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The maximum principle is presented in the weak and general forms. The
standard proofs are detailed, and the connection with the shooting method for
numerical resolution is made. A brief introduction to the micro-local analysis
of extremals is also provided. Regarding second-order conditions, small time-
optimality is addressed by means of high order generalized variations. As for
local optimality of extremals, the conjugate point theory is introduced both
for regular problems and for minimum time singular single input affine control
systems. The analysis is applied to the minimum time control of the Kepler
equation, and the numerical simulations for the corresponding orbit transfer
problems are given. In the case of state constrained optimal control problems,
necessary conditions are stated for boundary arcs. The junction and reflection
conditions are derived in the Riemannian case.

1.1 Introduction

The objective of this article is to present available techniques to analyze opti-
mal control problems of systems governed by ordinary differential equations.
Coupled with numerical methods, they provide tools to solve practical prob-
lems. This will be illustrated by the minimum time transfer between Keplerian
orbits.

The material is organized as follows. Section 1.2 is devoted to the standard
maximum principle who was formulated and proved by Pontryagin and his
collaborators in 1956. We follow in the presentation the line of the discovery,
see [9]. First of all, we give the weak version, assuming the control domain
open. Then we formulate and prove the general theorem along the lines of [15].
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The maximum principle is a necessary optimality result and further conditions
are usually required to select minimizers. The aim of Section 1.3 is to present
the recent techniques developed to achieve this task. They use the second-
order variation along a reference extremal solution of the maximum principle
and are directly applicable when the control domain is open. The problem
is to test the sign of this second variation. This is done in two steps. First,
we must check optimality for small time. To this end, we use special varia-
tions and make direct evaluations of the accessibility set, especially using the
Baker-Campbell-Hausdorff formula. This approach has provided a generaliza-
tion of the maximum principle called the high order maximum principle, first
obtained by Krener [13]. This result can be applied in the so-called singular
case where the standard maximum principle is not able to distinguish min-
ima from maxima. A consequence of this generalization is to get second-order
computable conditions in the singular case: generalized Legendre and Goh
conditions. The second step, which does not concern small time, is the con-
cept of conjugate point: the problem is to compute in the C! topology the first
time when a reference trajectory loses local optimality. We present an algo-
rithm to compute this time in the smooth case. This computation is based on
the concept of Lagrangian singularity related to the second-order derivative.
We give the elements of symplectic geometry necessary to the understand-
ing. One practical motivation for the discovery of the maximum principle was
coming from the space engineering. In Section 1.4 we present applications of
the afore-mentioned techniques to investigate the minimum time transfer of
a spaceship between Keplerian orbits. They are combined with geometrical
analysis and numerical simulations so as to compute the optimal solution. The
final section deals with the necessary conditions for state constrained prob-
lems. The presentation is geometric, is the spirit of Gamkrelidze approach
[18]. The conditions, due to Weierstraf}, are proved in the planar case.

1.2 Optimal Control and Maximum Principle

1.2.1 Preliminaries

In this section, we consider a system written in local coordinates as

&= f(x,u)

where, for each time ¢, z(¢) is in R”, u(t) in U C R™, and where (x,u)
represents a trajectory-control pair defined on an interval [0,7]. We denote
by U the class of admissible controls. To each trajectory we assign a cost of
the form

T
c(x,u):/o fO(z,u)dt
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where T can be fixed or not. The optimal control problem is to minimize
this cost functional among all trajectories of the system satisfying prescribed
boundary conditions of the form

x(0) € My, z(T) € M.

Our system can be extended to a state-cost system according to

i = [z, u) (L1)
b= f(z,u) (1.2)
which we will also write, with Z = (2, z) and 2°(0) = 0,
i=f(Fu).

In order to define the necessary optimality conditions, our problem has to be
tamed in the following way. For each admissible control u, the corresponding
solution Z(t, Tg, u) starting at time ¢ = 0 from Zy = (0, z) has to be uniquely
defined on a maximal interval and has to be an absolutely continuous solution
of the system (1.1)-(1.2) almost everywhere. Moreover, the differential of this
solution with respect to the initial condition has to be defined, absolutely
continuous and solution of the linear differential system

d 0% afmt Fo.10) o7
T o~ — a=\Tl,To,U)) 7=
dt 0Tg Ox 0 0%
called the variational system. Those basic existence, uniqueness and regularity
results are standard under the following assumptions.
(i) The set of admissible controls if the set of locally bounded mappings de-
fined on the real line.
(i) The function f and its partial derivative 8/ are continuous.
(iii)The prescribed boundary manifolds are regular submanifolds of R™.

The approach of our work is geometric and the important concept is the
accessibility set attached to the system & = f(x,u) defined by

Ao r ={x(T,z0,u), uelU}

when the initial condition is xg and the final time T'. Observe that if (z,u) is
optimal, the extremity z (7T, Zo, u) of the extended trajectory must clearly be-
long to the boundary of the accessibility set of the extended system. The max-
imum principle is a necessary condition for Z(T, To, u) to belong to 0 Az, .

1.2.2 The Weak Maximum Principle

We assume that f is smooth and that the set of admissible controls is the set
of locally bounded mappings taking values in U, an open subset of R™. If we
introduce the endpoint mapping, xo and T being fixed,
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Epr : uel— x(T, zo,u)

then the accessibility set is the image of the mapping. Since the final time is
fixed, the set U is endowed with the L*°([0, T'])-norm topology:
[lul| = Ess Sup,ejo,r|u(t)]

where |.| is any equivalent norm on R™.

First and Second Variation

It can be easily proved that the endpoint mapping is C*° for the L* topology
and that the first and second variations are computed in the following way.
Fix 2(0) = zo and denote by (z,u) the reference solution defined on [0, T].
Let x 4+ dx be the solution starting from zy and generated by u + du where
du is an L variation. Since f is smooth we can write:

flx+ox,u+ du) = f(z,u) + %(x, u)dx + %(m,u)(;u
10? 0? 10?
+§a—xj2c(x, u)(ox, ox) + 8x3fu (z,u)(0x, du) + 58—;;(30, w)(ou, du) + - -

Writing that x + dx is solution, we have
&+ i = f(x + dx,u+ ou)

and we can decompose dx as 01z + dox + - -+ where §;z is linear in v and dox
quadratic. By identification,

. Of of
nhit = %(z(t),u(t))élx + %(I(t),u(t)ﬁu(t)

that is 1 is solution of the system linearized along the reference trajectory
and

5ﬂw:ggwaxuuﬂ®x4-%%%Cdﬂﬂdﬂﬂﬁx@%&mﬁn
(1.3)
62f 1 62f

+m($(t), u(t))(d1z(t), ou(t)) + §W(x(t)’ u(t)) (Su(t), su(t))

with §12(0) = J22(0) = 0 since éx(0) = 0. Let A(t) be the matrix 0f/0x
along (2(t),u(t)) and let @ be the matrix valued fundamental solution of

b= A(t)d

with #(0) = I. We observe that the first and second variations can be com-
puted using the standard formula to integrate linear differential equations. In
particular, by setting B(t) = df/0u along (x(t),u(t)), the Fréchet derivative
is:

0a(T) = @(T)/O &~ 1(s)B(s)du(s)ds. (1.4)
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Statement and Proof of the Weak Maximum Principle

Let (z,u) be the reference trajectory defined on [0,T], T fixed. Assume that
z(T) belongs to the boundary of the accessibility set. Then, from the open
mapping theorem, the control has to be a singularity of the endpoint mapping
and we must have

rank E p(u) <n

where E}, 5 (u) is the Fréchet derivative at u computed according to (1.4),

vo.r (1) = 012(T).

To get the weak maximum principle, we take a nonzero covector p orthogonal
to the image of E} 1 (u) and we set:

p(t) = pB(T)P~(2).
Hence, p is solution of the adjoint equation

b= Do w(t), u(t)

and, by construction,
T
/ p(t)B(t)ou(t)dt =0
0

for all variations in L°°([0, T]). As a result, p(t)B(t) is zero almost everywhere
and we have proved the following proposition.

Proposition 1.1. Let (x,u) be a trajectory defined on [0,T] such that =(T)
belongs the boundary of Az, T, the control set being open in R"™. There exists
an absolutely continuous nonvanishing covector function p defined on [0,T]
such that the triple (x,p,u) is almost everywhere solution of

i= e pw, p= -2 (@ pu)
- ap x7p7u ) pi 8x x’p7u
au x?p’u -

where H(x,p,u) = (p, f(x,u)) is the Hamiltonian of the system.

The covector function p is called the adjoint state. In particular, if (x,u) is
time minimizing, x(7T) belongs to the boundary of the accessibility set and
satisfies the previous necessary conditions.
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1.2.3 The Maximization Condition

Actually, the second-order variation can be used so as to derive more condi-
tions for time-optimality as explained in [9]. Let us denote by IT the image of
the Fréchet derivative of the endpoint mapping at u. As previously noticed, if
the reference trajectory is optimal, the hyperplane IT is at least of codimen-
sion one. Consider now the generic case where IT is of codimension exactly
one, and where the reference trajectory is differentiable at 7" and intersects
1T transversely. The adjoint vector at T is orthogonal to II and thus uniquely
defined up to a scalar. Morevor, since the trajectory is transverse to I at T,
we can use the normalization

p(T) f(2(T),w(T)) > 0.

We introduce the intrinsic second-order derivative which is defined as the
restriction of the second variation to the kernel K of E; r(u) projected to
IT+. It is given by
du € K — p(T)d2x(T)
with dex computed by means of (1.3). If u is time-optimal, we must have (see
Fig. 1.1):
p(T)o22(T) <0, du € K.

Expliciting d22:(T"), one gets the additional standard Legendre-Clebsch condi-
tion,

0’H

<0

ou? —

and finally obtains the (local) maximization condition : almost everywhere,

H(a(t), p(t), u(t)) = max H(x(t), p(t), v)

with, for each ¢, V; a neighbourhood of u(t).

1.2.4 Maximum Principle, Fixed Time
Statement

Consider a system @ = f(x,u) with, as before, f and 0f/0x continuous func-
tions on an open subset of R*™™. The set of admissible controls U is again
the set of locally bounded functions taking values in a fixed subset U of R™,
and such that the responses starting at ¢ = 0 from z( are defined on the whole
interval [0, T], T fixed. Let (x,u) be a reference trajectory such that the end-
point z(T") belongs to the boundary of the accessibility set. Then, there exists
a non-trivial covector absolutely continuous function p such that the triple
(z,p,u) is almost everywhere solution of the equations



1 Introduction to Nonlinear Optimal Control 7

Fig. 1.1. Legendre-Clebsch condition: non-positivity of the intrinsic second-order
derivative

oH oH
r — —— ) — — — 1.
i = 5o (). 5=~ (@) (1.5)

where H(z,p,u) = (p, f(z,u)) is the Hamiltonian. Moreover, the maximiza-
tion condition holds almost everywhere along the extremal triple,

H(x(t), p(t), u(t)) = M(z(t),p(t))

where M(z,p) = max,cy H(z,p,v), and t — M (x(t),u(t)) is constant on
[0,7].

The Proof of the Maximum Principle

Needle variations. The basic concept needed to prove the maximum principle
is the concept of needle variation. Indeed, because the control domain is ar-
bitrary, standard L°° variations of the reference control used when U is open
have to be replaced by L' elementary ones of the form:

u (t 5) o U1 on [tl —e’:‘ll,tl}
TS ) u(t) everywhere else on [0, T

where the needle variation is the triple m = (t1,01,u1), 0 < t; < T, 13 >0,
uy in U. For € > 0 small enough, the perturbed control is a well defined
admissible control with response z, (t, ) starting from z. Clearly, x, (¢, )
tends to x(t) uniformly on [0,7] when ¢ tends to 0, and is continuous with
respect to (m1,t,¢). To get differentiability with respect to e, we require that
t1 be a Lebesgue point so that

| a0 = fat).utm) + ofo)

1
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From standard integration theory, the subset £ of Lebesgue points has full
measure on [0,T]. If m is such a needle variation, then the corresponding
response defines a curve at x(t1), a(e) = z, (t1,£) whose tangent vector is

&(0) = Li(f(z(t1),u1) — f(2(t1), u(t1))).

This comes from the estimate

t1

2 (t1,6) = 2t — Le) +/ Fm (£ ), u1)dt (1.6)

t1—l1e

= a(ty) —eli f(x(tr),u(tr)) + el f(x(tr),u1) +o(e).  (1.7)

This tangent vector is called the elementary perturbation vector associated to
the needle variation and is denoted vy, .

Remark 1.1.1f t; is a Lebesgue point, for any positive 7, from the definition
one can find another Lebesgue point ¢ such that |[t—¢;| < nand | f(x(¢), u(t))—

f(@(tr), ute))] <.

Parallel displacements along the trajectory. We first recall a standard but
crucial result. Let & = X (z) be a smooth differential equation, and let ¢, =
exptX define the local one parameter group. If a(e) is a smooth curve at
xo, then (t,e) — [(t,e) = vr(a(e)) is a smooth two-dimensional surface. Let
x(t) = exptX(zo) be the reference curve and @; be the matrix valued solution
of the variational equation

_ox
T Oz

with @y = I. Then, for each fixed ¢, the derivative at 0 of the curve € — 3(t, )
is the so-called parallel displacerment w(t) given by

ox (z(t))ox (1.8)

w(t) = P

where v = &(0). Moreover, if X is analytic and if &(0) = Y (x¢) with Y another
analytic vector field, w can be computed using the ad-formula

k
w=Y" %ad’“X Y (2(t)

k
where ax 5y
X.Y] = @)Y (@)~ 5-(@)X (@) (19)

is the Lie bracket® and adX is the linear operator adX - Y = [X,Y]. Extend-
ing this result to the time depending case, we can transport an elementary

3 Beware of the sign, here, opposite to some classical texts, e.g. [11].
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pertubation vector v, at z(t1) along the reference trajectory. The variational
equation is
of

v = —(x(t),u(t))v

L a(t), u()

and if p is solution of the adjoint equation then, by construction,
p(t)v(t) = constant.

We note &, the fundamental matrix solution of the variational equation
(1.8) with initial condition @, s, = I. From our previous analysis, we know
that if v, is the elementary perturbation vector, tangent to the curve a(e),
then for ¢ > t1, @y 4, vr, is the tangent vector to a curve 3(t, ), image of « by
the flow (see Fig. 1.2).

@tl,t * Uy

B(t,e)

Fig. 1.2. Transport of the elementary perturbation vector by the flow

Definition 1.1. The first tangent perturbation cone or first Pontryagin cone
Ky at any time 0 < t < T is the smallest convex cone* in the tangent space
at x(t) that contains all parallel displacements of all elementary perturbation
vectors at Lebesgue points on ]0,t],

Ky = cone({@y 1, vr,, m = (t1,l1,u1) € L xR x U, 0 <t <t}).

Let now m; = (t;,0;,ui), i = 1,...,k, be needle variations with distinct
times ;. Let @ = (my,...,m) be the complex variation associated to the
perturbed control

u (t 6) o U; on [ti — Eli,ti]
T w(t) everywhere else on [0, T

which is well defined for € small enough because the t; are distinct. Clearly,
the estimate (1.7) can be extended to complex variations as follows.

4 For a subset A of R™, the smallest convex cone containing A is cone A =
{Zi'c:l )\kl’k, k’ Z 1,)\1 Z 0,...,)\k Z 0}
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Lemma 1.1. Let v; = Py, v, be parallel displacements of elementary per-
turbation wvectors defined by needle variations m; = (t;,1;,u;) with distinct
times t;, i =1,..., k. Then, the convex combination A\yvy + -+ -+ Avg, A; >0
and Ele A = 1, is tangent to x,(t,e), the response to the perturbed control
ur(t,€) where 7 is the complex variation ((t1, A\ly,u1), .-, (b, Meli, ug)):

2p(t,e) = x(t) + e(Avr + - - + Avg) + o(e).

Fundamental lemma. In order to prove the maximum principle, we need a
technical lemma which is a consequence of the following byproduct of the
Brouwer fixed point theorem [15].

Proposition 1.2. Let f be a continuous mapping from the closed unit ball B
of R™ into R™. Let 0 < e < 1 be such that, for all x in the unit sphere S,

[f(z) =z <e.

Then, f(B) contains the open ball of radius 1 — e centered at the origin.

Lemma 1.2. Let v be a nonzero vector interior to K, then x(t) + v lies
interior to the accessibility set Ay + for all small enough and positive €.

Proof . Let v be nonzero and interior to K;. There are independent parallel

displacements v1, ..., v, in K; such that v is interior to the convex set gener-
ated by v1,...,v,. Let IT be the hyperplane defined by these vectors. Since
v is interior, any point y in the interior of the cone generated by wvy,..., v,

can be written y = x(t) + (v + r) with € > 0, and r in a suitable open
subset of the n — 1 dimensional vector space parallel to IT (see Fig. 1.3). For
such an 7, there are nonnegative scalars \y,...,\,, Z?:l A; = 1, such that
v4+71=Av; + -+ Ay, Besides, there are needle variations m; = (¢;, l;, u;)
such that v; = 41, v5,, i = 1,...,n, and one can assume all Lebesgue points
t; distinct (see remark 1.1). Hence, for ¢ small enough it is possible to define
the perturbed control u, associated to the complex variation (¢;, \il;, u;);. If
2, denotes the corresponding response, Lemma 1.1 asserts that

xr(t,e) = x(t) + (Mg + -+ Apuy) + o(g)
=z(t) +e(v+7r)+o(e).

Let then define the continuous mapping g : (g,7) — ,.(t,£) into the ac-
cessibility set Ay, 7. In coordinates (e,7), g(e,r) = (¢ + o(e),r + o(1)). As a
result, |g(e,r) — (g,7)| tends to zero when e does so and, by Proposition 1.2,
one can find gy, positive and small enough, such that the image by ¢ of
[0,e0] x {|r] < &0} (with g continuously extended at e = 0 according to
9(0,7) = (0,7)) contains |0,e0[x{|r| < eo}. Therefore, A, ; is a neighbour-
hood of z(t) + ev for 0 < & < £¢, hence the result. [ |
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[0,€0] X {Ir| <eo}\ \ | |

v

x(t)

Fig. 1.3. Conical neighbourhood of vector v in the accessibility set

End of the proof. To finish the proof of the maximum principle, we just use
a geometric separation argument. Indeed, if x(7T') belongs to the boundary of
Ay, 1, then there exists a sequence of points x,, not belonging to the interior
of the accessibility set, converging to z(7T") and such that, up to a subsequence,
the unit vectors (z,, — (7)) /|, — 2(T)| have a limit v when n tends to 4oc.
This vector v is not interior to K otherwise, from the fundamental Lemma
1.2, z(T) 4 ev would be interior to A, 1 for any small and positive €, and
so would be x,, for n big enough. The convex cone K is thus included in a
half-space defined by a separating hyperplane II. Let p be the unit normal
to II oriented outwards K, and let us denote p the solution of the adjoint
equation

b= Do (a(0) u(t)

satisfying p(T) = p. Then, the maximization condition must hold almost
everywhere. Indeed, let ¢; in ]0,7[ be a Lebesgue point, and let u; be in
U. The elementary perturbation vector vy, = f(z(t1),u1) — f(z(t1),u(t1))
associated to m = (t1,1,u1) is in Ky, so v = §p4, vy, is in K and

<p(t1)7vﬂ'1> = <p7v> < 0

that is H(xz(t1),p(t1),u1) < H(x(t1), p(t1),u(t1)). Accordingly, the Hamilto-
nian is maximized at t1, H(xz(t1),p(t1),u(t1)) = max,ecy H(xz(t1), p(t1),v),
and the conclusion proceeds from the fact that the set of Lebesgue points has
full measure. Standard arguments allow to prove that t — M (x(t),p(t)) =



12 Bernard Bonnard and Jean-Baptiste Caillau

max,ey H(2(t),p(t),u) is absolutely continuous with zero derivative almost
everywhere : hence M is constant along (z,p).

Application to Time-optimal Control

We can apply our result to the time-optimal control problem. Indeed, assume
that the reference control is time-optimal on [0, T]. Then, for each ¢ in ]0, 77,
the point z(¢) is in dA(zg, T) so that &(t) = f(x(t),u(t)) cannot be interior to
the first order cone K (t). Indeed, from the fundamental lemma, x(t+¢) would
be in Ay, + for € > 0 small enough, otherwise, contradicting optimality. Hence,
we have the additional condition (p(t), f(z(t),u(t))) > 0 and the reduced
Hamiltonian is constant and positive.

1.2.5 Maximum Principle, General Case

We formulate the result which can be used to analyze general finite dimen-
sional optimal control problems. We consider a system & = f(x,u) written in
local coordinates x in R, where the set I/ of admissible controls is the set of
locally bounded functions valued in a fixed control domain U C R™. Let M
and M; be the regular submanifolds defining the boundary conditions, and
let

T
c(x,u)z/o Oz, u)dt

be the cost functional assigned to an admissible control and its response x
assumed to be defined on [0,7T], T free. As before, 7 = (2%, z) is the cost

extended state and f the extended dynamics. We assume that fsatisﬁes the
previous regularity assumptions, namely that it is continuous on Rltntm,
together with its partial derivative 0f/0Z. Let

H (@, p,u) = p° O, u) + (p, f(z,u))
be the extended Hamiltonian and

M@@:m%H@ﬁw
IS

Theorem 1.1. If u is an optimal control on [0, T then there exists an abso-
lutely continuous extended adjoint covector function p = (p°,p), nonzero on
[0,T] and such that the following equations are satisfied almost everywhere by
the triple (Z,p,u):

5= g, 5= -2
xr = aﬁ' z7p7u7 - a%’ x’p?”

H(Z,p,u) = M(Z,p).
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Moreover, M(E,@ =0 on [0,T] and p° is constant and non-positive. Even-
tually, p can be selected at the extremities so as to satisfy the transversality
conditions

p(O) 1 Tx(O)M07 p(T) 1 Tz(T)Ml-

Proof. We use the necessary conditions for the fixed time case and we extend
the cone with additional directions. Indeed, since u is optimal, the endpoint
(2°(T), x(T)) of the extended system belongs to the boundary of the extended
accessibility set. So there exists a non-trivial augmented adjoint covector p =
(p°, p) such that, almost everywhere,

H(F,p,u) = M(%,p)

and the maximized Hamiltonian M is constant along (Z,p) on [0,T]. In order
to extend the first tangent cone I?t of the extended system, we proceed as
follows. Since the time is not fixed, by making time variations ¢ + edt of
Lebesgue points we can add to K; the two vectors vy = j:f( (t),u(t)). The
two manifolds My, M; are embedded into R " by takmg My = (0, My) and
M, = (0, My), with respective tangent bundles TMO, TM,. Since the initial
condition is relaxed to MO7 we can add to Kt the parallel displacements in
the tangent space to M. Hence, the second tangent perturbation cone Ké,
0 <t <T,is defined as the convex cone generated by the vectors:

(1) 5(15,0)11), w e T%(O)MO-

(i) D(t, t1)(f(@(t1),v) — f(F(t1),u(t1))) where v is in U and t; < t is a
Lebesgue point.

(iii)+D(t, t1) f(Z(t1), u(t1)) with t; <t a Lebesgue point.

According to Lemma 1.2, for any vector w interior to K / there exists A > 0 and
a conic neighbourhood of Aw included in the accessibility set AI0 = Ut>0AIO t-
In particular, since Z(T') is optimal, the vector (—1,0) of R does not belong
the interior of I?{ , otherwise we could find an admissible control minimizing
the cost even more. In order to obtain the transversality condition at the
endpoint, we introduce the cone T} at Z(T') which is generated by Tx(T)Ml
and the downward vector (—1,0). The second perturbation cone K{ and 7T} are
separated by an hyperplane IT. Here, we can take a normal vector p = (p°, p)
at Z(T) with p® <0 and
P} <0, pT) > 0.
The corresponding solution p of the adjoint system with p(T) = p satisfies

the maximum principle, including the required transversality conditions. B

Remark 1.2. The case where the time is fixed can be reduced to our previous
case by introducing the time as a new space variable. The result is the same,
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the maximized Hamiltonian still being constant along (Z, p) but not necessar-
ily zero anymore. The non-autonomous case can be similarly analyzed.

Definition 1.2. We call extremal any triple (z,p,u) solution of the Hamil-
tonian system and verifying the mazimization condition. An extremal also
satisfying the transversality conditions is called a BC-extremal.

1.2.6 Maximum Principle and Shooting Problem

Consider any optimal control problem. It is well posed if there exists an opti-
mal solution. This can be checked by applying the standard Filippov theorem
(see [15], p. 259). We assume that there is a solution satisfying the maximum
principle. If we denote by Mf, i =1,2, the cotangent lifts

we can define the shooting mapping
S ¢ (20,p0) € Mg > (2(T),p(T)) € My (1.10)

An important remark is that the Hamiltonian is linear with respect to the
adjoint covector p in order that p has to be taken in the projective space
P7~! ¢ R™. With this normalization, the number of equations is equal to
the number of variables. For instance, if we consider the time-optimal control
problem with fixed extremities xg, x1, the shooting problem is to find a time
T and an initial adjoint covector py in P! such that

$(T,U,p0) —T1 = 0

where u is computed by means of the maximization condition, and where
x(.,u, po) is the solution of the Hamiltonian system (1.5) with 2(0) = z¢ and

p(0) = po.

1.2.7 Introduction to the Micro-analysis of the Extremal Solutions

Consider first the case where the control domain U is open. The maximization
condition gives us the conditions
oH _  O°H
ou

and the regular case occurs when the strict Legendre-Clebsch condition is
satisfied: _
0?’H
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In this case, applying the implicit function theorem to solve OH /Ou = 0 leads
to compute the reference control as a smooth dynamic feedback,

(x,p) = u(z, p). (L.11)

By plugging (1.11) into H, we define a true Hamiltonian function. However,
OH /du = 0 is in general a nonlinear equation with several zeros associated
to various local maxima wu;(x,p) of H. The master Hamiltonian thus defines
several Hamiltonian functions H; among which an absolute maximum must
be chosen. Memory of all those Hamiltonians must be kept since, along a
reference extremal, bifurcations between different local maxima may occur to
provide the global maximum. This key phenomenon is crucial in the analysis
of the extremal solutions, see for instance the pioneering article [8] where
the problem is addressed in the framework of calculus of variations with a
non-convex one-dimensional Lagrangian function.

1.2.8 Affine Control Systems

In many applications the control system is

and, for the time-optimal control problem, the reduced Hamiltonian is con-
sidered:

m
H = HO + Z uiH,»
i=1
where H; = (p, F}), i = 1,...,m are the Hamiltonian lifts of the vector fields.
In this case, the Hamiltonian is affine in the control and the problem is singular
in the sense that
0’H
— =0.
ou?
Hence, the Legendre-Clebsch condition cannot be used to separate maxima
from minima if the extremal solution is interior to the control domain and
higher order conditions are required.

1.3 More Second-order Conditions
1.3.1 High-order Maximum Principle

Consider first the time-optimal control problem for a single input affine control
system
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where |u| < 1. According to the maximum principle, the extremals are solu-

tions of
. 8H( ), p= 8H( )
Tr = ap z,p,u), p= ax T,p,u

together with the maximization condition

H(x,p,u) = max H(z,p,v)
v[<1

where H(z,u) = Ho(z) + uH(z), H; = (p, F;) for i = 0,1, and z = (z,p).

Definition 1.3. Let (z,u) be a reference extremal defined on [0,T). It is called
regular if u(t) = sign Hy(z(t)) almost everywhere on [0,T), and singular if
Hy(2(t)) =0 for all t in [0,T).

More general extremals are concatenation of regular and singular subarcs. We
begin by computing the singular controls defined by the constraint Hy(z) = 0.

Computation of Singular Extremals

The weak and the general maximum principle lead to the same equation,
Hy(z) = 0. To compute the corresponding trajectories, we differentiate with
respect to time and use the Hamiltonian formalism. Differentiating twice with
respect to ¢ in [0, 7], we get:

{H1, Ho}(=(t)) = 0
{{H1, Ho}, Ho}(2(t)) + w(t){{H1, Ho}, H1}(2(t)) = 0

with the Poisson brackets given by { Hx, Hy } = (p, [X,Y]) and the Lie bracket
defined as in (1.9).

Definition 1.4. A singular extremal z is said to be of minimal order if, ev-
erywhere on [0,T],

{{H1,Ho}, Hi}(2(t)) # 0.

Proposition 1.3. If z is a singular arc of minimal order, the corresponding
singular control is the dynamic feedback

~ {{#1, Ho}, Ho}
{{H1, Ho}, Hy}

and the extremal curve is smooth and solution of

us(t) = (2(1))

—

2= Hg(2)

contained in Hy = {Hy,Ho} =0 and Hy = Hy + usH; .
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A Standard Normalization

Hence a singular arc is in general smooth. Take such an arc, t — x(t). Restrict-
ing if necessary its domain of definition, we can assume that it is one-to-one.
Hence, it can be identified locally with the curve v : t — (¢,0,...,0) and
is the response of to a smooth control denoted u,. The control can be nor-
malized to zero by the feedback v = u — u,. Then, differentiating as before
Hy(z) =0, one gets that, everywhere

(p(t),ad*Fy - Fi(7(t)) =0, k > 0.

We proved the following.

Proposition 1.4. Let z be a smooth singular extremal on [0,T], correspond-
ing to a singular control identified to zero. The mazimum principle is equiva-
lent to

ad®Hy - Hy(2(t)) =0, k>0 (1.12)

everywhere on [0,T).

In (1.12), ad”Hy - H; denotes the k-th Poisson bracket of H; with Hy. This
is clearly equivalent to the following lemma.

Lemma 1.3. Let x be a trajectory defined on [0,T] and associated to the zero
control. Assume that, for each t, Vi(t) = Span{ad®*Fy - Fy(z(t)), k > 0} is
of mazimum rank n. Then, for each 0 < ty < t1 < T, the linearized system
along x restricted to [to,t1] is controllable and x(t1) belongs to the interior of
the accessibility set Ay (1y),t,—to-

This gives a simple interpretation of the maximum principle for single input
affine control systems in the open control case.

The Analytic Case

Consider now the case where F{y and F are real analytic vector fields and let z
be the reference extremal defined on [0, 7] associated to a control normalized
to zero. As before, the maximum principle is subsumed by (1.12) and V1 (T) is
the image of the Fréchet derivative of the endpoint mapping which coincides
with the first order Pontryagin cone constructed in the proof of the principle.
Indeed, if v, (t) is an elementary perturbation vector with m = (t1,1,u1),
one has

U, (t) = (Fo +ur F)(z(t1)) — Fo(x(t1))
= u F1(z(t1))
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and we can take uy = +1. The parallel transport can be evaluated using the
ad-formula

(exptFy)'(Fi(z Zyad Fo - Fi(z(t))

where x(t) = (exptFp)(zp). Special variations of the reference zero control
can be applied to generate the Lie brackets ad®F, - Fy(z(t)). We present a
computation based on the Baker-Campbell-Hausdorff formula.

Generalized Variations

To simplify, we restrict ourselves to the C¥-real analytic case: & = Fy(x) +
uFy (x) where v(t) = (exptFp)(xo) is the reference singular trajectory associ-
ated to the control normalized to zero and defined on [0,7]. We assume that
|u| < 1. A positive rational polynomial is a function of the form

P

Zcitqia (& Z 0; qi € Q

i=1

A vector W belongs to the generalized Pontryagin cone £ if there exist
positive rational polynomials 71, 01,..., 7o, 02 associated to a perturbation
7 such that:

ax(y,€)

exp(eW +o(e))(y)

(exp o2k (e) Fo) (exp ra (e) (Fo — F1))
(exp oor—1(e) Fo)(exprar—1(e)(Fo + F1))
-+ (expoi(e)Fo)(expri(e)(Fo + F1))
(exp —(X7E 01 () + () Fo) ()

where y = expTFy(z). By construction, for ¢ > 0 small enough a,(y,e)
is in A(xo,T) and W is the right derivative of o at 0. Moreover, from the
Baker-Campbell-Hausdorff formula, the derivative belongs to the Lie algebra
generated by Fjy and Fj. As for the maximum principle, a crucial property
is to have convexity. To prove this property we proceed as follows. Let m =
(ri1,0i1); and m = (r;2,04.2); be two perturbations with respective tangent
vectors W1 and Ws. The composition of w1 and 7 is defined as:

(o, (€)) (exp p(e) Fo) (aur, () (exp —pule) Fo)

where p(e) = Y. 04.2(¢) +7ri2(€). From the ad-formula, W is a tangent vector

o (exp u(e)Fy) (o, (€))(exp —p(e) Fy). Therefore, using the Baker-Campbell-
Hausdorff formula exp X expY = exp(X +Y +---) we have the lemma here-
after.
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Lemma 1.4. The sum Wy + Ws is the tangent vector corresponding to the
composition of my and mo. In particular, EY is a convex cone.

Next, we prove the following additional result.
Lemma 1.5. If +W is in EY, then +ad*Fy - W is in EY as well for k > 0.

Proof . We prove the result by recurrence on k. Let c, (¢) be admissible
variations with respective tangent vectors £W:

o, (€) = exp(EeW + o(eP))

where p > 1 is a rational number. Let ¢ in Q be such that 0 < ¢ < 1 and
pq > 1, then:

(any (7)) (expe' "9 Fp)(ar_(e7))(exp —e' "9 Fp) =
(exp(e9W + o(epq)))(exp e*~9Fy) (exp(—e?W + o(epq)))(exp —e' 9 Fy)

which, because of the Baker-Campbell-Hausdorff formula, is equal to
exp(W (e — &) 4 Fo(e' ™9 — ') 4 £[W, Fy] + o(¢)).
Thus, [W, Fy) belongs to £7. ]

In particular, using the previous variations we can recover the conditions
from the maximum principle. They concern only the linearized system. An
important second-order condition is given by the result hereafter.

Proposition 1.5. The Lie bracket [Fy,[Fy, Fy]] belongs to £ .

Proof. Applying the Baker-Campbell-Hausdorff formula, we get:

(expe!/3(Fy — F1))(exp 2e/3(Fy + F1))(expe'/3(Fy — Fy))(exp —4e'/2 Fy)
= exp(2¢/3 ad’F) - Fy — 2cad®F, - Fy + o(¢)).

Hence the vector %ad2F1 -Fy— QadQFo - Iy belongs to £T. Since £ is a convex
cone containing +ad?Fy - Fy, this proves the result. |

As in the maximum principle, £1 provides an approximating cone of A, 1
and we obtain the following result.

Proposition 1.6. Let x be a time-optimal trajectory defined on [0,T] and
associated to a control normalized to zero. Then, there exists p such that the
extremal z = (x,p) satisfies everywhere the conditions:

(i) 2 = ﬁo(z), Hamiltonian system defined by Hy.
(ii)ad"Hy - Hy(2(t)) = 0, k > 0.
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(iiiHo(2(t)) = 0.
(i Hy, {Hy, Ho}}(2(t)) = 0.

Definition 1.5. The condition (iv) is called the generalized Legendre-Clebsch
condition.

Application and Geometric Interpretation

Assume that the vector field F} is transverse to the trajectory. Then, we can
find local coordinates in which Fy = 0/0x,, so that the system is written

&' =F(2' z,), &n = Fon(z) +u

where 2/ = (21,...,2,-1). The system in 2’ where z,, is taken as the new
control variable is called the reduced system. Let H = (p, F(2',x,)) be the
corresponding reduced Hamiltonian, p’ = (p1,...,pn—1). A straightforward
computation gives

d OH OH'
*7(%”) = {Hy, Ho}(2) = —%(
9 d* oH ! 2 H'

%ﬁ%(z,u) = {H,{H1, Ho}}(z) = _Tw%(z )

Z’? xn)

along an extremal curve: the generalized Legendre-Clebsch condition is the
Legendre-Clebsch condition for the reduced system.

Multi-Input Case, Goh Condition

Similarly, higher order variations can be applied in the multi-input case to
obtain further necessary conditions. The most important are the so-called
Goh conditions that we present now. Consider a system of the form

If z = (x,p,u) is a reference singular extremal defined on [0, 7] then, in order
to be time-optimal, the following condition has to be satisfied:

{Hme}(Z(t)) =0, 1€ [O’T]

for every pair of vector fields F,, and F,, in Span{Fy,...,F,} -
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1.3.2 Intrinsic Second-order Derivative and Conjugate Times

In the previous section we have generated special variations to obtain further
necessary conditions for affine control systems. They concern Lie brackets of
the form [Fy, [Fy, Fp]] (generalized Legendre-Clebsch condition), or [v, w] with
v,w in Span{Fi,..., F,} (Goh condition). These brackets are related to the
second-order derivative and to the necessary conditions for small time opti-
mality. We introduce now a different concept related to the loss of optimality
because of the cumulated effect of time. It is the concept of conjugate time
associated to the spectral properties of the intrinsic second-order derivative,
and to the notion of Lagrangian manifolds in symplectic geometry. We begin
by presenting these geometric tools.

Symplectic Geometry and Lagrangian Manifolds

Linear symplectic manifolds and symplectic group. We recall some standard
facts about symplectic geometry. Let (V,w) be a linear symplectic space of
dimension 2n. We can choose a basis called Darbouz or canonical linear coor-
dinates such that V ~ R?" and w(z,y) = &Jy where

J= [_IS I’OL} - (1.13)

A subspace L of V is called isotropic if w|, = 0. An isotropic of maximal
dimension n is called a Lagrangian subspace. Linear isomorphisms preserv-
ing w are called symplectomorphisms and, in Darboux coordinates, they are
identified with the elements of the symplectic group Sp(n,R) of matrices S
satisfying SJS = .J. Decomposing S into n x n blocks,

s=[e5)

we obtain the relations:
‘AD = 'BC =1, 'AC = 'CA, 'BD = 'DB.

The Lie algebra sp(n, R) of Sp(n, R) is the algebra of order 2n matrices H such
that exp tH is in Sp(n, R). These matrices are characterized by ‘HJ+H'J = 0
and, decomposing H into blocks,

- [22]

we obtain the equivalent definition:

sp(n,R) ={H = [é, _tﬁ} , B and C symmetric} - -
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The symplectic group acts on Lagrangian subspaces and we have the following
representation of Lagrangian subspaces. Let L be a Lagrangian subspace,
and let IT : (z,p) — x be the canonical projection written in Darboux
coordinates. If the restriction to L of IT is regular, L can be represented as

&

that is as the image of {z} by the 2n x n matrix

<]

where C' is symmetric. More generally, let L be a Lagrangian subspace repre-
sented by the 2n x n matrix
A
5]

Then, from the definition, one must have ‘AB — 'BA = 0 and the matrix

E

is symplectic. In particular, the symplectic group acts transitively on the La-
grangian subspaces.

Symplectic and Lagrangian manifolds on the cotangent bundle. On the cotan-
gent bundle T*M of any smooth manifold M exists a canonical symplec-
tic structure associated with the Liouville form written in coordinates as
«a = pdx, where x are coordinates on M and p the dual ones. The symplectic
form is defined by w = da = dp A dx. We denote by IT the standard projec-
tion, IT : (z,p) € T*M +— = € M. Locally, we can identify M with R",
but globally, an important topological invariant is the space H' which is the
quotient of the space of closed 1-forms by the space of exact 1-forms. If L is
a regular submanifold of (T*M,w), it is called isotropic (resp. Lagrangian) if
at each point the tangent space is isotropic (resp. Lagrangian). A canonical
example in R?" is constructed as follows. Let S : x ~— S(x) be a smooth
function in R™ and consider the graph L = {p = 05/0xz}: L is a Lagrangian
manifold and the projection II : L — R" is regular. We generalize now the
representation result of Lagrangian manifolds obtained in the linear case.

Proposition 1.7. Let L be a Lagrangian manifold of (T*M,w). Then, locally,
there are Darboux coordinates (ac_,p) together with a smooth function S of
(xr,pr) with I ={1,...,m} and I ={m—+1,...,n} such that L is defined by

the equations

_ 05 08
pI_@xI’ I= 3pj

The mapping S is called the generating mapping of L.
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Definition 1.6. Let L be a Lagrangian submanifold of (T*M,w). A nonzero
vector v, tangent to L at x, is called vertical whenever dII(x)v = 0. The
caustic of L is the set of points at which there exists at least one vertical
tangent vector.

Example 1.1. For any x in M, the fiber L = T} M is a linear Lagrangian
submanifold and all tangent vectors are vertical. More generally, if M, is a
regular submanifold of M, the submanifold Mg~ defined by the transversality
relation

Mg = {(z,p) €T*M | p L T,M}

is a Lagrangian submanifold of M.

Hamiltonian vector fields and variational equation. In order to simplify our
presentation, we use local coordinates, identifying locally M to R", T*M
to R?", and w to the standard 2-form dp A dz. Hence, any time dependent
Hamiltonian vector field is defined by the equations

om, . . oH
T = aip(t7z)7 p= (t,Z)

ox

where z = (x,p) and H (¢, z) is the Hamiltonian. Using J as defined by (1.13),
the previous equation can be written in the compact form

i = JV.H(t,z) (1.14)

where V. stands for the gradient with respect to z. When the Hamiltonian is
a quadratic form

1
H(t, z) = B L2S(t)z
with S(t) symmetric, we get a linear Hamiltonian system
2=JS({t)z = A(t)z

where A(t) is a Hamiltonian matrix element of sp(n, R). In order to make our
geometric analysis, an important issue is the action of the group of symplectic
transformations on Hamiltonian vector fields. Let 2 = JV, H (¢, z) be a Hamil-
tonian vector field and consider a change of variables z — £ = &(t, z). The
transformation is symplectic if 9P(t, z)/0z belongs to the symplectic group.

Computing, one has

. 0P 0P .
E= a(t,z) + a(t,z)z.

Since the transformation is symplectic,

%f(t, JIVLH(E 2) = JEH(L €)
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where ﬁ(t, §) = H(t,z). Using Poincaré lemma, we can write locally

0P
ot

where R is called the remainder function: we have showed that any symplec-
tic change of coordinates transforms a Hamiltonian vector field into another
Hamiltonian vector field. If z(¢, ¢, 20) is the solution of (1.14) starting from
zo at g, then the flow zg +— z(t, to, z0) is symplectic for any fixed ¢, ty. Differ-
entiating with respect to z we define the variational equation

(t,2) = JNER(L,€)

82 = JVAH(t, 2(t,to, 20))d2.

Symplectomorphisms induce time dependent linear symplectic isomorphisms
on the corresponding variational equation. The action of the linear symplectic
group on linear Hamiltonian differential equations is a standard action and
numerous tensor analysis exist in the litterature. For instance, a standard
result is the following.

Proposition 1.8. Let & = A(t) be a Hamiltonian differential equation on R?"
and let z1, ..., z, be n independent solutions such that w(z;,z;) = 0. Then, a
complete set of solutions can be computed by quadrature.

Proof . Let L be the 2n x n matrix whose columns are the independent so-
lutions. By construction, it is a one parameter Lagrangian manifold and we
have

L=A(t)L, 'L(t)JL(t) = 0.

Since the solution are independent, the matrix !LL is a non singular n x n
matrix. Define the 2n x n matrix L' = JL(!LL)~!. Hence, ‘L'JL = 0 and
‘LJL' = —I. Therefore, P = (L', L) is a symplectic matrix and we have

_ —LJ
P[],

If we make the symplectic change of coordinates x = Py, we get the Hamil-
tonian equation

j=P (AP - P)y

and using the notation & = Ax = JS where S is symmetric. Decomposing
y = (u,v), we obtain the equations

=20
v =—'L'(SL' + JL')u
and the solution can be computed by quadrature. |

Similar tensor analysis can be developed to study the standard LQ problem.



1 Introduction to Nonlinear Optimal Control 25

Geometric analysis of linear quadratic problems. Consider the smooth linear
system in R"™ @ = A(t) + B(t)u and the problem of minimizing a cost defined
by

T
clz,u) = /0 ("W (t)x + U (t)u)dt

with fixed time 7" > 0 and prescribed boundary conditions. The symmetric
matrices W(t) and U(t) are smooth with respect to ¢ and we assume that
the strict Legendre-Clebsch condition holds for all ¢: U(¢) > 0. By applying a
proper feedback we can renormalize U(t) to I. If we apply the maximum prin-
ciple, the optimal solutions have to be found among the following extremals:

&= A(t)x + B(t)U 1 (t)'B(t)p (1.15)
p= Wtz — "A(t)p (1.16)

which can be rewritten Z = Hz with

o[58

D —'A

and C = B'B (U(t) being identified with I). We can assume B of full rank
so that C' is definite positive. In order to identify a curvature-like invariant
connected to the optimality properties of the reference solution, a standard

reduction is to write the equation as a second-order differential equation.
Using the first equation, we write

p=C"i— Azx)

which, plugged into the second equation, gives after a left product by C,
&+ Ai + Bx = 0.

By setting x(t) = S(¢t) X (t) where S(¢) is properly chosen it can be written
X+K@t)X =0.

The matrix K(t) is the curvature invariant of the problem, related to the
distribution of conjugate points to be defined later. It is an invariant of the
action of the symplectic subgroup of matrices of the form

Plt) = [é% c%tﬂ

which preserves in fact the subspace dx because we must keep track of the
state space. By counting the respective dimensions, a normal form contains
n(n+1)/2 parameters which correspond to the symmetric tensor identified in
our reduction. Another useful representation which will be used later is the
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Riccati equation. Let @ be the fundamental matrix solution of (1.15)-(1.16).
Decomposing @(t) into n x n blocks

_ [ D1(t) P5(2)
(1) = {%(f) @(t)}

we define the one parameter family of Lagrangian subspaces

1o =320

The projection IT : (x,p) — x restricted to L is regular if and only if the
matrix P3(t) is invertible. We have

wl-lea ]

In the regular case, we introduce R(t) = ®4(t)P5 ' (t) which satisfies the sym-
metric Riccati equation

R=W — 'AR— RA— RB'BR

whose solution is symmetric whenever R(0) is symmetric.

Symplectic transformation and generating function. Let ¢ be a symplectomor-
phism. Let us prove that, locally, ¢ is parameterized by a generating function.
We proceed as follows. Since the result is local, we identify the symplectic
space with R?". Let ¢ : (x,p) — (X, P) be a symplectic change of coordi-
nates. Then, the 1-form oy = xdp — XdP is closed. Assume that (p, P) define
coordinates then, locally, there is a function S;(p, P) such that o; = dS; and
we get the relation

05 05,

Tr =

o T o
which defines locally the change of coordinates. We proceed similarly with the
1-forms

o9 = xdp + PdX
o3 = pdx — PdX
o4 = pdx + XdP

to which we associate the generating mappings Ss, S3, S4. In particular, each
diffeomorphism X = ¢(z) can be lifted onto a symplectomorphism @ given
by .

X =¢(), p= 2 (x)P
and defined by the generated mapping Sy(z, P) = % (z)P. The next step is
to define the geometric concept of conjugate point.
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Definition 1.7. Let E>(t7 z) be a smooth Hamiltonian vector field whose in-
tegral curves are the extremals of an optimal control problem with fized time
T. Let z = (z,p) be a reference extremal. Then the variational equation
0H
0z = E(t’ z(t))oz

is called the Jacobi equation. A Jacobi field J = dz is a non-trivial solution
of this equation. In accordance with the Lagrangian terminology (see def. 1.6),
it is called vertical at time t if 0x(t) = 0, that is if dII(z(t))J(t) = 0. The
time t. is called conjugate if there exists a Jacobi field vertical both att =0
and t.. In this case, x(t.) is said to be conjugate to x(0) along the reference
solution.

Definition 1.8. If z(t, to, z0) is the integral curve of ﬁ(t, z) with initial con-
dition zy at t = 0, the exponential mapping at t is defined by

exp,,, : po > I (2(t,20,p0))
The following result is a consequence of the previous analysis.

Proposition 1.9. Let z be a reference extremal with initial condition zg =
(w0, po) defined on [0,T]. Let Lo be the fiber T; M and let L be its image by the
one parameter group exptH. Then L is a one parameter family of Lagrangian
submanifolds along the reference extremal curve and t. is conjugate if and only
if (L,1I0) is singular at t., that is if po is a singular point of the exponential
mapping at time t..

The generalization to control problems with arbitrary initial conditions is
straightforward.

Definition 1.9. Let ﬁ(t, z) be a smooth Hamiltonian vector field whose inte-
gral curves are the extremals of an optimal control problem with fived time T
and initial manifold My. The time t¢ is a focal time along the BC-extremal
z if there is a Jacobi field J such that J(0) is in Tz(O)Md_ and J is vertical at

ty.

Both concepts fit in the same geometric framework: a one parameter family
of Lagrangian manifolds obtained by transporting the initial submanifold with
the flow. The Jacobi fields span the tangent spaces of the Lagrangian manifolds
computed along the reference extremal. They are the image of the initial
tangent space by the fundamental matrix of the variational equation and
conjugate or focal points are obtained using a verticality test. Curvature type
invariants are related to tensor analysis of each problem. The analysis in the
next paragraph shows the connection between the concept of conjugate point
and the intrinsic second-order derivative. We derive C!-sufficient second order
optimality conditions in the smooth case.
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Conjugate Points of Smooth Time-optimal Control Problems

Preliminaries. We restrict our presentation to a smooth time optimal control
problem & = f(x,u) where u belongs to U, assumed to be an open subset of
R™. The Hamiltonian of the problem is

H(x,p,u) = p° + H(z,p, u)

with H(z,p,u) = (p, f(z,u)) and p° < 0. The scalar p", dual to the cost
functional ¢(x,u) = 1, can be normalized to 0 or to 1. The case p° = 1 is called
the normal case. The maximum principle asserts that time-optimal solutions
satisfy OH /Ou = 0 and 0> H/0u? < 0. In the so-called regular case, the strict
Legendre-Clebsch condition holds and O0H/Ou = 0 is solved by the implicit
function theorem. By plugging the dynamic feedback @ : (z,p) — a(x,p)
into H, a true Hamiltonian function H, is defined:

Hr($7p) = H(.%'7p, ﬂ($7p))

As usual, ¢ — z(t,29) is the extremal solution with initial condition zg =
(20, po). Since H is linear in p, we have a first lemma.

Lemma 1.6. The two components of an extremal solution verify

x(tvx()a)‘p()) = x(twr()vp())v p(ta $07Ap0) = )‘p(tvxmp())'

In particular, the rank of the exponential mapping exp,, , at a given time t is
at most (n — 1).

The aim of this section is twofold. First, thanks to the concept of conjugate
point, we obtain second-order necessary and sufficient conditions for optimal-
ity, the set of controls being endowed with the L topology. Then, using
standard field theory, we extend those optimality results to the C° topology
on the set of trajectories of the system. In order to carry out a more complete
analysis applicable to affine systems, we make the following prolongation. We
set & = v and extend the original system to a control affine one:

:'v:f(x,u)

U= .

If we write the system y = Fo(y)+>_ v, v;i Fi(y) with y = (2, u), the controlled
distribution is flat: [F}, F}] =0, 4,7 = 1,...,m. Our analysis also applies to
control affine systems whose distribution is involutive. A prototype of such
systems is the single input control system of the form: y = Fy(y) + vFi(y).
Having made our prolongation, we must change the L control topology on
u into the L! topology on v = . According to Section 1.3.1, there is a one-
to-one correspondance between the extremal solutions of the original system
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and the affine system obtained by prolongation. As a consequence, we shall
be able to translate the relevant optimality results.

Second order sufficient optimality conditions for single input affine systems.
We consider a single input affine control system

&= Fy(z) +uFi(x)

and we assume that the control domain is U = R.. The controlled vector field
Fy is called the cheap direction and time-optimal curves are to be searched
among concatenation of standard extremals with jumps into this cheap direc-
tion. We compute a normal form under the action of the feedback group. The
group acts locally with the following transformations:

(i) Change of coordinates, y = (),

(Fo, F1) = (@« Fo, pu F1).

(ii) Feedback transformation, v = a(z) + S(x)u where (3 is invertible,

(Fo, F1) = (Fo + b, BFY).
The following result is standard.

Proposition 1.10. The singularities of the endpoint mapping corresponding
to extremals curves of the time-optimal control problem are feedback invariant.

Hence, we shall use the action of the feedback group to normalize our sys-
tem along a reference extremal, each change of coordinates y = ¢(x) being
lifted onto a symplectic diffeomorphism @ acting on the extremal flow.

Geometric reduction. We proceed in two steps. We first pick a reference smooth
extremal trajectory v defined on [0,7]. Assuming it is one-to-one, we can
identify it with ¢ — (¢,0,...,0) in suitable coordinates = = (z1,...,2,). A
tubular neighbourhood of ~ is characterized by small z;’s for ¢ > 2. Then we
consider the Taylor expansion of the pair Fpy, F along ~: the jet of order one
(resp. two) is the collection of all linear (resp. quadratic) terms. The control
is also normalized to zero thanks to the feedback v = u — u(x1) (see Section
1.3.1). Besides, if F} is tranverse to v, we can choose the coordinates in the
neighbourhood of the curve such that F is identified with 9/0x,,. From our
preliminary analysis, we know that the first order Fréchet derivative of the
endpoint mapping depends only upon the jet of order one, while the second-
order intrinsic derivative depends only upon the jet of order two. Furthermore,
all the information about first and second variations is collected by Lie brack-
ets within the two spaces Ej(t) = Span{ad®Fy - F1(y(t))} and Fy(t) which is
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generated by the restriction to v of Lie brackets with at most two occurences
of F. The second normalization is performed choosing a reference extremal
meeting the generic requirements hereafter:

(i) Eq(t) is of codimension one and is generated by the first (n — 1) brackets,
ad*Fy - Fi(y(t)), k=0,...,n—2, for any t in [0, T].

(ii) The Lie bracket ad®Fy - Fo(v(t)) is not contained in Ey(t) for ¢ in [0, T].
(iii)The vector field Fy restricted to «y is tranverse to Ey(t) on [0, T].

This has the following implications: first, for each 0 < tg < t; < T, the
singularity of the endpoint mapping at the zero control defined on [t, 1] is of
codimension one and the image of its Fréchet derivative is Fj(¢1). Secondly,
the adjoint covector p is unique up to a scalar and oriented in order that
Hy = (p, Fy) be positive. The singular trajectory which is of minimal order by
virtue of requirement (ii), is said to be hyperbolic if (p,ad®Fy - Fy(y(t))) < 0
on [0,T), elliptic if (p,ad*Fy - Fo(y(t))) > 0. Observe that the generalized
Legendre-Clebsch condition is only satisfied in the hyperbolic case. It is now
crucial to notice that since the reference curve is a one-dimensional manifold,
we can normalize any independent family of Lie brackets to form a frame
along it. Our assumptions allow us to pick coordinates preserving the previous
normalizations and defining a moving frame defined by:

0

6xn—k ’

ad®Fy - F1(y(t)) k=0,...,n—1, t€[0,T).
Moreover, since the feedback is chosen so that w is zero along v, we can
impose the linearization condition ad®Fy - Fy (y(t)) =0 for k >n —2 and t €
[0, T]. These computations can be explicited. In particular, the moving frame
construction amounts to a time dependent linear transformation. Having made
these normalizations, we have the following.

Iy

[Fo, F1]

Fig. 1.4. Canonical moving frame
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Proposition 1.11. Along the reference curve, the system is feedback equiva-
lent to the system defined by the two vector fields

n

0
Fy = axl + ; LL’Z+1 ljzzz Qjj (xl)xixja—xl + R
0
F,=—
! oxy,

where the remainder R =%, Ri% is such that the 1-jets of the R;’s along
v are zero, t = 1,...,n, as well as the 2-jets for 1 > 2.

Definition 1.10. The truncated system

SR 9
= G + ;xwlafxi + igzaij(xl)xixjaixl
0

F=—
! oxy,

18 called the approximating model along 7.

Properties of the model. In this model, we have gathered in one normal form
all the information required to evaluate the endpoint mapping (and thus the
accessibility set) up to second-order relevant terms. The adjoint covector is
oriented by the condition Hy > 0 and normalized to p = (1,0,...,0) The
linearized system along the reference trajectory is a constant linear system in
Brunovsky normal form. Indeed,

jf'l - 1+Q(x17x2a"-7xn)
:i‘QZ.’L'g
Tp = U

with g(z1,22,...,2n) = ZZ]’:Q a;jxix;. Setting x(t) =t + £(t) we get

n
&= ajz;

ij=2
L=6&
én =u

and the system describing the evolution of £ is the linearized system. We sub-
stitute 27 by ¢ in the quadratic form ¢. The last diagonal coefficient a,,,(t) is
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(p, 0*Fy/0x2)(v(t)), which is also equal to the opposite of the Poisson bracket
{{H1,Ho}, H1 }(2(t)) involved in the generalized Legendre-Clebsh condition:
it is negative in the hyperbolic case, and positive in the elliptic one. The kernel
K; of the first order derivative is 52 =¢&3,... ,§n 1 = &, with the boundary
conditions &(0) = -+ = &,(0) =0, &(t) = -+ = &,(t) = 0, and the quadratic
form ¢ represents in fact the intrinsic second—order derivative defined on [0, 7T
by the restriction to K; of

/Zaw )Ei(5)€;5 (5)ds

4,J=2

By construction, our affine system is the prolongation of a regular system in
R" ! where the control variable is x,, = &,.

Accessory problem and intrinsic derivative. By taking &, as control variable
and approximating by the model, clearly, the reference extremal curve is time-
optimal on [0, 7] if and only if Q; is negative for each ¢ in ]0,T]. This leads
to consider the so-called accessory problem, eQQy — min, with ¢ = —1 in the
hyperbolic case, and € = 1 in the elliptic one. This is a standard problem in
differential operator theory. We can rewrite the intrinsic second order deriva-
tive as

T
Q= / a(y(s))ds

with y = & and where

Z bi; (1)y D )y (¢)

,7=0

the b;; being symmetric functions. The boundary conditions on [0,7] define
the set C; of smooth curves such that y(0) = --- =y (0) =0, y(t) = --- =
y(™=3)(t) = 0. Let D be the differential operator of order 2(n — 2) deﬁned by

n—2

1 ;db g

=0

It is the Fuler-Lagrange operator associated to the accessory minimization
problem and it can be written

n—2 ; i
S d? d’
— E : 1) () —.
,j=0
Its restriction Dy to C; is a self-adjoint differential operator representing the

second-order intrinsic derivative. This operator is regular since by,_2 ,—2(t) =
{{H1,Ho}, H1}(~(t)) is nonzero. The following result holds.
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Lemma 1.7. The equation Dy = 0 is equivalent to Jacobi equation along the
reference extremal and is Fuler-Lagrange equation associated to the accessory
problem. If J is a Jacobi field solution of the variational equation, then J is
vertical at 0 and t. if and only if Dy, J =0 so that

te

Q. (J) = ; Dy J(s) - J(s)ds = 0.

The spectral properties of ); are investigated using the classical theory
on linear differential operators, see [17], and we get the next proposition.

Proposition 1.12. For eacht in]0,T], there exists a sequence of eigenvectors
and eigenvalues (€4 o, Ai,a)a>1 such that

(i) The eigenvectors et o belong to L2([0,T]) NCt and Dier o = Mt a€t.a-

(ii) Each curve y in C; can be represented by its uniformly convergent Fourier

series,
Y= Z Yalt,a-
a>1
We order the eigenvalues increasingly, At1 < Ar2 < ..., and state the

Morse result about the time evolution of the spectrum of D;.

Proposition 1.13. Let y be in C, with Fourier series y = Y <1 Ya€t,a. Then
Qi(y) = Y51 May? and Qq is positive for t small enough. The first conju-
gate time to 0, ti., s the smallest t such that Mg = 0. If t < ti., the only
minimizer of Q¢ on Cy is y = 0. If t > t1., the infimum of Q¢ is —oo.

Proof. Rather than using the standard Morse theory, we make a simple proof
of the loss of optimality after the first conjugate time based on the geometric
argument of the Riemannian case [7]. Indeed, let ¢, be the first conjugate
time along the reference trajectory . There exists a Jacobi field vertical at
0 and t1, corresponding to a variation of v with dx(0) = dx(t1.) = 0. Then,
for t > t1. we can construct a broken solution with the same time duration
(see Fig. 1.5). But in our regular case, an optimal solution cannot be broken.
In fact, by smoothing the corner we obtain a shortest path. Since the model
approximates our system up to relevant terms of order two, we conclude that
optimality is lost. [ ]

Proposition 1.14. Consider a single input affine control system defined by
the pair Fy, Fy. Under our assumptions, a reference trajectory is time minimal
(resp. mazimal) in the hyperbolic (resp. elliptic) case up to the first conjugate
time with respect to all trajectories with the same extremities and contained
in a tubular C'-neighbourhood of the reference extremal.
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Y (t1e)

Fig. 1.5. Broken solution with same time duration and shortest path

The same optimality result holds for the restricted system, the set of con-
trols being endowed with the L*>°-norm topology.

Computation and estimation of conjugate points. The simplest test deals with
the nonlinear system & = f(z,u). We denote by H,.(x,p) the smooth max-
imized Hamiltonian function and we restrict our equation to the level set
H, = 150 as to break the symmetry due to the linearity with respect to p. This
amounts to assume p in the projective space P"~!. We note J1, ..., J,_1 a ba-
sis of Jacobi fields which are vertical at 0. Let L(t) = Span{Jy(t),..., Jo—1(¢)}
be the corresponding isotropic space. The numerical test for conjugate times
is

rank dI1(z(t))L(t) <n—1 (1.17)

which can easily be tested numerically. Moreover, since the reference trajec-
tory is tranverse, the test is equivalent to

det(dIT(=(t))L(t), f(x(t), u(t))) = 0. (1.18)

In order to estimate the conjugate points we can use the curvature tensor
according to the Sturm comparison theorem.

Lemma 1.8. (Sturm) Let v be the solution of ¥ + A(t)v = 0 with v(0) = 0,
0(0) = 1, and let w be the solution of W + B(t)w = 0 with the same initial
conditions. Suppose A(t) < B(t). If a (resp. b) is the first positive zero of v
(resp. w), then a <b

Proof. In accordance with initial conditions, v and w are positive for 0 < ¢t < a
and 0 < t < b, respectively. Assume by contradiction that a > b. One has

0= /b(v(w+Bw) —w(¥ + Av))dt (1.19)
0

= [vi — wo)§ + /b(B — A)vwdt. (1.20)
0
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Since A(t) > B(t) and since v and w are positive on [0, b], then the integral in
(1.20) is non-positive. Therefore, [vi» —wd] is nonnegative, that is v(b)u(b) >
0. But v(b) > 0 and w(b) < 0 (since w is not identically zero, w and @ cannot

be both zero at b), hence the contradiction. |

Corollary 1.1. Let 6% + K (t)dxz = 0 be the one-dimensional Jacobi equation
in normal form. Assume 0 < Ky < K(t) < K. If t1. is the first conjugate

time, then ti. belongs to [w/\/Ka,m/v/K1].

In higher dimension, this result can be applied using the sectional cur-
vature. In our problem, the Jacobi equation is identified with a differential
operator and we can use a different normal form with less invariant terms
than in the curvature because, while evaluating the intrinsic second-order
derivative, we have reduced the terms by integrating by parts. The normal
form is given by the proposition hereafter.

Proposition 1.15. Any self-adjoint differential operator | with real coeffi-
cients is of even order and can be written according to

U(y) = (poy )@ + (pry' ™)V -+ (pgy).

Accordingly, | is defined by the ¢ + 1 functions of time po, ..., pq.

We now strengthen our optimality results to get C°-sufficient optimality
conditions.

Central field, Hamilton-Jacobi-Bellman equation and C°-sufficient optimality
conditions. Let (z,u) be an extremal defined on [0,7T] of the time-optimal
control problem of & = f(x,u), x in a manifold M, extremities being fixed.
As previously, we make the following regularity assumptions:

(i) The strict Legendre-Clebsch conditions holds along the extremal,
0*’H,_,
(ii) On each subinterval 0 < to < ¢1 < T the singularity is of codimension one.

(iii)We are in the normal case where H = (p, f(x, u)) is not zero and p can be
chosen on the level set H = =1+ (p, f(z,u)) = 0.

In this case, our reference control is smooth and the reference extremal is
solution of a system defined by a smooth Hamiltonian H,.. We denote by ¢,
the one parameter local group

—
PYr = €Xp tH,
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and by L(t) the one parameter family of Lagrangian manifolds image of the
fiber T;; M. Assume that the reference extremal curve is one-to-one and that
there exists no conjugate point on [0,7]. Then we can imbed the reference
solution into a central field, projection of the Lagrangian submanifolds on M.

This construction is valid in a neighbourhood of the reference curve, but
it can be prolongated to a maximal open set W homeomorphic to a convex
cone, each point of the domain being related to a unique point of IT(L(t)).
Our aim is to prove that the reference extremal curve is optimal with respect
to all trajectories with the prescribed extremities contained in this set W.
The first result is the following [14].

Lemma 1.9. (Verification lemma) Excluding x(0), assume that there ezists
an open neighbourhood N of the reference trajectory and two smooth mappings
S W—-=Randa : W — U such that for each (z,u) in W x U we have

the maximization condition
H(z,dS(z),a(zx)) > H(z,dS(z),u)

and ﬁ(:r, dS(x),u(x)) = 0. Then the reference trajectory is optimal among all
the trajectories of the system with the same extremities and contained in W.

Proof . Let 0 < tg < t; < T and let (z,u) be a trajectory of the system
defined on [tg,t1], contained in W and satisfying the boundary conditions
x(to) = x(to), x(t1) = z(t1). If we note T'(z,u) the transfer time t; — to, we
must prove that T'(z,u) < T(x,u). By definition,

(dS (1)), f(2(t), u(t)) — H((t),dS(x(t)), u(t))

dS(x(t))a(t) — H(x(t), dS(x(t)), u(t)).

1

Therefore we obtain

T(a:,u):/ldt:S(z(tl))fS(x(to))f/t1ﬁ[(x(t),dS(x(t)),u(t))dt.

to 0

Besides, since along the reference curve we have H = 0, one has

T(z,u) = S(z(t)) — S(Z(to))-

Because the extremities are fixed we get

t1~

T(z,u)—T(z,0) =— H(x(t),dS(x(t)), u(t))dt

to

which is nonnegative by virtue of the maximization condition and T'(x,u) >
T(Z,w). This proves the result. [ |
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The construction of S is equivalent to solve the standard Hamilton-Jacobi-
Bellman equation
H(z,—)=1
e A 5y)
the transfer times of the extremal curves being T'(x,u) = S(z(t1)) — S(x(t))
and the adjoint covector p being 9S5/0x.

Geometric construction and concluding result. Restated in symplectic formal-
ism, the construction of the solution S of the Hamilton-Jacobi-Bellman equa-
tion is clear. The set L = {p = 05/0x} is a Lagrangian manifold and the
restriction of [T to L is a diffeomorphism. To construct L we use the central
field and we take L = (UpsoL(t)) N {H = 0}. Indeed, for each ¢t the manifold
L(t) is Lagrangian and homogeneous with respect to p which is normalized by
the condition p° = 1, p® being the dual to the cost. The projection gives the
set of points at time ¢ from zy. In particular, L(t) N {H = 0} is an isotropic
manifold of dimension n — 1. It is straightforward to prove that it defines a
Lagrangian manifold when saturated by the flow.

Proposition 1.16. Under our assumptions, the reference extremal curve is
optimal with respect to all curves solution of the system with same extremities
and contained in the domain covered by the central field.

1.3.3 Examples
Sub-Riemannian Heisenberg Case

We consider a system in R™ of the form

i=1

Such systems are called symmetric and are relevant in robotics. In partic-
ular, they are connected to motion planning: given a path v : ¢ — ~(¢),
t in [0,1], find an admissible trajectory (z,u) of the system with same ex-
tremities. Moreover, in order to avoid obstacles, we fix around v a tube W
in which the admissible trajectories have to stay. For such problems we can
also assign a cost, e.g. minimum time or minimum length. We shall consider
here the latter case where the length is defined by a Riemannian metric. The
restriction of this metric to a the distribution generated by Fi,..., F,, de-
fines a sub-Riemannian problem. If we choose an orthonormal subframe in
the distribution, the problem becomes & = Y " u;F;(z) with criterion

T m
u?)Y2qt
/ 3w
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and the size of the tube W can be set by the metric. We restrict the analysis
to the standard Heisenberg contact case in R3.

Consider the following system in R3:
¢ = u1Fi(q) + uzFa(q)

where Fy = 0/0x 4+ y0/0z, Fy = 8/0y — x0/0z. If we set F3 = 0/0z, we get
[F1, F] = 20/0z. Moreover, all the Lie brackets of order three or more are
zero. The distribution D spanned by Fy, Fs is a contact distribution defined
as the kernel of the 1-form o = dz + (xdy — ydx). A sub-Riemannian metric
is associated to a metric of the form g = a(q)dx? + 2b(q)dxdy + c(q)dy?. By
choosing suitable coordinates, the smooth functions a, b and ¢ can be normal-
ized to a = c=1 and b = 0. The case g = dx? + dy? is called the Heisenberg
case or the sub-Riemannian flat contact case.

Heisenberg sub-Riemannian geometry and the Dido problem. We observe that
the previous problem can be written & = uy, §y = uo, 2 = &y — yx, and

T

/ (22 + §*)Y2dt — min

0

in order that:

(i) The length of a curve ¢t — (x(t),y(t), 2(t)) is the length of the projection
in the zy-plane.

(ii) If a curve joins (zo, Yo, 20) to (21,41, 21), 21 — 2o is proportional to the area

swept by the projection of the curve on the zy-plane.

Hence, our problem is dual to the Dido problem whose solutions are circles:
find closed curves in the plane of prescribed length and maximum enclosed
area.

Computation of the extremal curves. According to Maupertuis principle, min-
imizing the length is the same as minimizing the energy,

T
/ (u? + u3)dt — min
0

the final time 7" being fixed. The Hamiltonian is

2
H(z,p,u) = > (0"} + u;P)
i=1
with the Hamiltonian lifts or Poincaré coordinates P; = (p, F;), i = 0,...,2
and Fy = 9/0z. We are in the normal case and set p° = —1/2 so that, in
these coordinates, the extremals are the solutions of:



1 Introduction to Nonlinear Optimal Control 39

T=P, y=", =" Py— P

and _ . .
Py =2P3Py, Po = —-2P3P;, P; =0.

By setting P3 = A/2, we obtain the equation of a linear pendulum, Pi+X2p =
0 and the equations are integrable by quadrature with trigonometric functions.
The integration is straightforward if we observe that

We get the following parameterization of the extremals starting from zy =
(0,0,0). If A =0, z(t) = Atcosp, y(t) = Atsinyp, z(t) = 0, that is we have
straight lines. If X # 0, z(¢) = A/ (sin(At+ @) —sinp), y(t) = A/ (cos(At+
@) —cos ), z(t) = (A% /M)t — (A% /A\?)sin M, with A = (P? 4+ P?)'/? and ¢ is
the argument of the vector (&, —7).

Conjugate points, global optimality. The computation of conjugate points by
means of the previous parameterization is obvious: the extremal straight lines
have no conjugate points, and the extremals which project onto circles in
the zy-plane have their first conjugate points after one revolution. We note
S(a,r) the sphere of points at sub-Riemannian distance r of the center a. Note
that the sub-Riemannian distance is continuous. It is isometric to the sphere of
same radius centered at the origin, S(0, ), which is a surface of revolution with
respect to the z-axis and symmetric with respect to the xy-plane. Eventually,
we can take a unit radius by homogeneity. Standard existence theorems tell
us that the sphere is made of extremity points of minimizing extremals of unit
length. As a consequence of our computations, a conjugate point is also a cut
point where a minimizer ceases to be globally optimal. This is a degenerate
situation similar to the Riemannian case on S2. Arguably, as the sphere is
a surface of revolution with respect to the z-axis, there is a one parameter
family of extremal curves intersecting exactly at the same point.

The Flat Torus

Another interesting example is the flat torus T2 obtained by identifying points
on the opposite sides of the square [0,1] x [0,1]. The extremals with respect
to length are the images of straight lines in R? through this identification.
Since the problem is flat, the curvature is zero and the Jacobi equation is
trivial. There is no conjugate point and optimality is related to the topology
of the torus. Actually, if zo is chosen at the center of the square, then an
extremal is optimal until it reaches the sides where it meets another mini-
mizing curve (there are up to four such curves at a corner). To describe the
underlying topology, we can choose coordinates [y, [ which are angles. Given
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any extremal, there are infinitely many extremals with same extremities but
different rotation numbers. This property is crucial to understand the orbit
transfer problem.

1.4 Time-optimal Transfer Between Keplerian Orbits

An important matter in astronautics is to transfer a satellite between elliptic
orbits. Optimal criterions related to this issue are the maximization of the
final mass (which amounts to minimizing the fuel consumption) or the mini-
mization of the transfer time. We shall consider this second problem for two
reasons. First, recent research projects concern orbit transfer with electro-
ionic propulsion for which the thrust is very low and the transfer duration
very long (up to several months). Moreover, since the transfer is always with
maximum thrust, the structure of the minimum time extremals is simpler than
in the minimum consumption case [10] and fit in the smooth case previously
analyzed.

1.4.1 Model and Basic Properties

Let m be the mass of the satellite, and let F' be the thrust of the engine. The
equation describing the system in Cartesian coordinates are:

.. n o F
§=-q5+—
r m

where ¢ is the position of the satellite measured in a fixed frame I, J, K whose
origin is the Earth center, where r = |q| = (¢} + ¢5 + ¢3)'/?, and where p is
the gravitation constant. The free motion with F' = 0 is Kepler equation. The
thrust is bounded, |F| < Fax, and the mass variation is described by

i = 17 (1.21)

Ve

where v, is a positive constant (see Table 1.1). Practically, the initial value
myg of the mass is known, and m has to remain greater than the mass of the

Table 1.1. Physical constants

Variable Value
u 5165.8620912 Mm®-h~~?
1/ve 1.42¢ — 2 Mm™*-h
mo 1500 kg

Frnax 3N




1 Introduction to Nonlinear Optimal Control 41

satellite without fuel: m > xo. If (1.21) is not taken into account, we have a
simplified constant mass model. Roughly speaking, this model is sufficient for
our geometric analysis, but the mass variation has to be included for numerical
computation. Besides, if the thrust is maximal, maximizing the final mass
reduces to minimizing the transfer time. If ¢ A ¢ is not zero, the thrust can be
decomposed in a moving frame attached to the satellite. A canonical choice
consists in the radial-orthoradial frame: F' = u, F, + tuor For + u.F,. with
_q0 qNgG O

Crdq " lqgndlog

F,

and F,, = F. A F,.. If u. = 0, the state space is the tangent space to the
osculating plane generated by ¢ and ¢ and we have a 2D-problem. For the sake
of simplicity, we shall restrict our study to this setting which already exhibits
all the relevant features of the whole system. We first recall the classical
properties of the Kepler equation.

Proposition 1.17. The two wvectors below are first integrals of the Kepler
equation:

¢ = qAq (angular momentum)

L= —qﬁ + ¢ A ¢ (Laplace vector).
r

Moreover, the energy H(q,q) = 1/2 ¢* — p/r is preserved and the following
relations hold:

Lc=0, L? = p? +2H

Proposition 1.18. If ¢ = 0, the motion is on a colliding line. Otherwise, if
L = 0 the motion is circular while if L # 0 and H < 0 the trajectory is an
ellipse:

2

" w~+ |L| cos(0 — )

where 0y is the argument of the pericenter.

Definition 1.11. The domain X. = {H < 0, ¢ # 0} is filled by elliptic orbits
and is called the elliptic (2D-elliptic in the planar case) domain.

Geometric coordinates. To each pair (¢, L) corresponds a unique oriented el-
lipse. Using these coordinates, we have a natural representation of the system.
Namely,

) F
c:q/\a

. F
L=FAc+dN(gNn—)
m
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Since X, is a fiber bundle, one needs a coordinate to describe the evolution on
the fiber itself. The fiber is S! and the coordinate is the so-called cumulated
longitude. A second representation is thus provided by the orbit elements.
Restricting to the 2D case, one has x = (P, e,l) with

— P, semi-latus rectum related to the semi-major axis by P = a(1 — e?).

— e = (ey,ey), eccentricity vector oriented along L, that is along the semi-
major axis, and whose norm is the eccentricity of the ellipse.

— 1, cumulated longitude measured with respect to the ¢;-axis.

Using the radial-orthoradial decomposition in which the dynamics is & =
Fy + u.Fy. + uo For, the vector fields are

_ [uwro

VP P o

= E +sinl g —cosli
"\ dey dey

P /2P 0 ey +cosl, O ey, +sinl, 0
o= 2 (222 g GetCosly O gy Gy sinty O
\/ % (W gp T (coslt T g0 & inl+ g )aey>

According to the data provided by the French Space Agency (CNES), the
problem is to transfer the system from a low eccentric initial ellipse towards
the geostationnary orbit. The boundary conditions are given in Table 1.2.
Though the longitude is free on the initial and terminal orbits, we set 1(0) = 7

for numerical issues®.

Fy

Table 1.2. Boundary conditions

Variable Initial cond. Final cond.
P 11.625 Mm 42.165 Mm
e 0.75 0
ey 0 0
ha 0.0612 0
hy 0 0
l 7w rad 103 rad

1.4.2 Maximum Principle and Extremal Solutions

Definition 1.12. We call SR-problem with drift the time-optimal problem for
a system of the form

5 This amounts to start at the apocenter where the attraction is the weakest. The
numerical integration is thus improved.



1 Introduction to Nonlinear Optimal Control 43

i=1

with © € R™, Fy, ..., Fy smooth vector fields, the control u in R™ being
bounded by Y0 |u;|* < 1.

Let the H;’s be the usual Hamiltonian lifts (p, F;), ¢ = 0,...,m, and let
X be the switching surface {H; =0, ¢ = 1,...,m}. The maximization of the
Hamiltonian H = Hy + Y .-, u;H; outside X implies that

ui:L i=1,...,m. (1.22)

VIDH

Plugging (1.22) into H, one defines the Hamiltonian function

1

H, = Hy+ (i}ﬂ)Q (1.23)

i=1

Definition 1.13. The corresponding solutions are called order zero extremals.
From the mazimum principle, optimal extremals are contained in the level set
{H, > 0}. Those in {H, = 0} are exceptional.

The following result is standard.

Proposition 1.19. The order zero extremals are smooth responses to smooth
controls on the boundary of |u] < 1. They are singularities of the endpoint
mapping Ey, v @ w — x(T,zg,u) for the L>-topology when w is restricted to
the unit sphere S™1.

In order to construct all extremals, we must analyze the behaviour of those
of order zero near the switching surface. On one hand, observe that we can
connect two such arcs at a point located on X if we respect the Weierstraf3-
Erdmann conditions

p(t+) = p(t—), Hr(t+) = Hy(t—)

where t is the time of contact with the switching surface. Those conditions,
obtained in classical calculus by means of specific variations, are contained in
the maximum principle. On the other hand, singular extremals satisfy H; = 0,
1 =1,...,m, and are contained in Y. They are singularities of the endpoint
mapping if w is interior to the control domain, |u| < 1. For the 2D orbit
transfer, we restrict ourselves to the constant mass model. Since Lie brackets
can easily be computed in Cartesian coordinates, the system is written & =
Fo(x) +uy Fi (z) + ug Fo(z) where x = (¢, ¢) and where Fj is the Kepler vector
field with Fy = 0/0y,, F2 = 0/0y,. The following result is straightforward.
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Lemma 1.10. Let D be the controlled distribution generated by Fy and Fs.
Then [D,D] = 0 and at each point the rank of the span of Fy, Fy, [Fy, Fy| and
[Fo, Fy] is four.

This allows to make a complete classification of the extremals. Differenti-
ating along an extremal curve, one gets

H; ={H; Hy}, i=1,2.

At a switching point, H; = Hy = 0 but, since Fy, Fy, [Fy, Fy] and [Fy, F3]
form a frame, both Poisson brackets { Hy, Hy} and { Ha, Hy} cannot be vanish
(this is the so-called order one case [2]). In order to understand the behaviour
of extremals in the neighbourhood of such a point, we make a polar blowing
up

H, = pcosy, Hy = psingy

and we get

p = cosp{Hi,Hy} +sinp{Hs, Hy}
¢ =1/p (=sinp{H1, Ho} + cos p{Ha, Ho}) .

Extremals curves crossing Y are obtained by solving ¢ = 0 and the following
holds.

Proposition 1.20. There are extremals curves made of two order zero ex-
tremals concatenated and crossing X with a given slope. The corresponding
control rotates instantaneously of an angle © at the contact with the switch-
ing surface. The resulting singularity of the extremal curve is called a II-
singularity.

Since these singularities must be isolated, the only extremal curves for the
orbit transfer are order zero extremal or finite concatenation of such arcs with
II-singularities at the junctions. Hence, numerically, we only compute order
zero extremals since IT-singularities where the switching surface is crossed
with a given slope are properly handled by an integrator with adaptive step
length.

1.4.3 Numerical Resolution
Shooting Function

The boundary value problem defined by the maximum principle is solved by
shooting. The shooting function is defined by (1.10). Namely, when the initial
and final states are fixed, x(0) = ¢ and x(T") = =1, one has
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S (T,po) € R x P! exp,, p(po) — 1 (1.24)

where the exponential mapping at time 7' is as before defined on P*~! by
exp,, r(po) = H(2(T,20,po)). In the standard transfer case, the final longi-
tude is free and the equation involving [; has to be replaced by the transver-
sality condition p;(T) = 0, where p; is the adjoint state to . Practically, the
n-dimensional nonlinear equation (1.24) on R x P"~! is treated as an equation
on R™! the initial adjoint covector pg being taken in R™ and normalized
according to pg € S"~!. Alternatively, in the normal case one can also pre-
scribe the Hamiltonian level set, e.g. H, = 1. Since equation (1.24) is to be
solved by a Newton-like method, an important issue is the regularity of the
shooting mapping. Here, the extremals are smooth outside II-singularities so
the analysis consists in studying the shooting mapping in the neighbourhood
of such points. To this end, we use the nilpotent model of the 2D problem
obtained in [2]. Here, the dimension is four and a nilpotent approximation
with brackets of length greater than three all vanishing is

(ﬁl :1+(E3 Q.CQZLEQ
(t3 = U1 {,.C4 = U2.
The coupling of the system arises from the constraint on the control, u? +u3 <
1. Clearly enough, the extremals of such a system are given by
B at+0b
V(at +b)2 + (ct + d)?
B ct+d
V(at + )2 + (ct + d)?

where a = —p1(0), b = p3(0), ¢ = —p2(0) and d = p4(0). The switching
function is t — (at + b, ct 4+ d), and the set X' of initial covectors generating
switch points is stratified as follows. If a and ¢ are both nonzero, the existence
of a time such that the two components of the switching function vanish
simultaneously reduces to the condition ad — bc = 0, so the first strata is
the quadric X1 = {p1 # 0, pa # 0, p1ps — paps = 0}. If @ and b are zero
while ¢ is not, there is no condition on d and, by symmetry, we also get
the two disjoint unions of half planes X1 = {p; = ps = 0, p3 # 0} and
X2 = {ps = ps = 0, p1 # 0}. Eventually, note that a, b, ¢ and d all zero
is impossible since no singular control is allowed here (see Section 1.4.2). As
a result, X is partitionned into a set of codimension one, and two sets of
codimension two:
Y=Xu(Ziuzy.

The fact that these subsets are of codimension greater or equal to one implies
that, despite the existence of the singularities illustrated below, the numerical
computation is essentially reduced to the smooth case and thus tractable.
Regarding X1, let a and ¢ be nonzero reals. Let then § = (b/a —d/c)/2 be the
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half distance between the roots of each component of the switching function.
By symmetry, we can assume that a and c are equal and positive. Up to a
translation of time, integrating the nilpotent model amounts to integrate

t—20
JET 02

as well as the symmetric term (¢ + § at the numerator). For nonzero §, one
gets

¢ =

&(0) =Vt + 0% — |§|(arcsh§ + 1) + constant

where ¢ is a fixed positive time. We have a singularity of the kind ¢ log |4 and
the shooting mapping is continuous but not differentiable at § = 0, that is
when Y is crossed. Finally, as for X3, let ¢ and d be zero (the case of X3
being treated analogously), and let ¢ = —b/a be the unique root of the first
component of the switching function when a is not zero. Assume for instance
that a is positive so that the exponential is computed by integrating

. t—o
T
Hence, for a positive fixed ¢, up to a constant
&(0) =t ifo <0
=t—20 f0<o<t
= —t if o >t

Accordingly, the function is not differentiable at ¢ = 0 and ¢ = ¢, and with
zero derivative outside [0,¢]. In other words, for p; > 0, the shooting map-
ping is singular outside the cone {—p;t < p3 < 0} included in 222, and not
differentiable on its boundary.

Homotopy on the Maximal Thrust

Beyond regularity issues, a delicate task is to provide the Newton method with
nice initial guesses for T" and py. Since the convergence is only local, no matter
how smooth the function may be, a relevant approach is homotopy. Indeed,
our transfer problem is naturally embedded in a family of such problems
parameterized by the maximum thrust Fi,... Moreover, one can expect that
given two such thrusts FO and F.,_ close enough, the associated solutions
T*, ph, i = 0,1 also be close. This is the basic idea of homotopy which connects
the simple problem with F?__ big (the bigger the thrust, the shorter the
transfer time and the easier the control problem) to the more intricate one
with FL_. smaller. One may for instance consider the sequence of intermediate

problems generated by the convex homotopy Finax = (1 — A\)FO. + AFL |
where X in [0, 1] is the homotopy parameter. Then discrete homotopy consists



1 Introduction to Nonlinear Optimal Control 47

in picking a finite sequence \g =0 < --- < Ay < --- < Ay = 1 and trying
to follow the associated path of zeros: the solution at step k is supposed to
be an initial guess precise enough to ensure convergence of the solver at step
k -+ 1. More subtile alternatives where the step on the homotopic parameter
is automatically adjusted are simplicial or differential homotopy [10]. In the
case of discrete homotopy—often refered to as discrete continuation—, the
minimal regularity required to ensure the process is relevant is provided by
the following proposition [5].

Proposition 1.21. The value function Fyax — T(Fnax) mapping to each
positive mazimum thrust the corresponding minimum time is right continuous
for the transfer problem (2D or 3D, constant mass or not).

As a matter of fact, we will use a decreasing sequence of thrusts bounds
(FE . )k. Therefore, right continuity of the value function is enough to guar-
antee that T(FE_ ) tends to T(Fpmax) when the thrusts decrease to Fiax.
But while mere discrete homotopy is used to initialize the search for pg, a
much more precise guess for the minimum time is available. Clearly, the value
function T'(Fayx) is decreasing, and one can easily prove that the product
T(Fiax) - Fiax is bounded below. Actually, it is also bounded over (see [6])
and the conjecture is that it has a limit when Fj,,x tends to 0. In practice, we
use the heuristic T'(Finax) - Finax =~ constant. Figure 1.6 presents the result of

such a computation for a medium thrust of 3 Newtons.

Conjugate Points

In order to deal with conjugate and not focal points, we restrict ourselves
to the transfer with fixed final longitude, /. As a result, the initial and final
state are prescribed, and we are in the situation of Section 1.3.2. The shooting
mapping is exactly defined by (1.24) and an extremal is easily computed
by solving the shooting problem for a fixed final longitude close to the one
obtained with [ free. So as to integrate the Jacobi equation

5 =dH,(2(t)) - 0z

along the resulting extremal, z(t) = z(t, to, zo, o) where pg is a root of the
shooting mapping, the standard procedure is to consider the augmented sys-
tem
— . —
z=H,.(2), 02=dH.(z) -0z

with initial condition (zg, pg) on z. As for 6z = dx, dp), the initial Jacobi fields
must span the (n — 1) dimensional tangent space to {zg} x S"~! so that

§2:(0) = 0, p;(0) L p(0), i=1,...,n— 1.

According to (1.18), conjugate times are roots of
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Fig. 1.6. Three dimensional transfer for 3 Newtons. The arrows indicate the action
of the thrust. The main picture is 3D, the other two are projections. The duration
is about twelve days.

det(812(t), ..., Gn_12(t), &(t)) = 0.

This test is important since, numerically, a generic root can be detected by a
change in signs. Hence, a rough estimate of conjugate times is easily obtained
by dichotomy and then made more accurate, e.g., by a few Newton steps.
Nevertheless, it is still compulsary to refine the computation to take into
account cases when the rank of the exponential mapping becomes strictly
less than n — 2 (see (1.17)). To this end, we also perform a singular value
decomposition so as to check the rank of the span of §z1,...,dx,_1 along the
extremal. The counterpart is that, since the singular values are nonnegative,
the detection of zeros is more intricate. An example of this kind of computation
in the orbit transfer case is shown at Fig. 1.7.

1.5 Introduction to Optimal Control with State
Constraints

In many applied control problems, the systems has state constraints. For in-
stance, in the shuttle re-entry case, there is a constraint on the thermic flow in
order to avoid the destruction of the ship. Whereas standard existence theo-
rems hold, the necessary conditions become intricate. Indeed, general extremal
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Fig. 1.7. An extremal, which is roughly the same as in Fig. 1.6 (the difference being
the fixed final longitude), is extended until 3.5 times the minimum time. Bottom
left, the determinant, bottom right, the smallest singular value of the Jacobi fields
associated to the extremal. There, two conjugate times are detected. The optimality
is lost about three times the minimum time.

curves are parameterized by measures supported by the boundary of the do-
main. Hence, the key point is to make a geometric analysis of the accessibility
set near the constraints of order one to derive these conditions in a geometric
form. The ultimate goal is to glue together extremals of the non-constrained
problem with those on the boundary to provide an optimal synthesis. This
kind of analysis comes from the pioneering work of Weierstrafl in 1870 who
solved the problem of minimizing the length of a planar curve in the presence
of obstacles. The resulting necessary conditions can also be used to analyze
hybrid systems defined by two subsystems & = fi(x,u), & = fa(x,u), each
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subsystem describing the evolution in two domains separated by a surface. In
this case, Descartes-like refraction rules obtain as consequences of the maxi-
mum principle with state constraints. In the orbit transfer case, this approach
allows us to take into account the eclipse phenomenon associated to electro-
ionic propulsion.

1.5.1 The Geometric Framework

We consider a system of the form & = f(x,u), z in R™ and v in U, subset of
R™, with a cost

T
c(x,u):/o Oz, u)dt

in the presence of one state constraint of the form g(z) < 0,9 : R — R. We
denote by ¥ = (2%, ) the extended state, the extended dynamics by f, and by
g = (0,g) the extended state constraint. In order to make a geometric anal-
ysis, we restrict our study to piecewise smooth pairs (Z, %) defined on [0, T.
An optimal solution 7 is thus made of extremal subarcs contained in the open
domain {g < 0} where the constraint is not active and where the standard
maximum principle holds, and of subarcs contained in the boundary, namely
boundary arcs. In order to decide upon optimality, we split the problem in two.

Optimality of boundary arcs. Clearly, a boundary arc has to be optimal with
respect not only to all trajectories contained in the boundary, but also to all
neighbouring arcs in the open domain {g < 0}. This is illustrated by Fig. 1.8
where the hypersurface is a sphere and where the two kinds of variations are
represented.

Fig. 1.8. Boundary curve (i) and neighbouring curve outside the constraint (ii)

Optimality conditions at junctions or reflections with the boundary. In this
case, the matter is to glue together extremal curves of the non-constrained
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problem. The junction and reflection conditions were derived by Weierstrafl

by applying the variations of Fig. 1.9.
R

Fig. 1.9. Weierstraf} variations

The two previous drawings are the keys of the geometric analysis which is
organized as follows. We give first the necessary conditions of [18], illustrating
them by several examples. Since the proof is technical, we present next the
original proof of Weierstrafl using standard calculus of variations.

1.5.2 Necessary Optimality Conditions for Boundary Arcs
Statement

For the sake of simplicity, we shall assume the control domain to be a smooth
manifold with boundary defined by ¢(u) < 0. Differentiating the constraint
along the solution, we get the Lie derivative with respect to the dynamics:

h(x’u) = Lf(;c,u)g
= d/dt(g(x))
= (Vg(@)|f(z, u)).

The crucial concept is given by the following definition.
Definition 1.14. The pair (z,u) is of order one if

(i) h(z,u) =0
(i1)Oh(z,u)/Ou # 0

which corresponds to a contact of minimal order with the boundary.

In this case, we can define locally a system in the boundary by choosing
controls such that h(x,u) is zero. In order to ensure the existence of varia-
tions, we further impose the following regularity condition: if u belongs to
the boundary of the control domain, 0h/Ju(x,u) and dg(u)/du are linearly

independent,

Oh dq
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Let IA{T(E, pyu) = pfO(z,u) + (p, f(x,u)) be the Hamiltonian of the problem.
If we maximize H over the set U(x) defined by h(z,u) = 0, g(u) < 0, then
there are Lagrange multipliers A and v such that

OH  dh  dg

We can now formulate the necessary optimality conditions for boundary arcs.

Theorem 1.2. Let (x,u) be a smooth optimal solution defined on [0,T) of the
problem with fixed extremities. Then, there is a continuous adjoint covector
(p°,p), nonzero, and a scalar function X such that the following conditions
are satisfied:

. OH,_ _ .  OH _ _ oh
L= aip(xvzx ’LL), b= _%(1'7]?7 U) + Aa—x(x,u)

H<§7 57 u) = ma'X’UGU(:E) H(fvﬁ; U) =0

where, for eacht, \(t) is a Lagrange multiplier defined by (1.25). Moreover, p°
is non-positive, p(0) can be chosen tangent to {g = 0} and, at each derivability
point of A, the vector A(t)Vg(x(t)) is zero or pointing towards the interior of
the domain.

Application in Riemannian Geometry

We consider a smooth hypersurface M defined by the equation g(z) = 0 and
imbedded in the Euclidean space R™. The manifold M is thus Riemannian
for the induced metric. Outside M, the curves of minimum length are straight
lines and we can recover the geometric properties defining the extremals from
Theorem 1.2. Clearly, they have to be extremal curves for the induced Rie-
mannian metric. Besides, the convexity properties of the surface are important
as illustrated by Fig. 1.10.

Fig. 1.10. Left: non-optimal boundary arc. Right: boundary optimal arc

The problem can be formulated as the time-optimal control problem of
the system & = u, z in R™ and u in R, where the control domain is the unit
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sphere 37" u? = 1. One has h(z,u) = (Vg(z)|u) and we consider an arc ¢ —
z(t) such that g(z) = 0 and h(z,u) = 0. The Hamiltonian is H = p° + (p, u)
and the adjoint system satisfies

oh

P:)\%

= )\%Vg(as) (1.26)
The cost multiplier p° is not zero and can be normalized to p® = —1. Hence
we get (p,u) = 1. Moreover, 0H /Ou = p = NOh(z,u)/0u + 2vdq(u)/du, so
p = AVg(z)+ 2vu
and, multiplying by v = &, we obtain
1= (p,u) = NVg(z),u) + 2v]ul”.
Therefore, v = 1/2 and, using relation (1.26), we get:
AVg(z) + 4 = 0.

This relation tells us that the acceleration & = wu is perpendicular to the
tangent space of M: this is the standard characterization of the geodesic
curves on the surface. Moreover,

i = —AVg(z)

and & is pointing outwards which is the convexity relation. Hence, we have a
complete description of optimal curves on the surface thanks to Theorem 1.2.
In the next paragraph, we present the junction and reflection conditions so as
to provide an exhaustive portrait of optimal solutions.

1.5.3 Junction and Reflection Conditions
Statement

We shall consider an arc x defined on [0, 7] and meeting the boundary of the
domain at a unique time 0 < 7 < T.

Definition 1.15. The point x(7) is called a junction point if z(t) is contained
in the boundary for t > 7, and a reflection point if the arc is contained in the
interior of the domain when t # T.

Let p = (p°,p) be the adjoint covector associated to an optimal solution.
For a junction point, the jump condition is

p(t+) = p(t—) + uVg(x(7)).

For a reflection point, the condition is

p(r+) = p(7=) + pVyg(x(7)), p = 0.
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Geometric Consequence

Consider the junction condition. Since for boundary arcs we can replace p(7+)
by p(t+) + vVg(z(7)) by virtue of the tangency property to {g = 0} of
Theorem 1.2, at a junction point p can be normalized according to

p(t+) = p(1-).

Lemma 1.11. At a junction point, the adjoint vector can be chosen continu-
ous.

Furthermore, using the junction condition one has

(p(7), f(2(7), u(T=))) = (B(7), f(Z(7), u(T+))) = Jnax H(x(7),p(T),v)
where the maximized Hamiltonian is zero by virtue of Theorem 1.2. As a
result, if the control is deduced from the maximization of the Hamiltonian
is unique, it has to remain continuous when connecting the trajectory to the
boundary. This is the case in the Riemannian problem.

Lemma 1.12. In the Riemannian case, the straight lines connecting the boun-
dary arcs are tangent to the surface at the junction points.

1.5.4 Proof of the Necessary Conditions in the Riemannian Case

We consider the problem of minimizing in the plane

t1
/ Fa,y, &, 5)dt

to

with (z,y) is in R? and where F defines a Riemannian metric. In particular,
F satisfies the homogeneity relation

F(x,y, k&, ky) = kF(x,y,%,9), k> 0. (1.27)

Though homogeneity can be relaxed by imposing a parameterization &2+ =
1, we shall keep the problem in its general form. This will result in additional
properties of the extremals. Now, if £ and 7 are variations of the reference
curve on the same interval [to, t1], the length variation is:

ty
= [ (ag+ B+ (Fa o+ By

to

~l(z+&y+n)—U(z,y)
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so that, integrating by parts and using zero boundary conditions £(tg) =
g(tl) =0, n(tO) = 77(t1) =0,
d d

Fy— = F; =0, F)— =

F, =0.
dt Y

These are the Euler-Lagrange equations, not independent because of homo-
geneity. Indeed, differentiating (1.27) with respect to k at k = 1 one obtains

Differentiating with respect to (x,y),
Fy = &Fp +yFy,
then with respect to &, we get
TF;; + yFyz =0
szy -+ yFyy =0
and the problem is not regular because the Hessian matrix of the Legendre-
Clebsch condition is not invertible. For (&, ) # (0,0), there is a function Fy

defined by
Fyy = i’F1, Fpy = §°Fy

and
Fiy = —2yF.

If we introduce
T = (Fpy — Fyz) + Fr (25 — &9)

we get
F —iF- =qyT, F, —iF- = —iT
foodt” YAt
and Euler equation is equivalent to the Weierstraf§ equation, T = 0, for
(@,9) # (0,0).

Application: Necessary Boundary Optimality Conditions

The previous formulze for the first variation will be used to derive the necessary
boundary conditions. Assume the boundary is one dimensional, and let (z,y)
be a boundary arc on [tg,t1]. We introduce the variations represented by
Fig. 1.11.

At each point of the boundary, we construct a vector n with length wu,
orthogonal to the boundary and oriented towards the interior of the domain.
Namely, n = (£,n) with
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Fig. 1.11. Variation of the boundary arc

uy uzx

E=— =

= 2 2 2
r +vy r +vy

and we consider the variations of the reference curve T+&, y+n. Let u = ep for
¢ positive and p a nonnegative function on [tg, t1] such that p(ty) = p(¢1) = 0.
The associated variation has zero boundary conditions and, from the previous
computation, the length variation is

tl . .
57 = / (Fy — e+ (F, + Fy )t

to

tr .2 .
= —8/ Tp\/ x +§/2dt.
t

0

Accordingly, if the boundary arc is optimal, one must have T non-positive
along (Z,%). In the Riemannian case, the Legendre-Clebsch condition F; > 0
is satisfied and we ge the curvature relation between the extremal tangent to
the boundary and the boundary arc itself:

22 a2\3/2 T ri2 2\3/2
AET) ()
. . . 2 2
which amounts to the standard convexity relation for F'=1\/2 + 7y .

Junction Conditions with the Boundary

In this case, the variation is represented by Fig. 1.12 and concerns the entry
or exit point. The geometric situation leads us to consider two central fields
associated respectively to the initial and final point (labels 0 and 1).
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Fig. 1.12. Variations on the entry and exit junction points

In particular, consider the variation of the entry point 2 between 4 and
5. Indexing the length by the extremities of the arcs, we must estimate [p4 —
(lp2+124). This computation uses the general formula to estimate the variation
of the cost between two curves. Let us denote v = (z,y) the extremal arc 02
defined on [tg, t1], ¥ = (Z, ) the boundary arc defined on [t1,t; + h] (h > 0),
and v 4 v the arc 04 also defined on [tg, t1]. Since the reference curve 7 is an
extremal, the length variation is, up to first order,

0l = [Fpé + Fyn]ié — F(T2,§2, %2, )b

where £(to) = n(to) = 0 since the initial point is fixed, and £(t;) = hi,
n(t1) = hy at the junction point. Hence, the length variation is

5 = h[(FF + 5yl — Fls
= —hE
where E is the Weierstraf§ excess function:
E(,y,,9,2,y) = F(T,9,7,y) = (£Fa(z,y,4.9) + yFy(z,y.4,9))-
Replacing the arc 24 by 25, we get the necessary optimality condition
E(m,y,a&,g),%’,@“) =0

at the entry point 2, (Z,y) being the tangent to the reference extremal curve

and (Z,7) being the tangent to the boundary. The excess function has the
following homogeneity induced by the metric:

E(z,y, ki, ky, ki, ky) = kE(x,y, &, 9, 7,7)

for each positive k, k. Introducing the slopes
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we get

In accordance with the mean value theorem, there is 0* between 6 and 0 such
that

Bernard Bonnard and Jean-Baptiste Caillau

_7:(30567 q_izsina
/.1.2._’_ yQ /3'32-_;'_ y2

N A

p= = Q—cosﬁ,q_ = J—sm@
r +y r +vy

L. 22 22 ~
E(z,y,2,9,2,9) =\ +¥y E(x,y,p,9,D,9).

E(z,y,cos0,sinb, cosf,sinf) = (1 — cos(d — 0))Fy (x, y, cos 6%, sin *).

In the regular case where F} is positive, we deduce the following.

Proposition 1.22. In the regular case, at the entrance and ewit junction
points with a boundary arc, one must have § = 0: the extremal has to be

tangent to the boundary.

As a consequence, this gives the junction condition of Lemma 1.12, previ-

ously obtained as a consequence of the jump condition.

Reflection Condition on the Boundary

In this case, the variation is on the reflection point, see Fig. 1.13.

Fig. 1.13. Variations on the entry and exit junction points

The cost variation lpz1 — lgo1 is evaluated by gluing together the central
fields with initial point 0 and terminal point 1 along the common boundary
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arc 23, that is evaluating (los — (lo2 +123)) + (I31 +123 —Il21). If h is the variation
parameter on the boundary arc, we get

6l - h (E($2792a5'5;y;_7§27372) - E(x27y23f2a§27227§2))

where (Z2,%2), (#4,795) and (%'2, ﬂQ) are respectively tangent to the arcs 02,
21 and 03. Hence, we get the necessary optimality condition at the reflection
point in terms of the corresponding slopes:

E(£27y2ap§ra Qéi_afpéa 52) - E(x27y2a132a QQ7ﬁ2752)-

This relation will give us the standard reflection condition if the metric is
F = /22 + 92 Indeed, F(z,y,cosf* sinf*) = 1 and the Descartes rule is
obtained: B B
cos(fg — 05 ) = cos(fz — 05 ).

The lines reflecting on the boundary must have equal angles. The same ap-
proach can be applied for the refraction rule where we glue together on the
boundary two central fields with different extremal curves, see Fig. 1.14. In
both cases, the rules are given by a jump condition on the adjoint state.

Fig. 1.14. Refraction of two central fields

Bibliographical Notes

For the maximum principle, see the introduction to the discovery in [9]. For
the proof, we have followed [15]. The high order maximum principle is due
to Krener [13], and the presentation using the Baker-Campbell-Hausdorff for-
mula is inspired by [12]. Elements of symplectic geometry are borrowed from
[16], and for the concept of conjugate point we use [4]. The example in sub-
Riemannian geometry is excerpted from [3]. For an introduction on orbital
transfer and numerical techniques, see [5, 10]. The necessary optimality con-
ditions in the state constrained case are from [18]. For the proof in the planar
case, we have followed [1].
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