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1. Introduction

We study bang—bang control problems in a very general form admitting free
final time and mixed initial and terminal conditions of equality and inequality
type. Second order necessary and sufficient optimality conditions for bang-bang
controls were obtained by Osmolovskii; see Milyutin and Osmolovskii (1998),
Part 2, Chapter 3, Section 12. These conditions require the postive (semi)-
definiteness of a certain quadratic form on the finite-dimensional critical cone.
Using a suitable transformation via a linear matrix ODE, we have developed
numerical methods of testing the positive definiteness of the quadratic form; see
Maurer, Osmolovskii (2003,2004).

A different approach to second order sufficient conditions (SSC) was pre-
sented in Agrachev, Stefani, Zezza (2002). These authors consider a more spe-
cialized form of a bang-bang control problem with fixed final time and separated
boundary conditions of equality type. Their approach consists in transforming
the bang-bang control problem into a finite-dimensional optimization problem
where the assumed finitely many switching times and the (possibly free) initial
point are taken as optimization variables. (We will refer to this problem as to
the induced optimization problem). Their main result can be summarized by
stating that a combination of finite dimensional SSC for the induced problem
and the so-called strict bang-bang property imply SSC for the bang-bang con-
trol problem. An extension of this result to control problems with free final time
was discussed in Poggioloni, Stefani (2003). However, no numerical applications
have been given by these authors so far, though they present a conceptual al-
gorithm. Recently, a numerical implementation of the optimization approach
has been discussed in Maurer, Biiskens, Kim and Kaya (2004) on a variety of
bang-bang control problems. The basic ideas for applying SSC to the sensitivity
analysis of bang-bang controls may be found in Kim, Maurer (2003).

When comparing the approaches of Agrachev, Stefani, Zezza (2002) and
Osmolovskii (Milyutin and Osmolovskii, 1998) we strongly suspected that the
results in both publications are mathematically equivalent. Indeed, it is the pur-
pose of this paper to establish the equivalence of quadratic forms in both works
and to give explicit relations between the corresponding Lagrange multipliers
and elements of the critical cones. An interesting side-effect of this analysis is
that elements of the Hessian of the Lagrangian associated to the optimization
problem can be computed solely on the basis of first order variations of the tra-
jectory. The results obtained in this paper extend those in Agrachev, Stefani,
Zezza (2002) to the general class of bang-bang control problems, more precisely,
to the problem on a nonfixed time interval, with mixed initial and terminal
conditions of equality and inequality type, see the main problem (1)—(4).

Due to space restrictions we present only the basic methodology and a sum-
mary of the results. The proofs are given in the second part of the paper. They
involve a detailed and rather lengthy study of the first and second order deriv-
atives of the trajectories with respect to variations of the switching times, the
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free final time and the free initial point.

In Section 2 we give a statement of the general bang-bang control problem
(main problem), formulations of the minimum principle (the first order necessary
optimality condition) and the notion of a regular (or strict) bang-bang control.
In Section 3 we formulate second order optimality conditions, both necessary
and sufficient, for a regular bang-bang control in the main problem which are
given in Milyutin and Osmolovskii (1998) and briefly discuss the proofs of these
conditions. Section 4 contains the main results of this paper: a statement of
the finite-dimensional induced optimization problem introduced by Agrachev,
Stefani and Zezza, second order necessary and sufficient optimality conditions
for the induced problem, relationships between Lagrange multipliers, critical
cones and quadratic forms in the main and induced problems.

2. Bang-bang control problems on nonfixed time intervals
2.1. The main problem

We consider optimal control problems with control appearing linearly. Let
z(t) € RY® denote the state variable and u(t) € IRY®™ the control variable
in the time interval ¢ € [to, t1] with non—fixed initial time ¢¢ and final time ;.
We shall refer to the following optimal control problem (1)—(4) as the main
problem:

Minimize J(to,t1, z,u) = J(to, z(to0), t1, z(t1)) (1)
subject to the constraints
w(t) = f(t,z(t),u®), wt)el, (Ga()eQ, to<t<ty, (2)
F(to,z(to), t1,z(t1)) <0, K(to,x(to),t1,2(t1)) =0,
(to, z(to), t1,2(t1)) € P,
where the control variable appears linearly in the system dynamics,
flt,z,u) = a(t,x) + B(t,z)u. (4)

Here, F, K,a are column-vector functions, B is a d(z) X d(u) matrix function,
P c R*T?4@) 9 c R'T®) are open sets and U € IR*™ is a convex polyhe-
dron. The functions J, F, K are assumed to be twice continuously differentiable
on P and the functions a, B are twice continuously differentiable on Q. The
dimensions of F, K are denoted by d(F), d(K). By A = [to,t1] we shall denote
the interval of control.

We shall use the abbreviations

ro = x(to), x1 = z(t1), p = (to, o, t1,21).
A trajectory
T = (x(t),u(t) | t € [to, t1])
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is said to be admissible, if x(-) is absolutely continuous, u(-) is measurable
bounded on A and the pair of functions (x(t), u(t)) together with the end-points
p = (to, z(to), t1,x(t1)) satisfies the constraints (2), (3).

DEFINITION 2.1 The trajectory T affords a Pontryagin local minimum, if there
s mo sequence of admissible trajectories

7" = (2"(t),u"(t) | t € [t5, 7)), n=1,2,...,

such that the following properties hold with A™ = [t7,t7] :
(a) T(T™) <J(T) ¥Yn and t§ —to, tf —t1 for n— oo;
(b) max [™(t) —z(t)] = 0  for n — oo;

ArAA
(c) [ |u™(t)—u(t)|dt—0 for n— oco.
AnNA
Note that for a fixed time interval A, a Pontryagin minimum corresponds to an
Li-local minimum with respect to the control variable.

2.2. First order necessary optimality conditions

Let
T = (2(t),a(t) | t € [fo,11])

be a fixed admissible pair of functions such that the control 4(-) is a piecewise
constant function on the interval A = [tg,¢1]. Denote by

O={r,...., 7%}, to<h <..<#% <t

the finite set of all discontinuity points (jump points) of the control @(t). Then
ﬁ(t) is a piecewise continuous function whose discontinuity points belong to 9
and hence #(t) is a piecewise smooth function on A. Henceforth we shall use
the notation

A:Ik;

[u k+ ~k—

=u"T -1

to denote the jump of function @(t) at the point 75 € 6, where
@ =a(f, —0), @ =a(f +0)

are the left hand and the right hand side values of the control @(t) at 7, respec-
tively. Similarly, we denote by [ ]* the jump of the function x(t) at the same
point.

Let us formulate first-order necessary conditions of optimality for 7 in the
form of the Pontryagin minimum principle. To this end we introduce the Pon-
tryagin or Hamiltonian function

H(t,x,,u) = f(t,z,u) =va(t,z) + PpB(t, x)u, (5)
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where 1) is a row-vector of dimension d(¢)) = d(x) while z, u, f and a are column-
vectors. The factor of the control w in the Pontryagin function is called the
switching function

U(tvwi) = wB(tvx) (6)

which is a row vector of dimension d(u). Denote by [ the end-point Lagrange
function

l(ao, a, B,p) = o J (p) + aF(p) + BK(p),

where a and § are row-vectors with d(a) = d(F), d(6) = d(K), and ag is a
number. We introduce a tuple of Lagrange multipliers

A= (a0, a, B,9,90)
such that

aeRY, aeR¥M) BeRIMO e WA RY®), e WA, RY),
where W1 (A, IRY®)) is the space of absolutely continuous functions

v A - R,
Thus, A is an element of the space

V:i=R® x RIF) x RIK) x oo RIG)) x Woooo (o R™).

In the sequel, we shall denote first or second order partial derivatives by sub-
scripts referring to the variables.

Denote by My the set of the normalized multipliers A € ) satisfying the
minimum principle conditions for the trajectory 7

ag >0, a>0, aF(p)=0, ao—l—Zaz—l—ZWﬂ—l (7)
Y =—H,, 1g=—H, VteA\db, (8)
( ) xoa 1/)(1?1) = lmu 1Z)O(tAO) = _ltov 1/J0(£1) = ltn (9)
wmin FE(1, (1), 6(6),w) = H(L3(0), 9(0),6(0) Ve € A\G, (10)
H(t,2(t),¥(t), a(t) +bo(t) =0 ¥t e A\ 4. (11)

The derivatives [, and [,, are taken at the point (ap,c,,p), where p =
(to, #(to), t1, #(£1)), and the derivatives H,, H; are evaluated at the point

(t, (), a(t),(t)), t € A\ 6. The condition My # () constitutes the first order
necessary condition for a Pontryagin minimum of the trajectory ’f, which is
the so called Pontryagin minimum principle, see, e.g. Pontryagin et al. (1961),
Hestenes (1966), Milyutin, Osmolovskii (1998).
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THEOREM 2.1 If the trajectory T affords a Pontryagin minimum, then the set
My is nonempty. The set My is a finite-dimensional compact set and the pro-
jector A — (ap, o, B) is injective on My.

In the sequel, it will be convenient to use the simple abbreviation (t) for
indicating all arguments (¢, &(t), @(t),¥(t)), e.g., H(t) = H(t, &(t), a(t),v(t)),
o(t) = o(t,z(t),1(t)). The continuity of the pair of functions (¢ (t),v(t)) at
the points 75 € 6 constitutes the Weierstrass—Erdmann necessary conditions for
nonsmooth extremals. We formulate one more condition of this type which is
important for the statement of second-order conditions for extremal with jumps
in the control. Namely, for A € My, 7y € 6 consider the function

(ApH)(t) = H(t, (), (1), ") — H(t, 2(t),(t),a"") = o(t) [a]*.  (12)
PROPOSITION 2.1 For each A € My the following equalities hold
d d
Z(AHY L =2
g7 (B P dt
Consequently, for each A € My the function (AxH)(¢) is differentiable at the
point 7 € 6. Define the quantity
4
dt

Then the minimum condition (10) implies the following property:

(AkH)|t:7”'k+0’ kZL...,S.

DM(H) = —— (ApH) (7).
PROPOSITION 2.2 For each A € My the following conditions hold:
DFH) >0, k=1,...,s. (13)
The value D*(H) can be written in the form
D*(H) = —HEFTH)™ +HY HJT —[H,)*
. s k— skt
= M =9t + [,

where HF~ and HE* are the left- and right-hand values of the function H,(t)
at 7%, respectively, [H;]* is the jump of the function Hy(t) at 7%, etc. It also
follows from the above representation that we have

DF(H) = —(#, — 0)[a)* = —5(# + 0)[a]*. (14)

2.3. Integral cost function, unessential variables, strong minimum

It is well known that any control problem with a cost functional in the integral
form

J= / folt,o(t), u(t)) dt (15)
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can be represented in the canonical form (1) by introducing a new state variable
y defined by the state equation

y = fo(t,l‘,’u), y(tO) =0. (16)

This yields the cost function J = y(t1). The component y is called an unessen-
tial component in the augmented problem. The general definition of an unessen-
tial component is as follows.

DEFINITION 2.2 The state variable x;, i.e., the i—th component of the state
vector x 1s called unessential if the function f does not depend on x; and if the
functions F, J, K are affine in x,0 = x;(to) and zin = z;(t1).

Unessential components should not be taken into consideration in the defi-
nition of a minimum. This leads to the definition of a strong minimum which
is stronger than the Pontryagin minimum in Definition 1. The strong mini-
mum refers to the proximity of the state components in the trajectory only. In
the following, let x denote the vector of all essential components of the state
vector x.

DEFINITION 2.3 We say that the trajectory T affords a strong minimum if there
s mo sequence of admissible trajectories

T" = (z"(t),u"(t) | t € [t5,t7]), n=1,2,...

such that
(¢) I(T") < I(T),
(b) t6L—>t0, If?—>t1, J?n(to)—)x(to) (’I’L—>OO),
(c) max |2"(t) — z(t)] = 0 (n — o0), where A™ = [tg,t}].

The strict strong minimum is defined in a similar way by replacing the
inequality J(7™) < J(7T) in (a) by J(T™) < J(7T) where the trajectory 7" is
required to be different from 7 for each n.

2.4. Bang-bang control

By definition, a bang—bang control assumes values only in the set of vertices of
the admissible polyhedron U in (2). We shall need a slightly more restrictive
property to obtain the sufficient conditions in Theorem 3.2 (see definition (12.53)
and Theorem 12.9 in Milyutin and Osmolovskii, 1998, Part 2, Chapter 3, Section
12.3). For a given A € My, let

Arg min iy o(t)v

be the set of points v € U where the minimum of the linear function o(t)v
is attained. For a given extremal trajectory 7 = {(&(t),a(t)) | t € A} with
a piecewise constant control 4(t) we say that @(t) is a regular (or strict, or
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nonsingular) bang-bang control if there exists A = (o, @, 8,9, 10) € My such
that

Arg min iy o(t)v = [a(t — 0),a(t +0)] Ve A, (17)

where [4(t—0), 4(t40)] denotes the line segment spanned by the vectors 4(t —0)
and 4(t +0) in R¥ ™. Note that [@(t — 0),a(t +0)] is a singleton {a(t)} at each
continuity point of the control @(t) with 4(t) being a vertex of the polyhedron
U. Only at the points 75 € 6 the line segment [~ , @%*] does coincide with an
edge of the polyhedron.

If the control is scalar, d(u) = 1 and U = [Umin, Umax|, then the regular
bang—bang property is equivalent to

o(t)#£0 YteA\d,
which yields the control law

R Umin, if O’(t) >0 A a

u(t)z{ tmae, 1 o(t) <0 } Vte A\6. (18)
For vector—valued control inputs, condition (17) imposes further restrictions.
For example, if U is the unit cube in R "), condition (17) precludes simulta-
neous switching of any two different components of the control. This property
holds in many examples. However, a modification of this condition, which would
include the situation of simultaneous switching of control components, is an in-
teresting question (see Felgenhauer, 2005).

3. Quadratic necessary and sufficient optimality condi-
tions for bang-bang control problems

In this section, we shall formulate a quadratic necessary optimality condition
of a Pontryagin minimum (Definition 2.1) for a given bang—bang control. A
strengthening of this quadratic condition yields a quadratic sufficient condition
for a strong minimum (Definition 2.3). These quadratic conditions are based
on some properties of a quadratic form on the so called critical cone whose
elements are first order variations along a given trajectory 7. The main results
of this section (Theorems 3.1 and 3.2) are due to Osmolovskii; see Milyutin and
Osmolovskii (1998), Part 2, Chapter 3. The proofs missing in that book are
given in Osmolovskii (2004).

3.1. Critical cone

Denote by P;C 1 (A, IRd(””)) the space of piecewise continuous functions

() : A —» RY®),
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that are continuously differentiable on each interval of the set A \ §. For each
7 € P, (A, RY™) and for 7, € § we set

T =z(7 —0), T =%(f +0), [z]F =z —zF.
Set z = (o, 11,&,Z), where 5,5 € R, £ € R*, 7 € P@C’l(A,IRd(”)). Thus,
z€ Z(0) := R? x R* x P,C* (A, RY™).
For each z we set
iy = &(lo) + tox(lo), &1 =z(h)+t2(t), p= (o, %o, t1,%1).  (19)

The vector p is understood as a column vector. Note that £y = 0 and #; = 0 hold
for a fixed initial time ¢y and a fixed final time ¢1, respectively. Let Ir(p) =
{i € {1,...,d(F)} | Fi(p) = 0} be the set of indices of all active endpoint
inequalities F;(p) < 0 at the point p = (fo, @(fo), 1, #(f1)). Denote by K the set

of all z € Z(0) satistying the following conditions, where the prime denotes the
total derivative:

J'(p)p <0, F{(pp<0Vielp(p), K'(p)p=0, (20)
(1) = fo(t.2(0), a(0))2 (@), (2" = [3%6, k=15 (21)

It is obvious that K is a convex finite-dimensional cone with finitely many

faces in the space Z(f). We call K the critical cone. Each element z € K is
uniquely determined by numbers %y, 1, a vector £ and an initial value Z(fo) of
the function Z(t). The following two important properties of the critical cone
were proved in Maurer and Osmolovskii (2003).

PROPOSITION 3.1 For any A € My and zZ € K, we have
agJ (P)p =0, iF{(p)p=0Vié€ Ip(p).

PROPOSITION 3.2 Suppose that there exist A € My with ag > 0. Then adding
the equalities oy F) (p)p = 0 Vi € Ip(p), to the system (20), (21) defining KC, one
can omit the inequality J'(p)p < 0, in that system without affecting K.

Thus, K is defined by condition (21) and by the condition p € Ky, where Kq
is the cone in R2¥®)*2 given by (20). But if there exists A € My with ag > 0,
then we can put

Ko = {p € RU | F/(p)p <0, i F/(p)p=0VYi € Ir(p), K'(p)p = 0}.

If, in addition, «; > 0 holds for all ¢ € Ip(p), then Ky is a subspace in RA®)+2,

An explicit representation of the variations Z(t) in (21) is obtained as follows.
For each k = 1,..., s, define the vector functions y*(¢) as the solutions to the
system

Y= fx(t)y7 y(%k) = [é]ka te [ﬁfafl]'
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For t < 7 we put ¥ (t) = 0 which yields the jump [y*]¥ = [2]*. Moreover, define
yY(t) as the solution to the system

= fo(t)y, y(to) =2z(to) = Zo.

By the superposition principle for linear ODEs it is obvious that we have

Zy ()& +y°(t)

from which we obtain the representation

S
=Y yF ()& +¢0(h) + i(h)h
k=1

Furthermore, denote by z(t; 71, ..., 75 ) the solution of the state equation (2) using
the values of the optimal bang—bang control with switching points 71, ...75. It
easily follows from elementary properties of ODEs that the partial derivatives
of state trajectories w.r.t. the switching points are given by

ox
——(t; 71, . 7s) = —yF(t) for t> 7, k=1,..,5
8Tk

This gives the following expression for Z(t) :

(1) = - g%fkw()

3.2. Quadratic necessary optimality conditions

Let us introduce a quadratic form on the critical cone K defined by conditions
(20), (21). For each A\ € My and z € K we set

Q) 2 +Z (DG + 2H.)*4,6) + [ (Haas (o) a(0) dt, - (22)
A
where
(AB,5) = Uy P) + 20 (Fo)Fofo + (do(Fo) — (Fo)d(H0)) B2
—20)(E)aaE — (Dolir) — D(E)F(E)E, (23)
Z;Dp:lpp(amavﬁaﬁ)a ﬁ:(ijv‘%(fO)vf ( ))7 (50757(%{17571))
B, = @ ), Hew = Healt,2(0), 000), 0(1)).

Note that the functional (A, 2) is linear in A and quadratic in z. Also
note that for a problem on a fixed time interval [to,¢1] we have {p = {; = 0
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and, hence, the quadratic form (23) reduces to (Ap,p) = (lppp, D), where p =
(f(), j?(to), t1, j?(tl)) = (0, i‘(ﬁo), 0, f(tl)).

The following theorem gives the main second order necessary condition of
optimality in the main problem (1)-(4) (see Theorem 12.7 in Milyutin and
Osmolovskii, 1998, Part 2, Chapter 3, Section 12.3, p. 306).

THEOREM 3.1 If the trajectory T affords a Pontryagin minimum, then the fol-
lowing Condition A holds: the set My is nonempty and
max Q(\,z) >0 forall z€K.
AeM,
We call Condition A the necessary quadratic condition, although it is truly
quadratic only if My is a singleton.

3.3. Quadratic sufficient optimality conditions

A natural strengthening of the necessary Condition A turns out to be a sufficient
optimality condition not only for a Pontryagin minimum, but also for a strong
minimum in the main problem (1)—(4); see Definition 2.3. The following theorem
was obtained by Osmolovskii; see Milyutin and Osmolovskii (1998), Part 2,
Chapter 3, Section 12.3, Theorem 12.9, p. 307. The proofs missing in that book
are given in Osmolovskii (2004).

THEOREM 3.2 Let the following Condition B be fulfilled for T = (&(t),a(t) | t
[fo, 11]):
(a) u(t) is a regular bang-bang control (hence My is nonempty and condition
(17) holds for some X\ € M),
(b) there exists A € My such that D*(H) >0, k=1,...,s,
(c) max QN 2) >0 forall ze K\ {0}
€ Mo

Then T is a strict strong minimum.

Note that condition (c) is automatically fulfilled, if £ = {0} holds, which
gives a first order sufficient condition for a strong minimum in the main problem.
Also note that condition (c) is satisfied if there exists A € My such that

Q(N,2) >0 forall ze K\ {0}. (24)

3.4. Discussion of the proofs of quadratic conditions

The complete proofs of Theorems 3.1 and 3.2 are given in the book of Milyutin
and Osmolovskii (1998), Part 2, Chapter 3, Section 12, and in the paper by
Osmolovskii (2004). Below we shall briefly recall the general results on second
order conditions for broken extremals and show how these results were used in
Milyutin and Osmolovskii (1998) to get Theorems 3.1 and 3.2, first for a fixed
and then for a variable interval of control. The subsection can be omitted by
those readers, who are not interested in the details of the proofs.
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Quadratic optimality conditions for broken extremal in the general
problem of the calculus of variations. Consider the following problem on
a fixed time interval [tg,t1] with a pointwise equality-type constraint:

J(w) = J(xo,x1) — min, (25)
F(:L‘o, xl) <0, K((Eo,$1) =0, (250, £C1) eP, (26)
&= f(t,z,u), g(t,x,u) =0, (t,z,u) € Q, (27)

where, by definition, zo = z(tg), 1 = z(t1), w = (z,u). It is assumed that
the functions J, F', and K are twice continuously differentiable on an open set
P C IRM(I), and f and g are twice continuously differentiable on an open set
Q c R+ Fdw) Moreover, the following local full rank condition is assumed
to be satisfied:

rank g, (¢, ,u) = d(g) (28)

for all (t,z,u) € Q such that g(t, z,u) = 0.

We are looking for the minimum in the set of pairs of functions w(t) =
(x(t),u(t)) such that z(t) is an absolutely continuous function on [tg, 1] and
u(t) is a bounded measurable function on A = [tg,t1]. Hence the minimum is
sought over all pairs w = (z,u) in the space

W= WhHA, RYW®) x L2(A, R,

Consider an admissible trajectory w®(t) = (2°(¢),u%(t)) in the space W
such that u°(t) is a piecewise Lipschitz continuous function on the interval
A = [to,t1], i.e. u(t) is a piecewise continuous and Lipschitz continuous on
each continuity interval. The set of discontinuity points of u°(¢) will be denoted
here by

O={th,...  t°}, to<tl<.. <t <t

Denote by H and H the Pontryagin function and the extended Pontryagin
function, respectively:

H(t7x7ua¢) = wf(t7x7u)a H(tamau7w7l/) = H(t7x7uaw) +l/g(t,x,u),
where v € IR¥9). Denote by I the endpoint Lagrange function:
a0, a, B,p) = anJ (p) + aF(p) + BK(p),

where p = (xg,21). Denote by My the set of normalized Lagrange multipliers
A = (ag,a, B,9(-),v(-)) satisfying the minimum principle conditions for the
trajectory w®(-) = (2°(-), u®(")):

050205 05207 OéF(pO):O, a0+zaz+2|6]|:17

1/.} = _Hx; 1/)(150) = _lzov 1/1@1) = lzn H, = Oa

. 0 _ xo uO
uEUra}ﬁ)(t))H(t,x(t),u,w(t))_H(t, (), u"(t),¥ (1)),
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where
U(t,x):{uEIRd(“) | (t7$7u) S Qa g(t,x,u)ZO}

Denote by K the set of triples z = (&, z(-), u(-)) such that £ € R®, u(-) € L?,
Z(+) is a piecewise continuous function, absolutely continuous on each interval
of the set A\ 6, and the following conditions are fulfilled:

J )P <0, F@p)p<0,ielr(p’), K,(p°)p=0,
#(0) = Lot ()W) + fult,®()a), [0 = 106, k=1,....5,
9a(t, W’ (£))Z(t) + gu(t, w° (t))u(t) = 0,

where Ir(pY) = {z € {1, ce d(F)} | Fi(p") = 0} is the set of active indices, p =
(Z(to), z(t1)), p® = (2°(t0),2°(t1)). For A\ € My define the following quadratic
form Q(A, ) on the critical cone K:

t1

QN 2) = Loy, ) + / (oo, @) dt+ 3 (DG + 20, 54,60
k=

to 1

where w = (z,u), w = (z,u), D*(H ):—d—(AkH)|t oy AVH = H(t,2°(t),
u®(t" +0), (), v(t* + 0)) — H(t,2°(t), u®(¢* = 0), 9(t), v(t* - 0)),
lpp = lpp(a07a Ba O), wa - ww(t wo(t))-

We say that w is a point of a Pontryagin minimum for the problem (25)-
(27) if there is no sequence of admissible points w™ = (z™,u™) € W such that
J(w"™) < J(w®) ¥n and the sequence {w"} converges to w’ in the Pontryagin

t1
sense. The latter means that n[lax | |z (t) —2°(t)] — 0, [ |u"(t) —u’(t)|dt — O
telto,t1 to
(n — o00) and there exists a compact set C C Q such that for all sufficiently
large n we have (¢,2"(t),u"(t)) € C a.e. on A.

THEOREM 3.3 If w® is a point of a Pontryagin minimum in problem (25)-(27),
then the set My is nonempty and

max (N, 2) >0 Vzek.

AEMo

The proof of this theorem is given in Osmolovskii (2004), see Chapter III,
Section 11.5, Theorem 11.1.

Now we proceed to formulations of sufficient optimality conditions in prob-
lem (25)-(27) at the point w®. Assume that for this point the set My is
nonempty. Note that for each A = (o, , 8,%(-),v()) € My the function
H(t,2°(t),u’(t),(t) is continuous in t € A; in particular H*~ = H** for all
tF €0, where H*™:=H(t* 20(t*), u®(t*—0), ¢ (t*)), H* = H (t*, 20 (tF), u®(tF +
0),%(t*)). For given A € My, t¥ € 6 we set H* .= H*~ = H*+.
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Denote by M~ the subset of all elements A € M satisfying the strict mini-
mum principle determined by conditions:

a) H(t,2°(t),u,v(t)) > H(t,2°(t),u’(t),y(t)) forallt € A\O,u € U(t,z°(t)),
u # u®(t), and

b) H(t*, 20(tF), u,(t*)) > H* for all t* € 0, u € U(t*,2°(t%)), u # u(tF —
0), u # u’(t* +0).

Let us define a notion of a strictly Legendrian element. An element A € My
will be called strictly Legendrian if the following conditions are fulfilled:

DFH) >0, k=1,...,s,

and the strengthened Legendre-Clebsch condition holds, namely,
e for any ¢t € A\ 0 the quadratic form
(Hoyo (8, 2°(2), u(t), (¢), v(2)), uw)
is positive definite on the subspace of vectors @ € R*™ such that
gu(t, 20 (t),ul(t))u = 0;
e for any _tk € 0 the quadratic form
<Huu(tk7 xo(tk)a uo(tk - O)a w(tk)7 l/(tk - O))’HH ’U'>
is positive definite on the subspace of vectors @ € R such that
Gu(tF, 20 (tF), w0 (tF — 0))u = 0;
e for any Jﬁk € 0 the quadratic form
(Hua (8, 2 (), (£ + 0), ("), v(t* + 0))a, )
is positive definite on the subspace of vectors @ € IR such that
Gu(tF, 20 (tF), uO(t* + 0))u = 0.
Denote by Leg (M(;") the set of all strictly Legendrian elements A\ € MJ‘.
Set d(F)

o(w) = (J(p) = J(°))+ + Z(Fi(P))++IK(p)I+/ |[(8) = f (&, 2(t), u(t))| dt,

where w = (z,u), p = (z(to), z(t1)), a+ = max{a,0}. Denote
2

(= w’) = maxa(t) - () + / fu(t) - u0(t)] dt

We say that the bounded-strong ~1-sufficiency holds in the problem (25)-
(27) at the point w® if there is no sequence {w"} = {(z",u™)} C W such that
o(w™) = o(y(w"™ — w)), and the following conditions are fulfilled:

(a) we have max |z"(t) — 2°(¢)| — 0, where the vector function z" consists
te
of essential components of the vector function x™;

(b) there exists a compact set C C Q such that for any n we have (¢, 2" (¢),
u™(t)) € C a.e. on A;
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(c) for any n we have g(t,z"(t),u™(t)) = 0 a.e. on A

If {(t,x,u) € Q| g(t,x,u) = 0} is a compact set, then the property (b)
is automatically fulfilled. In this case instead of the term ”bounded-strong ~y;-
sufficiency” we shall use the term ”strong ~;-sufficiency”.

THEOREM 3.4 Assume that, at a point w® the set Leg (M(;") is nonempty and
there exist € > 0 and a nonempty compact set M C Leg (MJF) such that

max Q(\ z) > e3(z) VzeKk,

AEM
where 4
1(2) = (.6 + (E(to). T(to)) + / (alt), a(t)) dt.

Then the bounded-strong 1 -sufficiency holds at the point w®.

The proof of Theorem 3.4 follows from Theorem 12.1 in Osmolovskii (2004),
Chapter III, Section 12.3, as well as from an estimate derived in Milyutin and
Osmolovskii (1998), Part 2, Proposition 12.2, p. 300.

Linear in control problem on a fixed time interval. Consider the sim-
plified version of the main problem, where the interval [to, t1] is fixed. Namely:

J(zg,z1) — min, F(zg,z1) <0, K(zo,z1)=0, (w0,71)€P, (29)
t=a(t,x) + B(t,z)u, (t,z) € O, uel. (30)

We use the same notations and assumptions as in (1)—(4).

Let u?, i = 1,...,m be the vertices of the polyhedron U, and denote V =
{ul, ..., u™}. Consider the admissible pair w® = (22, u°) where the control u°(t)
is a piecewise constant function taking values in the vertices of U, i.e. u®(t) € V
for all t € A. Again, we denote by 6 = {t!,...,t°} the set of discontinuity
points (switchings) of the control u°(t).

Let Q¢, C R i=1,...,mbe disjoint open neighborhoods of the vertices

u* € V. Set Q, = |J Q. Define the function g(u) : @, — RY™ by setting
i=1

g(u) = u—u® on each Q! C Qu, i =1,...,m. Then g(u) is a function of class
C*™ on @, defining the set of vertices of U, i.e. V = {u € Q. | g(u) = 0}.
Moreover, g/, (u) = I for all v € Q,. Hence the full rank condition (28) is
fulfilled.

Now, consider the following problem P:
J(zg,z1) — min, F(zg,z1) <0, K(zo,z1)=0, (w0,71)€P, (31)
& =a(t,z) + B(t,x)u, (t,2) € Quz, g(u) =0, u€ Q. (32)

By virtue of relations V = {u € Q, | g(u) = 0} and U = coV (where coV
denotes the convex hull of V) problem (29), (30) can be considered as the
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convexification of the problem P. Therefore we refer to the problem (29), (30)
as to the problem co P.

It is easy to see that we can use here Theorem 3.3 to derive the necessary
conditions for w® to be a Pontryagin minimum in problem P. Obviously, the
necessary optimality conditions for Pontryagin minimum in the problem P are
also necessary in the problem co P. It leads to the proof of Theorem 3.1 in the
case of a fixed time interval [tg, t1] (see Milyutin and Osmolovskii, 1998, Part 2,
Chapter 3, Section 12.1, Theorem 12.1).

Now we turn to quadratic sufficient conditions. Applying Theorem 3.4, we
derive condition under which a bounded-strong ~;-sufficiency holds at w® for P.
Since V' is a compact set, a bounded-strong ~y;-sufficiency for P is equivalent to
a strong ~;-sufficiency.

There are examples where the convexification leads to the loss of the mini-
mum. However, a remarkable fact is that the convexification of the constraint
u € V turns a strong 7 -sufficiency into a strong minimum (see Theorem 12.3 in
Milyutin and Osmolovskii, 1998, Part 2, Section 12.1). It leads to the proof of
Theorem 3.2 in the case of a fixed time interval [to, t1]. The above very simple
but somewhat unexpected way of using equality constraints in the problem with
constraints on the control specified by a polyhedron is due to A.A. Milyutin.

Linear in control problem on a variable time interval. In order to
extend the proofs to the case of a variable time interval [to,t1] we used (see
Milyutin and Osmolovskii, 1998, Part 2, Section 12.2) a simple change of the
time variable. Namely, with the admissible control process 7 = (Z(t), a(t) | t €
[to, 1]) in problem (1)-(4), we associate the process (z°(7),t%(7),v% (), u"(7)),
T € [0, 7], where 2°(7),t%(7),v°(7) are state variables, u’(7) is a control,
10 = to, 71 = 11, t°(7) = 7, vO(7) = 1, 2°(7) = &(7), u®(7) = (7). Thus, we
get an admissible process for the following problem on a fixed interval [rg, 71]:

J(t(TO)vx(TO)vt(Tl)a x(Tl)) — min, F(t(TO)a x(TO)at(Tl)vx(Tl)) <0,

K(t(10), 2(70),t(m1), 2(11)) =0, (t(70), (70),t(71), (1)) € P,

dJ;S_T) =o(7) (a(t(r),z(7)) + B(t(7), z(7))u(r)),
dt(r) do(t)
0 vy, P o @))€ Quen i) €U

Necessary and sufficient quadratic optimality conditions written for the process
(2°(7),t°(7),v° (1), u®(7) in this new problem on a fixed time interval give us the
corresponding quadratic optimality conditions for the process 7 = (@(t),a(t) |
t&[to,t1]) in problem (1)-(4) on a variable time interval.
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4. Main results
4.1. Induced optimization problem

Again, let 7 = (&(t),a(t) | t € [fo,1]) be an admissible trajectory for the main
problem (1)-(3). Assume that 4(t) is a bang-bang control in A = [to, ;] taking
values in the set of vertices V' of the polyhedron U,

at)=u' €V fort € (fi_1,7), i=1,...,8+1,

where 7y = to, 7541 = t1. Thus, 0 = {71,...,7s} is the set of switching points
of the control 4(-) with 7; < 7,41 for i = 0,1, ..., s. Assume now that the set M

of multipliers is nonempty for the trajectory 7. Put

i‘(ﬁo):l‘o, T = (Tl,...,f's), C: (fo,fl,.fio,f'). (33)
Then 7 € R®, { € R? x R™ x IR, where n = d(z).
Take a small neighbourhood V of the point ¢ in R? x R™ x R®, and let ¢ =
(to,t1,20,7) € V, where 7 = (71,...,7s) satisfies tg <71 < T2 < ... < 75 < t1 .
Define the function w(¢;7) by the condition

u(t;7) =u' fort € (r_1,7), i=1,...,5+1, (34)
where 79 = g, Ts+1 = t1. The values u(7;;7), i = 1,...,s, may be chosen in U
arbitrarily. For definiteness, define them by the condition of continuity of the
control from the left: u(r;;7) =u(m —0;7),i=1,...,s.

Let x(t;tg, xo, T) be the solution of the initial value problem
T = f(t,x,u(t; 7')), te [to,tl], {E(to) = Xg. (35)

For each ¢ € V this solution exists if the neighborhood V of the point (A is
sufficiently small.
We obviously have

w(t;to, 20, 7) = &(t), te A,  w(t;7)=a(t), teA\d.
Consider now the following finite dimensional optimization problem in the
space IR? x IR" x IR® of the variables ¢ = (o, t1, o, 7):
Fo(¢) == J(to, zo, t1, x(t1; to, 2o, 7)) — min,
f(g) F(toax07t17x(t1;t07x077—)) §07
G(C) == K(to, o, t1, x(t1;to, x0, 7)) = 0. (36)

We shall call (36) the induced optimization problem of Agrachev, Stefani, Zezza
or simply the induced problem (see Agrachev, Stefani, Zezza, 2002). The follow-
ing assertion is almost obvious.
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THEOREM 4.1 Let the trajectory T bea Pontryagin local minimum for the main
control problem (1)-(3). Then the point  is a local minimum for the induced
optimization problem (36), and hence it satisfies first and second order necessary
conditions for this problem.

Proof. Assume that ( is not a local minimum in problem (36). Then there exists
a sequence of admissible points (¥ = (t§,tY, 2§, 7") in problem (36) such that
¢¥ —  for v — 0o and Fo(¢¥) < Fo(C). Take the corresponding sequence of
admissible trajectories

TV = {a(t;tg, xg, ), ult; ) | t € [tg, t7]}

in problem (1)-(3). Then the conditions t§ —tg, ty —t1, 2§ — &0, TV — 7 imply
that

/ fu(t; ™) — at)| di — 0, max |x(t; 8, 2, ) — i(t)] — O,
AVYNA
AYNA

where A = [t§, t}]. Moreover,

J(T") = Fo(¢") < Fol$) = T(T).
It means that the trajectory 7 is not a Pontryagin local minimum for the main
problem (1)-(3). [ |

We shall clarify a relationship between the second order conditions for the
induced optimization problem (36) at the point (A and those in the main bang-
bang control problem (1)-(3) for the trajectory 7. We shall state that there
is an one-to-one correspondence between Lagrange multipliers in these prob-
lems and an one-to-one correspondence between elements of the critical cones.
Moreover, for corresponding Lagrange multipliers, the quadratic forms in these
problems take equal values on the corresponding elements of the critical cones.
This will allow us to express the necessary and sufficient quadratic optimality
conditions for bang-bang control, formulated in Theorems 3.1 and 3.2, in terms
of the induced problem (36), and thus to establish the equivalence between our
quadratic sufficient conditions and those due to Agrachev, Stefani, Zezza.

First, for the sake of convenience, we shall recall second order necessary and
sufficient conditions for a smooth finite dimensional optimization problem with
inequality and equality type constraints.

4.2. Second order necessary and sufficient conditions for a local min-
imum in a smooth optimization problem with inequality and
equality constraints

Consider the problem in IR"
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where fo,..., fx,g1,.-.,gm are C?>—functions in IR™. Let & be an admissible
point in this problem. Define, at this point, the set of normalized vectors

H= (a()a"wak;ﬁla"'vBM)
of Lagrange multipliers
Ao = {peR'™ | a;>0,i=0,....k aifi(2)=0,i=1,...,k;
k m
Zai+ Z |ﬂj|:1; LI(ILL,QA’:):O},
i=0 j=1
where

k m
L(p,x) =Y _oufi(x)+ Y Bgi()
i=0 j=1

is the Lagrange function. Define the set of indices of active inequality constraints
at the point &

and the critical cone
Ko={z|fy(#)z<0, fl(#)z<0,icl, g(#)z=0,j=1,.. m}

THEOREM 4.2 Let & be a local minimum in problem (37). Then, at this point,
the set Ao is nonempty and the following inequality holds

max (L. (p,2)Z,7) >0 VI e K.
I

THEOREM 4.3 Let the set Ay be nonempty at the point & and

max (Lgq(p, 2)Z,Z) >0 VE e Ko\ {0}
HEANo

Then & is a local minimum in problem (37).

These conditions were obtained in Levitin, Milyutin, and Osmolovskii (1974),
(1978); see also Ben-Tal, Zowe (1982).

4.3. The relationship between second-order conditions for the main
and induced problem

Let 7 = (&(t),a(t) | t € [fo,11]) be an admissible trajectory in the main problem
with the properties assumed in Section 4.1 and let { = (fo,%1,20,7) be the
corresponding admissible point in the induced problem.
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Lagrange multipliers. Let us define the set Ay C IRHd(FHdA(K) of the triples
= (ap, a, B) of normalized Lagrange multipliers at the point ¢ for the induced
problem. The Lagrange function for the induced problem is

L(M;C) = L(:U’7t07t17x077—) :OéQJ(tO,.ﬁO,tl,l‘(tl;to,l‘o,T))
+aF (to, zo, t1, z(t15 0, %o, 7)) + BK (Lo, o, t1, z(t15 0, 0, 7))
= l(lJ’7t07x07t17x(t1;t07x077—))7 (38)

where | = agJ + aF + SK. By definition, Ag is the set of multipliers y =
(g, a, ) such that

a2 0, a =0, ag+[af +|B] =1, aF(p) =0, L¢(p,¢) =0, (39)

where ]5 = (fo,i‘o,fl,i‘l), JA?O = JA)(Z?()), JA?l = fﬁ(fl) = J?(Z?l;fjo,.f?o,f'). NOW7
let us deﬁng the corresponding set of normalized Lagrange multipliers for the
trajectory 7 in the main problem. Denote by A the set of multipliers A =
(oo, @, B,1,100) € Y such that

@020, a>0, ag+lo|+|8l=1, aF@) =0,

= P(t) = () fo(t, (1), a(t)),  —vo(t) = p(t) fe(t, 2(t), a(t)),

w(to) = _lxo(/'[/aﬁ)7 w(tl) - lah(:“ﬂﬁ)a

Z/JO(tO) = _lto (lu‘vﬁ)a wO(tl) = lt1 (lu‘vﬁ)a

Y()f(E, (), a(t) +o(t) =0 VEe A\, (40)

where A = [to, 1], 6= {Toy .- Ts}
ProrosiTION 4.1 The projector

7o : (o, o, 3,9, 10) — (0, o, 3) (41)
maps one-to-one the set A onto the set Ag.

Let us define the inverse mapping. Take an arbitrary multiplier p=(ao, o, 5) €
Ag. This tuple defines the gradient I, (1, p), and hence the system

— = Y fo(t,2(1),a(t), (1) = Loy (D) (42)
defines 1 (t). Define vy (t) by the equality
() f(E,2(t), a(t)) + tho(t) = 0. (43)

PROPOSITION 4.2 The inverse mapping

’/TO_1 : (040,04,5) €A0—>(0407047ﬂ71/)71/)0) €A (44)
is defined by formulas (42) and (43).
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We note that My C A holds, because the system of conditions(7)-(9) and
(11) is equivalent to system (40). But it may happen that My # A, since in
the definition of A there is no requirement that its elements satisfy minimum
condition (10). Let us denote AP := m(My) (MP=minimum principle).

We shall say that multipliers p = (ap, , 8) and A = (ag, o, 3,v,1g) cor-
respond to each other if they have the same components «g, o and f3, i.e.

770(040) «, ﬁ7¢7¢0) = (Oé(), Oé,ﬁ).

Critical cones. We denote by Ky the critical cone at the point f in the
induced problem. Thus, Ky is the set of tuples ¢ = (o, t1,To, ) such that

FOC<0, F(OC<0,iel, G()C=0, (45)

where [ is the set of indices of the inequality constraints active at the point é .
Let K be the critical cone for the trajectory 7 in the main problem, i.e. the set
of all tuples z = (to,#1,£, %) € Z(0), satisfying conditions (19)-(21).

ProprOSITION 4.3 The operator
UNE (.EO) Ela 57 j) - (EO; El; i‘o, 77_)

defined by

F=-§ To=2(t) (46)

is an one-to-one mapping of the critical cone K (for the trajectory T in the main
problem) onto the critical cone Ky (at the point ¢ in the induced problem).

We say that elements ¢ = (o, 11, Z0,7) € Ko and z = (fo,11,£,Z) € K corres-
pond to each other if 7 = —€ and Ty = Z(to), i.e. m1(to,11,&, %) = (fo, 11, To, 7).

Now we shall give explicit formulas for the inverse mapping for 7;. Let V (¢)
be n x n matrix-valued function (n = d(x)) which is absolutely continuous in
A = [iy,#1] and satisfies the system

V(t) = folt, 2(1), a(t)V (1), V(i) = E, (47)

where F is the identity matrix.

For eachi = 1,..., s denote by y*(t) the n-dimensional vector function which
is equal to zero in [f,7;) and in [#;,%;] it is the solution to the initial value
problem

yi = fﬁc(twf:(t)a ﬁ’(t))yzv yz(%’t) = _[i‘]z (48)

Hence y° is a piecewise continuous function with one jump [y’]* = —[a;:]i at the
point 7.
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PROPOSITION 4.4 The inverse mapping
m b (fo, 1, %o, 7) € Ko — (b0, 11,6,2) €K

18 given by the formulas

E=—7  z(t)=V(t) (5:0 - g*c(fo)fo) - Z RO (49)

i=1

Quadratic forms. For p € Ag the quadratic form, of the induced optimiza-
tion problem, is equal to (L¢¢ (1, )¢, C).

The main result of this paper is the following:

THEOREM 4.4 Let the Lagrange multipliers p = (oo, o, 8) € AMF and \ =
(o, e, B,,10) € My correspond to each other, i.e. moA = u, and let the
elements of the critical cones ¢ = (to,11,%0,7) € Ko and zZ = (£, 11,£,7) € K
correspond to each other, i.e. m% = (. Then the quadratic forms in the main
and induced problems take equal values: (L¢¢(u, (f)f, ¢) = Q(A, 2). Consequently,

L E,C) = QN z
HglAaggq ¢¢(r: )¢, ¢) = max Q(A, z)

Jor each pair of elements of the critical cones ¢ € Ky and 2 € K such that
71'12 = C

Theorems 3.1, 4.4, and Proposition 4.3 imply the following second order
necessary optimality condition for the main problem.

THEOREM 4.5 If the trajectory T affords a Pontryagin minimum in the main
problem, then the following Condition Ay holds: the set My is nonempty and

max (L¢c(1,€)C,¢) > 0 for all { € Ko.

ueA(J)\/IP

Theorems 3.2, 4.4, and Proposition 4.3 imply the following second order
sufficient optimality condition for the main control problem.

THEOREM 4.6 Let the following Condition By be fulfilled for the trajectory T in
the main problem:

(a) u(t) is a regular bang-bang control (hence, the set My is nonempty and
condition (17) holds for some X\ € M),
(b) there exists X € Mgy such that D¥(H) > 0,k =1,...,s,

(c) max (Lee(1,6)C, Q) > 0 for all ¢ € Ko\ {0}

Then T is a strict strong minimum in the main problem.



Equivalence of second order conditions for bang—bang control 949

Theorem 4.6 is a generalization of sufficient optimality conditions for bang-
bang controls obtained in Agrachev et al. (2002).

Due to space limitations a detailed proof of the preceding theorems will be
given in the second part of this paper. Let us point out that the proof reveals the
useful fact that all elements of the Hessian L¢¢(u, é ) can be computed explicitly
on the basis of the transition matrix V' (£;) in (47) and of the first order variations
y* defined by (48).
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