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TRANSFORMATION PRESERVING CONTROLLABILITY FOR
NONLINEAR OPTIMAL CONTROL PROBLEMS WITH JOINT
BOUNDARY CONDITIONS*

ROMAN SIMON HILSCHER**® AND VERA M. ZEIDAN?

Abstract. In this paper we develop a new approach for optimal control problems with general
jointly varying state endpoints (also called coupled endpoints). We present a new transformation of
a nonlinear optimal control problem with jointly varying state endpoints and pointwise equality control
constraints into an equivalent optimal control problem of the same type but with separately varying
state endpoints in double dimension. Our new transformation preserves among other properties the
controllability (normality) of the considered optimal control problems. At the same time it is well
suited even for the calculus of variations problems with joint state endpoints, as well as for optimal
control problems with free initial and/or final time. This work is motivated by the results on the second
order Sturm-Liouville eigenvalue problems with joint endpoints by Dwyer and Zettl (1994) and by the
sensitivity result for nonlinear optimal control problems with separated state endpoints by the authors
(2018).
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1. INTRODUCTION

In this paper we develop a new approach to optimal control problems with general jointly varying state
endpoints (also called coupled endpoints), including the special case with periodic or antiperiodic endpoints.
Necessary or sufficient optimality conditions for such optimal control problems are usually derived by a direct
analysis of the problem, in particular when dealing with the nonnegativity or coercivity of the second variation,
the Jacobi system and the Riccati differential equation, or the Hamilton—Jacobi theory, see e.g. [1, 2, 4, 5, 19,
26-29, 35, 36].

In the literature one can also find an alternative approach based on transforming the problem with joint
endpoints into an augmented problem with separated endpoints in double dimension. This method has been
used in particular in the context of the Jacobi system (or the linear Hamiltonian system) and the corresponding
Riccati equation, see e.g. [1, 14-16, 20, 36], and it consists of doubling the dimension of the original state
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and adjoint variables by suitable constant quantities. The utility of this method has been revived due to the
development during the last two decades of the theory of linear Hamiltonian and symplectic systems without the
controllability (normality) assumption. For instance, important results in the continuous and discrete oscillation
and spectral theory for problems with joint endpoints were derived by means of the above transformation to
the separated endpoints setting in double dimension, see e.g. [3, 10, 12, 13, 15, 16, 30, 32, 34].

On the other hand, for the nonlinear optimal control problems, meaningful second order necessary optimality
conditions, or sufficient optimality conditions for non-isolated candidates are derived in the literature under
a certain controllability (normality) assumption imposed on the linearized system, see e.g. [17, 22, 23, 25—
27, 33, 36, 39, 40]. In page 886 of [36], the transformation described above was suggested as a tool to extend
to the joint endpoints case the results on optimality conditions established therein for the separated endpoints
problem and involving the second variation phrased in terms of the associated linear Hamiltonian system and
the corresponding Riccati differential equation. The extended Riccati type sufficient condition for nonlinear
periodic optimal control problems from Theorem 2.1 of [1] is an example of the above approach, although
the authors prove their result directly without an explicit usage of this transformation. Note that the latter
condition is a special case of the solvability condition for the augmented Riccati differential equation presented
in Theorem 6.2(iii) of [14].

In this paper we present a new transformation of a general nonlinear optimal control problem with jointly
varying state endpoints and pointwise equality control constraints into an equivalent optimal control problem
of the same type but with separately varying state endpoints in double dimension (see the results in Sect. 3).
The advantage of our new transformation is that it preserves the controllability (normality) of the considered
optimal control problems, as well as the normality of the associated Jacobi systems. This transformation is
suitable and new even for the calculus of variations problems with jointly varying endpoints, as it preserves the
structure of this type of problem. This work is motivated by the results on the second order Sturm-Liouville
eigenvalue problems with joint endpoints in [8, 9] by Dwyer and Zettl. The differential equation considered in
[9] represents the Jacobi equation (or the Euler-Lagrange equation) for a calculus of variations problem. There
it is suggested to flip the interval [a, b] over its midpoint

c:=(a+b)/2 (1.1)

and to consider an augmented eigenvalue problem with separated endpoints in double dimension over the half-
interval [a, ¢| or [c,b]. In this paper we extend this method to the general setting of nonlinear optimal control
problems. The new transformation method allows, for example, to extend the sensitivity results for optimal
control problems with separated state endpoints in Theorem 4.3 of [33] to arbitrary jointly varying endpoints
(Thm. 4.1). Note that the result in [33] is an extension to separable endpoints of the fixed initial state constraints
in [22, 24, 25]. In other words, we demonstrate that this new transformation is a useful tool that serves to extend
to jointly varying endpoints the results known for separated endpoints. This transformation is also well-suited
for optimal control problems with free initial and/or final time, as it allows to separate the initial free time and
state constraints from the final free time and state constraints.

The paper is organized as follows. In Section 2 we introduce the optimal control problem (C) on the interval
[a, b] with joint state endpoints, including the notion of normality, the strong and weak Pontryagin principles, and
the second variation. In Section 3 we develop the transformation of this problem into an equivalent augmented
optimal control problem (C) with separated state endpoints. In Section 4 we illustrate the utility of this method
by deriving a new sensitivity result for optimal control problems with jointly varying state endpoints. In Section 5
we discuss the transformation in the context of optimal control problems with free initial and/or final time. It
is worth mentioning that the transformation developed in this paper is not restricted to the spaces of controls
and states considered here, but it applies to any other spaces, e.g., to L> controls and absolutely continuous
states.
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2. OPTIMAL CONTROL PROBLEM WITH JOINT STATE ENDPOINTS

Consider the nonlinear optimal control problem over the interval [a,b] with jointly varying state endpoints
b
minimize J(z,u) := K(z(a),z(b)) —|—/ L(t,z(t),u(t)) dt (C)

subject to z(-) € Cllj([a,bLR") and u(-) € Cp([a,b],R™) such that

‘T(t) = f(t,x(t), ’U,(t)), te [CL, b]v (21)
Y(t,u(t)) =0, tEla,b],
o(x(a),z(b)) = 0. (2.3)

We use the notation Cllj(l', V) and C,(Z, V) for the spaces of piecewise continuously differentiable functions and
piecewise continuous functions on the interval Z with values in the target space V. We assume that n, m, k,r € N
are given dimensions with £ < m and r < 2n and

L:[a,b] xR*"xR™ - R, K:R"xR" >R,
fifa, b x R* x R™ - R™, p:R"xR" = R",
Y [a,b] x R™ — RF.

Given that u(-) € Cp([a, b],R™), we require that equations (2.1) and (2.2) are satisfied at the left and right
limits of its discontinuity points. The Hamiltonian

H:[a,b] x R" x R™ x R" x R* x R =+ R
corresponding to problem (C) is defined by
H(t, 2,10, A, Ao) 1= 7 f(t,2,0) + do L(t,,10) + AT6(¢, ), (2.4)

A pair (z(-),u(-)) is feasible for problem (C) if z(-) € C;([a,b],R”) and u(-) € Cp([a,d],R™) and it satisfies
equations (2.1)—(2.3). A feasible pair (Z(-), 4(+)) is a strong local minimum, respectively, a weak local minimum,
for problem (C) if there exists 6 > 0 such that we have J(Z,4) < J(x,u) for any feasible pair (x(-),u(-)) with
lz(-) = 2()llcylap) < 9, respectively, with [[(z(-) — Z(-), u(-) — a(:))|lc,[a,5) < 9, Where

12()lcplap = sup |z(2)].
t€la,b]

If the inequality J(Z,4) < J(z,u) holds for all such feasible pairs (z(-),u(:)) # (Z(-),4(-)), then (£(-),a(:)) is
a strict strong local minimum, respectively, a strict weak local minimum for problem (C). It is clear that if a pair
(Z(-),a(-)) is a (strict) strong local minimum for problem (C), then it is also a (strict) weak local minimum for
problem (C).

We shall use the following definition from Section 2 of [38]. A function h(t,-,-) is continuous at the feasible
pair (z(-),u(-)) uniformly in t on [a,b] if for every € > 0 there exists ¢ > 0 such that for all ¢ € [a,b] and all
(z,u) € R™ x R™ with 0 < |(z,u) — (z(t),u(t))| < § we have |h(t,z,u) — h(t,z(t),u(t))| <e.

In order to simplify the presentation of this paper and concentrate on the transformation of the endpoints con-
straints, we use the following assumptions on the regularity of the data h(t, z,u) := (L(t, z,u), f (¢, z,u), ¥ (t, u)),
K(x,y), and ¢(x,y) of problem (C) near a reference pair (z(-),u(:)). We wish to keep in mind that the results
of this paper remain valid when these regularity assumptions are weakened, for instance, to encompass the case
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of the L*-controls and absolutely continuous states. Let (z(+),u(+)) be a feasible pair and denote by Bs(y) the
open ball centered at y of the radius 6. The variable in the subscript indicates the partial derivative with respect
to that variable.

(A0) There exists d; > 0 such that for each (¢,u) the function h(t,-,u) is differentiable on Bs, (2(¢)) and the
functions h and V,h are continuous; the functions K(-,-) and ¢(-,-) are continuously differentiable on
Bs, (z(a), 2(b)) and the matrix Vo(x(a),2(b)) has full rank.

(A1) There exists 0; > 0 such that for each t € [a, b] the function h(t,-,-) is differentiable on Bs, (x(t), u(t)) and
the functions h and V(, ,,)h are continuous; the functions K'(-,-) and ¢(-,-) are continuously differentiable
on Bs, (z(a),z(b)) and the matrices Vio(x(a), z(b)) and ), (¢, u(t)) for t € [a, b] have full rank.

(A2) There exists 6; > 0 such that for each t € [a, b] the function A(t, -, -) is twice differentiable on Bs, (x(t), u(t))
and the functions h, V(; ,)h, and V(Qw u)h are continuous; the functions K (-,-) and ¢(, ) are twice contin-

uously differentiable on Bj, (z(a), z(b)) and the matrices Vio(z(a), z(b)) and ¥, (t,u(t)) for t € [a,b] have
full rank.

Assume that (A1) holds at (z(-),u(+)). Then the linearization of constraints (2.1)—(2.3) at the feasible pair
(z(+),u(-)) has the form

i(t) = A n(t) + BO) o), NBv(t) =0, telab], M <Z§Z§> 0, (2.5)

where 7(+) € Cé([a7 b,R™) and v(-) € C,([a, b], R™) represent the linearizations of the state z(-) and of the control
u(+), and where the matrix functions A(-) € Cp([a,b],R™*"), B(:) € Cp([a,b],R"™*™), N(-) € C,([a, b], RF*™),
and M € R™*2" are defined by

A(t) = falt,x(),u(t), B(t) = fult, (1), u(®)), } (2.6)

N(t) := ¥y (t,u(t)), M :=Vp(z(a),z(b)).

In some cases we will split the full-rank matrix M = (M, M;) with r x n blocks M, and M,. With the matrix
function N(-) we associate Y (-) € Cp([a,b], R™*("=k)) that denotes the matrix function for which the columns
of Y (¢) form an orthonormal basis for the kernel of N(t), i.e., N(t) Y (t) =0 and YZ(t) Y (t) = I,,,_x on [a, b].

Definition 2.1. Assume that (A0) is satisfied at (z(-),u(-)). We say that the feasible pair (x(-), u(-)) satisfies
the strong Pontryagin principle for problem (C) if there exist a constant A\ > 0, a vector v € R", and a function
p(-) € CL([a, b], R™) satisfying

(i) the nondegeneracy condition
Ao+ IPO)lleptany 7 0, (2.7)
(ii) the adjoint equation
= p(t) = AT() p(t) + Ao L7 (t,2(t), u(t), t € [a,b], (2.8)

(iii) the transversality condition
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(iv)s the minimality condition

min  H(t,z(t),u,p(t),0,A0) is attained at u(t), t € [a,b], (2.10)
weR™ P (t,u)=0

where the matrices A(t) and M are defined in (2.6).

Due to the full rank property of M, the nondegeneracy condition (2.7) is equivalent to the seemingly stronger
condition Ao + [|p(-)llc,[a,5) + [7] # 0. Note that the subscript “s” in condition (iv)s above refers to the strong
Pontryagin principle, while the subscript “w” in condition (iv)y, below refers to the weak Pontryagin principle.

Definition 2.2. Assume that (A1) holds at (z(-),u(-)). We say that the feasible pair (x(-),u()) satisfies the
weak Pontryagin principle for problem (C) if there exists in addition to Ag > 0, v € R", and p(-) € Cllj([a, b, R™),
a function A(-) € C,([a, b], R¥) such that conditions (i)—(iii) of Definition 2.1 hold and, instead of (iv)s, we have

(iv)w the stationarity condition
B() p(t) + ho LT (£, 2(t), u(t)) + NT(H)A() =0, ¢ € [a,b], (2.11)

where the matrices B(t) and N(t) are defined in (2.6).

The adjoint equation (2.8) combined with stationarity condition (2.11) can be written in terms of the
Hamiltonian H in (2.4) as

—p(t) = Hy (t, (), u(t), p(t), A(t), Ao), t € [a,b], (2.12)
Hy(t,(t), ult), p(t), A(t), o) =0, t€ [a,b]. (2.13)

Also, due to the full rank property of M and N (t) on [a, b], the nondegeneracy condition (2.7) is now equivalent
to Ao + ([P llcplas) + 171+ A cpap) # O-

Remark 2.3. If (A1) holds at (z(-),u(-)) and if the minimality condition (2.10) of Definition 2.1 is satisfied,
then the stationarity condition (2.11) holds. In fact, by the regularity of control constraints at wu(t) (i.e., N(t)
is of full rank) and by the Kuhn—Tucker condition (see e.g. [21]), there exists A(¢) satisfying the stationarity
condition (iv)y. That this A(-) € Cp([a, b], R¥) is again a result of the constraints regularity.

In the following we define the notion of normality of problem (C).

Definition 2.4. Problem (C) is said to be normal at a feasible pair (z(-), u(-)) satisfying the strong Pontryagin
principle if there are no multipliers Ao = 0, p(-), and v associated to (z(-),u(:)) at which conditions (2.7)-
(2.10) of Definition 2.1 hold. Similarly, problem (C) is normal at a feasible pair (x(-),u(-)) satisfying the weak
Pontryagin principle if there are no multipliers Ag = 0, p(:), A(+), and 7 associated to (x(-),u(:)) at which
conditions (2.7)—(2.9) and (2.11) of Definition 2.2 hold.

Remark 2.5. (i) When the normality in (C) holds for either the weak or the strong Pontryagin principle,
the value of Ag could be taken to be 1. In this case, the remaining multipliers are unique due to the full rank
assumptions on N(¢) for all ¢ € [a, b] and/or on M.

(ii) Tt follows from Remark 2.3 that when assumption (A1) holds, the normality of (C) with respect to the
weak Pontryagin principle implies the normality of (C) with respect to the strong Pontryagin principle.

Remark 2.6. The normality of a feasible pair (z(-),u(-)) satisfying the weak Pontryagin principle is shown in
Theorem 2.1 of [41] or in Proposition 4.5 of [17] to be equivalent to the M -controllability of the linear system
(2.5). That is, for any vector d € R” there exists a vector o € R” and a function v(-) € Cp([a,b],R™) with
N(t)v(t) = 0 for all t € [a,b] such that the solution 7)(-) of the initial value problem (2.5)(i) with n(a) = «
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satisfies M (n%(a), nT(b))T = d. Furthermore, by Proposition 4.6 in [17], the M-controllability of system (2.5)
is equivalent to the condition

{E&Tt)y=0, teladb], D'y=0, yeR"} = =0, (2.14)
where the matrices £(-) € C,([a,b], R"™(™~k)) and D € R™" are defined by
E(t) := My®(b)d (1) B(t) Y (t), t€[a,b], D:=M,+ M,®(), (2.15)

and ®(-) € C}([a,b], R™") is the fundamental matrix of the system d = A(t) ® for t € [a,b] with ®(a) = 1.
Note that (®7)~1(-) is the fundamental matrix of the homogeneous part of the adjoint equation (2.8).

Next we define the second variation of the functional J in problem (C).
Definition 2.7. Assume that (A2) holds at (x(-),u(-)) and that problem (C) is normal at the feasible pair
(z(+),u(-)) satisfying the weak Pontryagin principle. Let p(-), A(:), and Ao = 1 be the corresponding multipliers
from Definition 2.2. The second variation J" of J is the quadratic functional defined to be
L (n@)Y'p (@) | L / n(t)Y' n(t)
J"(,0) == (T T = V2 W H(t dt
mo=5 () T () +3.L (09) Tewme (1)

where (n(-),v(+)) is admissible for problem (C), that is, the pair (n(-),v(-)) € C;([a,b],R") x Cp([a, b],R™)
satisfies condition (2.5). Here, the matrix I' € R?"*2" is defined by

I:= V2K (z(a),z(b) + 77 VZp(x(a), (b)), (2.16)
and
5 _(P) QW)Y ._ (Healt) Hau(t)
Vet = (gith ) = (it i) (217

where in (2.17) the second order partial derivatives of the Hamiltonian H are evaluated at the argument
(t,z(t), u(t),p(t), A(t),1). Note that the functions P(-), Q(-), and R(-) satisfy P(-) € Cp([a,b],R™*"), Q(-) €
Cp([a, b],R™™™), and R(-) € Cp([a, b], R™*™).

We say that the functional J” is nonnegative if J”(n,v) > 0 for all admissible pairs (n(-),v(+)) on [a, b]. The
functional J” is coercive if there exists « > 0 such that

o b
700) 2 5 { @l + 1@ + [ (o + ) o (2.18)

for all pairs (n(-),v(+)), which are admissible for problem (C).

Remark 2.8. Since the space of continuous functions on [a,b] is dense in L*[a,b], the nonnegativity (resp.,
coercivity) of J”(n,v) over all (n(-),v(-)) € CII)([CL7 b],R™) x Cp([a, b],R™) that are admissible for (C) is actually
equivalent to the nonnegativity (resp., coercivity) of J” (n, v) over all (n(-), v(-)) € W2([a, b], R") x L*([a, b], R™)
satisfying (2.5) for almost all ¢ € [a, b].

The Legendre—Clebsch condition for problem (C) is defined as

YI#)RA)Y (t) >0, t€[a,b], (2.19)
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and the strengthened Legendre—Clebsch condition for problem (C) is
YI)R)Y (t) >0, t€a,b], (2.20)

where we recall that Y(-) € Cp([a,b], R™*™=k) is the matrix function for which the columns of Y'(t) form
an orthonormal basis for the kernel of N(¢) on [a, b]. In other words, these conditions state that the matrix R(t)
defined in (2.17) is positive semidefinite, respectively, positive definite on the kernel of N(¢) for all ¢ € [a, b].

Remark 2.9. If the second variation J” is nonnegative, then the Legendre—Clebsch condition (2.19) holds.
If, however, the second variation J” is coercive, then the strengthened Legendre—Clebsch condition (2.20) is
satisfied. This follows from Theorems 4.1.1 and 4.1.2 of [18] after replacing in J”(n,v) and in the admissible
equation the control function v(-) by the formula v(t) = Y (t) w(t) for all t € [a, b], where w(-) € Cp([a, b], R™F)
is the new unconstrained control. The resulting coefficients in (2.17) and (2.5) are then

( P(t) Q1) Y (1)
YT

(1 Q) YW@M@Y@) and (A(), B)Y (1)).

With problem (C) and a normal feasible pair (z(:),u(-)) we associate the Jacobi system (or the linear
Hamiltonian system)

n=AW)n+ B E=CHn—AT(1)E telab), (2.21)

where 7(-),£(-) € C;([a,bLR") and the coefficients A(-), B(:),C(-) € Cp([a,b],R™"*™) are given on the interval
[a, b] by the formulas

A(t) = A(t) = BO) Y () [YT(R) R Y (1)~ YT(8) Q7(1),
B(t) = B) Y (1) [YT(t) R@®)Y (1)] 71 YT(t) BT (t), (2.22)
C(t) =P(t) = QM) Y(t) [YT(t) R(t) Y (1)] 'Y T(t) Q7(t)

with A(t), B(t), Y(¢), P(t), Q(t), R(t) defined in (2.6) and (2.17). In the above formulas we assume that
the matrix Y7(¢) R(t)Y (t) is invertible on [a, b]. This property is a consequence of the strengthened Legendre
condition (2.20). Note that the adjoint variable £(t) is taken to be the negative of the corresponding adjoint
variable obtained from the weak Pontryagin principle, when it is applied to the second variation J"(n, v).

Remark 2.10. Straightforward calculations show that the only solution p(-) of the system

—p =AT)p, YT)BT)p=0, t€la,b], <‘p%‘)l)> = MTy (2.23)

for some v € R” is the trivial solution p(¢) = 0 on [a, b] if and only if the only solution &(-) of
I _ AT _ &(a) _ T
¢ —-ATe Bue-0, telat, ({0) =T (2.24)

for some w € R” is the trivial solution £(¢) = 0 on [a,b]. The matrices A(t) and B(t) appearing in (2.24)
are defined by (2.22). This means that, under the assumption that the matrix Y7 (t) R(t)Y (t) is invertible on
[a, b], the normality of problem (C) is equivalent to the normality of the corresponding accessory problem (i.e.,
minimizing the second variation J"(n,v)).
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3. TRANSFORMATION TO SEPARATED STATE ENDPOINTS

Following (1.1) we denote the midpoint of the interval [a, b] by c¢. Together with problem (C) we consider the
augmented nonlinear optimal control problem over the interval [c, b] with separated endpoints

b
minimize J (%, @) = K.(Z(c)) + Ky(£(D)) + / L(t, &(t), a(t)) dt (C)

subject to Z(-) € Cé([c, b, R?") and a(-) € Cp([c, b], R*™) such that

B = F(t, 30, a(), te e, 3.1
'lzj(taa(t)) =0, te [Ca b]v 3.2
@c((c)) =0, @u(Z(b)) =0 3.3

Given the data (L, f, v, K, o) of problem (C) we define the corresponding data of problem (C) by the functions

L:[e,b] xR*™ xR>™ - R, K,:R>*™ >R, K,:R>” >R,
file ) xR xR¥™ 5 R 3, : R 5 R, &, : R 5 R,
¥ : e, b] x R¥™ — R?¥,

where

L(t, {f, ﬂ,) = L(a +b— t, ‘%1, _al) + L(t, i’g, 1]2),
faa) = (TG T = (MOUETTY), o4

K () =0 Ky(@):=K(i1,%2), @c(&) =01 —d2, @(F) = p(F1,72).

We split the augmented variables Z, u, p, 5\, 7, and the augmented functions f(, -,-) and 1[)(, -) into two entries,
whose dimensions are compatible with problem (C), namely

- 1 - Uy ~ D1 5 oY ~ Y
= - P - p— - A: ~ p— -
= (@) o= () =) 2= =)

(3.5)

And for an easy comparison with the original problem (C) we also define the corresponding functions K :
R2n><2n 3 R and @ . R2n><2n N RnJrr by

RG) = o)+ Fola), 0(0.0) = (). (36)

Notice that the ranges of Z(-) and @(-) and of the functions f(-,-,-) and ¥(-,-) in problem (C) have double
dimensions of the corresponding data for (C). Furthermore, the time interval here is [c, b] compared with the
interval [a,b] in problem (C). The definitions of a feasible pair (Z(-),@(-)) and of a (strict) strong or weak local

minimum for problem (C) are analogous to those for problem (C) with the distinction that we now use the
norm [[2(-)[lc, fe.)-
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When considering for a feasible pair (Z(-),u(-)) of problem (C) the notions of strong and weak Pontryagin
principles stated in Definitions 2.1 and 2.2, we obtain the augmented multipliers p(-) € C;([c, b, R?™), A(+) €
Cp([c, b],R?*), and 4 € R™*". The Hamiltonian

H:[c,b] x R?" x R?™ x R¥™ x R?* x R - R

corresponding to problem (C) is defined by

H(t7 ja ﬂaﬁv ) :\O) = ﬁTfN(tv i'v ﬂ) + 5\O -Z/(t7 ‘%7 ’L~L) + S‘T’J}(ta ﬂ’) (37)
(3-4) H(

!

a+ b— t7i‘17 _’alv _ﬁh S‘Ia 5‘0) + H(ta i‘Qa 17/2’]52’ S‘Qa 5\0)7 (38)

where we used the standard partitions from (3.5). The gradients of the functions in (3.4) are

s~ [ fula+b—t 31, —01) 0
falt, 2, 8) _( o fu(t,i"z,ﬂQ))’
- (—ula+b—t,—iy) 0
Ya(t,a) = ( 0 ' wu(t{m))’ (3.9)
Li(t,7,4) = (Lo(a+b—t,d1,—11) Ly(t &2, 12)),
La(t,#,1) = (~Lu(a+b—t,d1,—t1) Lu(t, &2, 12)),
Véo(x) = (I, 1), Vu(2) = V(Z, T2),
VEK.(%) =0, VKy(&)=VK(i,is).

Given the data and a feasible pair (z(-),u(-)) for problem (C), we define in accordance with notation (3.5)
for t € [c, b] the augmented pair (Z(-),a(-)) by

F(t) = (x(“ ;f(f)* “) Calt) = (“(“th t>) Cteloh. (3.10)

Conversely, given the data of problem (C) in (3.4) and a feasible pair (Z(-),(-)) for (C) we define for ¢ € [a, b]
the functions

(3.11)

o Zi(a+b—1t), te]a,d, - —t1(a+b—1t), te€l]a,d,
=(f) '_{ Fa(t), teer, "0 '_{ iia (), t e lc,b].

In the next two results we make precise the relationship regarding the feasibility and the local (strong or

weak) optimality between the pairs (z(-),u(-)) and (Z(-),@()) in their respective problems (C) and (C). Here

the data of (C) is obtained via those of (C) through equations (3.4) and (3.6).

Proposition 3.1 (Feasibility). If a pair (x(-),u(:)) is feasible for problem (C), then the pair (Z(-),a(-)) defined
by (3.10) is feasible for problem (C) with the objective value J(Z, 1) = J(z,u). Conversely, if a pair (Z(-),u(-)) is
feasible for problem (C), then the pair (x(-),u(-)) defined by (3.11) is feasible for problem (C) with the objective
value J(z,u) = J(Z, ).
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Proof. Let (z () u(+)) be a feasible pair for problem (C) and define (Z(-),a(-)) by (3.10). Then we obviously
have Z(-) € Cp([c,b],R?") and a(-) € Cy([c, b], R*™). Moreover,

2on (310) (—d(a+b—t)\ @D (—fla+b—t,z(a+b—1t),u
H) = ( 0 >“( F(t, (), u(t))
(3:10) <_f(a }_(ZIZ’ ;zivtgf"léi)(?t)_)ul (t))> (3:4) f(t, (f?(t)7 ’l](t)),
= B4 (Yla+b—t,—u1(t)) 3.10) [Y(a+b—tula+b—1))\ (2.2)

tam) @ (M) 2 (T sty ") e

(a—!—b—t)))

hold for every t € [c, b], and

2e(#(0)) 2 F1(c) — #a(0) "2 2(e) — () = 0,
(3.10) (2.3)

~ /= (3. ~ -
@p(2(b)) =" @(21(b), 22(b)) =" p(z(a), (b)) ="0.
Therefore, the pair (Z(-), %(-)) satisfies constraints (3.1)~(3.3) and hence it is feasible for problem (C). In addition,

b
J@a) " K@ 0),7 ))+/ {L(a+b—t,1(t), —ia(t)) + L(t, #2(t), in(t)) } dt

U2 K (a(a), (b)) + /bL(a +b—tz(a+b—1)ula+b-t)dt

+ / " Lt (8) u(t)) dt
a b
:mmwam+/i@¢@m@ﬂﬂﬁ+/L@ummma
b
— K(ala),x(b) + [ Lt,a(t),u(t) dt = JI(z,w),

where we substituted s := a 4+ b — ¢ in the first integral of the second equation.

Conversely, assume that (&(-),(-)) is a feasible pair for problem (C) and define (z(-),u(-)) by (3.11). Then
we have u(-) € Cp([a,b],R™). Moreover, the first equality in (3.3) and the second last equality in (3.4) imply
that Z1(¢) = Z2(c), so that z(-) € Clla([a7 b, R™). For t € [a, c] we calculate

i) 2V dia+b—1) Y —Fila+b—t@(at+b—1),ala+b—1)
W ftdi(a+b— 1), —anla+b- 1) "2V fit2(0),ult)),

while for ¢ € [¢, b] we calculate

Lo (3.11) (3.1) =, . N 3.4) - N (3.11
i(t) "2V o 0) Y Bo(r i) ar) B p(,@2(0), da(6) P2 (1 2(),u(d).
Therefore, constraint (2.1) is satisfied. Similarly, for ¢ € [a, c] we have
bt u(®) C2 i, —ta+b—1) ) G+ b—taa+b—t)) o,
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while for ¢ € [¢,b] we have

(3.11) (3.2)

. N 34) ~ .
v(tu(®) 2 ot aa(n) b a) o,
This shows that constraint (2.2) holds. The validity of constraint (2.3) is verified by

p(x(a), z(6)) P2 (@1 (6), 22(0)) ) @y (3(0)) = 0.

Thus, we conclude that the pair (z(-),u(-)) is feasible for problem (C). Finally, we have
c b
J(z,u) = K(z(a),z(b)) +/ L(t,x(t),u(t)) dt —|—/ L(t,x(t),u(t)) dt
(311) ., . _ ¢ . N
=" K(Z1(b),Z2(b)) + / L(t,Z1(a+b—1t),—tui(a+b—1t))dt

b
+ / L(t,zo(t), ua(t)) dt

b
K(gﬁl(b),ig(b))—l-/ {L(a+b—s,sﬁ1(s)7—d1(s))+L(s,§:2(s),a2(s))}ds

b
D &o(3(0) + Ko(3(0)) +/ L(s, @(s),i(s)) ds = J(&,1),

where we substituted s := a 4+ b — t in the first integral of the second equation. O

Corollary 3.2 (Strong and weak local optimality). If (z(-),u(-)) is a (strict) strong, respectively, (strict) weak
local minimum for problem (C), then (Z(-),a(-)) defined by (3.10) is a (strict) strong, respectively, (strict) weak
local minimum for problem (C). Conversely, if (2(-),u(-)) is a (strict) strong, respectively, (strict) weak local
minimum for problem (C), then (x(-),u(-)) defined by (3.11) is a (strict) strong, respectively, (strict) weak local

minimum for problem (C).

Proof. The result follows from Proposition 3.1, since the values of J(z,u) and J(&, @) are the same under the
definitions in (3.10) and (3.11). O

Next we analyze the correspondence of the strong Pontryagin principle or the weak Pontryagin principle
between the problems (C) and (C). Assume that a pair (z(-),u(-)) is feasible for problem (C) and satisfies
the strong, respectively, the weak Pontryagin principle for problem (C) with multipliers Ay > 0, v € R", p(-) €
Cé([a, b],R™), and A(-) € Cp([a, b], R¥) satisfying conditions (2.7)—(2.10) of Definition 2.1, respectively, conditions
(2.7)—(2.9) and (2.11) of Definition 2.2. To these multipliers we associate the “augmented” multipliers defined
by

foi= o, A= (p(;)> () = (p(“pg’% A = (A(“ j(f)t)> . (3.12)

Conversely, according to Definition 2.1, a feasible pair (Z(-),(-)) for problem (C) satisfies the strong Pon-

tryagin principle for problem (C) if there exist a constant A\g > 0, ¥ € R and p(-) € C;([c, b], R?") satisfying
the nondegeneracy condition

Ao+ 15C) ey ey # 0, (3.13)
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the adjoint equation

—p(t) = AT(t) B(t) + Xo LT (1, 2(1), alt)), t € [e,b], (3.14)
the transversality condition
(7255)) — N0 VET(#(c), #(b)) + MT5, (3.15)
p
and the minimality condition
min  H(t, Z(t),4,p(t),0, o) is attained at u(t), t € [c,b)]. (3.16)

WER2™ 3 (t,4)=0
On the other hand, corresponding to Definition 2.2, a feasible pair (Z(-),a(-)) is said to satisfy the weak

Pontryagin principle for problem (C) if there exist Ag > 0, ¥ € R™*", and functions p(-) € C; (e, b, R?") and
A() € Cp([c, b], R?*) satisfying in addition to (3.13)-(3.15) the stationarity condition

BT(t) p(t) + Xo LL (¢, 2(), a(t)) + NT@) A(t) =0, t€ [e,b], (3.17)

where according to (2.6) the matrices A(t), B(t), N(t) for t € [¢c,b] and M are defined by

A(t)
N

3.18
0 (3.18)

= fa(t, &), alt), B(t) = falt,Z(1),alt)), }

= Pa(t,a(t)), M = Vp(E(c), (b)).

Taking into account formulas (3.9) and the definition of the feasible pair (z(:),u(:)) for problem (C)
corresponding to (Z(-),@(-)) via (3.11), we obtain the matrices in (3.18) on [¢, b] in the form

A= (e 4)e mo= (BT )
s = (NS0 ) a=(5 ). (3.19)
?(t)z(ﬂ”ob‘” Y?t))

where Y (-) € Cp([e, b], R2™>*20m=k)) gatisfies N(t) Y (t) = 0 and YL (£) Y (t) = Lo(n—p).-
_ To the multipliers o, 7, p(+) satisfying with (Z,4) equations (3.13)—(3.16), or to the multipliers o, 7, p(+),
A(+) satisfying (3.13)—(3.15) and (3.17), we define the corresponding multipliers

Ao := Ao, v = Yo,
) —pila+b-1t), telad, o Mla+b—t), te]a,d, (3.20)
p(t) B { ZN)Q(t)’ te [C7 b]7 )\(t) - { S‘Q(t)a te [C, b]’

where we use the standard partitions from (3.5).

Proposition 3.3 (Strong Pontryagin principle). Assume that a feasible pair (x(-),u(-)) satisfies the strong
Pontryagin principle for problem (C) with multipliers Mo, 7, and p(:). Then the pair (Z(-),a(-)) defined by
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(3.10) satisfies the strong Pontryagin principle for problem (C) with the multipliers X0, 7, P p(+) defined in (3.12).

Conversely, if a feasible pair (Z(-),u(-)) satisfies the strong Pontryagin principle for problem (C) with multipliers
Xo, 7, (-), then the pair (z(-),u(-)) defined by (3.11) satisfies the strong Pontryagin principle for problem (C)
with the multipliers Ao, 7y, p(+) defined in (3.20).

Proof. Assume that (2.7)—(2.10) hold for a feasible pair (z(-),u(:)) with the multipliers Ag, v, and p(-). Let
(Z(-),a(-)) and Ao, 7, p(-) be defined by (3.10) and (3.12). Then (i(-),a(-)) is feasible for problem (C), by
Proposition 3.1, and p(-) € CII)([C, b], R?"). If (3.13) does not hold, then (3.12) yields Ao = 0 and on [c, b] we have
pla+b—1t) =0 and p(t) = 0. It follows that Ay = 0 and p(t) = 0 on [a, b], which contradicts condition (2.7).
Therefore, condition (3.13) is satisfied.

Next, for t € [¢,b] and s := a + b —t we have

—p(t) AT(8) p(t) + Xo Ly (t, (1), u(t))

O )G ()

(3.10), (3.9) AT(t) p(t) + Mo LE (¢, 2 (1), a(t)),

) 2 ( pla +bt)) 28) ( T(S) (S)+A0LT(3793((5)7U(5))>
)

which shows that condition (3.14) holds. Transversality condition (3.15) is shown to hold by the calculation

p(c)
(Nﬁ(6)> (812) | —p(c) | @9 552)
7o) e Mo VK (x(a), 2(b)) + M7~
(3.9) VKX(#(c)) f 0 p(c)) (3:6),(3.19) T’ . .
= A (VKf(;;(b))) + 01 ]\ET ( 5 ) M VET (#(c), &(b) + MT7.

Now let ¢ € [¢,b] and @ € R?™ be such that t(¢,4) = 0. According to the definition of ¥(-,-) in (3.12), this is
equivalent to saying that ¥)(a +b—t,—@;) = 0 and 9(¢, 42) = 0. Then, by (2.10) evaluated at s := a+b—t and
at t we have

H(S,I(S)7 7ﬂ17p(5)703 )‘0)

> H(s,z(s),u(s),p(s),0, \o) (3.21)
H(t,(t), iz, p(t), 0, Ao) > H

Thus, we have
(3.8),(3.12)

f{(tai‘(t)7 aaﬁ(t)v 07 5‘0)
(3.21), (3.22)
>

H(s,x(s), —t1,p(s),0, o) + H(t, z(t), ta, p(t), 0, Ag)
H(Sv x(s), U(S),p(S), Oa )‘0) + H(tv .Z’(t), u(t),p(t), Oa )‘0)
‘g(t7 j"(t)v ﬂ(t),ﬁ(t), Oa /N\O)a

(3.8),(3.12)
showing that the minimality condition (3.16) is valid.
Conversely, assume that conditions (3.13)—(3.16) hold for a feasible pair

(Z(-), a(-)) and multipliers Ao, 7, and
(). Let (z(-),u(-)) and Ao, 7, p(-) be defined by (3.11) and (3.20). Then (z(

), u(+)) is feasible for problem (C),
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by Proposition 3.1. From (3.15) we obtain through (3.5), (3.9), (3.11), and (3.19) that

—%)3 o (;ng)) SRR (VKT(aél(()b),iﬁz(b))>+ _;I ]\§T (1;)

Therefore, we have

)= =it () 2 (D) = ) = 2o VR (a(0), ) + M7,

This shows that the function p(¢) defined in (3.20) satisfies transversality condition (2.9) and is also continuous
at the point ¢, yielding that p(-) € Cll)([a, b], R™). We now show that adjoint equation (2.8) holds. From adjoint
equation (3.14) we get through (3.9), (3.11), (3.19), and (3.20) that for ¢t € [¢,b] and s :==a+b—t

—p(s)) _ (~pla+b—1t)\ _ (Lipa+b-1)]\ G200 (~pi()\ _ =
(o) = (50 ") = (F ™) 2 (Thiy) = -0
3.14) (—AT(a+b—t)pr(t) Li(a+b—t,&1(t), —u(t))
- ( AT(t) pa(t) ) o ( LY (t, Z2(t), to(t)) )

(3.20), 3.11) (AT (s)p(s) LT (s,2(s), u(s))
- (AT(t)p(t)> o <L£(t,z(t),u(t))>' (3.23)

53

Here, the first entry of (3.23) is satisfied for all s =a + b —t € [a, ¢], while the second entry of equation (3.23)
is satisfied for all t € [c, b]. Therefore, adjoint equation (2.8) holds on [a, b].

If the nondegeneracy condition (2.7) is violated, then A\g = 0 and p(t) = 0 on [a, b]. From the definition of ¢
and p(-) in (3.20) it results that Ag = 0, and p1(t) = 0 and po(t) = 0 on [, b], which contradicts (3.13). Hence,
(2.7) holds true.

Finally we shall show that the minimality condition (2.10) is satisfied. Using the form the Hamiltonian H
in (3.8), the formulas for A\¢g and p(-) in (3.20), and the formulas for (x(-),u(-)) in (3.11), it follows that the
minimality condition (3.16) is rephrased as follows: for all ¢ € [c, b], and for s := a + b — ¢, which is in [a, ¢], we
have

. miélRm {H(sa‘%l(s)v_ﬂlv_ﬁl(s)voa 5‘0) +H(tV%Q(t)»aQaﬁZ(t)v()v)\O)} (324)
Ul,u2

Y (s,—1)=0, P (t,i2)=0

is attained at @(t), where a(t) = (—u”(s),u’(t))? according to (3.11). Since in (3.24) the objective function and
the constraints are separable in the variables @y and g, it results that the minimization problem in (3.24) is in
turn equivalent to two minimization problems, namely, for ¢ € [¢,b] and for s := a + b — ¢t we have that

min H(s,x(s), —t1,p(s),0, ) is attained at u(s) for s € [a, ], (3.25)
iy ER™ 1) (5,—i1)=0
min  H(t,z(t), a2, p(t),0,No) is attained at u(t) for ¢ € [c, b]. (3.26)

Gz €R™, 1p(1,h2)=0
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Consequently, conditions (3.25) and (3.26) imply that

min  H(t,x(t),u,p(t),0,A) is attained at u(t) for all ¢ € [a, b],
wER™ 4h(t,u)=0

which is condition (2.10). This completes the proof of this proposition. O

Proposition 3.4 (Weak Pontryagin principle). Assume that a feasible pair (x(-),u(-)) satisfies the weak Pon-
tryagin principle for problem (C) with multipliers Ao, v, p(-), A(:). Then the pair (Z(-),a(-)) defined by (3.10)
satisfies the weak Pontryagin principle for problem (C) with the multipliers Xo, 7, p(+), ~( -) defined by (3.12).
Conwversely, if a feasible pair (£(-)u(-)) satisfies the weak Pontryagin principle for problem (C) with multipliers
X0, 7, B(), (), then the pair (x(-),u(-)) defined by (3.11) satisfies the weak Pontryagin principle for problem (C)
with the multipliers Mo, 7y, p(-), A(-) defined by (3.20).

Proof. Assume that (2.7)—-(2.9) and (2.11) hold for a feasible pair (x(-),u(-)) with the multipliers Ao, v, p(+),
and A(-). Let (&(-),a(-)) and Ao, 7, p(-), and A(-) be defined by (3.10) and (3.12). Then, as in the proof of
Proposition 3.3, conditions (3.13)—(3.15) are satisfied. It remains to show that also (3.17) is valid. For, let
t€le,b] and s :=a+b—t, then

BY(t) p(t) + Ao LL (¢, 2(t), a(t)) +
) (BY(s) 0 p(s
2 ( 0 Bt )) p(t) )

_(~BT6) () = o LT (5,0(5)
0110+ %0 110, () 0(0) + N7i0)

NT#)A(¢)
<m ) (5 ) (49)
u(s)) —

NT(s) A(s)) 1)
><>> "

so that condition (3.17) is satisfies.

Conversely, assume that (3.13)—(3.15) and (3.17) hold for a feasible pair (Z(-),@(-)) with the multipliers Ao,
4, D(+), and A(+). Let (z(-),u(-)) and Ag, 7, p(+), and A(-) be defined by (3.11) and (3.20). Then, as in the proof of
the “converse” part of Proposition 3.3, conditions (2.7)—(2.9) are satisfied. It only remains to show that (2.11)
holds true. For this, stationarity condition (3.17) yields through (3.9), (3.11), (3.19), and (3.20) that for t € [c, b]
and s:=a+b—t € [a,c] we have

317 (BT (a+b—1)pi(t) —Li(a+b—t,z1(t), —a(t)) —NT(a+b—t) M (t)
"o ( BY(t) p2(t) >+)\0< L (¢, Z2(t), Ua(t)) >+< NT(t) Aa(t) )

(
(3.20), (3.11) (=BT (s)p(s) = Ao Ly (s, 2(s), u(s)) = NT(s) As) (3.27)
BI(t) p(t) + Ao La; (t, 2(t), u(t)) + NT(H)A®) | '
Since the first entry of (3.27) is satisfied for all s =a +b—t € [a, ] and the second entry of equation (3.27) is
satisfied for all ¢ € [c, b], then for all ¢ € [a, b] the stationarity condition (2.11) holds. The proof is complete. O

The following result indicates that our transformation preserves the normality (controllability) for either the
strong or the weak Pontryagin principle.

Corollary 3.5 (Normality for strong and weak Pontryagin principle). If the problem (C) is normal at a feasible
pair (z(-),u(-)) satisfying the strong, respectively, the weak Pontryagin principle, then the problem (C) is normal
at the pair (Z(-),u(-)) defined by (3.10) and which satisfies the strong, respectively, the weak Pontryagin principle.
Conversely, if the problem (C) is normal at a feasible pair (Z(-),(-)) satisfying the strong, respectively, the weak
Pontryagin principle, then the problem (C) is normal at the pair (xz(-),u(:)) defined by (3.11) and which satisfies
the strong, respectively, the weak Pontryagin principle.
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Proof. The results follow respectively from Propositions 3.3 and 3.4, since by (3.12) and (3.20) the multipliers
Ao and Ag are transformed into each other. O

Remark 3.6. The equivalence of the normality of problem (C) at a feasible pair (z(-), u(-)) satisfying the weak
Pontryagin principle with the normality of problem (C) at a corresponding feasible pair (Z(-), @(-)) obtained
through (3.10) can also be proven directly by using property (2.14). Following the definition of the matrices

E(t) and D in (2.15) with the block partition of M = (M,, My), we define the augmented matrices

o) (3-8
D= M+ 50800 = (17, 0010) a0 8-
E(t) = N, B(b) d-1(t) B() Y (1) (3.28)
= <Ma<I>_1(a+b—t)B(2+b—t)Y(a+b—t) 5(()75)) , teled],
Bt — <<I>(a+b0t)¢>1(6) - £1(0)>7 re el

Here the function Y (-) is defined in (3.19), ®(-) is the fundamental matrix of the system ' = A(t) ® for t € [c, D]
satisfying ®(c) = I, and the matrix M in (3.19) is partitioned as M = (M., M}). Then it can be verified that
condition (2.14) holds if and only if

{ETW)7=0, teleb], D'y=0, yeR"™} = 3F=0,

proving the desired statement.

Next we examine the second variation of problem (C) and the corresponding (strengthened) Legendre—Clebsch

condition. In particular, we elaborate on their correspondence in the problems (C) and (C). A pair (7(-),(-))
is admissible for problem (C) if 7j(-) € C;;([q b],R?") and 9(+) € Cp([c, b], R*™) and

i) = A0 + B0, Faoe =0, telen, 1 (10) <o (3.29)
where we recall that A(t), B(t), N(t), and M are given by (3.19). We will use the partitions 77 = (77, 72)7 and
o = (07,087 in a similar way to (3.5).

Given an admissible pair (n(-),v(:)) for problem (C), that is, the functions 7(-) € Clla([a,b],R”) and v(:) €
Cp([a, b],R™) satisfy condition (2.5), we define the pair (7(-),0(-)) on [¢,b] by

it = (77(6‘:(?)‘”)7 B(#) = (‘”(“th) ‘”), teleb] (3.30)

Conversely, given an admissible (7(-), 9(-)) for (C) we define the pair (n(-),v(:)) on [a,b] by

() ::{ Matb—t) tefad, ::{ ~bi(at+b—1), telad, (331)

72 (t), t € [c, b, 0o (t), t € [eb].

Formulas (3.30) and (3.31) are compatible with the corresponding definitions in (3.10) and (3.11).
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Assume that problem (C) is normal at a feasible pair (i(-),(-)) satisfying with its associated multipliers

Xo=1,7, p(-), and A(-) the weak Pontryagin principle, namely, conditions (3.13)-(3.15) and (3.17) hold. The
second variation of the functional J is the quadratic functional

o (192 (85) 3 () s ()

where (7(-),9(-)) is admissible for (C), the matrix T € R**4" is defined by

[\]

£ i VR G(0,50) +77 V(0,50 = () 1) (3.32
with ' given in (2.16), and
2 P(t)  Q(t) o Hyz(t) Hzalt)
Va0 = (gl F) = (Fenty) et 333

Here the Hamiltonian H is defined in (3.7) and its second order partial derivatives in (3.33) are evaluated at
the argument (¢, Z(t), a(t), p(t), A(t),1). Clearly, we know that the functions P(-) € Cp([c,b], R*"*?"), Q(-) €

Cp([c, b], R22m) " R(-) € Cp([c, b], R?™*2™) and from (3.9) we obtain that for ¢ € [c, b] we have

P(t)=<P (atb-1) P?t)), ©<t>=(‘Q<a§b‘“ Q‘Zt))

R(t) = <R(a +Ob —t) R(gﬁ))

(3.34)

Recall that the functional J" is nonnegative if .J” (77, %) > 0 for all admissible pairs (7(-),%(-)) for problem (C),
and the functional J” is coercive if there exists & > 0 such that

70 § {iaF a0k + [ oo+ oy

for all admissible pairs (7(-), 9(-)) for (C).

Proposition 3.7 (Admissibility). If a pair (n(-),v(-)) is admissible for (C), then the pair (7j(-),9(-)) defined
by (3.30) is admissible for (C) with the objective value J"(7,0) = J"(n,v). Conversely, if a pair (7(-),5(-))
is admissible for (C), then the pair (n(-),v(-)) defined by (3.31) is admissible for (C) with the objective value

J"(n,v) = J" (i}, ).

Proof. The statement follows by applying Proposition 3.1 to the second variation J” over the constraints (2.5)
and to the second variation J” over the constraints (3.29). O

Proposition 3.8 (Second variation). The second variation J" is coercive (nonnegative) if and only if the second
variation J" is coercive (nonnegative).

Proof. The statement about the nonnegativity follows directly from Proposition 3.7, since the values of .J "(n,v)
and J” (7}, ¥) are the same under the definitions in (3.30) and (3.31). The coercivity requires some additional anal-
ysis. Assume that the second variation J” is coercive with the constant a > 0, i.e., (2.18) holds. Let (7(-),0(+))
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be admissible for (C). Then we know from Proposition 3.7 that the corresponding admissible (n(-),v(-)) defined
n (3.31) satisfies

b
T(i1,8) = I (n,0) > = {In(a)l2 + [n(v)? +/ {In®) + lo(t)[*} dt}
- 2{ / {17()]> + |5(t) |2}dt}7 (3.35)

where in the last step the integral over [a, b] is separated into two integrals over [a, c] and [c,b] and the integral
over [a, c] is transformed by s := a + b — t to an integral over [c, b]. Now, by using the fundamental matrix ®(¢)
from (3.28) we have

A(8) = B(t) ii(c) + B(?) / &1(r) B(r)o(r)dr, te b (3.36)

Taking ¢ = b in (3.36) and using the boundedness of ®~'(-) and B(-), it follows that for some constant 8 > 0

we have
I()I<5{In |+/ (7 |d7}<ﬁ{77( )|+ b—ﬁ(/ I5(r 2dT> }

where the last inequality follows from the Cauchy—Schwarz inequality. It results that for some constant x > 0

we have
Iﬁ(0)|2_2{77 o+ [ e ar 2150 (/ or w)}
</<a<|ﬁ(b)|2+/ |z7(7)|2d7>, (3.37)

where the last inequality is obtained from the arithmetic-geometric mean inequality (i.e., from 2zy < 22 + y?).
Set & := min{§, -} and use (3.37) in (3.35) we obtain

b
702 § {laor+ [ QiR +owPha + 1 o
& b
> S{liaP + R + [ (0P +1owP}ar),

which shows that the functional J” is coercive.

Conversely, assume that J” is coercive with the constant @ > 0. Let (1(-),v(-)) be an admissible pair for
(C). Then by Proposition 3.7 we know that that the corresponding admissible (7(-), 9(+)) defined in (3.30) is
admissible for (C), and hence it satisfies

& b
J"(n,0) = J"(5,0) > 5 {Iﬁ(C)I2 + |7(0)? +/ {ln(®? +o(t)*} dt}

(330)a
L2 + @+ o + [ (ta 00 +ota b -0
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b
+ [P +1o0P} ar}
~ b
> S i@ + o+ [ (P + poPyacf,

where the last inequality is obtained by disregarding the nonnegative term 2 |n(c)|? and by substituting s :=

a+b—t in the first integral of the preceding expression. Therefore, the functional J” is coercive with the
constant « := &. The proof is complete. O

According to (2.19) and (2.20), the Legendre—Clebsch condition is defined in problem (C) as
VIR RO V() 20, teleb], (3.38)

and the strengthened Legendre-Clebsch condition for problem (C) is

VI R() V() >0, teleb], (3.39)

where Y(-) € Cp([c,b], R?"*2(m=k)) is a matrix function for which the columns of Y(t) form an orthonormal
basis for the kernel of N (t) on [c,b], i.e., N(t) V(t) = 0 and YT (t) Y(t) = Is(m—) on [c, b].

Remark 3.9. The matrix function Y(-) in (3.38) and (3.39) can be taken to be the block diagonal matrix
function Y'(-) defined in (3.19). The reason for this is that the columns of each of the matrices YV(t) and Y (t)
form an orthonormal basis for the kernel of N(t) on e, b], and hence Y(t) = Y (t) Z(t) for all t € [c,b], where
Z(t) is an orthogonal 2(m — k) x 2(m — k) matrix. Slnce YT(t) Y (t) = Iy(m—k) on [c,b], then the matrix Z(t) is

unique and it is given by the formula Z(t) = Y7 (t) Y(t) on [¢,b] and thus, Z(-) € Cp([c, b], R2(m—k)x2(m=k)),
Next we show the equivalence of the (strengthened) Legendre-Clebsch conditions for problems (C) and (C).

The correspondence between the quantities (z(-),u(:),p(-), A(-)) in problem (C) and (Z(-), (), ("), A(+)) in
problem (C) is determined by equations (3.10), (3.12) and (3.11), (3.20).

Proposition 3.10 (Legendre-Clebsch condition). The Legendre—Clebsch condition (2.19) is satisfied at
(z(+),u(-),p(-), A(+)) in problem (C) if and only if the Legendre—Clebsch condition (3.38), or equivalently

YT(t)R(t)Y (t) >0, teleb], (3.40)

is satisfied at (Z(-),a(-),p(-),A(-)) in problem (C), where the matriz functions R(-) and Y (-) are given in
(3.34) and (3.19). The strengthened Legendre—Clebsch condition (2.20) is satisfied at (z(-),u(:),p(-), A()) in
problem (C) if and only if the strengthened Legendre—Clebsch condition (3.39), or equivalently

YI#)RA) Y (t) >0, t€lcb], (3.41)

is satisfied at (&(-),a(-),p(-),A(-)) in problem (C).

Proof. By splitting the Legendre—Clebsch condition (2.19) in problem (C) onto the subintervals [a, ¢] and [, b],
it follows that (2.19) is equivalent with

Yia+b—t)Rla+b—t)Y(a+b—1t) >0, YI)RH)Y(t) >0, tclcbl. (3.42)

In turn, by using the form of R(t) and Y (¢) in (3.34) and (3.19) we can see that (3.42) is equivalent to (3.40).
The equivalence of (3.40) and (3.38) follows from Remark 3.9, which completes the proof of the first statement.
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The equivalence of the strengthened Legendre—Clebsch conditions (2.20), (3.41), and (3.39) follows by the same
arguments with the strict inequalities in (3.42). O

Remark 3.11. We emphasize that in addition to preserving the normality of the considered optimal control
problems (Corollary 3.5), the transformation presented in this section also preserves the structure of the calculus
of variations problems. More specifically, if (C) is a calculus of variations problem, i.e., if the functions defining
constraints (2.1) and (2.2) have the form f(¢,z,u) = u and ¥(t,u) = 0, then we have u(t) = &(¢) in the objective
functional J and A(t) = 0, B(t) = I (with m = n), and N(t) =0 (with & = 0). Whence, by (3.4), the constraints
(3.1) and (3.2) of the transformed problem (C) have the same form as those of (C), that is, f(t T,0) =1 and
¥ (t, @) = 0. This means that @(t) = Z(t) holds on [c,b] in the objective functional J, and A(t) = 0, B(t) =

and N(t) = 0 by (3.19).

Next we comment about the preservation of the controllability (normality) of the Jacobi systems for
problems (C) and (C).
Remark 3.12. For the transformed problem (C) and a normal feasible pair (Z(-),%(-)) we associate the
augmented Jacobi system (or augmented linear Hamiltonian system)

— A+ B E=C)i—ATW)E, teleb), (3.43)

where 7(-), £(-) € C; ([e, b, R?™) and the coefficients A()), B(+),C(-) € Cp([c, b], R?"*?") are given on the interval
[c, b] by the formulas

A(t)(—A(a—gb—t) A%) (B”b_t B(()t)>’ (344
) = (C( +0b—t) C(()t)> .

with A(t), B(t), C(t) defined in (2.22). According to equations (3.10), (3.12) and (3.11), (3.20), the solutions
(n(+),&(+)) of (2.21) and (7(-),&(+)) of (3.43) are related by formulas

ii(t) == (W :;(f)_ t>> L) = (5“_*52)_ ”) . telel) (3.45)

and
| ila+b—t), telad, [ &a+b-1), tead,
“”’{ﬁmx t € [ebl, “”’{ 3 (3.46)

By Corollary 3.5 we know that the normality of problems (C) and (C) is preserved, which is in view of
Remark 2.10 carried over to the Jacobi systems (2.21) and (3.43). The equivalence of the normality for systems
(2.21) and (3.43) can also be proven directly by using the structure of the pairs (7(-),£(-)) and (n(-),£()) in
(3.45) and (3.46). Note also that, due to the form of the matrix B(t) in (3.44), the corresponding Legendre
conditions B(t) > 0 on [a,b] and B(t) > 0 on [¢,b] are also preserved. This is essential e.g. for the conjugate
and coupled point theory for systems (2.21) and (3.43).

In the last part of this section we discuss the transformation of problem (C), which is announced in page 886
of [36] in the context of the Jacobi system (2.21), and compare it with the transformation presented above. We
note that the outcome of this transformation was essentially used in Theorem 2.1 of [1] for deriving an extended
Riccati type sufficient condition for a periodic nonlinear optimal control problem. In the latter reference, the
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authors use a cascade system of three differential equations, which consists of the Riccati matrix equation
associated with the Jacobi system (2.21) together with a linear differential equation and an integrator. This
cascade system is equivalent to the augmented Riccati matrix equation associated with the corresponding Jacobi
system (3.54) displayed below.

Remark 3.13. Together with the basic problem (C) we consider the augmented nonlinear optimal control
problem over the interval [a,b] with separated endpoints

B b

minimize J(Z,4) = Ka(f(a))-i-Kb(:E(b))—i-/ L(t,z(t),u(t)) dt (®)

a

subject to Z(-) € Cllj([a, b], R?") and u(-) € Cp([a, b], R™) such that

'i'(t) = f(t,i(t),@(t)), @(fﬂﬂ(t)) =0, te [a7 b]a @a(i‘(a’)) =0, @b(i‘(b)) =0.

Note that the state 7(-) is augmented into double dimension 2n, while the control %(-) remains in the original
dimension m. Given the data (L, f, v, K, ) of problem (C) we define the corresponding data of problem (C)
by the functions

L:[a,b] xR xR™ 3R, K.:R™ 3R, K,:R™ SR,
Fila,b] x 2 x R™ 5 R, @, iR 5 R™ @y : R 5 R,
¥ : [a,b] x R™ — R¥,

where

(3.47)

In the spirit of (3.10) and (3.11) the feasible pairs (
are related by the formulas
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5(t) = (?{3) Al = ult), telabl, (3.48)
and
z(t) = Z2(t), wu(t):=u(t), tE€]la,b. (3.49)

It follows that the feasibility and the (strict) strong/weak local minimality of the pairs (x(-), u(-)) for problem (C)

and (Z(-),u(-)) for problem (C) connected by equations (3.48) and (3.49) are preserved, including the objective

value J(x,u) = J(Z, u). Moreover, the strong/weak Pontryagin principle for problems (C) and (C) according to

Definitions 2.1 and 2.2 are preserved as well with the matrices N (t) = N(t), Y(¢) = Y(t), and

A(t):(S A%), B(t):(B(()t)>, M:(é —01 ]\04) (3.50)
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defined on [a, b] and with the corresponding multipliers given by

Roi= Ao, = (pv(“)), () = (pp(g‘)l)) AE) =A@, telab), (3.51)

and by
Noi=do, vi=Fa p)i=pa(l), AM) =D, L€ [ab] (3.52)

Note that if problem (C) is a calculus of variations problem (i.e., m = n, f(t,x,u) = u, and (¢,u) = 0), then

the corresponding augmented problem (C) does not preserve this structure. The coefficients of the associated

second variation J” (7, %) of problem (C) at a feasible pair (Z(-),u(-)) are according to (2.17) given by

= 0 O = 0
PO= (0 py) Q0= (). RO=RO. teladl (3.59)
Finally, the corresponding augmented Jacobi system has the form

i= AW+ BWE E=Ctn-ATWE tenl], (3.54)
where 7(-), () € Cll)([a, b], R?™) and where the coefficients A(-), B(+),C(-) € Cp([a, b], R?"*2") are given, in view
of (2.22) and (3.53), by the formulas

A(t):(g A‘()t)>, B(t):(g B(()t)>, C’(t):<8 c%:)) (3.55)

with A(t), B(t), C(t) defined in (2.22). Therefore, we conclude that the transformation of problem (C) into
augmented problem (C) enjoys the same properties (regarding the feasibility, the strong/weak local optimality,
the strong/weak Pontryagin principle, the normality of these problems, including the normality of their Jacobi
systems, as well as the nonnegativity and coercivity of the second variation and the validity of the Legendre
condition) as the transformation into augmented problem (C), with the exception that problem (C) is not
suitable when the calculus of variations structure is required to be preserved.

Remark 3.14. Following the preceding remark, the transformation into augmented problem (C) is suitable for
nonlinear optimal control problems on time scales, such as in [6, 7, 17, 31, 33]. In this context the sensitivity
result in Theorem 4.3 of [33] extends (in the spirit of Thm. 4.1 below) to nonlinear optimal control problems
on time scales with jointly varying endpoints.

4. APPLICATION OF TRANSFORMATION TO SENSITIVITY ANALYSIS

As an application of the results established in Section 3 we present a generalization to the jointly varying
state endpoints constraints of the sensitivity analysis result known in Theorem 4.3 of [33] for nonlinear optimal
control problems with separated endpoints. Consider the following parametric nonlinear optimal control problem
associated with problem (C) of Section 2

b
minimize J(z,u,w) := K(z(a),z(b),w) —|—/ L(t,z(t),u(t),w)dt (Cw)

a

subject to z(-) € Crl,([a,b],R") and u(-) € Cp([a,b],R™) such that

x(t) = f(t,l‘(t), u(t)7w)7 7/}(t’ u(t)7w) =0, te [CL, b]? @(x(a),x(b),w) =
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Here the data of problem (C,,) are similar to those of problem (C) with the special distinction that they now
depend also on the parameter w € R?. The Hamiltonian corresponding to problem (C,), when it is normal, is
defined by

H(t,z,u,p,\,w) = p" f(t,z,u,w) + L(t, z,u,w) + AN P(t,u,w).

For the remaining part of this section we fix a value @ € R? and a pair (2(-),4(-)) feasible for problem
(Cy). We will assume the following hypothesis (A2) to hold on the data near ((&(-),4(-), &), where we set
h(t, ,u,w) := (L(t, 2z, u,w), f(t,z,u,w), V(t, u,w)).
A

(

2) There exists d; > 0 such that for each ¢ € [a,b] the function h(t,-,-,-) is twice differentiable on
Bs, (2(t),4(t)) x Bs, (@) and the functions h, Vi, ,)h, and V .yl are continuous; the functions K-, -, -) and
¢(-,+, -) are twice continuously differentiable on By, (Z(a), i’(b), @) and the matrices M := V(i(a),z(b),o)
and N (t) := v, (L, 0(t), o) for t € [a,b] have full rank.

All the notations used earlier for problem (C) carry over for problem (C,), and the “hat” placed over the
functions indicates the evaluations at the “hat” functions. For instance, Y'(-) denotes the matrix function in
Cp([a, b), R™*(m=k)) such that for all ¢ € [a, b] the columns of Y (¢) form an orthonormal basis for the kernel of
N(t), and

Now, we are in a position to extend the result in Theorem 4.3 of [33], specialized to the continuous time setting,
from the separated state endpoints to the jointly varying state endpoints.

Theorem 4.1 (Sensitivity analysis). Let the assumption (A2) hold at (2(-),4(-),&) and the problem (Cg) be
normal at the feasible pair (&(-),a(-)) satisfying the weak Pontryagin principle. Let (Ao = 1,4, p(-), A(-)) be the
corresponding multipliers from Definition 2.2 such that for some a > 0 the coercivity of the second variation of
J(x,u,&) at (2(-),a(-)) holds, that is,

o b
7m0) 2 5 { @R + WO + [ (P + o(oP) ae} (4.)

a

for all (n(-),v(-)) € Crl,([a, b,R™) x Cp([a,b],R™) admissible for problem (Cy), that is,

() = A n(t) + B ot), NE) o) =0, t€lab], M(Z((zg):o_

Then there exists € > 0 such that for all w € R with |w — &| < & the problem (C,) has a strict weak local
minimum (z(-,w), u(-,w)) with the associated multipliers Ag(w) = 1, y(w) € R", p(-,w) € Clla([a7 b, R™), A(,w) €
Cp([a, b], R) that are C! functions in the argument w and satisfy the weak Pontryagin principle corresponding
to problem (C,,), that is,

—p(t,w) = HI (¢, 2(t,w), u(t,w),p(t,w), \(t,w),w), tE [a,b], (4.2)
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<plzg)?:5)1)> = VKT(x(a,w),x(b,w),w) + V@T(x(a,w),x(b,w),w) ~¥(w). (4.4)

Proof. The proof is based on applying the transformation introduced in Section 3 to the problem (C,,) in order
to obtain an augmented problem (C,,) on the interval [c, b] with separated state endpoints. With the help of the
results developed in Section 3, we shall verify that all the hypotheses of Theorem 4.3 in [33] are satisfied by the
transformed problem and hence, the sensitivity analysis result of that theorem is valid for problem (Cw) Then,
we employ the inverse of this transformation to establish the statement of this theorem for our problem (C,,).

Since the feasible pair (&(-), 4(-)) and its corresponding multipliers (Ao = 1,4, p(-), A(-)) satisfy the hypotheses
of Theorem 3.3 in [33], it follows that (&(-),4(-)) is a strict weak local minimum for problem (Cy).

Consider the following augmented nonlinear optimal control problem with separated endpoints, obtained by
applying the transformation in Section 3 to our problem (C,,),

b .
minimize J(Z,4,w) := K(Z(b),w) —|—/ L(t, z(t),u(t),w)dt (Cy,)

subject to Z(-) € C;([c, b],R?") and u(-) € C;([c, b, R?™) partitioned as in (3.5) such that

(t) = f(t,2(t),a(t),w), ¥t at),w)=0, teleb],
Pe(Z(c),w) == F1(c) = T2(c) =0,  @p(Z(b),w) = @(1(b), T2(b),w) = 0.

The data (L, 1&) of problem (C,,) are defined in terms of the corresponding data (L, f, %) of problem (C,,) via
(3.4). Let ( ( ) u(+)) be the pair obtained from (&(-),%()) through equations (3.10) and let its corresponding

matrices M an J§7( t) for t € [¢,b] be obtained from M and N(t) for ¢ € [a,b] through (3.18). Tt is immediate
);

that the pair (Z(-),u(-)) together with @ satisfies the assumption (A2), that corresponds to (A2) by replacing
the data of (C,) with the data for (C,). Furthermore, by Proposition 3.1 and Corollary 3.2, (z(-), u(-)) is

a feasible pair, which is a strict weak local minimum for problem (Cg). Then Propos1t10n 3.4 yields that

(z(-),u(-)) satisfies the weak Pontryagin principle with the multipliers (Ag = 1,7, :( ), A(- )) defined from the
multipliers (Ao = 1,4, p(-), A(-)) through equation (3.12). The normality of problem (Cy, ) at (Z(-), a(-)) is a result
of Corollary 3.5. Now, by Remark 2.9, we have that the coercivity of the functional J”(n,v) in (4.1) implies
that the corresponding strengthened Legendre—Clebsch condition at (&(-),4(-)) for problem (Cg) holds, i.e.,

YT(t) R(t) Y (t) > 0 on [a,b]. Thus, using PI‘OpOblthHb 3.10 and 3.8, it results that the strengthened Legendref

Clebsch condition is satisfied at (& t(-), (), p(-), )\( ),%, Ao = 1) for problem (C ) and the second variation J” (7, 0
of J(Z,1,&) at (Z(-), u(-)) is coercive over all admissible pairs (7j(-),3(-)) € Cp([c,b], R?") x Cy([c, b], R?™). Hence,

by Remark 2.8, the coercivity of J” (7, ) also holds over all pairs (7(-), 9(-)) € W"?([e, 0], R*") x L?([c, b], R*™)
that are admissible for problem (Cg) at (z £(-),u(-)). Consequently, all the assumptions of Theorem 4.3 in [33]
are satisfied at (Z(-),u(-)) for problem (C) and hence, by the same theorem, there exists € > 0 such that
for all w € R? with |w — &| < € the problem (C,,) has a strict weak local minimum (Z(-,w), @(-,w)) with the
multipliers Ao(w) = 1, 7(w) € R™*", p(-,w) € CII)([C, b, R?™), A(-,w) € Cp([c, b], R?*), which are C' functions in
the argument w and satisfy the corresponding weak Pontryagin principle.

Now, for each such w, let (z(-,w), u(-,w)) be the pair obtained from (Z(-,w),@(-,w)) via (3.11) and let A\o(w) =
1, y(w) € R", p(-,w) € Cll,([a,b],]R"), and A(-,w) € Cp([a,b],R*) be the multipliers obtained from Ao(w) = 1,
F(w), p(-,w), and (-, w)) via (3.20). By the converse statements in Propositions 3.1 and 3.4 and in Corollaries 3.2
and 3.5, the pair (z(-,w),u(-,w)) is a strict weak local minimum for problem (C, ), at which the problem is
normal and together with the multipliers (Ao = 1,v(w), p(-,w), A(-,w)) satisfies the weak Pontryagin principle for
problem (C,,), that is, equations (4.2)—(4.4) are satisfied. The fact that (x(¢,w), u(t,w)) and (y(w), p(t,w), A(t,w))
are C! functions in the argument w over the set B. (&) for every t € [a,b] follows directly from this property
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being true for (Z(t,w), u(t,w)) and (5(w),p(t,w), A(t,w)) and from formulas (3.11) and (3.20). The proof is
complete. O

5. OPTIMAL CONTROL PROBLEM WITH FREE TIME

In this section we discuss the transformation from Section 3 for optimal control problems with free initial and
final times. In particular, we show that this transformation preserves the corresponding strong or weak Pontrya-
gin principle. To simplify the presentation, we focus on the autonomous case. However, the nonautonomous case
is also handled with the techniques of this section and the difference between the results for the autonomous
and nonautonomous settings is elaborated in Remarks 5.2, 5.3, 5.5, and 5.7. Thus, we consider the nonlinear
optimal control problem

b
minimize J(a,b,z,u) := K(a,b,z(a),z(b)) —|—/ L(x(t),u(t))dt (P)

subject to z(-) € Clla([a,b],R") and u(-) € Cp([a,b],R™) such that

#(t) = f(a(t),u®), ¢(u(t)) =0, telab], @la,b x(a) x(b)) = 0.

The functions L, f, ¢ have the same dimensions as in the problem (C) from Section 2 with the distinction that
they do not explicitly depend on the variable ¢. On the other hand, the functions K and ¢ depend on the varying
initial and final times a and b. The Hamiltonian H is also defined via (2.4) with the data of problem (P).

We say that (@,b,#(-),4(-)) is a strong local minimum for problem (P), if there exists § > 0 such that
J(a,b,z,u) > J(a,b, &, a) for all feasible (a, b, z(-), u(-)) for (P) with |[a—a| < &, |b—b| < 8, and ||z(-) — Z(-)||lsc <
J. For the weak local minimum we replace the latter norm by ||(z(-) — Z(-),u(-) — 4(-))||cc < &. As the pairs
(z(+),u(-)) and (&(-),a(-)) are defined on different intervals, we need to define properly the above norms. This
is done by extending (x(-), u(-)) outside the interval [a,b] as

(z(a),u(a™)), fort< a,
(x(b),u(b)), fort>b.

Similarly we extend (Z(-), @(-)) outside the interval [@, b]. This means that the norm ||| in the aforementioned
local optimality definitions is taken over the extended time interval [min{a, a}, max{b, b}]. For a function () €
Cp([a,b],RY) and e > 0 we define the set

PT.(2) := {z € R? such that 3t € [a—e,b+el: |z2—2()] < e}

Parallel to (A0) and (Al), we make the following assumptions for the regularity of the data h(z,u) :=
(L(z,u), f(z,u),¥(u)), K(a,b,z,y), and ¢(a,b,x,y) of problem (P) near a reference feasible quadruplet

(@b, (), al-))-

(AO) There exists d; > 0 such that for each u the function A(-, ) is differentiable on PTs, (&) and the functions
h and V, h are continuous; the functions K and ¢ are continuously differentiable on Bg, (@, b, Z(a), Z(b))
and the matrix Vo(a, b, £(a), (b)) has full rank.

(A1) There exists 6; > 0 such that the function h(:,-) is differentiable on PTs, (&, %) and the functions h and

Vh are continuous; the functions K and ¢ are continuously differentiable on Bs, (a, b, &(a), Z(b)) and the
matrices V(a, b, &(a), (b)) and Vy(i(t)) for t € [a,b] have full rank.
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The following strong Pontryagin principle for problem (P), compare with Definition 2.1, is derived in Theo-
rem 5.1 of [11] or Theorem 8.7.2 in [37]. If (&,b, &(-), 4(-)) is a strong local minimum for problem (P) at which
(A0) holds, then there exist a constant A\g > 0, a vector v € R”, and a function p(-) € Cé([d, b], R™) satisfying

Mo+ PO, oy # 0 (5.1)
—p(t) = AT(t) p(t) + Xo LT (£(t), a(t)), t € [a,D], (5.2)
H(i“(A)A, A(@y,p(f{),& o)
—H(#(b), 4(b), p(6),0,%0) | _ =M VKT (a,b,@(a), (b)) + M~ (5.3)
(@) | | |
p(b)
UERWILI}LI%U):%I@@),u,p(t),O, Ao) s attained at a(t), t € [a,b], (5.4)
and in addition the free initial/final time condition
H(.i‘(t),ﬁ(t)7p(t),0,)\0) = )\OKtl (&7673}(&)7‘%(6)) ""“Pg; (d,i),:ﬁ(&),i’(i))) Y, te [d, 8]7 (5'5)
= MoKy, (a,b,#(a), #(D) — of, (a,b,#(a), £(b) v, t € [a,0] 5.6

Equations (5.5)-(5.6) are equivalent to saying that H(2(t),a(t), p(t),0, Xo) is a constant function on [a, ] and
the first two equations in (5.3) hold. The matrices A(t) and M appearing in (5.2) and (5.3) are defined similarly
0 (2.6), i.e., A(t) = fu(&(t),a(t)) on [a,b] and M = VT (a,b, &(a), (b)), where the gradient is taken with
respect to all four variables. The subscripts ¢1 in (5.5) and ¢ in (5.6) denote the partial derivatives of the given
functions with respect to their first and second variables. If (a,b, (), a(+)) is instead a weak local minimum
for problem (P) with assumption (A1) holding at (&,b,2(-),a(-)), t hen the local version of above minimality
condition (5.4) implies that in addition there exists a function A(-) € Cp([a, b], R*) such that

BY(t) p(t) + Ao Ly, (2(t), a(t)) + NT() A(t) =0, t € [a,b], (5.7)

where the matrices B(t) and N () are defined according to (2.6), i.e., B(t) = fu(Z(t),4(t)) and N(t) = Vi (a(t))
on [a,b].

Remark 5.1. (i) Since ¢ (a(t)) = 0 for all ¢ € [a,b], then the Hamiltonian on the left-hand side of the free
time conditions in (5.5)—(5.6), referring to the weak Pontryagin principle for problem (P), can be replaced by
H(z(t),a(t),p(t), A(t), No). It follows that H(&(-), a(:), p(-), A(*), Ao), being constant, is a continuous function on
[é, b], even though the control 4(-) is only piecewise continuous on [a, b].

(ii) Conditions (5.5)—(5.6) show that if both functions K and ¢ are independent of ¢; or independent of ts,
then in the strong and weak Pontryagin principle for problem (P) we have

H(&(t),a(t), p(t),0,20) = 0, ¢ € [a,d]: (5-8)
In particular, condition (5.8) is satisfied in the strong and weak Pontryagin principle for problem (P) if the

initial time is fixed and the final time is free, or if the initial time is free and the final time is fixed.

Remark 5.2. When the data L, f, and H in problem (P) depend explicitly on ¢ and the control set U := {u €
R™ : 4(u) = 0} remains constant, that is, we have L(t,z,u), f(¢t, z,u), and H(¢, z,u,p, A, Ag), then conditions
(5.1)—=(5.4) and (5.7) continue to be valid. However, it is well-known (see e.g. [11], Thm. 5.1) that in this case
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the Hamiltonian is no longer constant and instead of (5.5) and (5.6) we now have, for all ¢ € [, b],

H(t,2(t),a(t), p(t),0,X0) = (\o Ki, + @1 7)(@, b, #(a), #(b)) + [ Hi(s)ds (5.9)
—(No K, + 91, 1)@, b, 2(a), 2(b)) — [ Hy(s)ds, (5.10)

where Hy(s) := Hy(s, 2(s), (s), p(s),0, Ao) for s € [a, b].

Based on the transformation presented in Section 3 we consider the augmented optimal control problem with
separated state endpoints and separated initial and final times

b
minimize J(c,b,7,%,4) = K.(c,7(c), %(c)) + Kp(b, 7(b), (D)) —|—/ L(z(t),a(t)) dt (P)

on the interval [c,b], where ¢ = (a +b)/2 is given by (1.1) and where the state variables (7(:),Z(-)) €
C;([e, b, R) x C}([e, b], R?™) and the control @(-) € Cp([c, b], R?*™) are such that

at)

(b), %(

~
I
<o
~
m
o
=

(5.11)

Ft)=—1, i(t)=fa ) a(t)),
- b) 0. (5.12)

Pe(c, 7(c), Z(c) @u(b,

Given the data (L, f, 1, K, ) of problem (P) we define the corresponding data of problem (P) according to
(3.4) and (3.5), i.e., we set

L(Z,0) := L(&1, 1) + L(Za, @z),
= 07 Kb(b7 Ta g) = K(T7 ba gth)a
(

)

) () o (i)

= ( ENS )@= () (513
: : . a0, T,9) = o(T.b, 41, 72),

~ s T ~ o~ ~ ~ AT @C(Ca%a‘%)>
K(e,b,7,2,T,y) := K(T,b,91,92), c,b, 7,2, T,y) = | = ).
( §) = K(E.b g d), & D= (Zny
Note that since 7(t) = —1 on [, b], then it follows from the definition of @.(c,7,7) in (5.13) that 7(t) = 2c — ¢
for all ¢ € [¢,b]. The pseudo-Hamiltonian for problem (P) is defined by

H(%,i‘,{L,d,ﬁ,)\,j\o) = _Q+H(‘i‘7aaﬁ75‘55‘0)7 (514)

H(f,ﬂ,ﬁ7 5‘7 X0) = pNTf(‘ia a) + 5\0 z(ja a) + S\T’IZ}(’EL) (515)

Remark 5.3. The functions L, f, ¢, and H in (5.13) and (5.15) are autonomous, as they do not depend
explicitly on the variable ¢ € [¢,b] and hence, they are independent of the state variable 7. When the data
L, f, and H (but not 1) for the original problem (P) are t-dependent, and so are the corresponding data
for problem (P), this case is also addressed in this paper in a similar manner. However, as we shall see in
Remarks 5.5 and 5.7, the functions L, f , and H now depend also on the new state variable 7. Furthermore, the
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adjoint function ¢ corresponding to the state variable 7, and the Hamiltonian H evaluated at the corresponding
optimal solution, are not necessarily constant.

Note that since the endpoints a and b in the original problem (P) are free and ¢ = (a + b)/2, then both
endpoints ¢ and b in the transformed problem (15) are free as well. The endpoints constraints in (5.12) are
separable in the state variables (7 and Z) and in the initial and final time variables (¢ and b). From (5.13) we
obtain that

0 T
K1, (T, b, 91, 92)
0
VK(c,b,7,%,T,7) = 8 (5.16)
Ky, (T, b, 1, 7)
Ve KT (T, 6,41, 7j2)
and
1 0 0 g
0 0 90;,1; (Tv ba ﬂ1,172)
1 0 0
Ve, b, 72T, =] 0 1 0 ) (5.17)
0 —I 0
0 ol (T,b, 91, 72)
0 0 Vi e(T,b,i1,72)

Let (a,b,z(-),u(:)) be feasible for problem (P). Then in accordance with (3.10), Proposition 3.1, and the
constraints of (P) we deduce that (¢, b, 7(-), Z(-), a(-)) with

Ft) =2 —t, F(t) = (x(ic(t—) t)> ) = <_“(5(Ct)‘ t>) . teleb, (5.18)

is feasible for problem (f’) and j(c, b, 7,%,4) = J(a,b,z,u). Conversely, if (¢,b,7(-),Z(:),a(-)) is feasible for

it is easy to check that 7 is continuous on [a,b], 7(c) = ¢, and 7(t) = 1 on [a,b], and thus 7(t) = ¢, for all

t € [a,b]. Hence, by (3.11), Proposition 3.1, and the constraints of problem (P) we deduce that (a,b, z(-), u(-))
with a := 2c — b and

#1(2c— 1), tela,d, —i(2c—1t), tela,d,

a(t) = 4 12— R A la, ] (5.19)

as(t), t € [c, b,
is feasible for problem (P) and J(a, b, z,u) = J(e,b, 7, , @). By applying conditions (5.1)—(5.7) to problem (f’) we
deduce the corresponding strong and weak Pontryagin principle. Namely, if (¢, b, 7(-), Z(-), @(-)) is a strong local
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minimum for problem (P), then there exist Ao > 0, & € R**" 1 G(.) € C;([c, b),R), and p(-) € Cllj([c, b], R?")
satisfying

Mo+ GO lcyien) + 15C) ey fes) 7 0, (5.20)
(=a(), —p(t) = (0, AT(&)p(t) + X LE(E(t),a(t))), t€ leb], (5.21)
~(7~'(C),f(0)7ﬁ(C),(j(C),ﬁ(C),O,AP)
_?:l(%(b)vi'(b)’a(b)76(b)7ﬁ(b)707/\0)
‘{EC; = o VKT (¢, b, 7(c), &(c), #(b), #(b)) + M"a, (5.22)
—A(c
q(b)
p(b)
min  H(7(t), &(t),a, G(t), p(t),0, Xo) is attained at @(t), t € [c,b], (5.23)

A€ER2™M  (@)=0

and the free initial/final time condition

HF(t), Z(t), a(t), G(t), p(t), 0, Ao) = constant for all t € [¢,b], (5.24)
= (Xof(tl + @f, @) (c,b,7(c), &(c), 7(b), Z(b)), (5.25)
— (Mo K, + @, @) (c,b,7(c), #(c), 7(b), #(b)).- (5.26)

On the other hand, if (¢

3 ),4(-)) is a weak local minimum of problem (P), then the local version of (5.23)
implies the existence of A

b, Z(-
(-) € Cp([c, b], R?) satisfying
BT()p(t) + Mo L (Z(t), a(t)) + NT(t)A(t) =0, tee,b]. (5.27)

The matrices A(t), B(t), N(t) in (5.21) and (5.27) are defined according to formulas (3.18) and (3.19) with the
argument 2¢ — t in the left upper block, and the matrix M in (5.22) is equal to V@(c, b, 7(c), Z(c), 7(b), Z(b)) in
which the gradient is taken with respect to all six components.

As we shall see in the following lemma, the Pontryagin principle manifested by equations (5.20)-(5.26) can
be reformulated merely in terms of Xo, P, the Hamiltonian H, and the multipliers in & associated to the state
Z(+) in the endpoint constraints. That is, the multiplier in & and the constant adjoint variable ¢ corresponding
to the state 7(-) are superfluous.

Lemma 5.4 (Simplified version of strong Pontryagin principle for (P)). If (¢,b,7(-), Z(-),a(-)) is a strong local
minimum for problem (P) then the formulation of the strong Pontryagin principle in (5.20)—(5.26) is equivalent
to the existence of Ao >0, 7 := (31 ,73)T € R™™™, and p(-) € Cllj([c7 b], R?") satisfying

X+ 1BC) lcyfes) # 0, (5.28)
—p(t) = AT(t) B(t) + Xo LT (E(t), (1), ¢ € [e,b], (5.29)
ﬁ(c) = (771 N1 )T7 (530)

3 H(#(0),ii(c), plc), 0, o)
—L H(@(b), a(b), (b),0, Xo) = V(X K+ <pT'~yg)T(7~'(b),b,il(b),icg(b)), (5.31)
p(b)
min  H(&(t),d,p(t),0,No) is attained at u(t), t € [c,b], (5.32)

GER2™ 4 (@)=0
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and

H(&(t), a(t), p(t),0, M) = 2 (Ao Kyy + of A2) (F(b), b, #1(b), Z2(b))  t € [c,b], (5.33)
= —2 (Ao Ky, + o7, 32) (F(b), b, 21(b), 72(b)) ¢ € [¢,0]. (5.34)

Proof. Assume that (5.20)-(5.26) are satisfied. From M := V@(c, b, 7(c), #(c), 7(b), (b)), (5.14)~(5.17), and
T that (5.22) is equivalent to

(), (0). 7). 0. 3o) . d9-a
—HEb), alb :D]; b), 0, ){)0) —q(b) + (Ao Ky, + of,a2) (7(b), b, Z1(b), Z2(b))
—q(c) Qo
—P1 (C) = a1 , (5.35)
—p2(c) . —
q~<b) ()\OKH +<PtT1542) (%(b)’bajl (b)wij(b))
p(b)

Vo) (Ro Kt 0Ta2) " (7(0), b, #1(b), (D))

and (5.24)—(5.26) are equivalent to

H(z(t),u(t),p(t),0,Ao0) = G — Go, t € [c,b], (5.36)
=G~ (Ao Ky, + 9h o) (7(b), b, #1(b), #2(b)), ¢ € [c,0]. (5.37)

The first equation of (5.21) yields that G(t) = ¢ is constant on [c,b]. From (5.15) and from the first and third
equations in (5.35) it follows that when A\g = 0 and p(-) = 0, then ¢ = 0. Thus, the nondegeneracy condition
(5.20) is equivalent to (5.28). The second component of the adjoint equation (5.21) is obviously (5.29).

Set (31,72) := (@1, &2). The fourth, fifth, and seventh equations in (5.35) imply that p(c) and p(b) satisfy,
respectively, (5.30) and the third equation in (5.31). Since § is constant, the minimality in (5.23) is equivalent
to (5.32). Furthermore, from (5.36), (5.37), and from the first three equations and the sixth equation of (5.35)
we obtain that, for all t € [e,b],

H(&(t), a(t), p(t), 0, \o) = H(E(c), a(c), p(e), 0, o) = H(&(b), a(b), p(b), 0, Xo) (5.38)

and
H(#(c),a(c),p(c), 0, Mo) = 2\ K¢y + 2001 Go = —2 6 = 24, (5.39)
—H (&(b), (), p(b), 0, ho) = Mo (= Ky, + Ky,) + (—pl i+ 1)) s, (5.40)

where the partial derivatives are evaluated at (7(b), b, 1(b), Z2(b)). It immediately results that
5\0Kt1+§0£ = _(S\OKt2+<Pz; &2) (541)

with the partial derivatives evaluated again at (7(b), b, Z1(b), Z2(b)). Hence, since o = Go, the first two equations
of (5.31) are also valid. In addition, it follows from (5.38)—(5.41) that (5.33) and (5.34) hold true.

Conversely, if Ao, 7 = (37,597, and p(-) satisfy (5.28)-(5.34), it is straightforward to show that Xo, (+),
(61,d2) == (1,92), and § = —dp = (Ao K¢, + 7 32) (F(b), b, 1 (b), 2(b)) satisfy (5.20)(5.26). The proof is
complete. O
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Remark 5.5. Consider the case when the functions L, f, and H depend explicitly on ¢, for which they enjoy
the same regularity assumptions as for the variable x. Then

E(t, 7.z, ’l]) = L(f—, T1, —ﬂl) + L(t, To, ’L~L2), f(t, T, T, ’&) = <§((§’§21aft2?1)>

Consequently, the adjomt equation ¢ = 0 and equatlons (5. 24) (5. 26) are no longer valid. Hence, the first
equation of (5.21) and, parallel to (5.9)—(5.10), the free initial/final time condition (5.24)—(5.26) are now replaced
by the following equations

—(t) = Ha(t) = FL (8, 7(8), 2(8), () () + Do KL (¢, 7(£), 2(t), k), t € [¢,b], (5.42)

H(t) = (Mo Ky, + T &) (c,b, 7(c), 3(c), 7(b), #(b)) + | Hi(s)ds, t€ [c,b], (5.43)
b .

()\OK[»2 +<pt2 )(c b, 7(c), z(c), 7(b), (b)) —/t ﬁt(s) ds, te€lcbl, (5.44)

where 7—[ #(t), H(t), and H,(t) denote the evaluation at (t,7(t), (t),@(t), G(t),5(t),0,\o) of the functions Hz,
#, and H,. Thus, neither of the functions ¢ and # is constant. Nevertheless, calculations along the proof of
Lemma 5.4 yield that the strong Pontryagin principle for the nonautonomous case given by the equations (5.20),
(5.42), (5.21)(ii), (5.22), (5.23), and (5.43)—(5.44) can be simplified as in Lemma 5.4, with the difference that
the first two equations in (5.31) and equations (5.33)—(5.34) are now replaced by

( LH () ) _ ( (oKt ¢132) (6) + [} He(s) ds ) 5.15)
-1 H(®) (Mo Ky + oL A2) (0) + 3 f (Hy(s) + Hz(s)) ds
and
= ~ b = t = =
H(t)=2 ()\0 K, + gatTl ﬁg)(b) + 2/ H:(s)ds+ / (Ht(s) - H;(s)) ds (5.46)
3 Cb = I~ ) b = I~
22 (Ao K, + 9T 32 (b) / (H,(s) + H(s)) ds — /t (H,(s) — H:(s)) ds, (5.47)

where H(t), H;(t), and Ht( ) denote the functions H, H;, and H; being evaluated at the quantity
(£, 7(), &(t), a(t),5(t), 0, No), and where (Ao Ky + ¢f 42)(b) and (Ao K+ ¢f72)(b) stand for the evaluation
of these functions at (7(b), b, Z1(b), #2(b)). When L, f, and H are independent of ¢, then the functions L, f, and
H are independent of ¢ and 7 and hence, equations (5.45)—(5.47) reduce to the corresponding ones in Lemma 5.4.

In the following result we show that the transformation from Section 3 is suitable also for problems with free
initial and/or final time.

Proposition 5.6 (Strong Pontryagin principle). Assume that (a,b,z(-),u(-)) satisfies the strong Pontryagin
principle for problem (P), i.e., conditions (5.1)—(5.6) hold with multipliers Ao, =y, p(-). Then for ¢ := (a +
b)/2 and for the triplet (7(-),Z(-),a(-)) defined by (5.18) we have that (c,b,7(-),%(-),u(-)) satisfies the strong
Pontryagin principle for problem (P), i.e., conditions (5.28)~(5.34) are satisfied with the multipliers X, 7, p(-)
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defined by (3.12), i.e.,

5 - p(0)> " (—p(2c - t))
Ao = Ao, = , t) = , te€leb]. 5.48
0 0, ( ~y p(t) p(t) [c, 0] ( )
Conversely, assume that (c,b,7(-),Z(-),a(-)) satisfies the strong Pontryagin principle for problem (P), i.e.,
conditions (5.28)—(5.34) are satisfied with multipliers Ao, ¥, p(+). Then for a := 2¢—b and for the pair (z(-), u(-))
defined by (5.19) we have that (a,b,x(),u(:)) satisfies the strong Pontryagin principle for problem (P), i.e.,
conditions (5.1)—(5.5) are satisfied with the multipliers Ao, v, p(-) defined by (3.20), i.e.,
< . —p1(2¢—1t), t€a,c],
Ao = Ao, =2, t):=19 _ 5.49
0 0, 7:=%52 p) { Folt), t € le,b]. ( )

Proof. Given a feasible (a,b,z(-),u(-)) for problem (P) satisfying conditions (5.1)—(5.6), then the triplet
(7(-),Z(-),a(-)) defined by (5.18) is feasible for problem (P) and with the multipliers Ao, 7, p(-) defined by
(5.48) it is easy seen that it satisfies conditions (5.28)—(5.32) and the third equation in (5.31), see the proof of
Proposition 3.3. In addition, condition (5.5) implies through (3.8) that for ¢ € [c, b]

H(E(t), alt), p(t), 0, Xo) (5.50)

T B (20— ), u(2e — 1), p(20 — 1),0,20) + H(a(t), u(t), p(t),0,A0)

5.5

(25 2X0 Ky, (a,b,z(a), z(b)) + 2¢7, (a,b, z(a), z(b)) v (5.51)
(5.18), (5.48)

= 20 K, (7(b), b, @1 (b), £2(b)) + 207 (7(b), b, 1(b), Z2(b)) Fo- (5.52)

This shows the validity of condition (5.33). Using in the above calculation (5.6) instead of (5.5), we also obtain
the validity of (5.34), completing the proof of the first part.

Conversely, assume that a feasible (c,b,7(-),#(-),a(-)) for problem (P) satisfies (5.28)(5.34) with the cor-
responding multipliers g, 4, p(-). Then the pair (z(-),u(-)) defined by (5.19) is feasible for problem (P). We
define the multipliers Ao, 7, p(+) via (5.49). Then (5.30) yields that the function p(-) is continuous at ¢t = ¢, and
hence p(-) € Cé([a, b], R™). Moreover, as in the proof of Proposition 3.3 we deduce the validity of conditions
(5.1), (5.2), (5.4), and

— 5.49) _ 5.31) ~ - - - - - - -
( p(‘)’>> C2 56) P2V 30 Vg KT(F(B), b, #1(5), (b)) + Vig.y) 07 (F(b), b, &1 (b), F2(b)) 7
(5.19), (5.49)

= >\O v(av,y) KT(aa ba .I‘(CL), JL‘(b)) + v(z,y) (pT(a7 ba ZC(CL), l‘(b)) 7>

proving that the third and fourth equations in (5.3) are valid. On the other hand, the definition of the
Hamiltonian H in (5.15) with (5.13) yields that

H(z(c),u(c),p(c),0, ) = 2H (z(c),u(c),p(c), 0, o). (5.53)

Set h(t,u) :== H(z(t),u,p(t),0, o) for t € [a,b] and u € R™. Then the function h(-,-) is continuous and having
continuous t-partial derivative

hi(t,u) = Hy(x(t), u, p(t), 0, Ao) #(2) + Hp((t), u, p(t), 0, Ao) (t)- (5.54)
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Consider the closed set U := {u € R™, ¢(u) = 0}. We redefine the function u(-) € Cy([a,b],R™) so that it is
also left-continuous on [a, b]. From the already proven minimality condition (5.4) we have that

min h(t,u) = h(t,u(t)) for all t € [a,b].

uelU

By Lemma 15.1 of [11] we obtain that the function h(-,u(-)) € C;([a, b],R) and

h(t, u(t)) = h(e, u(c)) + / ho(ru(r)) dr, ¢ € [a,b)]. (5.55)
But from (5.54) and (2.12) we deduce that

hi(7,u(T)) = He(2(7), u(7), p(7),0, Xo) &(7) + Hp(2(7), u(T), p(7), 0, Ao) P(7)
= —p" (1) f(a(r),u(r)) + [f(e(r), u(r)]TB(r) = 0, T € [a,b]. (5.56)

Therefore, we derive that for all ¢ € [a, b] we have

H((t), u(t), p(t). 0. o) = ht, u(t)) "2 hie,u(e)) = H(z(e),u(c). p(c). 0, 20)
C2) 1 f(3(c), ae), Blc), 0, o)

O 50 Ko, (7(0), b, 31.(b), 52(0)) + o (7(b), b, 31 (b), F2(b)) 7

19), (5.49
(5.19), (5.49) Xo K, (a, b, z(a), 2(b)) + gatTl (a,b,z(a), (b)),

showing that condition (5.5) holds. Using the same calculation just performed and using (5.34) instead of (5.33),
we reach to (5.6). Having (5.5) and (5.6) valid, we obtain that the first two equations of (5.3) hold true. The
proof is now complete. ]

Remark 5.7. For the case where the functions L and f are explicitly depending on ¢, the statements in
Proposition 5.6 remain valid when replacing equations (5.5)—(5.6) by (5.9)—(5.10), and equations (5.31) and
(5.33)—(5.34) by (5.45)—(5.47). This requires some modifications in the proof of Proposition 5.6 based on the
following easily derived identities

B B - 2c—a
s)ds:/ H,(s)ds, /ff;(s)ds:/z H(s)ds for all o, 3 € [c, D], (5.57)

c—B

where as before I;';.(s) and ﬁt(s) denote H; and H, evaluated at (s, 7(s), Z(s), @(s), p(s),0, Xo), and Hy(s) is
Hy(s,z(s),u(s),p(s),0, Ag). More specifically, in the calculation (5.50)—(5.52), equations (5.51) and (5.52) should
be modified to account for the ¢-dependence and (5.9) must be used instead of (5.5), as it is illustrated in the
following

2ct

2 (Xo K, + 97, 7)(a,b,z(a), z(b) + ds+/ Hy(s ds+/ Hy(s
a
Ha(s ds—i—/ Ha( ds—i—/Ht

wa@>/
= 2 (Ro Koy + &7 A2) (7(b),b xl(b),aég(b))+2/ (s) ds+/ (Fu(s) — Hi(s)) ds.

c

am 'Y

5.57 ~ ~ - ~
O20 9 (Ao K, + ¢ 52) (F(b), b, 31 (



34

R. SIMON HILSCHER AND V.M. ZEIDAN

Hence, equation (5.46) is valid, and so is (5.45)(i). Similarly, using (5.10) instead of (5.9) we obtain (5.47),
and also (5.45)(ii). For the “conversely” part of Proposition 5.6, equation (5.56) is now h.(7,u(7)) = He(T) :=
Hy(r,x(7),u(T),p(7),0, \g) and its proceeding calculation becomes

= 1 H(c,7(c), #(c),u(c), p(c), 0, Ao) + | Hy(r)dr

b .
(Ao K+, + 07, 72) (F(b), b,i“l(b),i“z(b))ﬂL/ Hi(s)ds+ | Hy(r)dr

C

(5.46)

(AOKM+<pt:,;’7)(avb7x(a)vx(b)) + Ht(T) dTa

a

(5.57

that is, (5.9) holds. Using (5.47) in place of (5.46), the equality in (5.10) follows.
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