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1 Introduction

Optimal control problems are usually solved with the help of the famous Pontryagin maxi-
mum principle [17], which is a generalization of the classic Euler-Lagrange and Weierstrass
necessary optimality conditions of the calculus of variations. The method of finding op-
timal solutions via Pontryagin’s maximum principle proceeds through the following main
three steps: (i) one defines the Hamiltonian of the problem; (ii) with the help of the maxi-
mality condition one tries to express the control variables with respect to state and adjoint
variables; (iii) the Hamiltonian system is written in terms of state and adjoint variables
only, and the solutions of this system of ordinary differential equations are sought. Steps
(i) and (iil) are, generally speaking, nontrivial, and very difficult (or even impossible) to
implement in practice [21]. One way to address the problem is to find conservation laws,
i.e., quantities which are preserved along the extremals of the problem. Such conservation
laws can be used to simplify the problem [8, 9]. The question is then the following: how to
determine these conservation laws? It turns out that the classic results of Emmy Noether
[14, 15] of the calculus of variations, relating the existence of conservation laws with the ex-
istence of symmetries, can be generalized to the wider context of optimal control [4, 6, 23],
reducing the problem to the one of discovering the invariance-symmetries. The difficulty
resides precisely in the determination of the variational symmetries. While in Physics and
Economics the question of existence of conservation laws is treated in a rather natural way,
because the application itself suggest the symmetries (e.g., conservation of energy, conser-
vation of momentum, income/health law, etc — all of them coming from very intuitive
symmetries of the problem), from a strictly mathematical point of view, given a problem
of optimal control, it is not obvious and not intuitive how one might derive a conservation
law. Therefore, it would be of great practical use to have at our disposal computational
means for the automatic identification of the symmetries of the optimal control problems
[8, 9]. This is the motivation of the present work: to present a Maple package that can
assist in this respect. The results extend the previous investigations of the authors, done
in the classical context of the calculus of variations [7], to the more general and interesting
setting of optimal control [17], where the application of symmetry and conservation laws
is an area of current research [9, 25].

The use of symbolic mathematical software is becoming, in recent years, an effective
tool in mathematics [18]. Computer algebra, also known as symbolic computation, is an
interdisciplinary area of mathematics and computer science. Computer Algebra Systems,
Maple as an example, facilitate the interplay of conventional mathematics with computers.
They are, in some sense, changing the way we learn, teach, and do research in mathematics
[1]. They can perform a myriad of symbolic mathematical operations, like analytic differ-
entiation, integration of algebraic formulae, factoring polynomials, computing the complex
roots of analytic functions, computing Taylor series expansions of functions, finding ana-
lytic solutions of ordinary or partial differential equations, etc. It is not a surprise that
they are becoming popular in control theory and control engineering applications [16]. Here
we use the Maple 9.5 system to find symmetries and corresponding conservation laws in
optimal control. The paper is organized as follows. In §2 the problem of optimal control is



Paulo D. F. Gouveia, Delfim F. M. Torres

introduced, the necessary definitions are given, and Noether’s theorem is introduced. The
method of computing conservation laws in optimal control is explained in §3, and the Maple
package is then applied in §4 for computing symmetries and families of conservations laws
to a diverse range of optimal control problems. In §5 we focus attention to the symbolic
computation of conservation laws in the calculus of variations. The Maple procedures are
given in §6, and we end §7 with some comments and directions of future work.

2 Conservation Laws in Optimal Control

The optimal control problem consists in the minimization of an integral functional,

subject to a control system described by ordinary differential equations,

X(t> = Qo(ta X(t)a u(t>> ) (2)

together with appropriate boundary conditions. The Lagrangian L(-, -, -) is a real function,
assumed to be continuously differentiable in [a, ] x R™ xR™; ¢t € R the independent variable;
x: [a,b] — R™ the vector of state variables; u: [a,b] — Q C R™, 2 an open set, the vector
of controls, assumed to be piecewise continuous functions; and ¢: [a, ] X R" x R™ — R" the
velocity vector, assumed to be a continuously differentiable vector function. We propose a
computational method that permits to obtain conservation laws for a given optimal control
problem. Our method is based in the version of Noether’s theorem established in [4] (see
also [28]). To describe a systematic method to compute conservation laws, first we need to
recall the standard definitions of extremal, and conservation law.

The central result in optimal control theory is the famous Pontryagin maximum princi-
ple [17], which gives a necessary optimality condition for the problems of optimal control.

Theorem 1 ((Pontryagin maximum principle)) If (x(:),u(-)) is a solution of the op-
timal control problem (1)-(2), then there exists a non-zero pair (g, P (-)), where g < 0
is a constant and (-) an n-vectorial piecewise C*-smooth function with domain [a,b], in
such a way the quadruple (x(-),u(-),vo, () satisfies the following conditions in almost
all points t in the interval [a,b]:

(i) the Hamiltonian system

(0T = 50 ({0, (), Vo, (1), 3)
BT = Tt x(0),u(t) o, (1), (@)
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(ii) the maximality condition

H (1, (1), () v, (1)) = max H (1, (1), v, 0, 3 (1), (5)
with Hamiltonian
H(t,X, u, ¢07w) = ¢0L(t,X, 11) +¢T : QO(t,X, u) . (6)

Remark 2 The right-hand side of equations (3) and (4), of the Hamiltonian system, rep-
resent a row-vector formed by the partial derivatives of the Hamiltonian scalar function
H with respect to each one of the components of the derivation variable. Equation (3) is
nothing more than the control system (2); equation (4) is known as the adjoint system.

Definition 3 A quadruple (x(-),u(-),v0,%(:)) satisfying the Pontryagin maximum prin-
ciple is said to be a (Pontryagin) extremal. An extremal is normal when ¢y # 0, abnormal

if o = 0.

Remark 4 Since we assume ) to be an open set, the mazimality condition (5) implies the
stationary condition

Z—Z(t,x(t),u(t),wo,w(t)) —0, tefal. (7)

Using the Hamiltonian system (3)-(4), and the stationary condition (7), it follows that,
along the extremals, the total derivative of the Hamiltonian with respect to t equals its
partial derivative, t € [a,b]:

d oH

&H(u X(t>7 u(t)a %, ¢(t)) = E(tv X(t)v u(t), 2/}07 ’(b(t)) : (8)

Let us now consider a one-parameter group of C! transformations h® : [a,b] x R™ x
R™ xR x R" - R x R* x R™ x R" of the form

hs(t> x,u, %7 ¢) = (hf(t> X, ¢0, 1/))7 hf{(ta X, %7 ¢), hfl(ta x,u, lbo, "p)a hfp(ta x,u, ¢0> ¢)) )
9)

which reduces to the identity transformation when the parameter s vanishes:

RY(t,x, %0, 7) = t, h(t,x,v0,) = x, h%(¢,x,u, 10, %) = u, hfp(t,x,u,%,v,b) =1.

Associated with a one-parameter group of transformations (9), we introduce the infinites-
imal generators

X (%, 0y ) = (2, x, o, )

s=0 88

0
) \Il<t7X7 u, ?ﬂoﬂﬁ) = %hfp@axv u, w07¢>
s=0

0
T(ta X, w()a ¢) = %h? (t7 X, QZJO w)
0

U(ta X, u, ?ﬁo, ’(p) - %hsu(ta X, u, 7vb(b ,(:b)
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Emmy Noether was the first who established a relation between the existence of invariance
transformations of the problem and the existence of conservation laws [14]. This relation
constitutes a universal principle that can be formulated, as a theorem, in several different
contexts, under several different hypotheses (see e.g. [4, 6,9, 10, 15, 26, 28]). Contributions
in the literature go, however, further than extending Noether’s theorem to different con-
texts, and weakening its assumptions. Since the pioneering work by Noether [14], several
definitions of invariance have been introduced for the problems of the calculus of variations
(see e.g. [10, 11, 20, 26]); and for the problems of optimal control (see e.g. [4, 6, 23, 27]).
All these definitions are given with respect to a one-parameter group of transformations
(9). Although written in a different way (some of these invariance/symmetry notions in-
volve the integral functional, others only the integrand; some of them involve the original
problem and the transformed one, others only the rate of change with respect to the pa-
rameter; etc) it turns out that, when written in terms of the generators (10), one gets a
necessary and sufficient condition of invariance that, essentially, coincides with all those
definitions. For this reason, here we define invariance directly in terms of the generators
(10).

Definition 5 (([4, 28])) We say that an optimal control problem (1)-(2) is invariant un-
der (10) or, equivalently, that (10) is a symmetry of the problem, if, and only if,

OH OH OH OH dX dT

— T+ — X+—U+— -9 x ol —4+H— =0 11

o Tox T oun U T oy X—vh gyt =0 0l
with H the Hamiltonian (6).
A symmetry is an intrinsic property of the optimal control problem (1)-(2) (an intrinsic
property of the corresponding Hamiltonian (6)), and does not depend on the extremals. If
one restricts attention to the quadruples (x(+), u(-), %o, 9(+)) that satisfy the Hamiltonian
system and the maximality condition, one arrives at E. Noether’s theorem: along the
extremals, equalities (3), (4), (7), and (8) permit to simplify (11) to the form

dH dX dT d

ot X T g — (HT —9T-X) =0. 12
i b T =0e ¥ X) =0 (12)

Definition 6 A function C(t,x,u,1o, ) which is preserved along all the extremals of the
optimal control problem and all t € [a,b],

C(t,x(t),u(t), o, ¥(t)) = const, (13)
is called a first integral. Equation (13) is said to be a conservation law.
Equation (12) asserts that C' = HT — 47 - X is a first integral:
Theorem 7 ((Noether’s theorem)) If (10) is a symmetry of problem (1)-(2), then
BT - X (1, x(2), v, () — H(E,x(2), u(t), Yo, $()T(t, x(t), o, (1) = const  (14)
is a conservation law.

From expression (14) we see that Noetherian conservation laws, associated with a certain
optimal control problem, that is, with a certain Hamiltonian H (¢,x, u, %y, %), only depend
on the generators 7" and X of a symmetry (7, X, U, ¥) (10).

bt
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3 Computation of Conservation Laws

The conservation laws we are looking for are obtained by substitution of the components T’
and X of a symmetry of the problem in (14). In section 6 we introduce the Maple procedure
Noether to do these calculations for us. The input to this procedure is: the Lagrangian
L and the velocity vector ¢, that define the optimal control problem (1)-(2) and the
respective Hamiltonian H; and a symmetry, or a family of symmetries, obtained by means
of our procedure Symmetry (see the procedure Symmetry in §6). The output of Noether
is the corresponding conservation law (14). The non-trivial part of the computation lies in
the determination of the symmetries of the problem (implemented in the Maple procedure
Symmetry). Our algorithm for determining the infinitesimal generators is based on the
necessary and sufficient condition of invariance (11). The key to do the calculations consists
in observing that when we substitute the Hamiltonian A and its partial derivatives in the
invariance identity (11), then the condition becomes a polynomial in x and ¢, and one can
set the coefficients equal to zero. Let us see how it works in detail.

Substituting H and its partial derivatives into (11), and expanding the total derivatives

dT@T@T,@T-dX@X@X.aX

a ot Tox X+@'¢’ T o T ox X+%'¢’

one can write equation (11) as a polynomial

A(t,x,u, v, %) + B(t,x,u,10,9) - X 4+ C(t,x,u, g, ) - =0 (15)

in the 2n derivatives x and :

o0H 0H OH oH orT T 0X
(E“a—xx*au T )
00X orT oxX\ -
T Y —_— T =
<\IJ+H — T )x+(Ha¢ 3¢)¢ 0. (16)

The terms in (16) which involve derivatives with respect to vectors are expanded in row-
vectors or in matrices, depending, respectively, if the function is a scalar or a vectorial one.
For example,

8_T B [oT OT oT
ox a _al‘l (9x2 axn ’
ox,  9Xy .. 90Xy
oY1 O OYn
X _ X X 8X}: W G
oY L Oy Oy On : : - :
0Xn 0Xn ., O0Xa
oY1 O OYn

Given an optimal control problem, defined by a Lagrangian L and a control system (2), we
determine the infinitesimal generators 7, X, U and ¥, which define a symmetry for the

6
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problem, by the following method. Equation (16) is a differential equation in the 2n+m+1

unknown functions 7', Xy, ..., X, Uy, ..., Up, ¥, ..., and ¥,. This equation must hold
for all &y, ..., @,, ¥, ..., ¥,, and therefore the coefficients A, B, and C' of polynomial
(15) must vanish, that is,
( OH 0H oOH oH oT 8X
il Xt 5 Ut gy Y+Ho - T.===0
o1 ax u - o T ¥ ’
X
—wT 4 H — T 8 =0, (17)
H@_T —_ 7. 8X
oY o

System of equations (17), obtained from (16), is a system of 2n + 1 partial differential
equations with 2n 4+ m + 1 unknown functions (so, in general, there exists not a unique
symmetry but a whole family of symmetries — see examples in §4 and §5). Although
a system of PDEs, its solution is possible because the system is linear with respect to
the unknown functions and their derivatives. However, when dealing with optimal control
problems with several state and control variables, the number of calculations is big enough,
and the help of the computer is more than welcome. Our Maple procedure Symmetry, in §6,
does the job for us. The procedure receives, as input, the Lagrangian and the expressions
which define the control system; and gives, as output, a family of symmetries (7', X, U, ¥).
Since system (17) is homogeneous, we always have, as trivial solution, (7, X, U, ¥) = 0.
This does not give any additional information (for the trivial solution, Noether’s theorem is
the truism “zero is a constant”). When the output of Symmetry coincides with the trivial
solution, that means, roughly speaking, that the optimal control problem does not admit
a symmetry (more precisely — see §6 — it means that our procedure Maple was not able to
find symmetries for the problem).

Summarizing: given an optimal control problem (1)-(2) we compute conservation laws,
in an automatic way, through two steps: (i) with our procedure Symmetry we obtain all the
possible invariance symmetries of the problem; (ii) using the obtained symmetries as input
to procedure Noether, based on Theorem 7, we obtain the correspondent conservation laws.

In the next two sections we give several examples illustrating the whole process.

4 Illustrative Examples

In order to show the functionality and the use of the routines developed, we apply our Maple
package to several concrete optimal control problems found in the literature. The obtained
results show the correctness and usefulness of the Maple code. All the computational
processing was carried out with Maple version 9.5 on a typical 1.66 GHz PC of 512Mb
RAM. The total computing time is indicated for each example in the format min’sec”.

Example 8 (0°02”) Let us begin with the minimization of the functional f L(u(t))dt sub-
jgect to the control system &(t) = p(u(t))x(t). This is a very simple problem, wzth one state
variable (n = 1) and one control variable (m = 1). With Maple definitions

7
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> 1:=L(u); Phi:=phi(u)*x;

[l = L(u)
® = pu)x

our procedure Symmetry determines the infinitesimal invariance generators of the optimal
control problem under consideration:

> Symmetry(l,Phi,t,x,u);

{TZCQ,XZClx,UIO,\If:—Clﬂ)}

The family of Conservation Laws associated with the generators just obtained, is easily
obtained through our procedure Noether (the sign of percentage — % — is an operator used
in Maple to represent the result of the previous command):

> Noether(1,Phi,t,x,u, %);

Cra(t)p(t) — (ol (u(t)) + P (t)e (u(t) x(t)) C2 = const

The obtained conservation law depends on two parameters. Since the problem is au-
tonomous, the fact that the Hamiltonian H = oL (u(t)) + ¥ (t)e (u(t)) z(t) is constant
along the extremals is a trivial consequence of the property (8). With the substitutions

> subs(C[1]=1,C[2]=0, %);
x(t)(t) = const

one gets the conservation law obtained in [24, FExample 4.

Example 9 (1°13”7) Let us consider now the following problem:

/ (u1(t)® + ua(t)?) dt — min,

T1(t) = uy(t) cos x3(t),
To(t) = uq (t) sinxs(t),
ng(t) = 'ng(t),

where the control system serves as model for the kinematics of a car [12, Ezample 18,
p. 750]. In this case the optimal control problem has three state variables (n = 3) and two
controls (m = 2). The conservation law for this example, and the next ones, is obtained
by the same process followed in Fxample 8.

> L:=ul1]"2+u[2]"2; phi:=[ull]l*cos(x[3]),ul1]l*sin(x[3]),ul2]];

L = U12+u22

@ = [ujcos(x3),ussin(z3),us]
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> Symmetry(L, phi, t, [x[1],x[2],x[3]1]1, [ul1],ul2]11);

{T'=0C4, X1 =—-Cia2+ C3, Xo = Crz1 + C4, X3 =01,

> Noether(L, phi, t, [x[1],x[2],x[3]1]1, [ul1],ul2]1], %);

(—Clajg(t) + 03) Y1 (t) + (01331 (t) + 04) ¢2(t) + Cﬂﬁg(t)
- (wo ((Ul(t))Q + (Uz(t))Q) +uq(t) cos (z3(t)) ¥1(t)+ui(t) sin (3(t)) w2(t)+U2(t)w3(t)) Cy = const

Choosing C1 =1 and Cy = C3 = Cy = 0 we obtain, from Theorem 7, the conservation law
> subs(C[1]=1,C[2]=0,C[3]=0,C[4]=0, %);

—x2(t)b1(t) + 21 (t)2(t) + ¥3(t) = const

which corresponds to the symmetry group of planar (orientation-preserving) isometries
given in [12, Example 18, p. 750].

Example 10 (0°017) Let us return to a scalar problem (n =m =1):

/etw(t)u(t)dt — min, Z(t) = ta(t)u(t)?.

a

> L:=exp(t*x)*u; phi:=t*x*u~2;

tx
p = txu
> Symmetry(L, phi, t, x, u);
{T = —tCy, X = Cyz, U = Chu, ¥ = —p C1 }
> Noether(L, phi, t, x, u, %);
Cra(t)(t) + (@boem(t)u(t) ()t (t) (u(t))2> tCy = const
By choosing C7 =1
> expand(subs(C[1]=1, %));
2(t)(t) + toe™Du(t) + p(t)t2(t) (u(t))® = const

one obtains the conservation law of [25, Example 1].
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Example 11 (67417) We now consider an optimal control problem with four state vari-
ables (n =4) and two controls (m =2):

@1(t) = w3(?),
Eo(t) = ma(1),
a3(t) = —w1(t) (21(1) + 22()?) + wa (1),
d4(t) = —wa(t) (21(1)? + 22(t)?) + ua(t),

> L:=u[1]"2+u[2]"2; phi:=[x[3],x[4],-x[1]*(x[1]"2+x[2]"2)+u[1],
-x[2]*(x[1] "2+x[2] ~2)+u[2]];

L = U12+U22

Y = [.’L’g, T4, —T1 (x12 + $22) + Uy, =2 (mlz + $22) + U2:|

> Symmetry(L, phi, t, [x[1],x[2],x[3],x[4]], [ul1],ul2]11);

{T = (3, Xq = Ci22, Xo = —Ci71, X3 = C174, X4 = —Cr23,

1 (Ca+ Ch) s 1 (Cy+Ch) s
Up = —Coug — = 2T V2 Uy = Couy + = ——— 3
1 2U2 9 @Z}O 2 2U1 2 @ZJO
Uy = Cig, Vo = —C191, U3 = C194, ¥y = —C’lng}

> Noether (L, phi, t, [x[1],x[2],x[3],x[4]1], [ul1]l,ul2]1, A ;

Craea(t)(t) = Craea (ha() + Craa(t)iis(t) — Cra(tn(t) - (% (@) + (w(t)?)
(0 (8) + @i (Oa(t) + (—a1(t) (@10 + @2(8)?) +wr(t)) Us(t)
+ <—x2(t) ((wl(t))2 + (xg(t))2> + ug(t)> ¢4(t)> Cs = const

The substitutions

> subs(C[1]=-1,C[3]1=0, %);

—w2(t)r1(t) + @1 () Y2(t) — 24 () 93 () + 23(1)¢a(t) = const

conduce us to the conservation law provided in [27, Example 5.2].

10
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Example 12 (6742”) Another problem with n =4 and m = 2:

@1(t) = ui(t) (L + 22(t)),
Fa(t) = wr (1) z3(1),

3(t) = ua(t),

24(t) = uy (t)z3(t)?

> L:=ul[1]"2+u[2]"2; phi:=[ul1]*(1+x[2]),ul1]*x[3],ul2],ul1]*x[3]"2];

= ui® 4 up®

¢ = [ui (14 z2),uixs, ug, u1x32]

> Symmetry(L, phi, t, [x[1],x[2],x[3],x[4]]1, [ul1],ul2]1]);

2 2 2 1
{T = §01t+ Cy, X1 =Cix1+Cy, Xo = g C1+ g Cizo, X3 = § Cizs, X4 = Crzg + Cs,

1 1 2 1
Ui = =3 wCh, Up = = Cruz, W1 = —Cughy, Wo = == Cuhy, W3 = —2 Cropy, Uy = —Cit |

> Noether(L, phi, t, [x[1],x[2],x[3],x[4]1]1, [ul1],ul21], A;

(Chaa () + C) 1 () + <§ i+ % C1x2(t)> alt) + % Craes (D)5 (1) + (Crava(t) + Cs) ha(t)
- <7/)0 (a7 + ual0)) + w61 (B (1) (L -+ 22(6) + n(E)us (B (1)
a(Bua(t) + palt)us (1) <x3<t>>2) (et Ca) = coms

With the substitutions

> subs(C[1]=3,C[2]=0,C[3]=0,C[4]1=0, %);

Ban(OY1(t) + 2+ 22(8) va(t) + 2a(O)Ys (1) + Baa(tha(t) — 2 (o (1) + (ua(8))’)

() () (L a(0)) + a(E)un (s () + s(1)un () + a(t)un () (1)) ) £ = const

we have the conservation law obtained in [27, Example 5.3].

11
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Example 13 (0°04”) Let us consider

b
/u t)*dt — min,
a

=

(
{ 5(1) = 1+ y(t)?,

y(t) = u(t).

> L:=u"2; phi:=[1+y~2,ul;

L = u?
p = [1+¢%4]

> Symmetry(L, phi, t, [x,yl, u);
1 1 1
T = §Clt+02, X, :—501t+01x+C3, Xy = 1013/,

1 1
U= _ZCIU’ Uy = -Ciin, ¥g = ~1 C'1¢2}

> Noether(L, phi, t, [x,yl, u, %);

(—; Cit + Crz(t) + C3> Pi(t) + % Cry(t)pa(?)
- <1/10 (u(t)? + 1 (t) (1 + (y(t))2> + wg(t)u(t)) <; Ot + 02> = const

From substitutions

> subs(C[1]=-4,C[2]=0,C[3]1=0,%);

(21— (1)) (1) = y(t0a(t) +2 (o (u(®))? + 0n(t) (1+ 0(0)?) +va(D)u(t) ) ¢ = const
we obtain the conservation law in [27, Example 6.2].

Example 14 (27447) We consider now a minimum time problem (T — min < fOT 1dt —
min) with the following control system:

@1(t) = 1+ wo(t),
io(t) = w3(1),

@3(t) = u(t),

24(t) = x3(t)* — o(t)?

In Maple we have:

12
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> L:=1; phi:=[1+x[2],x[3],u,x[3]"2-x[2]"2];

L =1

¢ = (1429, 13,u,23% — 257

> Symmetry(L, phi, t, [x[1],x[2]1,x[3],x[4]11, u);

{T:@_m=(‘f%—200t+f%“+a“&:‘2@+20ﬂ%
1
X3 = 5 Coxs, X4 = —C1t + Crz1 + Coxy + Cs,
1 1 1 L
U=guCh W1 =—5Cor = Citpy, U2 = —5 Cotz, U3 = —5 Oy, Wa = —0211)4}

> Noether (L, phi, t, [x[1],x[2],x[3],x[41], u, %);

<<—;Cy—;Cgt+;cam@%+agwdw+(—;Cy+;0ﬂﬂﬂ>¢ﬂﬂ
+ % Cax3(t)3(t) + (—Cit + Cra(t) + Caza(t) + C3) Pu(t)
— (w4 (14 (0 a () + w1 0in(0) + ws(B)ult) + ((25(1)° — (@2(0))*) (1)) Cs = const
With the appropriate values for the constants,
> subs(C[1]=0,C[2]=2,C[3]=0,C[4]=0,C[5]=0,%);

(=t +21(2)) Y1(t) + 22(t)h2(t) + x3(t)Ys(t) + 2 34 (t)1ha(t) = const

we obtain the conservation law derived in [27, Example 6.3].

Example 15 (0°257) Follows another problem of minimum time, with control system given

by
E(t) =1+ y(t)* — 2(t)*,
y(t) = =2(1),
2(t) = u(t) .
> L:=1; phi:=[1+y"2-2z"2,z,u];
L =1
e = 1 +y2 —22,z,u}

> Symmetry(L, phi, t, [x,y,z], u);

13
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1 1
{T =09 X1 =-Cit+Ciz+Cs, Xo = §C'1y, X3 = 5012,
1 1 1
U= 501% Uy = —Crir, Vg = —3 Ciihg, V3 = — 5 Cﬂﬁs}

> Noether(L, phi, t, [x,y,z], u, %);

(~Cat + Crat) + Ca) v (8) + 5 Cry(®)a(0) + 5 Caa(0)un(t)
= (Yo () (14 @) = (1)) +va()=(t) + vs(B)u(t)) Ca = const
Substitutions
> subs(C[1]=2,C[2]=0,C[3]=0, %);

(=2 +22(t)) $1(8) + y()a(t) + 2(£)s(t) = const

specify the conservation law in the one obtained in [27, Example 6.4].

We finish the section by applying our Maple package to three important problems of
geodesics in sub-Riemannian geometry. The reader, interested in the study of symmetries
of flat distributions of sub-Riemannian geometry, is referred to [19].

Example 16 (Martinet — (2,2,3) problem) Given the problem (n =3,m = 2)

b

/ (u1(t)® + ua(t)?) dt — min,

l’l(t) = U1<t>,
1 1))
IR
i3(t) = wa(t) ua (1),

a € R,

we consider two distinct situations: o = 0 (Martinet problem of sub-Riemannian geometry
in the flat case — see [2]) and o # 0 (non-flat case).

Flat Problem (o =0, 1'06”):

> L:=u[1]"2+u[2]"2; phi:=[ul1],ul[2],x[2]"2*%u[1]];

L = u12+u22

© = [ug,us, xolu]

> Symmetry(L, phi, t, [x[1],x[2],x[3]1]1, [ul1],ul2]11);

14
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2 1 1

{T = 501t+ Cy, X1 = 3 Ciz1 4+ Cy, Xo = 501902, X3 = Cixz + C3,
1 1 1 1

U = -3 u1Cr, Ug = —3 Crug, ¥ = ~3 Ciy, Yo = —3 Ciipg, U3 = —Cl¢3}

> Noether(L, phi, t, [x[11,x[2]1,x[3]1]1, [ul1]l,ul2]], 4);

<; Cyz(t) + C4> P1(t) + %C’1$2(t)1/12(t) + (Cixs(t) + Cs) ¥3(t)
- <w0 ((Ul(t))g + (UQ(t))Q) 1 (t)un (£)+ha (t)ua (t)+h3(t) (2(t))? u1(t)> <§ Cit + C'2> = const

With the substitutions

> subs(C[1]=3,C[2]=0,C[3]=0,C[4]=0, %);

z1()P1(t) + z2(D)Ya(t) + 3z3()Ys(t)
=2 (o (i ())” + (ua(8))?) + Ya(ur(t) + v(Dyua(t) + Y (t) (@2(t)* ur(t) )t = const

we get the conservation law first obtained in [25, Example 2].

Non-Flat Problem (« # 0, 1'14”):
> L:=u[1]"2+u[2]"2; phi:=[ul1],ul[2]/(1+alpha*x[1]),x[2] 2*ul1]];
L:= U,12 + U22

U2

2
L, 227Uy
"14+az’

0= |u

> simplify(Symmetry(L, phi, t, [x[1],x[2],x[3]], [ul1],ul2]1));
{T=2Cst+Cn, X1 =Cr(a™! +21), Xo =0, X3 = Cras + Cho,
Uy = —Cruy, Uy = —Crug, U1 = —Cripy, Wy =0, U3 = —Cris}

> Noether(L, phi, t, [x[1],x[2],x[3]1]1, [ul1]l,ul2]1], %);

Cr(a™" + 21(t))1(t) + (Craz(t) + Cio) ¥3(t)

- <1/’0 ((ul(t))z + (UQ(t))2> +U1(t)7/)1(t)+%+($2(t))2 ul(t)i/)g(t)) (2Crt + C11) = const

When C7 =1 and Cl(] = CH - O,

> subs(C[7]=1,C[10]=0,C[11]=0, %);

15
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(a7 +a1(t) Y (t) + z3(t)s(t)
-2 <1/10 ((ul(t))2 + (u2(t))2) +ur ()1 (t) + % + (z2(t))? ul(t)¢3(t)> t = const

we obtain the conservation law proved in [23, Example 2].

Example 17 (Heisenberg — (2,3) problem) (1°04”) The Heisenberg (2,3) problem can

be formulated as follows:

N[ —

/ (wr (t)* + uQ(t)Q) dt — min,

a1 (t) = u (1),
.772(t) = Ug(t) s

The problem was proved to be completely integrable using three independent conservation
laws [22]. Such conservation laws can now be easily obtained with our Maple functions.

> L:=1/2x(u[1]"2+u[2]"2);
> phi:=[ul1], u[2], ul2]*x[1]];

1 1
L = 5 U12 + 5 U22
Y = [Uh uz, U2$1]

Symmetry(L, phi, t, [x[1],x[2]1,x[3]1]1, [ul1],ul2]11);

{T =205+ C5, X1 =C1 + Coxy, Xo = Coxo + C3, X3 = Crxo +2Co29 + Cy,
Uy = —Couy, Uy = —Chug, Uy = —Cotpy, Wy = —Cothy — h3C1, W3 = —2Chez}

> CL:=Noether(L, phi, t, [x[1],x[2]1,x[3]1]1, [ul1],ul21], %);

CL := (C1 + Comi(t)) ¥1(t) + (Caxa(t) + C3) Pa(t) + (Craz (1) + 2 Cows(t) + Cu) ¥3(t)
(0 (5 (0 + 5 a0 ) +n(00n () +a a1+ ba(0)ua(thes ()) (2t +Ca) = const

2
We now want to eliminate the controls from the previous family of conservation laws. We

begin to define the Hamiltonian:

> H:=-L+Vector[row] ([psi[1](t), psil2](t), psil[3]1(t)]).Vector(phi);

1 1
H o= -3 w? — 3 ug® 4+ urehy (1) 4 ugha(t) + uga b3 (t)

The stationary condition (7) permits to obtain the pair of controls (ui(t),us(t)).
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> solve({diff (H,ul[1])=0, diff(H,ul[2])=0}, {ul1]l,ul2]1}):
> subs(x[1]=x[1]1(t), ul1l=ul1] (), ul2]l=ul2](t), %);

{ur(t) = ¥1(t), ua(t) = ¥2(t) + 21 (t)Y3(t)}
It is not difficult to show that the problem does not admit abnormal extremals, so one can
choose, without any loss of generality, 1o = —1.

> CL:=subs(psil0]=-1, %, CL);

CL = (C1 + Coz1 (1)) ¥1(t) + (Coza(t) + C3) th2(t) + (Craz (t) + 2 Coxs(t) + Ca) Y3(t)
~ (5 (1O = § (al0) + 2100 + 42(0) (a(0)+ 1 0) (0

T 4ps (8) (alt) + 21 (1) ¥3(1)) 1 <t>> (20t + Cs) = const

It is easy to extract from the family of conservation laws just obtained, three independent
conservation laws. We just need to fiz one constant to a non-zero value, and choose all the
other constants to be zero:

> subs(C[4]=1,seq(C[i]=0,i=1..5), CL);
> subs(C[1]=1,seq(C[i]=0,i=1..5), CL);
> simplify(subs(C[5]=-1,seq(C[i]=0,i=1..5), CL));

P3(t) = const
w2 (t)3(t) + 1(t) = const

%wl(t)Q + %¢2(t)2 + o (t)x1 (t)s(t) + %x1(t)2¢3(t)2 = const

The last conservation law corresponds to the Hamiltonian. This, and Y3 = const, are
trivial conservation laws for the problem. The missing first integral to solve the problem,
x93 + 11, was obtained in [22].

Example 18 (Cartan — (2,3,5) problem) (30°34”) The Cartan problem with growth
vector (2,3,5) can be posed in the following way:

% / (s (£)° + us(t)?) dt — min,
a1 (t) = u(t),
o(t) = ua(t),
i3(t) = uz(t)x1(t),
ZL’4(t) = %UQ(t)lj(t)z s
.Z'5(t) = U2 t)iL'l t)l'g(t)

The integrability of the problem was recently established in [19]. This is possible with five
independent conservation laws. They can easily be determined with our Maple package.
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> L:=1/2x(ul[1]~2+ul2]"2);
> phi:=[ul1], ul2], ul2]*x[1], 1/2*ul2]*x[1]1"2, ul2]*x[1]1*x[2]];

1 1
L = —wui®+ =uy?
9 U+ 5 U
Y = [Ul,UQ,’U,Ql'l, 5“/21'12,’&21'1172]

> Symmetry(L, phi, t, [x[1],x[2],x[3],x[4],x[5]1], [ul1]l,ul2]1);

2 1 1 2
{T = gclt-i- Cy, X1 = g Ciz1, Xo = gCle + Cy, X3 = gClxg + Cg,
1 1
Xy = Crxy + C5, X5 = Coxg + Cras + C3, Uy = —3 Ciuy, Uz = —3 Crua,
1 1 2
U = —3 Ci1, Uy = —3 oy, V3 = -3 Cips — Cotps, ¥y = —Chyfy, U5 = —Cl%}

> CL:=Noether (L, phi, t, [x[1],x[2],x[3],x[4],x[5]1]1, [ul1],ul21], %);

CL:= % Cray (t) (1) + (; Craa(t) + C2> Pa(t)+ (2 Cras(t) + C6> ¥3(t)+(Craa(t) + C5) Yu(t)
—u@mw+aaawfm%w—<%(§wwﬁ+;www)+m@mw+w@wm>

s (B)a ()0 (t) + %uQ (1) (1 ()2 a(t) + uz(t)xl(t)zg(t)wg,(t)) <§ Cht + c4> _ const

The Hamiltonian is given by

> H:=-L+Vector [row] ([psi[1] (t), psil[2](t), psil31(t), psil4] (t),
psi[5](t)]) .Vector(phi);

1 1 1
H = ) ur® — 3 us? + urthy (t) + ugba(t) + uomi9hs(t) + 5 usw1 294 (t) + uam1 2295 (t)

and the extremal controls are obtained through the stationary condition (7).

> solve({diff (H,ul[1])=0, diff(H,ul2])=0}, {ul1],ul2]1}):
> subs(x[1]1=x[1] (t) ,x[2]=x[2] (t), ulll=ul1](t),ul2]=ul2] (L), %);

{10 =01 0000 =21 O 22O O+ 02 04 01 O 00+ 51 (0 v ()
> CL:=subs(psi[0]=-1, %, CL);

18
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CLi= 3 Cun(n(0) + (3 Cuaal®) + Co ) ) + 5 Cuaalt) + Co ) )
+ (Crza(t) + C5) a(t) + (Caxs(t) + Cras (1) + Cs) ¥s(t)— (; i (t)?
2
= 5 (0200005 () + vale) 4 21(00al0) + 5 (00

+ <$1 (t) m2(t)s(t) + Pa(t) + 21 (t)s () + ;»’61(75)2%(?5)) (1)

+ (E)rale)s 0+ 20 + 010020 + 5 0100 2l

+ 5 (1O + 62 () 4 100(0) 4 5 (020 01 ()) a0t

+ (xl(t)xg(t)w5(t) o (£) + () (t) + %xl(t)zw (t)) :vl(t)xQ(t)w5(t)> (2 Ot + 04) — const

The five conservation laws we are looking for, are easily obtained (the last one corresponds
to the Hamiltonian):

subs(C[6]=1,seq(C[i]=0,i=1..6), CL);
subs(C[5]=1,seq(C[i]=0,i=1..6), CL);
subs(C[3]=1,seq(C[i]=0,i=1..6), CL);
subs(C[2]=1,seq(C[i]=0,i=1..6), CL);
simplify(subs(C[4]=-1,seq(C[i]l=0,i=1..6), CL));

V V V V V

Pa(t) + s (t)z3(t) = const

(22 (0205(0)” + 2 (s (s (EDn ) + (1)) (s (1) - 5 a0 ea (s (1)

ra (2507 + £ () a0+ 3 (0 () (s (1) + 3 v (1) (1))

3 T (0P Us(a(t) + 5 a(t)? = const

One can say that for the Cartan (2,3,5) problem we have four trivial first integrals: the
Hamiltonian H; and the multipliers 3, 14, 5. Together with the non-trivial integral
x3s + 1o, the problem becomes completely integrable (see [19]).

19



Automatic Computation of Conservation Laws in Optimal Control

5 Conservation Laws in the Calculus of Variations

Let us consider the classical problem of the calculus of variations with higher-order deriv-
atives: to minimize an integral functional

J[x()] = / Lt x(t), (1), ...,x" ) dt, (18)

subject to certain boundary conditions, and where the Lagrangian L depends on the inde-

pendent variable ¢ € R, on n dependent variables x(t) = [z1(t), z2(t), - -, mn(t)]T € R,
and its r first derivatives (x(t) = xM(¢)):
, , A T
, d'zy(t) d'zo(t) d'x,(t) :
@) (4) — 1 2 a4 R =1,...,r.
<) = | T00, Dl L S epr it

It is well known that the problems of the calculus of variations are a particular case of
the optimal control problem (1)-(2). The standard technique to write the problem of

minimizing (18) as an optimal control problem consists to introduce new functions
X=x,x'=x%x, x*=x?, ..., x'=xC"Y andu=x".

With this notation at hand, the equivalent optimal control problem has rn state variables
(,i=1,...,n,j=0,...,7—1), and n controls (u = x™):

Jlx(-), u()] = / L(t, x(t), u(t)) dt —> min,

(

~

o) =x(1),

XX

(X" (t) =u(t).

Since any problem of the calculus of variations can always be rewritten as an optimal
control problem, we can also apply our Maple package to obtain variational symmetries and
conservation laws in the classical context of the calculus of variations, and thus recovering
the previous investigations of the authors [7]. We recall that for the problems of the calculus
of variations there are no abnormal extremals (one can always choose 1)y = —1). Follow
some examples.

Example 19 (0°08”) We begin with a very simple problem of the calculus of variations,
where the Lagrangian depends only on one dependent variable (n = 1), and where there are
no derivatives of higher order than the first one (r = 1): L(t,x, %) = ti*. According with
the above mentioned technique of rewriting the problem as an optimal control problem, we
write the following definitions in Maple:
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> L:=t*xv~2; u:=v; phi:=u;

= {2

= v

IS

= v

Our procedure Symmetry determine the general infinitesimal generators which define the
family of symmetries for the problem of the calculus of variations under consideration:

> Symmetry(L,phi,t,x,u);

{T:tC’l, XZCQ, U= —’UCl, \IIZO}

The conservation laws corresponding to the computed symmetries, are obtained with the
procedure Noether:

> Noether(L,phi,t,x,u,%);
Co(t) — (W (v(t))? + w(t)v(t)) tC1 = const
Going back to the original notation (v = &), we can write:

> CL:=subs(psil[0]=-1,v(t)=diff (x(t),t),%);

2
CL := Cyy(t) + (t (ix(t)) - w(t)jta:(t)> tCy = const.

In this case one can easily use the definition of first integral (a function that is preserved
along the extremals of the problem), to verify the validity of the obtained expression. For
that we compute the pair (x(t),1(t)) that satisfies the adjoint system (4) and the mazimality
condition (5) of the Pontryagin mazimum principle (Theorem 1).

> H:=-L+psi(t)*phi;
H:= —tv* +¢(t)v

> {diff(H,u)=0, diff(psi(t),t)=-diff(H,x)};

{jtzp(t) =0,-2tv +1)(t) = 0}

After substituting v = &, we obtain the extremals by solving the above system of differential
equations:

> subs(v=diff (x(t),t),%);

{jtw(t) —0,-2 t%x(t) + () = 0}

> dsolve(%);
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{w(o = Ko () = 5 Ko In(t) + K }

Ezxpression for x(t) coincides with the Fuler-Lagrange extremal ([7, Example 5.1]). Substi-
tuting the extremals in the conservation law one obtains, as expected, a true proposition:

> expand (subs(%,CL)) ;

1
CoKy — ) C1 K% = const

Substituting only 1 (t), one can get the family of conservation laws in the notation of the
calculus of variations:

> expand (subs (psi(t)=K[2],CL));

d 2 d
Ko+ 120 | — —tC1 Ky —x(t) =
C2 Ko +t°Cy (dtx(t)) tC1K» dtm(t) const

> subs(C[2]*K[2]=0,C[1]=-1,%);
o f d 2 d
—t <dt:c(t) +tK, —dtx(t) = const

Example 20 (Kepler’s problem) (0°177) We now obtain the conservation laws for Ke-
pler’s problem — see [3, p. 217]. In this case the Lagrangian depends on two dependent
variables (n = 2), without derivatives of higher-order (r =1):

K
ViE+a@

The family of conservation laws for the problem is easily obtained with our Maple package:

m

L@%®=2

(¢ +¢3) +

> L:= m/2x(v[1] "2+v[2] "2)+K/sqrt (q[1]"2+q[2]"2); x:=[ql[1],q[2]1]; u:=[v[1],v[2]];
phi:=[v[1],v[2]1];

1 K
L = 3 m (v12 + v22) + \/ﬁ
z = [q1,q)]
u = |vg,v9]
¢ = [v1,v9]

> Symmetry(L, phi, t, x, u);

(G =Co)vs 1y, - (1= C2)

T =C3, X1 = -Ciq2, Xo = C1q1, Uy = —Cava + ;
Yom Pom

Uy = —Chihg, ¥ = Cl¢1}
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> Noether(L, phi, t, x, u, %):
> CL:=subs(psi[0]=-1,%);

CL := —01QQ(75)¢1(75) + ClQl(t)wQ(t)

— <—; m (v1(t)? + va(t)?) — K

q1(t)* + q2(t)

=+ P1(t)vr(t) + wz(t)vg(t)> C3 = const
To obtain the conservation laws in the format of the calculus of variations, one needs to
compute the Pontryagin multipliers (¢ (t),v¥s(t)),

> H:=-L+Vector[row] ([psi[1] (t), psil[2] (t)]) .Vector(phi);
K

Va2 + ¢2?

> solve({diff(H,v[1])=0,diff (H,v[2])=0},{psil[1](t), psil2] (t)});

{11 (t) = mo1,¥a(t) = mua}

and substitute the expressions, together with vi(t) = &1(t) and vy(t) = @o(t):

H:= —% m (v1® +v2?) — + 01t (t) + varha(t)

> expand (subs (%,v[1] (t)=v[1],v[2] (t)=v[2],v[1]=diff(q[1](t),t),
v[2]=diff(q[2] (t),t),CL));

_Crpm ) + Cram a2 osm (Lam) - Lo (Lawn)
1492 mdtq1 141 mdtQQ 2 3m dth 2 3m dth

CsK

This is the conservation law in [7, Example 5.2].

Example 21 (67427) Let us see an example of the calculus of variations whose Lagrangian
depends on two functions (n = 2) and higher-order derivatives (r =2):

L(t,x,%,%) = 22 4 2.

We write the problem in the optimal control terminology, and make use of our Maple
procedure Symmetry to compute the symmetries:

> L:=v[1]"2+a[2]"2; xx:=[x[1],x[2],v[1],v[2]]; u:=[al1],al2]];
phi:=[v[1],v[2],a[1],a[2]1];

L = U12 +a22
r = [@q,T2,v1,02]
u = [a1,as]

= [v1,v2,0a1,a2]
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> Symmetry(L, phi, t, xx, u);

{T =2C3t + Cy, X1 =C321 + C5, Xo =tC1 +3C3x9 + Cg, X3 = —Csv1, X4 = C1 + C3vs,
Up = —3Csa1 — 2¢gCaag — Catpy, Uy = —Csag + Cats,
Uy = —Cs1p1, Vo = —3C3¢a, U3 = Cs1p3, Uy = —C3¢4}
We choose, in the conservation law returned by our Maple procedure Noether, g = —1,

and then go back to the calculus of variations notation: vi(t) = @1(t), va(t) = @a(t),
ai(t) = Z1(t), and as(t) = To(t):

> Noether(L, phi, t, xx, u, %):
> CL:=subs(psi[0]=-1, v[1](t)=diff(x[1](t),t), v[2] (t)=diff (x[2](t),t),
a1l (t)=diff (x[1](t),t$2), al2] (t)=diff(x[2](t),t$2),%);

CL := (C3z1(t) + Cs) 1 (t) + (tC1 + 3 Caza(t) + Cp) P2 (t) — Cs <;tw1(t)> ¥3(t)

2 2 2
n (01 ; cgjtm(w) balt) - (— (jtxl(w) - (jﬁm(w) () S (1)
2 2
+ ¢2(t)%132(t) + wg(t)%xl(t) - ’Lﬁ4(t)51€2562(t)> (2Cst + C4) = const

Similarly to Example 19, we can also compute through Maple the extremals and verify, by
definition, the validity of the obtained family of conservation laws.

> vpsi:=Vector[row] ([psil[1](t), psil[2](t), psil31(t), psil4](t)]1):
> H:=-L+vpsi.Vector(phi);

H = —v1® — ag® + 0191 (t) + vatha(t) + arths(t) + aztha(t)

> {diff(H,u[1])=0, diff(H,ul[2])=0, diff(vpsi[1l],t)=-diff(H,xx[1]),
diff (vpsil[2],t)=-diff(H,xx[2]), diff(vpsil[3],t)=-diff(H,xx[3]),
diff (vpsil[4],t)=-diff (H,xx[4])}:

> subs(v[1]=diff(x[1](t),t), al2]=diff(x[2](t),t$2), %);

{ G0 =2 G0 = 1(0), () = 0, G0n(8) = —ale). a(8) = 0. un(0) =

2
2 gaaa(t) + va() =0

Solving the above system of equations, that result from the mazimality condition and adjoint
system,

> dsolve(%);
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1 1 1
{Jfl(t) = §K675+K4, To(t) = —EKNS+ZK3752+K115+K2,¢3(15) =0,

Y1(t) = Kg, Pa(t) = —Kst + Kz, ¥a2(t) = K5}

we obtain the extremals (the extremal state trajectories z1(t) and xo(t) are the same as
the ones obtained in [7, Example 5.3/, by solving the Euler-Lagrange necessary optimality
condition) that, substituted in the conservation law,

> expand (subs(%,CL)) ;

1
Ky 03K4 + K C5+3K5C3Ky+ K5Cg+C1 K3 +C3K; Kg — 1 K52C4

1
1 K3204 — K5 K; Cqy = const

conduces to a true proposition (constant equal constant). Finally, substituting only the
Pontryagin multipliers,

> subs ({psi[1] (t)=K[6], psil[3](t)=0, psil[4] (t)=-K[5]*t+K[3], psil[2] (t)=K[5]}, CL);

d
(Csx1(t) + C5) Kg + (Cit 4+ 3 Csxa(t) + Cs) K5 + (Cl + ngtxg(t)> (—Kst+ Ks)

d 22 2 d d
2
+ (—Kst+ K3) ;tzxg(t)> (2C3t + Cy) = const

the conservation law takes the form of a differential equation of less order than the one
obtained in [7, Example 5.3] (the Hamiltonian approach is here more suitable than the
Lagrangian one).

Example 22 (Emden-Fowler) (0°01”) Given the variational problem of Emden-Fowler
[3, p. 220], defined by the Lagrangian

1 1
L::§t2 <v2—3x6>

we are interested to find, following our methodology, the conservation laws for the problem.

> L:= t72/2%(v"2-x"6/3) ;

> Symmetry(L, v, t, x, V);
(T =-2tCy, X = C1z, U =3Cv, ¥ = - C1}

> Noether(L,v,t,x,v,%):
> CL:=subs(psil[0]=-1,%);
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L= Cra(0)u(t) + 2 (5 (4002 = 32(0°) +0(00(0)) €1 = cons

The expression for the ¥ (t) comes from the stationary condition.

> H:=-L+psi(t)*v;

> solve(diff (H,v)=0,{psi(t)});
{y(t) = t?v}

> subs(%,v(t)=diff (x(t),t),v=diff (x(t),t),CL): expand(%);

2
Clx(t)tz%m(t) + 30 (ix(t)) + %thlx(t)G = const

Fizing C7 = 3,

> SubS(C [1] =39%) 5

d d ?
3x(t)t2@x(t) +31° <dta?(t)> + t32(t)® = const

we obtain the same conservation law as the one obtained in [7, Example 5.4], with the
methods of the calculus of variations.

Example 23 (Thomas-Fermi) (0°017) We consider the problem of Thomas-Fermi [3,
p. 220], showing an example of a problem of the calculus of variations which does not admit
variational symmetries.

> L:=1/2%v"2+2/5xx~(5/2) /sqrt (t);

> Symmetry(L, v, t, x, V);
(T=0,X=0U=0,V =0}
Our Maple function Symmetry returns, in this case, vanishing generators. As explained

in §3, this means that the problem does not admit symmetries.

Example 24 (Damped Harmonic Oscillator) (0°02”) We consider a harmonic oscil-
lator with restoring force —kx, emersed in a liquid in such a way that the motion of the
mass m 1s damped by a force proportional to its velocity. Using Newton’s second law one
obtains, as the equation of motion, the Euler-Lagrange differential equation associated with
the following Lagrangian [11, pp. 432-434]:

> L:=1/2x(m*v"2-k*x"2) *exp((a/m) *t) ;
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at

L:= (mv2 — k‘l’2) em

DN |

In order to find the conservation laws, we first obtain, as usual, the generators which define
the symmetries of the problem.

> simplify(Symmetry(L,v,t,x,v));

2
{T:— n;Cl,chll‘, U:Clv, \I/:—wCl}

> Noether(L,v,t,x,v,%):
> CL:=subs(psi[0]=-1,%);

CL = Cra(t)(t) + 2 (—é (mo(t)? — ka(t)?) e + w<t>v<t>) mCra~" = const

The value for 1 (t) is easily determined, and we can write the obtained family of conserva-
tion laws in the language of the calculus of variations.

> H:=-L+psi(t)*v;
1 at
H = —3 (mv? — ka®) em + p(t)v
> solve(diff (H,v)=0,{psi(t)});

{¢@)=7nve%}

> simplify(subs(%,v(t)=diff (x(t),t),v=diff (x(t),t),CL));

at d d 2
Cimem | 2(t) | —z(t) )a+m [ —2(t)) +kx(t)?|a™t = const
dt dt
Choosing an appropriate value to the constant C

> subs(C[1]=-a/(2*m),%) ;

_% o (;U(t) (jtx(t)> a+m (:lltgc(lt)>2 + ka:(t)2> — const

we obtain the conservation law in [11, Ch. 7, Example 1.10).
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6 The Maple package

The procedures Symmetry and Noether, described in the previous sections, have been
implemented for the computer algebra system Maple (version 9.5).

Symmetry computes the infinitesimal generators which define the symmetries of the op-
timal control problem specified in the input. As explained in sections 2 and 3, this
procedure involves the solution of a system of partial differential equations. We have
used the Maple solver pdsolve, trying to separate the variables by sum.

Output:

Syntax:

Input:
L -
SO -

t -
X -
u -

all -

set of infinitesimal generators.

Symmetry(L, ¢, t, x, u, [all])

expression of the Lagrangian;

expression or list of expressions of the velocity vector ¢ which defines the control
system;

name of the independent variable;
name or list of names of the state variables;
name or list of names of the control variables;

This is an optional parameter. When all is given in the last argument of the
procedure Symmetry, the output presents all the constants given by the Maple
command pdsolve. By default, that is, without optional all, we eliminate re-
dundant constants. This is done by our Maple procedure reduzConst. This is a
technical routine, and thus not provided here. Essentially, the procedure trans-
forms in one constant each sum of constants not repeated in the conservation
law. The interested reader can find the Maple file with its definition, together
with the Symmetry and Noether code, that constitute our Maple package, at
http://www.mat.ua.pt/delfim/maple.htm.

Symmetry:=proc(L::algebraic, phi::{algebraic, list(algebraic)}, t::name,

x0::{name,list(name)}, u0::{name,list(name)})

local n,m, xx, i, vX, vPSI, vU, vv, 1lpsi, H, eqd, syseqd, sol, conjGerad, lphi;
unprotect(Psi); unassign(’T’); unassign(’X’); unassign(’U’); unassign(’Psi’);
unassign(’psi’);

n:=nops(x0); m:=nops(u0);

if n>1 then 1lphi:=phi;lpsi:=[seq(psili],i=1..n)];

else lphi:=[phi]; lpsi:=[psi]; fi;
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xx:=0p(x0) ,0p(ud) ,op(lpsi); vv:=Vector([seq(v||i,i=1..2*n+m)]);
if n>1 then vX:=Vector([seq(X[i] (t,xx), i=1..n)]1);
else vX:=Vector([X(t,xx)]); fi;
if n>1 then vPSI:=Vector([seq(PSI[i] (t,xx),i=1..n)]);
else vPSI:=Vector([PSI(t,xx)]); fi;
if m>1 then vU:=Vector([seq(U[i] (t,xx), i=1..m)]);
else vU:=Vector([U(t,xx)]); fi;
H:=psi[0]*L+Vector [row] (1phi) .Vector(lpsi);
eqd:=diff (H,t)*T(t,xx) +Vector[row] ([seq(diff(H,i),i=x0)]) .vX+Vector[row] ([seq(
diff(H,1),i=u0)]) .vU+Vector[row] ([seq(diff (H,xx[i]),i=n+m+1..n+m+n)]) .vPSI
-LinearAlgebra[Transpose] (vPSI).vv[1l..n]-Vector[row] (1psi). (map(diff,vX,t)
+Matrix([seq(map(diff,vX,i),i=xx)]) .vv)+H*(diff (T(t,xx),t)
+Vector [row] ([seq(diff (T(t,xx),1i),i=xx)]).vv);
eqd:=expand(eqd); eqd:=collect(eqd, convert(vv,’list’), distributed);
syseqd:={coeffs(eqd, convert(vv,’list’))}:
conjGerad:={T(t,xx)}union convert(vX,’set’) union convert(vU,’set’)
union convert(vPSI,’set’);
sol:=pdsolve(syseqd, conjGerad, HINT=‘+¢);
sol:=subs(map(i->i=op(0,1i),conjGerad),sol); sol:=subs(PSI=’Psi’,sol);
if nargs<6 or args[6]<>‘all‘ then sol:=reduzConst(sol); fi;
return sol;
end proc:

Noether given the infinitesimal generators which define a symmetry, computes the con-
servation law for the optimal control problem, according with Theorem 7 (Noether’s
theorem).

Output:

- conservation law.
Syntax:

- Noether(L, ¢, t, x, u, S)
Input:

L - expression of the Lagrangian;

@ - expression or list of expressions of the velocity vector ¢ which defines the control
system,;

t - name of the independent variable;
x - name or list of names of the state variables;
u - name or list of names of the control variables;

S - set of infinitesimal generators (output of procedure Symmetry).
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Noether:=proc(L::algebraic, phi::{algebraic, list(algebraic)}, t::name,
x0::{name,list(name)}, u0::{name,list(name)}, S::set)
local n, xx, i, vX, vpsi, 1lpsi, H, CL, 1lphi;
unassign(’T’); unassign(’X’); unassign(’psi’);
n:=nops (x0) ;
if n>1 then 1lphi:=phi; lpsi:=[seq(psil[i],i=1..n)];
else 1lpsi:=[psil; lphi:=[phi]; fi;
xx:=op(x0),o0p(u0),op(1lpsi);
vpsi:=Vector[row] (1psi);
if n>1 then vX:=Vector([seq(X[i], i=1..n)]); else vX:=Vector([X]); fi;
H:=psi_O0*L+vpsi.Vector(1lphi);
CL:=vpsi.vX-H*T=const;
CL:=eval(CL, S);
CL:=subs ({map(i->i=i(t), [xx]) [1},CL); CL:=subs(psi_O=psi[0],CL);
return CL;
end proc:

7 Concluding Remarks

Computer Algebra Systems are particularly suitable to handle the problem of determining
symmetries and conservation laws in optimal control, because theory requires calculations
that tend to be tedious even for very simple problems with a linear control system. Maple
can perform these computations in a reliable way. We illustrate our package by a large
number of examples, that range from simple problems in the calculus of variations to
optimal control problems of which the integrability was only very recently shown by means
of the conservation laws. Now these computations can be made in a completely automatic
way and without any physical insights.

In mechanics, and calculus of variations, it is well known how to use the conservation
laws to reduce the order of the problems and, with a sufficiently large number of indepen-
dent conservation laws, one can even integrate and solve the problems completely. Like
Noether’s theorem, also the classical reduction theory can be extended to the more gen-
eral setting of optimal control [5, 13]. However, the reduction theory in optimal control
is an area not yet completed. More theoretical results are needed in order to be possible
to automatize the whole process, from the computation of symmetries to the maximum
reduction of the problems.

As the examples show, the computing times increase exponentially with the dimension
of the control system (with the number of state variables). This is well illustrated with
the problems of sub-Riemannian geometry: problem (2,3) (Example 17), with three state
variables, requires a total computing time of one minute; problem (2,3,5) (Example 18),
with five state variables, has required us thirty minutes. To tackle more complex problems
a new approach is needed. This is also under study and will be addressed elsewhere. For
example, integrability of the (2,3,5,8) problem of sub-Riemannian geometry, a problem
with eight state variables, is currently an open question. This problem is out of the scope
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of the present Maple package: eleven hours of computing time were not enough for us to
determine the symmetries of the problem.

Acknowledgements

PG was supported by the program PRODEP 111/5.3/2003. DT acknowledges the support
from the control theory group (cotg) of the R&D unit CEOC, and the project “Advances
in Nonlinear Control and Calculus of Variations” POCTI/MAT /41683/2001. The authors
are grateful to E. M. Rocha for stimulating discussions.

References

1]

2]

D. H. Bailey and J. M. Borwein, Fxperimental Mathematics: Examples, Methods and
Implications, Notices of the American Math. Society, 52 (2005), No. 5, pp. 502-514.

B. Bonnard, M. Chyba, and E. Trélat, Sub-Riemannian Geometry: One-Parameter
Deformation of the Martinet Flat Case, Journal of Dynamical and Control Systems,
4 (1998), No. 1, pp. 59-76.

B. van Brunt, The Calculus of Variations, Springer-Verlag New York, 2004.

D. S. Djukic, Noether’s theorem for optimum control systems, Internat. J. Control, 1
(1973), No. 18, pp. 667-672.

A. Echeverria-Enriquez, J. Marin-Solano, M. C. Munoz-Lecanda, and N. Roman-
Roy, Symmetries and reduction in optimal control theory, Proceedings of the XI Fall
Workshop on Geometry and Physics, Publ. R. Soc. Mat. Esp., 6 (2004), pp. 203—208.

I. K. Gogodze, Symmetry in Problems of Optimal Control (in Russian), Proc. of
extended sessions of seminar of the Vekua Institute of Applied Mathematics, Thilisi
University, Thilisi, 3 (1998), No. 3, pp. 39 — 42.

P. D. F. Gouveia and D. F. M. Torres, Computacao Algébrica no Cadlculo das
Variagoes: Determinagdo de Simetrias e Leis de Conservagao (in Portuguese), Re-
search report CM04/1-23, Dep. Mathematics, Univ. of Aveiro, September 2004. Pre-
sented at XXVII CNMAC (Brazilian Congress of Applied Mathematics and Compu-
tation), FAMAT /PUCRS, Porto Alegre, RS, Brasil, September 13-16, 2004. E-Print:
arXiv:math.0C/0411211

J. W. Grizzle and S. I. Marcus, The structure of nonlinear control systems possessing
symmetries, IEEE Trans. Automat. Control, 30 (1985), No. 3, pp. 248-258.

A. Gugushvili, O. Khutsishvili, V. Sesadze, G. Dalakishvili, N. Mchedlishvili, T. Khut-
sishvili, V. Kekenadze, and D. F. M. Torres, Symmetries and Conservation Laws in
Optimal Control Systems, Georgian Technical University, Thilisi, 2003.

31



Automatic Computation of Conservation Laws in Optimal Control

[10]

[11]

[12]

[18]

[19]

[20]

[21]

[22]

[23]

J. D. Logan, Invariant Variational Principles, Academic Press [Harcourt Brace Jo-
vanovich Publishers], 1977.

J. D. Logan, Applied Mathematics — A Contemporary Approach, John Wiley & Sons,
New York, 1987.

Ph. Martin, R. M. Murray, and P. Rouchon, Flat systems, in Mathematical control
theory, Part 1, 2 (Trieste, 2001), ICTP Lect. Notes, VIII, Abdus Salam Int. Cent.
Theoret. Phys., Trieste (2002), pp. 705768,

E. Martinez, Reduction in optimal control theory, Rep. Math. Phys. 53 (2004), No. 1,
pp.- 79-90.

E. Noether, Invariante Variationsprobleme, Gott. Nachr. (1918), pp. 235-257.

P. J. Olver, Applications of Lie Groups to Differential FEquations, Springer-Verlag,
1986.

B. Palancz, Z. Benyo, and L. Kovacs, Control System Professional Suite, Product
Review, IEEE Control Systems Magazine 25 (2005), No. 4, pp. 67-75.

L. S. Pontryagin, V. G. Boltyanskii, R. V. Gamkrelidze, and E. F. Mishchenko, The
mathematical theory of optimal processes, Interscience Publishers John Wiley & Sons,
Inc. New York-London, 1962.

D. Richards, Advanced Mathematical Methods with Maple, Cambridge University
Press, 2002.

Yu. L. Sachkov, Symmetries of flat rank two distributions and sub-Riemannian struc-
tures, Trans. Amer. Math. Soc. 356 (2004), No. 2, pp. 457-494.

W. Sarlet and F. Cantrijn, Generalizations of Noether’s theorem in classical mechan-
ics, SIAM Rev., 23 (1981), No. 4, pp. 467-494.

S. Ya. Serovaiskii, Counterexamples in optimal control theory, Inverse and Ill-posed
Problems Series, VSP, Utrecht, 2004.

I. A. Taimanov, Integrable geodesic flows of nonholonomic metrics, J. Dynam. Control
Systems, 3 (1997), No. 1, pp. 129-147.

D. F. M. Torres, On the Noether Theorem for Optimal Control, European Journal of
Control, 8 (2002), No. 1, pp. 56-63.

D. F. M. Torres, A Remarkable Property of the Dynamic Optimization Fux-
tremals, Investigacdo Operacional, 22 (2002), No. 2, pp. 253-263. E-Print:
arXiv:math.0C/0212102

32



Paulo D. F. Gouveia, Delfim F. M. Torres

[25]

[26]

[27]

[28]

D. F. M. Torres, Conservation Laws in Optimal Control, Dynamics, Bifurcations and
Control, F. Colonius, L. Griine, eds., Lecture Notes in Control and Information Sci-
ences 273 (2002), Springer-Verlag, Berlin, Heidelberg, pp. 287-296.

D. F. M. Torres, Proper Extensions of Noether’s Symmetry Theorem for Nonsmooth
Extremals of the Calculus of Variations, Communications on Pure and Applied Analy-
sis, 3 (2004), No. 3, pp. 491-500. E-Print: arXiv:math.0C/0302127

D. F. M. Torres, Quasi-Invariant Optimal Control Problems, Portugalise Mathematica
(N.S.), 61 (2004), No. 1, pp. 97-114. E-Print: arXiv:math.0C/0302264

D. F. M. Torres, Weak Conservation Laws for Minimizers which are not Pontrya-
gin Extremals, Proc. of the 2005 International Conference “Physics and Control”
(PhysCon 2005), August 24-26, 2005, Saint Petersburg, Russia. Edited by A.L. Frad-
kov and A.N. Churilov, 2005 IEEE, pp. 134-138. E-Print: arXiv:math.0C/0503415

33



