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Necessary Conditions for Impulsive Nonlinear
Optimal Control Problems without a priori
Normality Assumptions’

3
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Abstract. First-order and second-order necessary conditions of opti-
mality for an impulsive control problem that remain informative
for abnormal control processes are presented and derived. One of
the main features of these conditions is that no a priori normal-
ity assumptions are required. This feature follows from the fact that
these conditions rely on an extremal principle which is proved for
an abstract minimization problem with equality constraints, inequality
constraints, and constraints given by an inclusion in a convex cone.
Two simple examples illustrate the power of the main result.
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1. Introduction

Let us consider the following fixed-time optimal control problem:

(A) min J(xg,u,w)=Ly(a), (1)
st.  dx@®)=f@t,x(@),ut)dt+G ¢, x@))dw(t), t€ty, 1], (2)
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Li(a)<0, L(a)=0, 3)
dwelk. “4)

Here,
a=(x(t), x(11)), x()=x(ty)=x0, x(1)=x1, fo<h
are given. The mappings

f:to.t1] x R* x R™ - R", G :[tg,11] x R" — R"™K,
Li: R"xR"— RI) 1=0,1,2,

are given, with d(L;) the dimension of the vector function L;, d(Ly)=1,
and dw is a k-dimensional Borel measure associated with the function of
bounded variation w(t), right continuous on (¢, t{]. The cone K is defined
by

K={dweC*(ty, t1]; RY):V continuous ¢ such that

q)(t)eKO‘v’t,/qb(t)dsz,V Borel B C[1, 1]},
B

where K is a given convex, closed, pointed cone from R* and K© is its
dual. In another words, the measure dw satisfies

/ dw(t)e K, for all Borel subsets B.
B

The pair (u, w) is called an admissible control if u € L?, and we BVF is
such that dw e K.
Let us describe our assumptions for problem A:

(H1) The functions Lg, L, L, are C2.

(H2) The function f is twice differentiable w.r.t. x and u for almost
all ¢ €[tg, 11]; the function f plus the first-order and second-
order derivatives are measurable w.r.t. + and bounded on any
bounded subset.

(H3) The matrix function G e C?.

(H4) The matrix G satisfies the Frobenius condition, i.e.,

GL(t,x)G/ (t,x) = GL(t, x)G (1, x) =0, 5)

where G' is the ith column of G.
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Notice that, under (H4), the dynamic system (2) is robust w.r.t. approx-
imations of the generalized control dw by conventional controls v(-) €
L’;O([to,tl]; K); see Refs. 1-4. If the Frobenius condition holds, then for
any given admissible control (u,w) and initial condition xg, the corre-
sponding trajectory (whose existence is assumed) is the unique right-con-
tinuous function of bounded variation on (#y, 7], with x(¢9) =xo such that

t
x(t):xo—l-/ £(6,x(0), u(0))dé
to

+/ GO, x@)dwe @)+ Y (L 5i.c)) —x(s7)). (6)
[t0.7]

S;<t
Here, dw, represents the continuous part of dw,
dw,(1):=) 'S,
is the atomic part, s; €[tg, t1] are the jump times of dw (times of impulses),

8s is the Dirac measure at time s,c¢’ € K are the jumps of dw, and the
function z'(r) =z(t; s;, ¢;) is the solution to the limiting system

dz' Jdv =G (si,2)ei, 2/ (0)=x(S)); @)
hence,
Z(D=x(sD).

The robustness of the system (2), due to (H4), implies that the solution
(6) belongs to the closure of the set of absolutely continuous solutions of
equation (2) corresponding to (u, w) € Ly X AC.

An admissible control process is a triplet (xg, u, w), where (u, w) is an
admissible control and the corresponding state trajectory satisfies the given
endpoint constraints. The problem under consideration is to minimize J
over the set of admissible control processes.

By (x(’)“, u*, w*) and x*, we denote respectively an admissible control
process and the corresponding state trajectory investigated for a minimum
of problem (A). It is assumed that this control process satisfies the follow-
ing additional assumption:

(H5) dw*(t)=v*()dr+ Y c'8,(1). (8)

seS*
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where v*(r) =w*(r) a.e. with respect to the Lebesgue measure on [fg, 1],
S* C [, 11] is the set of jump times of w*(-), assumed to be finite, and

¢ =w*)]:==w*sh) —w*(s7),

i.e., the function w*(-) has no singular continuous part and has a finite
number of jump times.

Moreover, since (xg,u*, w*) is investigated for a local minimum only
(in the sense of Definition 1.1 below), then without loss of generality
we can assume that all endpoint inequality constraints are active at the
optimal trajectory x*, i.e.,

*

L1(a*)=0, where a*=(x*(),x*(11)). 9)

Dynamic optimization problems arising in a variety of application areas
such as finance, mechanics, resources management, and space navigation
(see Refs. 4-10, just to mention a small but representative sample of refer-
ences), whose solutions might involve discontinuous trajectories, have been
considered over the years, motivating a significant research effort on the
impulsive control problem.

In order to not obscure the aim of this article, we selected the sim-
plest control problem paradigm enabling us to deal with the issues relevant
to first-order and second-order conditions for impulsive control problems
that remain informative, even for abnormal control processes. It is not
difficult to see that this result can be derived for a number of different
and more complex control formulations. In particular, by standard state-
variable manipulations, one can convert Bolza and Lagrange types of cost
functionals into the one stated here.

The approach of this article can be used to derive these opti-
mality conditions for problems with regular control constriants of the
type R(u,t)=0. Under regularity assumptions (see Ref. 11), the implicit
function theorem can be used to solve (for each 7) this equation in u, thus
converting the control problem into the one considered here.

Definition 1.1. We say that the admissible process (x;,u*, w*) is a
local minimizer of the problem (A) if 3¢ >0 and, for any finite-dimen-
sional subspace R C L[, 1], 3eg >0 such that process (x;,u*, w*) yields
the minimum to problem (1)-(4) with the additional constraints

”a—a*” <é&, ”dw_dw*nc*([toytl];Rk) <é€,

||u_u*”L'Ono[t(),t|]<8Rv u(-) eR.

SHeretofore, L-a.e. denotes a.e. w.r.t. the Lebesgue measure.
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The defined type of local minimum is finite dimensional in # and
weak in dw.

In this article, we obtain first-order and second-order necessary condi-
tions of optimality for the problem under consideration. The main features
of the results is that no a priori normality assumptions are required and
that they are informative for abnormal control processes as well. Another
issue concerns the fact that, in the problem considered, the function G
depends also on x. The proof of these conditions is based on a nonlin-
ear transformation of the initial problem A (Ref. 4) into another one for
which G does not depend on x and first-order and second-order necessary
conditions of optimality were derived in Ref. 12.

In spite of the well-developed theory of higher-order necessary con-
ditions of optimality for conventional optimal control problems (see for
example, Refs. 11, 12, 14), it is somewhat surprising that, from the vast
amount of literature addressing optimal impulsive control problems (Refs.
1-3, 15-22), only a few publications are available (Refs. 23-25, 27).

We notice that, while the conditions in Refs. 23, 24 become trivial
(i.e., degenerate, for abnormal problems), ours remain informative. Also,
our results differ substantially from these conditions as it can be seen
from the fact that these follow directly from the maximum principle in
the case the optimal trajectory is absolutely continuous, i.e., with no
impulses.

In Ref. 3, second-order necessary conditions of optimality of the
Legendre-Jacobi-Morse type for time-optimal control are derived by using
in an essential way an extremal principle and the notion of index of
quasiextremality provided in Ref. 26.

However, the approach followed here differs substantially from all the
ones in the references cited above as we regard this problem as a specific
instance of a general abstract problem for which powerful second-order
optimality conditions are derived.

This article is organized as follows. In Section 2, we introduce key
definitions and state first-order and second-order necessary conditions of
optimality for the dynamic optimization problem described in Section 1.
Issues concerning abnormality, geometric interpretation, and computation
are also discussed. In Section 3, we present the proof, which is orga-
nized in three parts: transformation of the given problem into another
one for which there are first-order and second-order necessary conditions
of optimality available; statement of the mentioned optimality conditions
for the problem considered; and decoding of the thus obtained first-order
and of second-order conditions in terms of the data of the original prob-
lem. Finally, in Section 4, two examples illustrate the application of these
conditions.
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2. Second-Order Necessary Conditions of Optimality

Let us state the necessary conditions of optimality for problem A.
Before presenting the main result, we discuss some auxiliary concepts
which are fundamental for the statement of our main result: local maxi-
mum principle, critical cone, and quadratic form.

2.1. Local Maximum Principle. Let
F(t,x,u,v)y=f(t,x,u)+G(,x)v

and let
VeR", A=(ho, AL, A2) e R x RIED x RA(L2),

Define the Pontryagin function H = Hy+ H; and the endpoint Lagrangian
> by

Ho(t,x, ¥, u)=(y, f(t,x,u)),
Hi(t,x, ¥, v) = (¥, G(t, x)v),
I*(a) =2roLo(@) + (A1, L1(a)) + (A2, La(a)).

Definition 2.1. We say that a process (xj,u*, w*) satisfies the Euler-

Lagrange conditions or the local maximum principle if there exists A #0
such that

2>0, 21>0, (A1,L1(@"))=0 (10)
and the vector function v, solution to the adjoint system
—dy (1) = Hox (1)dt + Hy, (dw* (1), —y (1) =1}, (a*), (11

which satisfy the following conditions:

V(o) =1}, (@), (12)

H,(t)=0, L-ae., (13)

(Hy(1),v) <0, V(t,v) elto, 1] x K, (14)

(Hy(1), @* (1)) =0, dw*-a.e., (15)
where

& (1) =dw* (1) /d|w* (t)]
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is the Radon-Nicodym derivative of the measure dw* with respect to its
total variation measure.

Notice that the solution to the adjoint system (11) is in the same
sense as the one to (6), i.e.,

¥ () =—1}, (@)

and that

t t
Yty =1}, (a*)+/ l Hox(e)d9+f 1 Hyy (0)dw} (6)
t t
+Y W) —qO0;5,¢)),  tef,n). (16)

Si>t

Here, the functions ¢ (t) =¢'(z;s;, ¢') are solutions to the adjoint limiting
system

—dq' Jdt = Hyy(si, 2 (1), 4" (D), ¢' (D)= (sp), (17)

with the corresponding solution z'(r) to the system (7) when x(s;) =
x*(s;). The notation

92H
Hyy(t) = m(t)

refers to the evaluation of the function H,, along the process examined
(this notation is adopted also for other functions in similar contexts). We
remark that any adjoint trajectory v (¢) and the function H(t) depend on
A due to the transversality condition (12).

Denote by

A=A(xg, u*, w")

the set of all normalized Lagrange multipliers A, |[A|| =1, satisfying the
local maximum principle. It is well known that A #¢ is a first-order nec-
essary condition for a weak local minimum for problem A. However, we
shall prove here that it is also necessary for the local minimum in the sense
of Definition 1.1. Note that the local maximum principle holds without
(HYS).
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2.2. Critical Cone. In order to ensure a compact statement of the
second-order conditions, we shall use the total derivative w.r.t. time along
the solution to the following ordinary differential system:

x=F(t, x,u,v), (18a)
—1/}=Hx(t,x,1/f,u,v), (18b)
w=v, v()eKk. (18¢c)

For example,

(Hy)x = 3/9)[(d/dt) @ H /30)]jt x(1),0(0),w* (1)) -

Under the Frobenius condition, this derivative does not depend on v, but
in any other case, we put always v*(t) =w*(¢); see (8). Denote by BV"(5*)
the set of n-dimensional vector functions of bounded variation whose
jump times are supported on S*. Clearly, each term in (x*(-), ¥ (-), w*(-))
is in a BV (S*) space of the corresponding dimension.

Definition 2.2. A variation (8xo,du,dw) € R" x L% x BVk(§*) is
called critical if the corresponding state trajectory variation §x € BV"(S*)
satisfies the following conditions:

(Lia(@). 8a) + (Lix, (@), G(11)bw1) { S (19)
da=(8x(ty), 8x(t1)), Swi=38w(t), (20)
d(8x)/dt = Fy(1)8x + F, ()8u — (Hy) |, (8w, 1 ¢S*, (1)
d(Sw)e K +Lin {dw*}, Sw(t) =0, (22)
Sx(s)=08q(1;s,c), VseS*. (23)
Here,
G(t) =G(11, x*(11)),
3q(t;s,c):=8q°(t) is the solution to the system
d(8q*)/dt = Hiyx (s, 2 (1), ©)dq", (24a)
84" (0) =8xo, (24b)
3¢°(0)=68x(s7), s>ry, (24¢)

and the function z°(t) is solution of (7) when s; =5, x(s™) =x"(s™); recall
that c=[w*(s)].
Denote by K., the cone of all critical variations.
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2.3. Quadratic Form. For any A € A, define the quadratic form

Q*(8x0, Su, Sw) =8a’ I}, (a*)éa + Q} (8a, Swy)

t
—/ 1 0 (8x, Su, Sw)(t)dr, (25)
to

where Q% and Q? are the following quadratic forms:

0" (8x, 8u, Sw) =8u” H su+28x" H* 8u —28w” (H),8u
—sw’ (Hydw —28w” (H) 8x +8xT H 8x,  (26)
QF(8x (), 8wy) =2[8x(t0) 1}, (@) G (ty) — 8x (1) HY, (t1)]8wy

X0X1

+8w{ GT (1[I}, @)G 1) — HY, (1)sw,
=Y BxT ()W (9)8x(s) — 8xT (sT)WH(sT)8x(s )]

seS*

(27)
Here, dependence on top Q* is omitted, H* refers to the Pontryagin
function evaluated along (z, x*, ¥, u™, v*), ¢ satisfied (11) for a certain A,
and d8x(-) is the corresponding solution to (24) with (22), (23), éx(z,) =
8xo, w(t, ) =0. Only W*(t) e BV**"(S*) remains to be defined in formula
(27). For this, let z*(t;¢) and ¢*(r;t) be solutions of

dz*/dt =G (¢, 7)w*(1), (L 1) =x*@1),
—dq*/dt=Hi(t,2",¢", w* (1)),  q"(L=y(),

and let the n x n matrix Z(t;1t) satisfy
—dZ/dt =ZHy(t,2*(t, 1), w* (1)), Z(0;1)=1I.

Then,
1
) =—2"(1;1) (/ Z‘”(r;z)Hm(r;t)Z‘l(r;r)dr>Z(l;t), (28)
0

where the expression Hj,.(t;t) is a short notation for Hj,, evalu-
ated along (¢,z%(t;1),q*(t; 1), w*(t)). We remark that W(z, ) =0 because
w(t, )=0.
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2.4. Main Result. Let 7 be the orthogonal projection from R* onto
the linear subspace N defined by

N=KN(—K).

Obviously, C*([to, 1], N) is the maximal linear subspace contained in K.
Consider the following modified variational equation:

d(8x)/dt = Fy(1)8x + F,,(t)8u — (Hy)y ()7 8w, t ¢ S*, 29)
with jump conditions (23), (24), where

Sx(t)) =8xpe R", SueclL”

00

swelLk,. (30)

Consider the quadratic form Q7 defined on R" x L” x L% x RK obtained
from Q* by formally replacing Sw; by k. Put L=(L1, L) and consider the
set of all tuples (6x¢, Su, Sw, h) e R* x LT, x L’;o x R* such that the corre-
sponding solution of (29) with (23), (24) satisfies

Lo(a®)8a+ Ly, (a*)G(t))mh=0, heR*.
This set, denoted by K, is obviously a linear subspace of R" x L x
L% x Rk,

Define the linear operator A: K, — RY™) by the formula

A(8x(0), Su, Sw, h) =Ly (a*)éxg+ Ly, (a*)éx1 4+ Ly, (@*)G(t1)7h,
where Sx is the corresponding solution to (29), (30), (23), (24). Put

d =codim(Im.A)

and denote by A,(x*, u*, w*), A, for short, the set of vectors A e A(x*,
u*, w*) such that the index® of the form Qé on the subspace K, is not
greater then d.

Theorem 2.1. Necessary Conditions of Optimality. Let the control
process (x*,u*, w*) be a local optimal to the problem A. Then, A, # @
and, for any (§xq, Su, Sw) € K¢, we have

max Q" (8xg, du, Sw) > 0. (31)
AEA,

The proof of this theorem is presented in Section 3.

The index of a quadratic form ¢ on a given subspace V is the dimension of a subspace
of V of maximum dimension where the quadratic form is negative definite.
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Notice that, by definition, the cone A, C A. (therefore, Theorem 2.1)
is stronger than the well-known conditions for which cone A, in (31) is
replaced by A; see Refs. 24, 25.

Remark 2.1. It can be shown easily that d is equal to the dimension
of the kernel of the block matrix operator

A
B . RAW) _y pn+k+d(L)

Gt
where

A= Ly, @)+ (1) Ly, ("),

|
B=Ly @) o) / > Ir xr) T o ) dtd )T Ly, (a*),
fo

where @ is a fundamental solution to the system (29); i.e., ® is the solu-
tion to the system

d/d)yd@)=F,(t)®(), L-ae., () =1, (32)
['(¢) is the n x (m +k) block matrix defined by

[Fu(t)| — (Hy)y ()],

and AT denotes the transpose of A.

Remark 2.2. The second-order necessary conditions of optimality are
also significant for the abnormal case (see Refs. 11, 12, 27). For prob-
lem A, the abnormality of the admissible control process (8xg, u(-), w(-))
implies that the convex hull of A(8xg,u(-), w(-)) contains 0. Notice that,
for the abnormal case, the second-order conditions in which A is used
instead of A, in formula (31) become trivial (i.e., uninformative).

Remark 2.3. The last term in the expression of Q%‘ features the left
limits 8x(s™)7, W*(s7), s € S*. We note that it is not necessary to extract
limits from the left in order to compute these terms. For example, to com-
pute WA (™) at some fixed point ¢ € S*, > 1y, with the formula (28), it suf-
fices to solve first the system of differential equations

dz*/dt =G, 7*)(w* () — ), (L 1) =x*(1),
—dq*/dt=H (1, 7%, q", (w* @) =), ¢*L;1)=y ).
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Then, Z(r,t™) is obtained by integrating the differential equation
—dZ/dt=ZHy,(t, 2 (x, 1), W (1) =), Z©0;1)=1.

Clearly, only two Cauchy problems need to be solved for each atom.

3. Proof of Theorem 3.1

For simplicity, we organize the proof in four steps.

Step 1. Transformation of Problem A into Problem B. Denote by
&(t,y, w) the solution to the following system of partial differential equa-
tions which, under the Frobenius condition, is completely integrable,

0E/0w=G(1,§), &lw=0=). (33)

Since we are interested in only a local minimum, we may assume without
any loss of generality that G is bounded. Hence, the global solution & is
defined on the whole space [fg,#1] x R". Let

n(t,x,w)=E&(,x,—w)
and let us apply the following nonlinear transformation (Refs. 4, 17, 18,
23) to problem A:

O:x(),ul),w) = O,u),w),vd)), (34a)
y(@)=n(t,x(t),w®)), v(dt)=dw(t). (34b)

Now, we consider the following problem:
(B) min I(yo,u,v):=Lo(b),
st.  Li(b)<0, Lyb)=0,
yzg(t’ y’ua U)),
dw(t)=v(dt), w(ty)=0, velk,

where

b:=(y0, y1, w1),

Li(b)=Li(yo, (11, y1, w1)),

3o, y1, wp) = (y(to), y(t1), w(t1)),

gt,y,u,wy=mt, x, w) +n: @, x, w) f(&, X, u)|x=£(,y,w)-

Now, the pair (y, w) is the state variable and the pair (u(-), v(d-)) € L7 x
(CK* is the control variable. The minimization in problem B is carried
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out over all the control processes (yo, u(-), v(dt)) satisfying its constraints.
Notice that the component y(-) of the trajectory (y(-), w(-)) is absolutely
continuous, but the component w(-) is a function of bounded variation.
The inverse transformation ®~! is defined by the equality

x(t) =&, y(1), w(r)).

From this property and Definition 1.1, the proposition below follows.

Proposition 3.1. The process (xj,u*(-), w*(-)) is a local optimum for
problem A if and only if the (yg,u*(-),v*(dt)) = (x5, u*(-),dw*(-)) is a
local optimum process for problem B.

Step 2. Necessary Conditions of Optimality for Problem B. In Ref. 27,
first-order and second-order necessary conditions of optimality for a local
minimizer (in the sense of Def. 1.1) of problem B are obtained. Let us
write them down now.

Define the Pontryagin function H and the endpoint Lagrangian /* for
problem B,

H(t,y,w, p, pw,u,v)=(p, gy, w,u, 1)) + (pw, v),
1"(b) = puoLo (D) + (11, L1(b)) + (2, L2(D)).

Here,
= (o, i1, 2) € R' x RIED 5 R4

p and p, are respectively n-dimensional and k-dimensional vectors. Due
to Theorem 2.2 and its Remark in Ref. 27, the process (y;,u*, v*) satisfies
the Euler-Lagrange conditions and the second-order necessary conditions
of optimality. The first-order conditions imply the existence of u#0 and
vector functions (p, py) such that

wo >0, u1 >0, (35)
—p(t)=Hy(1), L-ae., (36)
—pw(®) =Hy (1), L-ae., (37)

(p(t0), —p(r)) = (% (&™), I (b)), (38)
—pu () =18 "), (39)

H,(t)=0, L-ae., (40)

(Hy (1), v) = (pu(t),v) <0, YveK,Vrelty, 1], (41)

(Hy (1), @ (1)) = (pu (1), @* (1)) =0, v*-ae. (42)
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Here,

b* = (y* (1), y* (1)), w*(#1))

and

is the Radon-Nicodym derivative of the measure v with respect to its total
variation measure. Notice that, from the convention explained earlier, we
have that L;(b*)=0.

Denote by M the set of all normalized vectors w that satisfy Eul-
er-Lagrange conditions for the process (y;,w*,u*,v*) and consider the
following variational system:

d(8y(1))/dt =gy(@)8y(t) + gu(1)ou(t) + guw()dw (1), (43a)
d(Sw) (1) =Sv(dr), (43b)
Sw(ty) =0, duell, Sve+Lin{v*}, (43¢)

with boundary conditions
Lyp(b*)8b=0, Ly,(b*)8b<0, (44)
where

8b=(8y(to), 8y(11), Sw(ty)).
These conditions, together with the inequality

(Lop(b*), 8b) <0, (45)

*

describe the critical cone K, at the point (yp,u*, v*) for problem B.

For any € M, define the quadratic form

Q" (8o, Su, 8v)

92H -
=— / m(t)[((Sy(t), Sw(t), 8u(t))]2dt + éle,’jb(b*)Sb. (46)
0]
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Here, (8y,dw) is the solution to the system (43) corresponding to du and
dv € K+ Lin{v*} with initial condition 8y(ty) =8yy.
Let

N=C*(t.1]. N)

and consider the variational system (43) with dv restricted to A/. Due to
the definition of the operator =, the differential equation (43a) can be
written as

d@y(t))/dt =gy (1)dy(t) + gu()u(t) + guw () wdw(2), 47

where Sw is an arbitrary function from BV*(S*) such that Sw(fg) =0. The
equality (47) generates a new linear operator D by the formula

D (8o, 8u, §w) = Ly (b*)8b, (48)
where L = (L, L>) and 8y is the solution to (47) with initial condition
8y(t0) =6yo.

Let

d =codim(ImD).

Consider the set kerD, i.e., the set of all triples
(80, Su, Sw) € R" x L™ x BV¥(§*)

such that the corresponding solution to (47) satisfies
Ly(b*)8b =Ly, (0*)8y0 + Ly, (b*)8y(11) + Loy, (b*)3w (1) =0. 49)

Consider the set of all vectors ue€ M such that the index of the quadratic
form QM restricted to the set kerD is not greater than d. Denote such a
set by M,. From Theorem 2.2 and its Remark in Ref. 27, it can be seen
readily that M, #% and that, V(8yo, su, Sw) € Ker,

max Q*(8yp, Su, Sw) > 0. (50)

HEM,

We shall need the following extension of (50). Consider the space E =
R" x L7 x L’;o x RK consisting of elements e = (§yg, du, Sw, h). Define the
quadratic form Q4 on E by formally replacing Sw(t;) by ke R¥ in Q* and
define the linear operator A: E — RYL) by

A(e) := Lyg(b*)8y0 + Ly, (b)8y(t1) + Ly, (b*)h, (51
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where 8y(-) is the corresponding solution to (47). Put
I&n =KerA.

Proposition 3.2. We have that d = codim (I{nﬂ) and also e M, is
equivalent to the fact that the index of the form Q' considered on the lin-
ear subspace K, is not greater than d.

This proposition follows from the fact that BV is dense in L’go with
respect to the L’2‘ metric and its proof is based on standard Lebesgue inte-
gration arguments.

Step 3. Decoding of the Local Maximum Principle. From the defini-
tion of & and n, it follows that n satisfies the partial differential system

Nw(t, x, w) +n, (¢, x,w)G(,x)=0, (52)

with boundary condition 7n(¢, x,0) =x. Moreover, the following equalities
hold:

n(, @, y, w),w)y=y, &, n(, x, w),w)=x. (53)

We shall use these relations and their consequences obtained by differen-
tiation.
Let us consider the following proposition.

Proposition 3.3. The function o (¢, y, p, w) =n£(t, E(,y,w),w)p is a
solution to the following completely integrable system:

Gwz_ X'U(t’é(t7 y? w)7o’u’ v)’ G|w=0:p‘ (54)

Proof. Obviously, o satisfies the initial condition. Denote the left-
hand side of (52) by F(¢, x, w). By differentiating o with respect to w, and
using F, =0, we obtain

ow(t,y, pow)=n (£, y, w), wGT (¢, &(t, y, w)p
FNuwx @, 6, y, w), w)p
=F(t,E(t,y, w), w)p
—GT@, e, y, wynl 6@, y, w), w)p
=—Hy,(t,6(t,y,w),0(t,y, p, w)).

This proves Proposition 3.3. |
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Proposition 3.4. Let
s, x, ¥, w) =E) (1, m (2, x, w), w)p.
Then, the function
pO)=st, x™ (1), ¥ (1), w* (1)) (55
is a solution to (36) if and only if the function
v (@) =0, y* @), p(t), w (1)) (56)

is solution to the system (11).

Proof. Any solution (x(-),¥ () to the systems (2), (I11) can be
approximated in the weak star topology of the space of functions of
bounded variation by solutions to the system (18). Hence, it is sufficient
to prove that the relations (55) and (56) hold for any absolutely contin-
uous trajectory of the system (18). For this, it suffices to prove that the
formula

d/dtyo(t,y, p,w)=—H:(t,&t,y,w),o(t,y, w),u,v) (57)
holds, with
().}7 p’ u)):(g, _I:Iy’v)'

We have

(d/dt)a(ta ya pv w) = _n){(t’ E(tv yv U)), w)I:Iy(t» yv pﬂ u, w)
+(d/dnyg (1,6(t, y, w), w)p. (58)

Note that the function H may be represented in the form

H(t,y, p,u,w)=Hy(t,(t, y, w),o(t,y, p,w), u)
+(p7 nt(tv E(tv yv w)v w))

By differentiating w.r.t. y, we obtain

ﬁy(t’ y’ p? M, w)=%-)T(t’ y’ w)[HOX(t’S(t’ y’ U)), G(tv Y» p’ LU), u)
+Hnl @, &, y, w), w)ple £ (1, £, y, w), u)
-H’/tx(ta g(h y7 U)), U))p]
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By substituting this equality in (58), we obtain

(d/dt)o(t,y, p,w)=—H (¢, y,w),o(,y, p,w),u)
—[nl (¢, &Gt y, w), w)ple f (1. E(t, y, w), 1)
—nf (L E(, y, w), w)p
+(d/dtnl (&t y, w), w)p. (59)

By considering the identity F, (¢, x, w) =0 and using it in the last term of
(59), we obtain

@/dninl @, &, y, w), w)plx
=M, &, y, w), w)pl +nL (1, €@, y, w), w)ple £ (1, £, y, w), u)
- xv(ta g(t’ y’ U)), ;(t7 y’ p’ U)), l/l, U)U.

By substituting in (59), we obtain (57). This proves Proposition 3.4. |

In a similar way (see the details in Refs. 4, 18, 23), we can obtain the
important equality

—pw=Hy(t, y, p,u, w)=—(d/d)Hy(t,Et, y, w), 0, y, p,w)).  (60)

Let us consider the transversality conditions for the adjoint systems. We
have

pto) =Ly, (b*) =& (10, y*(10), 0) Ly (@*) = Ly, (a®),
—p() =Ly, (b*)=E] (11, y*(11), w*) Ly, (@),
—pu(t1) =Ly (0*) =G (11, x* (1)) Ly, (@*) = Hy (11, X7, ¥ (11)).

From these relations and Proposition 3.4, it follows that the set of
adjoint trajectories p(-) and () can be obtained from each other by
coordinates transformation. Moreover, bearing in mind the equality (60),
we obtain

pw(t)=_Hv(t)’ Vte[t()’tl]’

since under (H4) the function t — H,(¢t) € AC. Due to this and the obvi-
ous equality H, (1) = H, (1), we conclude that the sets A and M are dis-
tinguished only by the notation. From now on, we shall use the common
notation A and A instead of u and M. This conclusion is stated as follows.
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Proposition 3.5. A #£@ < M #@. That is, the conditions of the local
maximum principle in problems A and B are equivalent.

Step 4. Decoding of the Second-Order Conditions. We shall prove
that the cone K. and the form Q* are transformed into K. and Q*
respectively by the simple linear mapping of the y-variations

O :8x(1) =&, (1)8y(1). (61)

Since this transformation is invertible [det &,()#0 on [z, #] due to (33)],
then in order to obtain the second-order necessary conditions of optimal-
ity for problem A from those for problem B, we need to show the follow-
ing proposition.

Proposition 3.6. The following equalities hold:
O Ko =Ker, ©0Qr=Q" VireA. (62)
Proof. The linear relations (44), (45) specifying the critical cone can

be transformed easily into (19). Let us prove that, for ¢ ¢ S*, the following
formulas hold:

gy (1) = (e (1) fx (1) + 1 ())& (1), (63)
() =1 (O (fr (G () — G () = —ny (t) (Hy)y (1), (64)
gu(t):nx(t)fu(t)- (65)

In fact, by using the equality F, =0, we obtain

8y (1) =[nxx @) f () + fe(ONx (1) + 0ex ()] (1)
={[Fx(On: () + (d/dt)n, (1)] _fx(t)v*(t)}‘i:y(t)-

Analogously, by using the additional equality F; =0, we obtain (64) and
(65).

From (63)-(65) and (61), we see that (43a) is rewritten in the form
(21). For any s € Sy (w™), let

z(T; ) =&(s, y*(s), w*(s7) + r[w* ()], t€[0,1],
—q(7,8)=&,(s, y*(s), w*(s7) +t[w*(s)DSy(s), T€[0,1].

It is easy to check that these functions satisfy equations (7), (24) and
describe the jump conditions of the variation §x in (23) and (24). The
proof of the second equality in (64) is analogous to the corresponding one
in Ref. 23; therefore, it is omitted. O
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From Propositions 3.2 and 3.6, it follows that condition (31) is equiv-
alent to condition (50) for problem (B); hence, (31) is obtained. Theorem
3.1 is proved. |

4. Examples

Example 4.1. Take n>5,k=n—1,x=col(xy,...,x,) € R", and let Q
be a symmetric k x k matrix such that the index of each of the matrices Q
and —Q is not less than 2. The case k=4 and Q =diag(l,1,—1,—1) is a
good example. Consider the problem

min  J=(g, (x;(1), ..., xk (1)),

st.  dxi= fi(x,)dt +dw;, i=1,k, w=col(wy,...,w),
dxn = fn(x,t)dt +(Qcol(xy, ..., xx),dw),
r€[0,1], x(0)=0, x,(1)=0, K=R*,

where ¢ € Rk is a given nonzero vector; for i =1, ... ,n, let the f; be arbi-
trarily given smooth functions such that

fi(Oat)EO’ f[x(O,I)EO, fnxx(O,I)EO.

Because of the symmetry of Q, it can be shown ecasily that the Frobenius
condition holds. We investigate the admissible control process (0,0,0) and
prove that it is not a locally optimal control process.

Fix any A € A. From (14), for ¥ () = ¢*() = W1(), ... ¥.(-), we
obtain v;(1)=0,i=I,... ,k, and from (11), we have v, (¢t) =, 0=const.
Hence, by using (11), (12), and ¢ #0, we obtain

AZ{)‘:)\OZO,)\ZJZOJZLH_1a)\2,n=_)h2,n+l}§
consequently, A consists of only two vectors,

h=—d, A=(1/¥2)(0,...,0,1,—1) and ,o==%1/v2.

It can be shown easily that

1
d=1, Qé((Sw):wn,o/‘ (Qcol(8xy, ..., 8xk), Sw)dt.
0
Hence,

Q* (Sw) = (1/2)Y.0(Qcol(8x1 (1), ..., 8xx(1)), col(Sx1 (1), ..., 8xx(1))).
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This implies that, for any v, o ==+1, the index of the function Q; is not
less than 2. So, A, =; consequently, the process (0,0,0) is not optimal.
Also notice that this process is abnormal, that

max Q*(Sw) >0, Véw,
LEA

because of A, i € A, and that the last inequality is not useful.
Example 4.2. Consider the following optimal control problem with
parameters o, os.

min  x3(1),

s.t.  dx;=xpdt, x1(0)=0,
dxy=dw, x2(0) =x79 <0,
dxz=(c1x1 +azxz)dw, x3(0)=0,
dw > 0.

The control function
w*(1)=—xp, Vre(0,1],

with w*(0) =0 satisfies the maximum principle for any parameter values.
The corresponding trajectories and adjoint variables are, respectively,

(x] (), x5(1))=1(0,0),Vr € (0, 1],
with
(x7(0), x3(0)) = (0, x20),
and
W10, ¥2(1)=(0,0),  Vre(0,1],
with
(W1(0), ¥2(0)) =x20(a1,2) and  yY3=-—1.
The critical cone for the control is described by the conditions

8x1=8w, dx1(0)=258x;(07)=0,
8x7 =0, 8x2(0)=0,
d(w)eC*([0,1, RT)+y8), yE€ER.
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Since Hiyx=0,48x1(-), and 8x»(-) are continuous; hence, §x, =0. The

fact that H,, =0 implies that ¢ =0. Therefore, the form Q is given by

1
QBw)=2a18x1(1)Swq +a28w% — 201 / Sw(Sw +dxq)dt.
0

The necessary conditions of Theorem 2.3 amount to the inequal-

ity >0 on k.; consequently, the function sw* =0 has to minimize Q
on K.. From the maximum principle, we have that «; <0. Notice that
it suffices to consider a needle-shaped variation dw concentrated at a left
semineighborhood of point ¢ =1.

If @1 <0 and ay >0, then the control w* is globally optimal.

References

10.

11.

12.

13.

14.

. MILLER, B., The Optimality Conditions in a Problem of Control of a System

That Can Be Described with a Differential Equation with Measure, Avtomatika
i Telemekhanika, Vol. 6, pp. 752— 761, 1982.

. ZAVALISCHIN, S., and SESEKIN, A., Impulsive Processes: Models and Applica-

tions, Nauka, Moscow, Russia, 1991.

. SARYCHEV, A., Optimization of Generalized Controls in a Nonlinear Time-Opti-

mal Problem, Differential Equations, Vol. 27, pp. 539-550, 1991.

. DYKHTA, V., and SamsoNYUk, O. N., Optimal Impulse Control with Applica-

tions, Nauka, Moscow, Russia, 2000.

. MAREc, J., Optimal Space Trajectories, Elsevier, Amesterdam, Holland, 1979.
. LAWDEN, D., Optimal Trajectories for Space Navigation, Butterworth, London,

England, 1663.

. Brogriato, B., Nonsmooth Impact Mechanics: Models, Dynamics, and Control,

Lecture Notes in Control and Information Sciences, Springer Verlag, New
York, NY, Vol. 220, 1996.

. CLark, C., CLARKE, F., and Munro, G., The Optimal Exploitation of Renew-

able Stocks, Econometrica, Vol. 47, pp. 25-47, 1979.

. Krotov, V., BUKREEV, V., and GURMAN, V., New Variational Methods in Flight

Dynamics, Mashinostroenie, Moscow, Russia, 1969.

BAUMEISTER, J., On Optimal Control of a Fishery, Proceedings of NOLCOS’01,
5th IFAC Symposium on Nonlinear Control Systems, St. Petersburg, Russia,
2001.

ARUTYUNOV, A., Second-Order Necessary Conditions in Optimal Control Prob-
lems, Doklady Mathematics, Vol. 61, pp. 158-161, 2000.

AruTYUNOV, A., Optimality Conditions: Abnormal and Degenerate Problems,
Kluwer Academic Publishers, Dordretch, Holland, 2000.

Krotov, V., Global Methods in Optimal Control, Marcel Dekker, New York,
NY, 1996.

Lepzewicz, U., and ScHAETTLER, H., Higher- Order Conditions for Optimal-
ity, SIAM Journal on Control and Optimization, Vol. 37, pp. 33-53, 1998.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

JOTA: VOL. 124, NO. 1, JANUARY 2005 77

BressaN, A., and Rampazzo, F., Impulsive Control Systems with Commuta-
tive Vector Fields, Journal of Optimization Theory and Applications, Vol. 71,
pp. 67-83, 1991.

MiLLER, B., and RuBiNovitcH, E., Impulsive Control in Continuous and
Discrete-Continuous  Systems, Kluwer Academic Publishers, Amsterdam,
Holland, 2002.

DykHTA, V., Conditions of Local Minimum for Singular Modes in the Sys-
tem with Linear Control, Automation and Remote Control, Vol. 12, pp. 5-10,
1981.

DyYKHTA, V., Necessary Optimality Conditions for Impulsive Processes under
Constraints on the Image of the Control Measure, Izvestiya Vyssikh Uchebnykh
Zavedenyi Matematika, Vol. 12, pp. 1-9, 1996.

KorLokoLNIKOVA, G., A Variational Maximum Principle for Discontinuous
Trajectories of Unbounded Asymptotically Linear Control Systems, Journal of
Differential Equations, Vol. 33, pp. 1633-1640, 1997.

VINTER, R., and PERERA, F., 4 Maximum Principle for Optimal Processes
with Discontinuous Trajectories, SIAM Journal on Control and Optimization,
Vol. 26, pp. 205-229, 1988.

PErREIRA, F., and SiLva, G., Necessary Conditions of Optimality for Vector-
Valued Impulsive Control Problems, Systems and Control Letters, Vol. 40, pp.
205-215, 2000.

Siva, G., and VINTER, R., Necessary Conditions for Optimal Impulsive Con-
trol Problems, SIAM Journal on Control and Optimization, Vol. 35, pp. 1829-
1846, 1997.

DykHTA, V., Variational Maximum Principle and Quadratic Optimality Condi-
tions for Impulsive and Singular Processes, Siberian Mathematical Journal, Vol.
35, pp. 70-82, 1994.

DyYKHTA, V., Second-Order Necessary Optimality Conditions for Impulsive Con-
trol Problems and Multiprocesses, Singular Solutions and Perturbations in
Control Systems, Edited by V. Gurman, B. Miller, M. Dmitriev, Pergamon,
Elsevier Science, Kidlington, Oxford, UK, pp. 97-101, 1997.

SumsoNUK, O., Quadratic Optimality Conditions for Optimal Impulsive Control
Problems, Proceedings of the 12th Baikal International Conference on Opti-
mization Methods and Their Applications, Irkutsk, Baikal, Russia, Vol. 2,
pp. 144-149, 2001.

AGRACHEV, A., and GAMKRELIDZE, R., Index of Extremality and Quasiextre-
mality, Russian Mathematics Doklady, Vol. 284, pp. 11-14, 1985.
ARUTYUNOV, A., JaciMovic, V., and PEREIRA, F., Second-Order Necessary Con-
ditions for Optimal Impulsive Control Problems, Journal of Dynamical and
Control Systems, Vol. 9, pp. 131-153, 2003.



