g(s) =0,
dp2

P (5) = —p2(s)x[0,11(5) +p3(s)x11,21(5) ,  ae. s €0,2], (6.6)

dps .

We see that py = p; and ps = ps are constants. The triple (p, pg, A) verifies the transversality condition

- (plap2ap3)(2) € /\(_la 070) + N’f‘(ov 070)7 (67)
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and, for a.e. s € [0, 2], the relations

(6.8)

= max(wn’w)ec

PoX[0,1](8) — P1x1,2(8)
{po wo + p1 W1 +p2(s) (QQ(S) wo + w2) + D3 (g2(3) w1 — Y1 (5) w2)} =0.

From the first relation in (6.8) we deduce that py = p; = 0. Then, since g = 0 and (wp, wy,w2) = (0,0,£1) € C,
by the second relation in (6.8) we necessarily have

p2(s) = psta(s) Vs €10,2]. (6.9)
Notice that N+(0,0,0) = {(a, 3,7)} for any a, 8 and v > 0. Hence condition (6.7) implies

—(p1,p2,p3)(2) = (A + , 8,7)

and we arrive to the equalities

A=a, p3=-7, p=0—-Be "xouy+ (2=5) —B8)xpn2,

It follows simply from (6.9) that v = 8 = 0, so that p3 = 0 and ps = 0. This proves that (S,7°,7,7,2", @) is a
normal extremal, since (p, A) # 0 if and only if A = a > 0. We have shown that the conditions of Thm. 4.2 are
satisfied and, in consequence, there is no infimum gap.

It is a straightforward matter to check that the quick 1-controllability and drift controllability conditions
in Propositions 5.2 and 5.3, respectively, are both violated. We know from Propositions 5.2 and 5.3, that the
sufficient condition of Theorem 4.2 covers all cases when Proposition 5.2 and 5.3 exclude infimum gaps. This
example goes further, by showing that, in some cases, the sufficient condition of Theorem 4.2 excludes an
infimum gap, when the other two conditions fail to do so and therefore has broader potential application.

Example 6.3. The purpose of this example is to demonstrate that the ‘no infimum gap’ sufficient condition of
Theorem 4.2, based on normality, is not necessary. Consider the optimal control problem

Minimize h(z(1))
over (z,v,u) € WH1([0,1];R3 x R x R?) satisfying

L0 = 0wl S0 + aa0) T2(), aete0,1]

dv du (6.10)
a(t) = a(t) , ae. te(0,1],

du

E(t) €C:={(wi,w2)| w1 €R, wy >0} ae. te]0,1],

U(O) =0, U(l) <K, 1'(0) - (17070)a ’JJ(].) € 7-7
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in whichn =3, m=2, K =2, h and ¢1, g2 and 7 are as in the previous example. Note however that, now, the
drift term f = 0. The extended problem is

Minimize h(y(S5))
over S >0, (y°,y,v,¢% p) € WHL([0,S];R x R? x R x R x R?) satisfying
dy® _ de®
E(S) = g(s), a.e. s €0, 5],
dy de! de®
5(8) = q1(y(s)) @(5) + 92(y(s)) K(S)a a.e. s € [0, 5], (6.11)
dv _|de
E(S) = g(s) , a.e. s€][0,9],
dy? de
K(s), E(S) € C:={(wp,w) ERL XC: wy+|w| =1} ae. s€]0,9],
v(0) =0, v(S) <2, y(0)=(1,0,0), °(0)=0, y°(S)=1, (y1.y2u)(S) €T

The minimizing extended sense process (S, 7°, 9, 7, @°, @) for the optimal control problem (6.10), studied in the
previous example, given by (6.4) and (6.5), is a minimizing extended sense process also for problem (6.11). The
multiplier set (A, p, po, 7), where (A, p) # 0, A > 0, po € R, is such that 7 = 0, since % =0and 7(S)=1<2.
The costate trajectory p satisfies

3

dp1
g(s)

dp2

L ) =ps(s)xpa(s),  ae se(02], (6.12)

dps N
ds (s) =0

We see that p; = Py and p3 = ps3 are constants. We also know that, for a.e. s € [0, 2],

PoX[0,1](8) — P1xp,2(s) = (wmu?)xec {powo + p1 w1 + pa(s) we + P3 (F2(s) w1 — 1 (s) wz)} =0. (6.13)
0

From (6.13) we deduce that py = p1 = 0 and, since 72 =0, 71 = X[o,1] + (2 — 8) X[1,2) and wy > 0 for all
(wg, w) € C, also that

p2(s) < ps Vs e[0,1], p2(s) <p3s(2—13s) Vse[l,2]. (6.14)
We deduce from the transversality condition, as in the previous example, that
—(p1,p2,p3)(2) = (=A+a, 8,7)
which implies A = a p3 = —y and

p2=(y—B)xp1 + (2 —5) = B) X11,2)- (6.15)
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(6.14) implies 8 > 2. Choosing a = 0, and any v > 0, 5 > 2v, we arrive at a multiplier set (py = 0,p; =
0,p2,p3 = —v,m™ = 0, A = 0), in which p, is given by (6.15). We have shown that the unique minimizer is not a
normal extremal, so the sufficient condition for no infimum gap of Theorem 4.2 is not applicable to this problem.

Recall that the optimal control problem of this example has no drift. For such problems, we know that there
can be no infimum gap. (See Prop. 5.4.) Consequently, the sufficient condition of Theorem 4.2 fails to eliminate
the possible occurrence of an infimum gap, in some circumstances when we can establish, by other means, that
there is no infimum gap. Let us observe, however, that the no-drift assumption is not necessary for the arguments
used in this example to work. Indeed, a similar example with a non-zero drift can be trivially constructed by
adding a fourth state state variable 2* verifying % = 14, 2(0) = 0, and (2!, 22,23, 24)(1) € T x R.
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