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Abstract: This paper improves the results of and gives shorter
proofs for the analysis of state constrained optimal control problems
than presented by the authors in Bonnans and Hermant (2009b),
concerning second order optimality conditions and the well-posed-
ness of the shooting algorithm. The hypothesis for the second order
necessary conditions is weaker, and the main results are obtained
without reduction to the normal form used in that reference, and
without analysis of high order regularity results for the control. In
addition, we provide some numerical illustration. The essential tool
is the use of the “alternative optimality system”.
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1. Introduction

In these notes we give an account of some recent results on the analysis of state-
constrained optimal control problems (see the classical review by Hartl, Sethi
and Vickson, 1995) using in an essential way the approach called “alternative op-
timality system”. This approach was introduced in an informal way by Bryson,
Denham and Dreyfus (1963), Jacobson, Lele and Speyer (1971). The basic idea
is, when a state constraint is active over an interval of time, to replace it with
its time derivative of the smallest order such that the control appears. Adding
in a proper way the junction conditions, it is then possible to state a shooting
algorithm. Maurer (1979) gave a sound mathematical basis to this approach
by defining in a precise way the alternative costate, and giving the alternative
formulation of the optimality conditions, but restricting the analysis mainly to
(important) special cases such as a single control and constraint. So, many im-
portant questions remained open for a long time, such as the junction analysis
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in the general case, second order optimality conditions, and the well-posedness
of numerical algorithms, among them the shooting algorithm.

There are a number of recent paper devoted to state-constrained problems,
see Malanowski (2007) and references therein, and Malanowski and Maurer
(2001). An application to the computation of constrained spline functions is
discussed in Opfer and Oberle (1988). Let us highlight Malanowski and Maurer
(1998) where a complete theory is obtained for the first order state constraints.
High order constraints were studied in Bonnans and Hermant (2007-2009) and
Hermant (2008,2009a,b). In this paper we revisit the problem studied in Bon-
nans and Hermant (2009b), by improving some results and simplifying some
of the proofs. Part of the simplification is due to the fact that we are able to
obtain the main results without using the reduction to the normal form (see
Bonnans and Hermant, 2009b) and also without analysing high order regular-
ity results for the control. Other important points are second-order necessary
optimality conditions with weaker hypotheses than in Bonnans and Hermant
(2007,2009b), the simplification of the presentation of junction condition for
the alternative costate and linearized costate (and its relation to the jump of
the standard costate) and a detailed analysis of the difference of costs of the
associated quadratic subproblems. This last point is related to the fact that
a junction point for a given constraint causes jumps in the multipliers of the
other active constraints. This is why the case of several state constraints is es-
sentially more difficult than the case of a single one, discussed in many papers.
We provide also a more compact and self-contained presentation of the results.
The analysis allows for state constraints of order higher than two. However, the
analysis of the shooting algorithm excludes boundary arcs with such constraints,
as expected (see Remark 3).

The paper is organized as follows. Section 2 discusses some consequences of
Pontryagin’s principle and provides some results on the continuity of the control.
For the latter we rely on the fact that the control minimizes the Hamiltonian. In
this section we establish high order regularity on arcs with constant active set of
constraints. The shooting algorithm (and related questions on second-order op-
timality conditions) is presented in Section 3, using reduction of isolated contact
points and the alternative optimality system. Second-order optimality condi-
tions are presented in Section 4. The well-posedness of the shooting algorithm
is established in Section 5, assuming in particular that no boundary arc has
state constraint of order higher than two. In Section 6, we present a numerical
application of the shooting algorithm on two academic problems involving three
state constraints of order 1 and 2, respectively.

Notation. The set of integers from i to j is denoted {i:j}. The operator “:="
means a definition of the Lh.s. The cardinal of a set I is denoted by |I|. The
open (respectively closed) Euclidean ball of center x and radius R is denoted by
B(z, R) (respectively B(z, R)).
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For the value of functions of time only, as say y, we denote y; the value
at time ¢ and the one of its ith component is denoted y; ;. If v and y depend
on time, and h is a function of (¢,u,y), we denote by h; (¢, us,y:) the partial
derivative w.r.t y of its ith component. When necessary for clarity we denote
partial derivatives say like Dyh(t, us, yt).

The Sobolev space W™*(0, T, IR"™), where m is a positive integer and s €
[1,00], is the set of functions in L*(0,T, IR™), whose weak time derivatives also
belong to L*(0,T,IR"™). Elements of W#(0,T,IR") are Holder (respectively
Lipschitz) functions of time for s € [1, 00) (respectively s = 00).

The space of functions of [0,7] — IR™ with bounded variations is denoted
BV(0,T,IR™). The measure associated with n € BV (0,T) is denoted dn. El-
ements of BV (0, T, IR™) have for all time ¢ € [0,T], left and right limits (right
limit for ¢ = 0, left limit for ¢ = T'). If a function of time, say 7, has left or right
limits at time ¢, the latter are denoted n, and 7;", respectively. The convex
combinations of the latter are denoted 1y := on;” + (1 — o)y, , for o € [0,1],
and the jump at time ¢ of 7 is [n;] :=n;” —n; .

By IR™ we denote the dual of IR™, identified with the space of n dimensional
horizontal vectors.

2. Pontryagin’s principle
2.1. Statement

In this section we study optimal control problems with state constraints, of the
following type:

T
Min/ C(ut, ye)dt + o(yr);

. 0 1

g = flueye); t€(0,T); yo =y @
g(yt) <0; te [OvT]v

with¢ . R"xR" - R, f: R" xR" - R", g:IR* - R",r>1,4°c R"

given. All data f, g, ¢, ¢ are of class C*°, and f is Lipschitz. Denote the control

and state spaces by

U:=L>0,T,R™); Y:=WH>(0,T,R"). (2)

For a given u € U, the state equation (i.e., the differential equation in the
second row of (1)) has a unique solution y(u) € Y. The generalized Hamiltonian
function H : R x R™ x R™ x R™ — IR is

H(a,u,y,p) = al(u,y) +pf(u,y). (3)

DEFINITION 1 We say that (@,§) € U x Y is a generalized Pontryagin extremal
if there exists @ > 0 and j € BV (0,T,IR"), with (&,d7) # 0, and a costate
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p € BV(0,T, IR™), such that a.e. t € (0,T):

¥ = f(u,y) a-e in[0,T], (4)

—dpr = Hy(a, i, Y, pr)dt + Zgi(z?t)dﬁi,t on (0,77, (5)
i=1

wy € argmin H(a,w, ¥, pt), a.a. on 0,7, (6)

and in addition

T
9i() < 0;dfe>0;te(0,T; / 9i(ye)dnie =0, i € {1:7}, (7)
0

4(0) y';  pr=ad (yr). (8)

We can rewrite the costate equation (5), with final condition in (8), in integral
form:

T s T
p=ad )t [ Hy(@ 5. p)dst Y [ g, forall e (0.7). ()
t i

The following is well-known, see Section 5.2 in Ioffe (1979).

THEOREM 1 Let u € U be an optimal control and § be the associated state for
problem (1). Then (u,q) is a generalized Pontryagin extremal.

2.2. Continuity of the control

The total derivative of a function of the state, say g(y), is by the definition the
function IR™ x IR™ — IR" whose expression is

W, y) = g'(y) f (u, y). (10)

Along a trajectory (u,y) (i.e., a solution of the state equation), ¢(! (uy,y;) is
equal to % g(y:). In a similar way we can define higher order derivatives. These
formal expressions are the sum of all partial derivatives multiplied by the cor-
responding derivative of the variable, understood as formal variables (and not
true time derivatives) except for y whose derivative is replaced by f(u,y). De-
noting the partial derivatives by subscripts, we obtain for instance the mapping
R™ xR™ x R — IR"

9P (u, i, y) = g5 (w, y)i+ g5M (u, y) £ (u, y). (11)

As long as the total derivatives do no depend on u (respectively the derivatives
of 1), we may denote them as ¢(?)(y) (respectively ¢ (u,y)).
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DEFINITION 2 (i) For i € {1 :r}, the order of the state constraint g;(y) is the
smallest positive integer q; such that

ggcu)(u, y) =0, forall (u,y) € R™ x R"™ and 0 < k < ¢;. (12)

Then ggk) (u,y) does not depend on the derivatives of u for k < g;.
(ii) We say that the state constraint i is regular along a trajectory (@, y) € Ux Y,

such that u is continuous, if gz(:ﬁ)(ﬁt, gt) £ 0, for all t € [0,T].

For a state constraint g; of order ¢;, and k € {1 : (¢; — 1)}, we may write
ggk)(y) instead of ggk)(u, y), and we have

k k k k
9V ) = 9 W) flusy): o5 (wy) = ) (y) fulu,y). (13)
For instance, if ¢; > 2, then skipping arguments of g and f:
9 (wy) =gl f =gl (f. f) + gt f; (14)
2 1
98 wy) = g5 fu=(9l'F + 9ify) fu.

The set I(t) of active state constraints at time ¢ € [0,T] is defined by

I(t) :={i e {1:r}; gi(y(t)) = 0} (15)

Define the set of state constraints of order k, and those active at time ¢ along
the trajectory (u,y) by:

I, ={1<i<r; ¢ =k}; Lt):={i€l,; gi(g:) =0}. (16)

For control variables with left and right limits at every time, a strong Legendre-
Clebsch type condition, along the direction of jump of the control, is as follows:

{ For some o > 0: al[ug]|* < Hyu (4, Gt 57 ) ([1e], [0]), (17)

for all o € [0,1], t € [0,T].

If the control is continuous, the hypothesis of linear independence w.r.t. the
control of first-order state constraints is as follows:

{g&)(at,gt)}ieh(t) is of rank |I1(¢)|, for all ¢ € [0, T]. (18)
We recall that, being of bounded variation, p has left and right limits.

THEOREM 2 Let (4,§) be a Pontryagin extremal for problem (P).

(i) Let R > ||tl|oo- If H(-, 51, piE) has, for all t € [0,T], a unique minimum over
B(0,R), and if (17) holds, then 4 is continuous.

(i) If @ is continuous and (18) hold, then the components of 7] associated with
first order state constraint are continuous, and Hy, (Tt, Jt, it ) i a continuous

function of time.
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Proof. (i) By assumption, H (u, §t, [)ti) has a unique point of minimum at time
t at the point @; € B(0,R). Then % = @ a.e. and we may take 4 = . When,
say, t 1 7, @ has at least one cluster point a. It is easy to check that H (-, §;,D; )
attains its minimum on B(0, R) at the point a, implying the existence of left
and right limits for u at time 7. By the costate equation (5), p has at most
countably many jumps, of type

P =pf —p; ==Y vigi(@),  with v, == [:,] > 0. (19)
We have that

0 :Hul(ﬁt*,yt,ﬁt*)—Hu(a;,yt,ﬁ;)
- / (Hu (G0, 50, 5[] + [pe)fu (85 ) do

0

(20)

Using (19) and observing that g f, = g(l)

i,u

=0 if ¢; > 1, we obtain that

/ Ho, 50, ) [iddo = Y / vig) (@, 5i)do. (21)

el

Taking the scalar product of both sides of (21) by [@:], we get using hypothesis
(17) that

Z/ ulgw a’,ge)u]do = Z Vi [ gl)(ﬂtvgt)} . (22)

i€l i€l

If v; > 0, then g;(g;) = 0, and hence [ggl)(ﬂt,gjt)] < 0, since t is a local maxi-
mum of g;(7:). Therefore, the right-hand side in (22) is nonpositive, implying
[@¢] = 0. Point (i) follows.

(ii) Since [@¢] = 0, the right-hand side of (21) (with @f = 4;) is zero. We
conclude with (18) that the components of 7 associated with first order state
constraint are continuous. In addition, as g}(y) fu(y, v) is identically zero when-
ever g; > 1, it follows that H., (4, Js, D+ ) is a continuous function of time. m

REMARK 1 We note that Theorem 2 improves the related statements in Bon-
nans and Hermant (2009b) and Maurer (1979) by using a weak hypothesis (17).
In the sequel, if (@, 7) is a Pontryagin extremal and @ is continuous, we will say
that (@,y) is a continuous Pontryagin extremal (this, of course, does not imply
the continuity of the multiplier 77 or of the costate p).

2.3. Smoothness on each arc

If 0 <a<b< T, wesay that (a,b) is an arc of the Pontryagin extremal
(a,9,p,7) if (a,b) is a maximal interval of [0, 7], over which the set of active
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constraints I(t) is constant. Let ¢; be the order of the ith state constraint, set
q:=(q1,---,q-), and define G(u,y) : R™ x R™ — IR" by

Gi(u,y) :== ggqi)(u,y), 1e{l:r}. (23)

The hypothesis of linear independence of gradients of active constraints w.r.t.
the control is

{Gi (s, Ut) }icrr) is of full rank, for all ¢ € [0, T7. (24)

We also need a strong Legendre-Clebsch condition along the kernel of active
constraints:

{ For some e > 0, for all ¢t € [0,T], v € R™ :

alv|* < Hyy (e, G, pr) (v, 0), if Giy(te, Ge)v =0, for all i € I(t). (25)

We introduce, like in Maurer (1979), the alternative multipliers n®*, where i €
{1:r}and k€ {1:¢}, and 7%

T
1 B " ) »
ne= gy T ::/ et sy g =t (26)
¢
The alternative costate (of order q) is defined as
T
_ 1
T Sl (27)
=1 j=1

and the corresponding alternative Hamiltonian H? : R™ x IR™ x IR™ x IR"™ i

Hu,y,p?,n?) = L(u,y) + p?f(u,y) + n'G(u,y). (28)

This derivation of the alternative multipliers and the following proposition are
due to Maurer (1979):

—pf = H(s, 51, p%,7%), te€(0,7). (29)
H (u, 5, ) = H(u, 5, p*,7%), for all u € IR™. (30)

PROPOSITION 1 Let (u,y,p,7) be a continuous Pontryagin extremal satisfying
(24)-(25). Then u and 77 are of class C*° over any arc (and therefore so are py
and Ty ).

Proof. Let us denote by I* the set of active constraints over an arc (a,b), and
let Gr«(u,y) := (Gi(u,y))icr~- The two algebraic equations

Hq(ﬁtaytvl_)gaﬁg) :Ov
wr e 31
{ GI*(utvyt) :Ov ( )
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hold over (a,b), and their Jacobian w.r.t. the algebraic variables (u, 77%) is

— (Huu(Ue,5e,0¢)  (Gre (e, 5e) "
Jacry = ( Gre (e, 1) 0 ) (32)

which, by (24)-(25), is invertible. By hypothesis, @ is continuous, and since
0= Hg(ﬁta gtvl_)ga 771?) = Hu(ﬂtv gtvﬁg) + ﬁgGl*,u(ﬂt; yt)a (33)

(24) implies that 79 is a continuous function of (ug, ¥t, p7). Since the algebraic
variables @ and 79 are continuous, the implicit function theorem implies that
they are (locally in time) functions of class C*° of (g, p?), so that (y,p?) is on
(a, b) solution of a differential equation with C'*° data. The conclusion follows. m

3. The shooting algorithm
3.1. Formulation

We say that 7 € [0,T] is a junction point if I(t) is not constant for ¢ close to
7. The set of junction points is closed, and therefore, has a finite cardinal iff
each junction point is an #solated junction point. We note that 7 is an isolated
junction point (i.e., is not a limit point of the set of junction points) iff there are
two arcs of the form (a,7) and (7,b). All junction points are isolated iff there
are finitely many junction points, and iff there are finitely many arcs.

We say that 7 € [0, T] is a contact point for constraint ¢ € {1 :r} if ¢ € I(7).
If, in addition, ¢ ¢ I(t) for t # 7, close to 7, then we say that 7 is an isolated
contact point or a touch point. If the measure 7 has a nonzero (zero) jump
at the junction time 7, we say that 7 is an essential (non essential) junction
point. The alternative optimality system allows also for proving the following
important result.

LEMMA 1 Let (u,7,p,7) be a continuous Pontryagin extremal satisfying (24)-
(25). Let 7 € (0,T) be an isolated touch point associated with just a first order
state constraint. Then T is a non essential touch point.

Proof. Let ig be the index of the first order state constraint. Since (24) implies
(18), we already know by theorem 2(ii) that [7;, ;] = 0, and hence, [} | = 0.
Remember that (7,5?) is the solution of the state equation and (29). For ¢ close
to, and different from 7, the index set I(t) is a constant I*. By the arguments of
the proof of proposition 1, it follows that (i, ) is a smooth function of (i, p?).
Therefore, (a, 7, p?,7?) is of class C* for ¢ close to 7, implying [7},] = 0, as was
to be proved. [

For y € IR™, consider the vector

T(y) = (gl(y) g™ ) ey gf«“‘_l)(y))T- (34)
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PROPOSITION 2 Let (u,g) be a trajectory satisfying (24). Then, for all t €
[0,T], the restriction of I'(g;) to the active constraints at time t has full rank,

equal to Ziel(t) G-

The proof is based on the following lemma, due to Maurer (1979). Set
qmaz ‘= MaX; ;.

LEMMA 2 Let the trajectory (u,y) be such that u is of class C* over (a,b) C
[0,T]. Fork € {1 : (gmaz — 1)}, define the mappings Ay, : (a,b) — R™ ™ by:

{ Ao(t) == fulus, yr) . (35)
Ak(t) = fy(ut7yt)Ak—l(t) - Ak—l(t)a 1 S k S Amaz — 1.

Then, for allt € (a,b) andi=1,...,r, we have:

9 WA =0 fork,j=0, k+j<aq-2,

: v (36)
ijy) (Ye)Agi—j—1(t) = gl(?;)(utu Yt) Jor0<j<g —1.
Proof. We first show that for all j =0,...,q; — 1, the following assertion
90 A =0 Vi€ (a,d) (37)
implies that
97, (e y) Ak(0) = g) () Ak () Yt € (ab). (38)
Indeed, since for j < ¢;
, - .
9 (w,y) = 9@ VW) f(uy) + 9%V @) fy (u,y), (39)

by derivation of (37) w.r.t. time, we get

0 = g9 (o) f (uey) Ar(t) + 92 (ye) Ax (t)
= g7 (ye) f (e, ye) Aw () + 939 (fy (e, ye) Ar(t) — Arra (1))
= g7 (wg, y) Ar(t) — 97) (o) Apa (1),

This gives (38). Also? 91(2 (ug,ye) = g%ﬁl)(yt)fu(ut,yt) = gl(??fl)(yt)Ao(t) for
j=1,...,¢. Since gz(]g =0 for j < ¢; — 1, it follows that gz(]u) (y1)Ao(t) = 0, for
j=0,...,¢;—2. By (38), we deduce that ggg(yt)Al(t) =0forj=0,...,¢,—3.
By induction, this proves the first equation in (36). Since gl(?;*z)(yt)Ao(t) =

0= g P ()AL(t) = - = giy(ye)Ag—2(t), by (38) we obtain ¢\% (y,) =

gD () Ao(t) = gi% 2 () Ar(t) = -+ = giy(y)Agi—1(1), which proves the
second equation in (36). L]
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Proof (Proof of Proposition 2). Given M(X) := 3 ,c ) Zg;}l /\Z-nggij) (g¢) such
that M (A\) = 0, we have to prove that A = 0. By the definition of the state
order, M(A) fu(te, §t) = Xic 1) /\iyqi,lgl{‘ij)(gt), which, in view of (24), implies

Xigi—1 =0, for i € I(t). So, for k = 1 the following relation holds:
Xij =0, when max(0,¢; — k) <j <¢q —1, forie I(t). (40)

Let it hold for some k € {1 : ¢maz}. Set Ii(t) := {i € I(t); ¢ > k}. Then
M) = Zielk(t) a—1=k ). ng(Jy) (gt). Let Ag—1 be defined by (35) with (u,y) =

j=1
(@,y). In view of (36), we have
NA1 = > Nig1 w908 @) =0, (41)
i€y (t)

implying in view of (24) that ;4 —1-% = 0 when ¢; > k. Therefore, the result
follows by induction. [

When setting the alternative formulation, we observe that we may add an
arbitrary constant to each component of 1. Similarly, when defining the alterna-
tive multipliers we may add arbitrary integration constants. This will result in
a difference of an arbitrary polynomial of degree ¢; — 1 for a state constraint of
order ¢;. When [0, 7] is the union of finitely many arcs, we may choose different
polynomials on each arc. By Proposition 1, (i, ¥:, pi,77) is of class C* over
each arc. In the context of shooting algorithms, it is convenient to choose these
constants so that the multipliers associated with nonactive constraints are equal
to zero, i.e.

il =0, ifigIlt), je{l:q} (42)

Let us set v& := [7;-] > 0. By (19) and (27), the jumps of the original and
alternative costate are related by

IARENAEEN Zm’] 1977 ()

i€l(r) j=

%
= = 3 @+ De@) + Y el @)

iel(r) Jj=2
If (24) holds, this uniquely determines coefficients v/ such that

P == ZV”gﬂ D (gr), (44)

i€l(r) =1

v = i [l i I(r),
Vil = ), iel(r), jel2:ql
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In the sequel we assume that there are finitely many arcs. Let Ny, N/, denote,
respectively, the number of boundary arcs and touch points of the state con-

straint of index i € {1 : r}. Denote by Z; := Uk 1[ Tk 14k the closure of the

union of boundary arcs of each constraint, for i € {1: r}, and
={rhl<... < Tean} = {r] - < Tewa} (46)
and similarly denote the sets of touch and junction points of constraint i by
—{r! <<y TH=TLUTL VT, (47)

The set of junction points is 7 := Ul_,; 7. The alternative formulation includes
the following relations on each arc:

g = [f(ang) on[0,T] ; 7=y’ (48)

_pg = H‘g(ﬁtaytvﬁgaﬁg) on [OaT]\Ta (49)

0 = Hl(a,y,pi,n¢) on[0,TI\ 7, (50)
Gi(at,5t) = 0 onZj, ic{l:r} (51)
i, = 0 om0, T]\Z}, ie{l:r}. (52)

Assuming, for simplicity, that the state constraints are not active at time T', we
have the final condition for the costate

Py =¢'(r)- (53)

In view of the definition of orders of state constraints, and since a constraint
reaches a maximum at a touch point, we have the following junction conditions:

ggj)(gT) =0 if 7 e Ten, je{0: (¢ — 1)}, (54)
9i(g-) = 0 if 7€ 7. (55)

It remains to state the junction conditions for the costate. We will assume that
each junction time is a junction time for a single constraint. As done in the
literature (see Maurer, 1979), we fix the integration constants [n®/] such that
P? is continuous at exit points, and at an entry (respectively touch) point has
a jump involving only the derivatives (respectively the first derivative) of the
entering state constraint, i.e.:

P = 0, forallTeTi, ie{l:r}, (56)
i = — Zy ’ng(Jy b (g,), forallTeTt, ic{l:r} (57)
7] = 1/1 1gg(y7) forall 7€ 70, i€ {l:r} (58)

Note that, for a touch point 7 € 7%, we have that 773,1: =0 for ¢t # 7 close to 7.
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Relations (48)-(58) can be interpreted as the optimality conditions for the
problem of minimizing the cost function under conditions (48), (51) and (54)-
(55), with fixed junction times. Remember that, under standard assumptions,
by Lemma 1, touch points associated with first order state constraints are non
essential; therefore we can ignore them in the formulation of the shooting algo-
rithm. The previous discussion suggests adding the equalities allowing to find
these junction times:

Gi(u;,9,) = 0, ifreT!, qie{l:r}, (59)
Gi(uf,g;) = 0, ifreTl, ie{l:r}, (60)
9(@.) = 0, ifreT) and ¢;>2, i€ {l:r}. (61)

We call (48)-(61) the shooting equations. A solution of these equations is called
a shooting extremal. We will establish in Section 5 that the shooting equations
are, under proper assumptions, the optimality system of a well-posed quadratic
problem.

Note that these equations involve algebraic variables, in the terminology of
differential algebraic systems, i.e., functions of time whose derivative does not
appear in the equations. The algebraic variables here are the control and al-
ternative Lagrange multiplier associated with the state constraint. But these
variables are to be viewed as functions of the differential variables (state and
alternative costate, since the implicit function theorem applies to the “algebraic”
equations (50)-(51), see the discussion in the proof of Proposition 1). In partic-
ular, there is no need for an explicit expression of the algebraic variables as the
functions of the differential ones.

PROPOSITION 3 Let (@, §,p,7) be a continuous Pontryagin extremal with finite-
ly many junction points. If (24) holds, and u is continuous, then the following
relations hold:

() 0 = v+l icl(). reT, o)
(i) 0 = [n¥], iel(r), j€2:q), T€ T

0w o= b reT,

() vk o= ), reThjeRigl .
(iii) 0 = V:—"" [77:—71]7 (S I(T)v TE 7;”\7—611“

() 0 = [, i€l(r) jER a) T T

@ vt = v, 1T, ‘

i 0 = vi+[p'], i€l(r), 7€ T\Tp, (64)
(iii) 0 = [n¥7], ie€l(r), j€2:q), TE€ T

Proof. These relations are simple consequences of (43)-(45), (42) and (56)-(58).
For (64)(i), use the fact that, if 7 € 7,0, then [n21] = 0 by (52). L]

tos
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3.2. Reduction of isolated contact points

If 7 is a contact point for constraint ¢, then g;(7:)) attains a local maximum at
7, and hence (if these values are well-defined) ¢(g,) = 0 and §(g,) < 0. We say
that a touch point 7 is reducible if §(§,) is continuous at time 7, and §(g,) < 0.

Let 7 € (0,T) be a touch point of a feasible trajectory (@, g); set for y € V:

Y(y) == max{gi(y), t €[t —¢,7+el}, (65)
where ¢ > 0 is so small that
[r—e,7+¢] C[0,T] and g;(y:) < 0, for all t # 7, |t — 7| <e. (66)

Let us see how to compute a Taylor expansion of () in the space W?2°°°(0,T)
(the one we need for state constraints of the order of at least two), in the vicin-
ity of a C? function (which will apply to optimal trajectories with continuous
control).

LEMMA 3 Let x be a C? function: [a,b] — IR, having a unique mazimum at
some 0 € (a,b), and such that Ty < 0. If y is close enough to x in X =
W2 (a,b), then it has over [a,b] a unique maximum 7(y), and we have

™(y) = 7(2) = ~r(0)/itr(o) ol ly ] x), (67)
(y‘l' x )2
max(y) = r(y) = vr) ~ $ 2= +olly = k). (68)

Proof. There exists €1 > 0 such that, for y close enough to z in X, we have
it < 389 <0, foraa. te)—ey,0—cil, (69)

and y has over [a, b] a unique maximum 7(y) that belongs to [#—e1,0—¢1]. When
y — x in X, max(y) converges to max(z) = xg, and hence, 7(y) — 7(z) = 6.
Set 7(y) := 7(y) — 7(z). Since
. . . T(y) .. A .. A
it =i~ = [ s =7 £ 0G Wy —#lx) (70
and 7 # 0, relation (67) follows. Since x is of class C? and iy = 0, we have

Tr(y) = Tr(o) T 5ir@)(T(y) — 7(2))? + o((7(y) — 7(2))?), (71)

and since |§ — Z| — 0 uniformly, by a second-order Taylor expansion, we get:

(y - :E)T(u) = (y - I)‘r(m) + y‘r(m) (T(y> - T(:E)) + O(Hy - IH%{) (72)

Note that in the above expression we could neglect the second order term,
which is of order o(||y — z||%. Summing (71) and (71), and using (67), we get
the conclusion. ]



1034 J.F. BONNANS, A. HERMANT

For reducible touch points (defined in Section 3.2), associated with state
constraint 7 of order ¢; > 1, by the above lemma, we can replace locally (in
time) the state constraint by the corresponding (scalar) “reduced” constraint,
whose maximum over time is nonpositive. Set, for ¢ > 0 small enough, and
yeY:

P (y) = max  gi(y). (73)

te[r—c,r+e]
If z is the solution of the linearized state equation
2= f'(ug, 5¢)(ve, 2¢) on [0,T]; 20 =0, (74)
since g.(gt) fu (e, §r) = 0, we have, as ¢; > 1,

1ok = 0 () 20) + 650y (00,502 = oGz (75)

It follows from Lemma 3 that we have the Taylor expansion
PTGtz = i [9i(@) + gi(@)z + 597 (0)(2.2)* + ol[|2]1%)]
= 9i(Ur) + 9i(Ur )2+ (76)
307 (F) rs 20)? = (983 @r)2)2 /5G] + o12]1%).

4. Second-order optimality conditions
4.1. Main result

For s € [2,00], set Vs := L*(0,T, IR™) and Z, := W1*(0,T; IR™). Consider the
tangent quadratic cost function J : Vo X Z9 — IR:

T
j(’U, Z) = / Ll(u,y)2 (ata gtuﬁt)(vtu Zt)2dt + (b”(gT)(ZTu ZT)
0

r T \ _T Zr 2 (77)
+ Zl /0 g;’(gt)(zt,Zt)dﬁi,t — Z [ﬁz,r]%

Terz*tio gl (uTa yT)

Note that the contribution of touch points to this quadratic cost coincides with
the second order term of the Taylor expansion (76). Consider also the linearized
state constraints

9i(@)z < 0 onZy, and gj(g)z = 0 on supp(d), i € {1:r} (78)
g(W)zr < 0 forallT €T} ic{l:r}, (79)
g(G)zr = 0 ifvi >0, forallT €T, i€ {l:r}. (80)

Consider also the relation stronger than (78)

g(F)z =0 onTi, i€ {l:r}. (81)
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For s € [2,00], we call critical cone (in Vs) the set

Cs(a,g) = {(v,2) € Vg x Z5; (74) and (78)-(80) hold}, (82)
and strict critical cone the set

CS(a, 7)== {(v,2) € Vs x Z5; (74) and (79)-(81) hold} . (83)

Obviously C%(u,y) C Cs(u,y), for all s € [2,00]. We will say that strict com-
plementarity holds on boundary arcs if the support of d7 contains all boundary
arcs. In that case, (78) and (81) coincide, and C?(u,9) = C,(4, 7). We set, for
u €U and y = y(u):

T
J(u) ::/ (ug, y)dt + d(yr). (84)
0
Consider the following relations:
J(v,2) >0, forall (v,2) € C5(u,7). (85)
For some 3> 0: J(v,z) > B|lv||3, for all (v,2) € Ca(i, 7). (86)

For some o > 0:  Hyy (i, Gz, = ) (v,0) > afv|?, forallv € R™.  (87)

Obviously (86) implies (85). Applying Pontryagin’s priciple to the problem of
minimizing J (v, z) over Cy(,y), we see that (86) implies also (87).

We say that (@, ) is a local solution of (1) satisfying the (local) quadratic
growth condition if, for all £; > 0, there exists €2 > 0 such that

J(u) > J(a)+ 3 (B—en)lu—all2, if |u— oo < €2, u feasible for (1). (83)

THEOREM 3 Let (@,y) be a continuous Pontryagin extremal satisfying (24),
whose all touch points for state comstraints of order greater than one are re-
ducible. Then

(i) (Second-order necessary condition): if @ is a local solution of (1), then (85)
holds.

(ii) (Second-order sufficient condition): assume, in addition, that (86) holds.
Then, (u,y) satisfies the local quadratic growth condition (88).

We need a couple of preliminary lemmas. Let

[N = > aiNg,  [Nio| =) N, (89)
i=1 i=1
Denote the neighborhood of the boundary arcs, for € > 0, by

ZZ’E = Ugil[ﬂf - a,réf +e], ie{l:r}. (90)
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Here we take ¢ > 0 so small that Z,° C [0, 77, for all i € {1:7}. By ¢|z,, we
denote the restriction to Z of function ¢ defined over [0,T]. For all v € V, let
z(v) € Z denote the solution of the linearized state equation (74).

For s € [2,00], set W¢ = [[/_, W%(Z}°) and define the operators .A° :
Ve — WE, AV, — WE x RVl and AV, — W0 x RIIN| x RINwl by

Asv o= G, Gi) (v, 2 (v)); tETS, i€ {117}, (91)
A= (Afv,. . Ao)i gl(@)2(0)(TE), i€ {1:r}, (92)
Avi= (D), g @)20)(TL), glp)=(0)(T), i€ {1:r}). (93)

LEMMA 4 Let (@, ) be a continuous trajectory satisfying the state constraints
of (1), with finitely many junction points. If (24) holds, then A and A®, for
e > 0 small enough, and s € [2,00], are onto.

Proof. We skip this proof whose arguments are classical, see, e.g., Lemma 4.3
in Bonnans and Hermant (2009b).

The cone of radial critical directions CL(u,y), for s € [2,00], is (note that
the radiality condition deals with boundary arcs only):

R~ — . ) (v,2) € Cs(u,y); for some v >0ande>0:
Co' () = { 6:(5) + val(5)z <Oon T%, i € {1: 7} - ®
We set
CH%(u,g) == Clu,y) N CP(u,5), s €2 0] (95)

LEMMA 5 Under the assumptions of Lemma /, the set CE5(u,y) is a dense
subset, in the L? norm, of Cy (1, 7).

Proof. a) We claim that C3 (@, 7) is a dense subset, in the L? norm, of C5 (@, 7).
Indeed, let (9, 2) € C3 (4, 7). For M > 0, define the truncation of ¥ as

vM .= max(—M, min(M,?,)), for all t € [0,T). (96)

Then v™ — © in L%, Denote by 9™ the projection of v onto C5(u 7). Since
projections in Hilbert spaces are nonexpansive, 9" — 4 in L%. In view of the

expression (83) of the strict critical cone, 9 is solution of the problem
T
min i / |y — oM 2dt;  (74) and (79)-(81) holding. (97)
v 2 0

This is a strongly convex linear optimal control problem with state constraints.

Since A is onto, the solution 9 is characterized by the optimality condition

oM = oM —pM £, (i, U ), where the costate pM is the solution of a certain adjoint
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equation that we do not need write, and belongs to BV (0, T, IR"*). Therefore
o™ € C% (4,7y). The claim follows.

b) We claim that there exists & > 0 such that, for € > 0 small enough, the
operator A° : Vo — WY x RNtel has a right pseudo inverse A% such that

A A w = w, A% Tw] < a7 wlle, for all w € W5 x BRIVl (98)

Since, for € > 0, by Lemma 4, A° is onto, there exists o > 0 such that Im(.A°%)
contains o, B, where B, denotes the unit ball in WQE Fix eg > 0. Fore € (0,¢0)
and v € U, A®v is the restriction of A*°v to W5. There is an obvious imbedding
ae from W2(Z;°) into W4-%(Z,°°), by taking the derivative of order ¢; equal
to zero over Z;%° \ Z;°, and ||a.| is uniformly bounded by some constant d.
So, taking A%T := A°0T o a., we obtain a right pseudo inverse with constant
Q1= O, Q.

c) We claim that CZ%(w,7) is a dense subset, in the L? norm, of C3 (u, 7).
Indeed, let (9, 2) € C% (4, ), and set

bei= ((Afv,o Aoy 0% gi(@)2(0)(Th), i€ {1:7}). (99)
Consider the projection problem
T
min%/ lue|?dt;  A%v = be. (100)
vEVs 0

In view of step b), its unique solution denoted ¥ has an L? norm of order ||b.]|,
(norm of W§ x RINel). Since ||b.] — 0 when ¢ | 0, we have that o° — 0
in Vo. Similarly to step a), ¢° satisfies 0f = —pf fy, (4, §;), where the costate
p° is solution of the equation with r.h.s. accounting for the state constraints
corresponding to the constraints of (100), and is bounded as a function of time.
The constraints of (100) are such that o — ¢ € C25 (4, ). Our claim follows.

d) We conclude by combining steps a) and c). ]

We recall that a continuous quadratic form @ defined over a Hilbert space
X is a Legendre form (see, e.g., Bonnans and Shapiro, 2000, Ioffe, 1979), if it
is weakly lower semi-continuous, and satisfies the following property: If vy — v
(weak convergence) in X, and Q(vg) — Q(v), then v, — v strongly.

Proof (Proof of Theorem 3). (i) Second-order necessary condition. Denote by
y(u) the state associated with control u. We remind that the function p*” was
defined in (73). The reduced problem (see Section 3.2.3 in Bonnans and Shapiro,
2000) is

1\/[615{1 J(u); gi(y(u)) <0on Zy%; pt"(y(u)) <0, for all 7€ 75, i € {1:7}.
(101)
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For u close to @ in U, we have that u is feasible for (1) iff it is feasible for
(101). It follows that @ is a local solution of (101), whose associated Lagrange
multipliers of the reduced problem are the restriction of a Lagrange multiplier for
the original formulation. The critical cones of various types coincide for the two
problems. The Lagrangian function, associated with the reduced formulation
(101), using notation (73), is

L(u,n) := J(u +Z/ 9(ye(u dmt+zznn ST (y(u)).  (102)

=1 reT}

In view of (76), J(v,z(v)) is the second order term in the Taylor expansion
w.r.t. w of L(a@,7). Since by Lemma 4 the derivative of constraints is onto,
problem (101) is qualified. The standard second-order necessary conditions (see
Section 3.2.2 in Bonnans and Shapiro, 2000) and the fact that the “o-term”
appearing in it vanishes for radial critical directions (see Remark 3.47 in the
same reference), imply that

D*L(u,n)(v,v) = J(v,2) >0, for any (v,2) € C’g(ﬁ,y). (103)

Since z = z(v) when (v,z) € Ca(4,7) and (v, z(v)) — J (v, 2(v)) is continuous
in the L? norm, we conclude with Lemma 5.

(ii) Second-order sufficient condition. Let (86) hold, but not (88). Then, there
exists a feasible sequence (u*,y*) such that u* # @, u* — @ in U and

J(*) < J(@) + of[[u* —ull3). (104)
Let o), = [[u* — alls, (v, 2F) := o' (uF — @,y* — §). Then, |v*3 = 1,
and extracting, if necessary, a subsequence, we may assume that v* — ¢ in
L2(0,T,IR™), where by “—” we denote weak convergence. Let 2* (respectively

%) denote the solution of the linearized state equation (74) with v* (respectively
v =70). In view of the classical estimate

1y =5 = 0wzl = O(a7), (105)
we have that z¥ — z in H'(0,T, IR"). Using (104) we deduce that

kY _ _
0> limsup 240 =7 (@

= DJ(u)7. (106)
k Ok

We easily obtain ¢'(7:)z: < 0 if g(g:) = 0 and fo (g¢)Z:d7: < 0. Since
T T
0= [ Huapdt=Di@o+ [ @)adn, (107)
0 0

we deduce that DJ(@)v =0 = fo (§¢)Z,d7,. It follows that (7,2) € Co(w, ),
and since D, L(@,7) = 0, using (105) we obtain
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Y (108)

limsup J (v*, 2%) = lim sup < lim sup I )1
k k 5

o? k
In view of (104), and since by (87) J(v¥, z*) is weakly ls.c., we deduce that
J(®,2) < liminfg J(v*, 2F) < 0. As (9,2) € Ca(u,y), (86) implies (v, 2) = 0,
so that J(v,2) = limy, J(v¥,2%). By (87), J is a Legendre form, and hence,
v — ¥ strongly in L2(0,T, IR™), which is impossible since o = 0 and v* is of
unit norm. [

REMARK 2 (i) An improvement w.r.t. Bonnans and Hermant (2009a) is that we
do not need the hypothesis below (which will, however, be essential for checking
the well-posedness of the shooting algorithm):

gz(q1+1)(7;n ) # 0, g(qﬁl)( ) #0, forall 7o, € Tena Tex € le
(109)

(ii) Another improvement in the necessary conditions is that we have relaxed
the hypothesis of strict complementarity on boundary arcs used in Bonnans and
Hermant (2009a). However, we had to work with a subset of the critical cone.
Proving that J (v, z) > 0 for all critical direction, without strict complementar-
ity, is an interesting open problem.

(iii) For nonessential touch points 7 € 7;i we can avoid the reducibility condi-
tion; see Bonnans and Hermant (2007, 2009a).

4.2. The alternative tangent quadratic problems

For the study of the well-posedness of the shooting algorithm, i.e., the fact
that the Jacobian at the solution is invertible (which ensures the convergence of
Newton’s method, and the stability of the solution under a small perturbation)
we will need the alternative tangent quadratic cost function:

jq('U Z = / Huy)z(utaytuptant)(Utvzt) de +¢/I(yT)(ZT7ZT)
)2 (110)

Y Y S G - 3 S GO

i=1 7Tt j=1 i=1 reT}, z (u‘rvyf)
and the set of constraints:
Z.'t = f/(ﬂtu gt)(vta Zt) on [07 T]? 20 = 07 (
gfij(yT)zT =0 je{0:(u—-1}, teTl, ie{l:r}, (
(
(

DGi(ur, §e)(ve, z) = 0 te), ie{l:r},
9i(Fr)zr =0 TeTl, ie{l:r}
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Let the alternative tangent linear quadratic problem (PQ)q) be defined by:

(PQ,) ( I)nig B 1J,(v,z)  subject to (111)-(114). (115)
v,z)eVX

We denote

{VTM =W, reTi, 1<i<r, 1<j<g).

v, =i, TETE, 1<i<r). (116)

LEMMA 6 Let (4,g) be a Pontryagin extremal, with 4 continuous, satisfying
(24)-(25), with classical and alternative multipliers (p,7) and (p%,7%, vr,,,vT,,)-
Then the quadratic cost functions J and Jq, defined respectively in (77) and
(110), are equal to each other over the space of linearized trajectories (v,z) €
V x Z satisfying the linearized state equation (74).

Proof. Let (v,z) € V x Z satisfy (74). Denote the difference of quadratic costs
as A 1= J(v,z) — Jq(v,2). We observe that the terms corresponding to the
touch points and to the final time vanish. Writing

i = npdt + > [11,)6, (117)
T€T

where 79 is the density of 7j over each arc (well defined in view of Proposition
1), and using (27), we may write A as a sum over the components of the state
constraint: A =" | A;, where

4% T N T
A = Z/ gz(Jy ”(yt)f”(ﬁt,yt)(vt,zt)Qni’]dt+/ 97 (Ge) (2, 20 ) dt
0 0

/ D2 (q’ (ug, yt)(vt,zt qldt*’ Z V-f—g;/ )(2r,27)(118)

T€T
1
Z Z vy ng,]uu ) (ZT’ ZT)

TeT},

So, it suffices to check that A; = 0. Since gg )(Ut,yt) — gz(Jy 1)(yt)f(ﬂt,§t), for
j =1 to ¢;, we have that
D2gl(j)(ﬂtu Ge) (v, 2)* = g’g;j;y;:ly)(f(ﬂt7gt) 2t, 2t)
+ 29000 (2 f @, 0) (0 20) + 907 17, ) (0, 20)2.

In addition, by the linearized state equation (74), we have, for all j € {1: ¢; }:

(119)

d i—1), o
T 190w @) ()| = 0 (0 (F (00, 50). 21, 20)
+2g§;]yy1)(gt)(z7 f(@e, ge) (ve, 20)),
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which gives by (119), for 7 € {1: ¢;}:

d N o
9% V@G0 (2, 21) | = D29 @, 50) (0r, 20)% — 927 @) £ (e, ) (o1, 20)2.

dt
(120)
Since ggi_l)(ﬂt,yt) =0 for j € {1: ¢}, we have
97 @)z, 2) = D297V (@, ) (v, 20)?, 5 € {12 ai}- (121)

Multiplying (120) by n*J, integrating over [0, T, integrating by parts the left-
hand side (recall that 17"/ = —n%~1), and using (121) we obtain, for j € {1: ¢;}:

/ D299 (g, ge) (v, 20) 207 dt = >[99l D () (21, 21)
0

TET
" 2,0 ¥ toun ¥
:/ D?gy (ﬂtugt)(vtazt)2nzddt_/ Qljy (Gr) f" (e, Gt ) (ve, 2¢) >y dt.
0 0

Adding the above equalities for j € {1 : ¢;}, we get after simplification by the
terms fOT D299 (g, 50) (1, 2)2n3dt for j € {1: (¢; — 1)} that:

[ st zonat— 3 S 168 00) e 2e) =

T€T j=1

4
/ D?g; ql (e, Ge) (vt 2¢) % dt — Z/ QZJ 1) F" (g, Ge) (v, 2¢)*m dt.

Substituting into (118) gives:

qi

A= Z Ve (5 ) (2rs 2r) + Z (([77;]] )gZ(Jyy 1 (ag, ye) (vy, zt)) ,

T7e€T Jj=1
implying A; = 0 in view of (45), as was to be proved. [

Note that the proof of Lemma 6 is similar to the one given for a scalar
state constraint in Bonnans and Hermant (2007), combined with the junction
conditions on the classical and alternative costate.

5. Well-posedness of the shooting algorithm

We recall that the shooting equations were defined as (48)-(61). We will now
check that, under suitable assumptions, the shooting equations have an invert-
ible Jacobian. Therefore, using Newton’s method, we can (provided the starting
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point is close enough to the solution) compute its solution with a very high ac-
curacy. In this sense the algorithm is well-posed.

We consider a Pontryagin extremal (4,3, p,7) with finitely many junction
points, and the associated alternative costate p? and multiplier 72. We denote,
e.g., by gi(u,9)(T2,), the vector in RN of components g;(i,, ), for 7 € T2,.
By ggg;qifl)(y)z(’fein) we denote the vector in IRIN> of components gz(Jy) (Yr)2r,
0<j<gq —1,7€T (ordered in a convenient way).

As the vector of shooting parameters we choose

0 = (po, V7., V710 Ten Tew, Tro).- (122)

Here, po is the initial value of the adjoint equation, vz, and vz, are the mul-
tipliers associated with the entry and touch conditions, respectively, defined in
(116), and Z¢p, Zez, and Ty, are the junction times. These parameters define
uniquely the variables (u, y, p?,n?) as the solution of (48)-(52) (without the bars
on variables) as well as the junction conditions for the costate (56)-(58).

With the above notations, the shooting mapping F is defined over a neigh-
borhood in © of shooting parameters, associated with a regular Pontryagin
extremal, into ©, by:

- ph — &' (yr)
v, gl (i), e {1:r)
VT 9i(y(TL)), ie{l:r}
T.. C(u(Tir), y(Th)), i {1:r) (123)
T Gi(u(TiH), y(TL,)), ie{l:r}
Tio oV W(TE)),  ie{l:r}

By definition, a zero of the shooting mapping JF provides a trajectory (u,y) that
is a shooting extremal.

Let (@, y,p,7) be a Pontryagin extremal such that @ is continuous, and for
which there are finitely many junction points, and such that touch points as-
sociated with state constraints of order ¢; > 1 are reducible. The associated
shooting vector 6, element of the vector space ©, satisfies F () = 0. It is easily
checked that, in a neighborhood O of , the shooting mapping F is well-defined

and of class C*. Its directional derivative M := DF(f)w in a direction

W = (M0, Vs VTios OTuns 0To0s 0T;,) € O, (124)
can be split into M = (MQ) given by :
Mr

mr — ¢ (yr)2r
M= | gy @=(Ts), ie{l:r) (125)
G@=T),  ief{lir}
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Gy, 9)(v, 2) (T8 ) + o7, g9 (@9) ] g
Mz = | Gi(a,9)(v, 2)(T55) + UT;zg(‘“”(u Ple=gzr |- (126)
94y @) + 0792 (@91,
In this expression, (v, z, 7, () represent the linearized control, state, costate and

state constraint multiplier, which are the solutions of the following equations,
where the arguments (u, g, p?,79) and ¢ are omitted:

z = fyz+ fuv on [0,7] ; 20 =0, (127)
-7 = Hlz+Hlv+7f,+C¢G, onl0,T]\T (128)
0 = Hlz+Hlv+7fu+(G, ae on[0,T] (129)
0 = Gi(ue,yt)(v,2) ae.onZ, i€ {l:r} (130)
0 = ¢ on [0,T]\Zi, i € {1:r}. (131)

The linearization of jump conditions on the costate being not obvious, we
derive them in the following lemma:

LEMMA 7 The jump conditions on the linearized costate w are given by, for all

ie{l:r}:

— [ = i( 23TV (Ge) — At 1)(yr))

gi—1 (132)

+or Zuﬂgfi} (5:), T €T,
—[mr] =0, TETezm, (133)
—[re] = iz gl (G) + gl (Ge) + orvigl ) (Ge), TE T (134)

Proof. a) We first recall the formula for the sensitivity of a jump of an au-
tonomous piecewise smooth differential system w.r.t. the jump time. Consider
the system

= Fy(zy), te[0,T]; [a.] = ®(xD), (135)

where 7 € (0,T) is the switching time, ¢ = 1 for the first arc (t < 7) and i = 2
for the second arc (t > 7). Let [F(z,)] := Fa(a}) — Fi(z7). If 7 is changed into
T + ¢ with say € > 0, we denote by y the new solution and by x the derivative
w.r.t. 7, we obtain

Yrie =, +efi(zr) +o(e)
P(yry.) =P(xr) +e®(a)Fi(zr) + ofe)
Yiye =7 HeFi(an) + @(ar) + @ (a7) Fiay) + ofe) (136)

= ot +e(Fi(a7) + ¥ (27)Fi(a5) + ofe)
yrael =[]+ £ (@0 )Py (w5) + ofe)-
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Having in mind that the jump in x remains at time 7, it follows that
[Xr] = @' (27 ) Fi(ar) — [F(z-)]. (137)

b) Derivation of (132). We linearize (57), taking into account the contribution
of the different components of the shooting variables. In this way we obtain
that the jump of 7 at 7 € 7% is given by:

qi
= Z Vi’JZTng’U'Ul + Z ,77,]913 1) 7' - 07AT7 (138)

where A, is the sensitivity coeflicient on junction time. In view of (137) the
latter is the difference of the derivative of the r.h.s. of (58) w.r.t. 7, and of the
influence of the jump of the dynamics in the [p?] (we skip the arguments of f):

= —Zv”gﬂw” )f + [H i, 5 7, 7))

- — %] (43— 1) (-1 1,qi G, _
- Z I/ g’L Yy )f + g'L (yT)f’lJ + [77 ] Z,y(u7'7 yT)
= Z I/j')jgivjy (aT’ gT) + [ni7qi]Gi7y (’IL—, g‘r)

Since v = [n»9], by (63)(ii), we obtain (132).
¢) Derivation of (133): immediate consequence of step a) since the jump is zero.
d) Derivation of (134). We easily obtain

— ] = viz] gl (§r) +Vidi () — 0rAr, T E T, (139)

where again A, is the sensitivity coefficient on junction time, and by (137), we
have

Ar=— ;g;/(yr)f(ﬂru g‘r) - [H;ZL (140)

and since [HI]=—v.gi(§r) fy(ir,Jr) and gl(y)—g;’f—l—gl’»fy, the result follows. m

COROLLARY 1 Let (4, %) be a shooting extremal, with @ continuous, satisfying
(24)-(25). Assume that the second-order sufficient conditions (87)-(86) hold.
Then there exists a > 0, such that

Q) := Jy(v,2(v)) > allv]|3, Vv € Ker A. (141)

Proof. This is a consequence of Theorem 3 combined with Lemma 6. ]
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The nontangential conditions (of appropriate order) at junction points are
defined as

() ¢\ (@) #£0, forallTeTi andie {1:7r}, (142)
(i) W”( )|t _+#0, forallT€Ti andic {1:7}, (143)
(iii) 91' (u, Plt=r #0, forallTe 7} andiec {1:r}. (144)

Consider the linear equation with unknown w parameterized as in (124):
DF(0)w =6, 6:=(ar,br,,bT,,,cT.,,CT.,,CT.,)- (145)

We will see that w is closely related to the solutions of the quadratic optimal
control problem (in which c¢z,, appears, but not ¢z, and cr,):

T 1
iy Uz )2r
Min lj(vz)+aT~zT—|—ZZCVW7
2 q Y TY T b
(Pé) vev i=1 7T 91(2) (tr,Yr)
subject to (74) and Av = (Orp7_, r2(73), br., . br,) "

Here is our main result:

THEOREM 4 Let (4, §) be a shooting extremal with 4 continuous, satisfying (24)-
(25). Denote by 6 € © the corresponding vector of shooting parameters. Assume
that: (i) The second-order sufficient conditions (87)-(86) hold. (ii) The nontan-
gential conditions (142)-(144) hold.

Then the Jacobian DF(0) of the shooting mapping is invertible, and the
(unique) solution w of (145) is as follows. With the notations of Lemma 4,
denote by (v°,w?) with w® = (¢°, \s.1.,, N\s.7.,) the unique solution in V x W of
the first-order optimality system of the problem (P?).

Then: my = 5, where ©° is the solution on [0, TI\T of (128) with (v°,¢?, 2%),
final and jump conditions of ©° being given by:

T = (Z%)st”(ﬂ ) +ar, (146)

Zv” il - +ZA31 9 @), TeTh,  (147)

—[m] =0, 7eT, (148)
— 7] = vi(z) "9} (5r) + Nordi(yr)

cr = i) (5-)28 - (149)

- 1 ;
+ ng(,y)(y )?, T € Ty
gi (uTuy‘r)
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The variations of junction times are given by

o, = g(zy(y”) , TEeT, (150)
z Ur, Yr

— G (. 5, ) (00
o = gl WL e, (151)

XUy Y ) |t=r+
oy = - Gi(tr, §r)(v7 ™, 22). reTi, (152)

EGz(uvy”t: -

and the following relations hold:

Yr = )\6,77 TE 77‘,07 (153)
o= N =N -V, jeRiql, TET,  (154)

Note that, since the functions of time (v°, (%, zs, %) satisfy (127)-(131), by
Proposition 1, they are of class C* on [0, 7]\ 7, and v has limits when ¢ — 7~
and t — 77, for 7 in, respectively, ¢, and 7Z.;. Therefore, (151)-(152) make
sense.

Proof. Let § € ©. By Theorem 3 and Lemma 4, the first-order optimality
system of (%) has a unique solution and multipliers. One can easily check that
(127)-(131) and (146)-(149) with

0GB =, re T, ie{lir}, je{l: (g -1}, (155)
ZbT,TE'Z?O, ie{l:r},

constitute the first-order optimality system of (P°), with \s 7., and \s 7,, multi-
pliers associated with (155). Denote by (v°, 2%, 7%, (%, X\s.7..., As.7,,) the solution.

Define o1 by (150)-(152). Let vz, and v7,, be related to As 7., and As 7;, by
(153)-(154). Using (150) and (154) in, respectively, (149) and (147), we find that
the system of equations (127)-(131), (132)-(134), (146), (155) and (150)-(152)
has a unique solution

)

(v°,2°,7°,¢° V7., V10, 0T ). (156)

With Lemma 7, this implies that DF(f)w = § iff 7y = 7§ and the remaining
components of w are determined by (150)-(154), as was to be proved. (]

REMARK 3 In view of the analysis of junction conditions in Bonnans and Her-
mant (2009b) and Maurer (1979), conditions (142)-(143) are typically not sat-
isfied for boundary arcs of order greater than two. In that case the shooting
algorithm is ill-posed, since the variations of corresponding times cannot be re-
covered as in (151)-(152). In fact, it is generally believed that boundary arcs
of order greater than two are ill-posed. See on this subject Robbins (1980) and
Milyutin (2000).
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6. Numerical application: collision avoidance

We present here a numerical application of the shooting algorithm for two aca-
demic problems involving three state constraints. The latter model the problem
of obstacle avoidance for two vehicles, assimilated to material points, with a
constraint of keeping a minimum distance between them. The goal is to go
from given initial positions to final ones by minimizing a compromise between
the final time and the energy spent by the control. It is convenient in the ex-
amples to denote as e.g. y(¢) the dependence w.r.t. ¢. The problems under
consideration are, for the first order dynamics

ty 4
min T+p) u?)dt
po el (o)

gi=u, i=1,....4, y0)=9y" ylty)=y’. gy <0,
and for the second order dynamics

tf 4
min/ <1+,u2u?> dt
0 i=1

Yi = Yi+4, ?)i+4 = Uy, 1= 17 e 747 y(o) = y07 y(tf) = yf7
9(y) <0,

(P2)

with p > 0. The Cartesian coordinates of the two vehicles in the plane are
given respectively by (y1,y2) and (ys,ys). The state constraint g has three
components: obstacles avoidance (the obstacles are modelled by two parabolas)

g1(y) = —y1—-by2—c)’—a <0,  gao(y) :==ys—b(ya+c)*—a <0, (157)

where a,b > 0 and c are given parameters, and a minimum distance constraint
between the two vehicles:

93(Y) = prin — (11 — y3)* + (y2 — ya)?) < 0, (158)

with ppin > 0. The final time ¢y is free. Note that by the well-known change of
time s := t/t;, we recover the case of a fixed final time. Due to the constraint on
the final state, the final condition in the shooting algorithm p(t7)—¢'(y(ts)) =0
is replaced by the condition y(t;) — yf =0.

REMARK 4 For the problems under consideration, the structure of the trajec-
tory and initial values for the unknowns variables were guessed, making, if
necessary, several tries. Methods that automatically determine the structure
are presented in Bonnans and Hermant (2009b) and Hermant (2009b) (when
there is, however, only one constraint and one control).
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6.1. First order state constraints
We solve problem (P;) using the shooting algorithm for the parameters
©w=0.5, a=0.3, b=10.7, c= -1, Pmin = 1, (159)
and initial and final conditions given by
Y0 = (-1, =4, 0.5, —4.5)T, y! = (=05, 4,1, 47,

Each component of the state constraint is active on a single boundary arc. The
structure of the trajectory, composed by seven arcs, is given more precisely in
Table 1, where the junction times are given at the beginning of arcs, and jump
parameters are given at entry times.

Table 1. Structure of problem (P;).

Arc 1 2 3 4 5 6 7
Active(s) constraint(s) | no | 1 1,3 3 2,3 2 no
Junction time 0 | 2821295 | 3.07 549 | 562 | 5.71

Jump parameter - 1042 | 0.12 - 0.47 - -

The solution is plotted in Fig. 1. The initial costate and final time are

~0.2412
B ~1.0041
po = 0.0040 |
—0.9662
t; = 8.3605,

and the junction times and jump parameters are given in Table 1.

The three components of the alternative state constraint multiplier n}, i = 1
to 3, are plotted along their respective boundary arcs. We check that the latter
are decreasing, and hence the condition 1) = —7' > 0 of the minimum principle is
satisfied. The trajectories of the two vehicles in the plane and the two obstacles
given by (157), as well as the distance

di=/(y1 —y3)? + (y2 — ya)? (160)

between the two vehicles, are plotted in Fig. 2.

6.2. Second order state constraints

We solve problem (P2) using the shooting algorithm for parameters given by
(159) and initial and final conditions as follows:

y° = (=1, —4, 0.5, —4.5, —0.6, 0.8, —0.5, 0.85)",
y' = (-05,4,1,4,0 1,0, 1)".
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Figure 1. State, alternative costate, control, and alternative state constraint
multiplier 7' on boundary arcs in function of time for problem (7).
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Figure 2. Trajectories and obstacles in the plane and distance between the two
vehicles in function of time for problem (P;).
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Each of the two first state constraints are active at a single touch point, while the
third is active at two touch points. The structure of the trajectory, composed
by five arcs separated by four touch points (t.p.), is given more precisely in
Table 2. We check that the jumps parameters of the costate at touch points are
nonnegative.

Table 2. Structure of problem (Pz).

Arc/t.p. 1 [ tp. | 2 | tp. | 3 | tp. | 4 |tp. |5
Active constraint | no 1 no 3 no 3 no 2 no
Junction time - 1282 - 1293 - [393] - |4.06 | -
Jump parameter | - | 409 | - [ 096 | - | 083 | - | 3.75| -

The solution is plotted in Fig. 3. The initial costate and final time are

~0.8916
—0.0574
—0.5752
B ~0.1773
po = —1.4389 |-
~0.2531
—0.9448
—0.4735

ty = 6.4730,

and the values of junction times and jump parameters are given in Table 2.

The trajectories of the two vehicles in the plane and the two obstacles given
by (157), as well as the distance (160) between the two vehicles, are plotted in
Fig. 4. A zoom is needed on the latter to see the two isolated contact points of
the third constraint, given by (158).
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