ESAIM: PROCEEDINGS, March 2012, Vol. 35, p. 184-190
Fédération Denis Poisson (Orléans-Tours) et E. Trélat (UPMC), Editors

A PROBLEM OF OPTIMAL CONTROL WITH FREE INITIAL STATE.

MOHAMED AIDENE! AND KAHINA LOUADJ?

Abstract. We are studying an optimal control problem with free initial condition. The initial state
of the optimized system is not known exactly, information on initial state is exhausted by inclusions
xo € Xo. Accessible controls for optimization of continuous dynamic system are discrete controls
defined on quantized axes. The method presented is based on the concepts and operations of the
adaptive method [9] of linear programming. The results are illustrated by a fourth order problem,
efficiency estimates of proposed methods are given.

1. INTRODUCTION

Problems of optimal control (OC) have been intensively investigated in the world literature for over forty
years. During this period, series of fundamental results have been obtained, among which should be noted
maximum principle [1] and dynamic programming [2]. For many of the problems of the optimal control theory
(OCT) adequate solutions are found [4, 5, 7, 8]. Results of the theory were taken up in various fields of science,
engineering, and economics.

The aim of this paper is to solve a problem of optimal with free initial state. The problem has the following
sense, the initial state of the optimized system is not known exactly, information on initial state is exhausted
by inclusion xg € Xy, by analogy with the theory of filtration, we say that the set Xy is a priori distribution of
the initial state of the control system.

The paper has the following structure: In section 2, the canonical OC problem is formulated. And the
definition of support is introduced. Primal and dual ways of its dynamical identification are given. In section
3, the value of suboptimality is calculated. For this result is deduced, Optimality and e-Optimality criteria are
formulated in section 4. In section 5, Numerical algorithm for solving the problem ; three procedure can be
distinguished in iterative process: change of control, change of a support, final procedure.

2. STATEMENT OF THE PROBLEM

Let us consider the optimal control problem for a linear system at the time interval T = [0, t*]:
dz(t*) — max (1)
t=Az+bu,z(0)=2€ Xg={z€R", Gz=r, d.<z<d"}, (2)
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H‘T(t*):gv (3)

fx <u(t) < f*, teT=][0,t"]. (4)
Here z € R™ is a state of control system (2); u(.) = (u(t),t € t),T = [0,t*], is a piecewise continuous function;
A€ R™™ b,ceR"; g€ R™*" rankH = m < n; f., f* are scalars; di = (duj,j € J),d" =d*(J) = (d},j € J)
are n—vectors; G € R™>™" rankG =1 < n,y € RLT = {1,....m},J = {1,....n}, L = {1,....,1} are sets of
indices.
By using the Cauchy formula, we obtain the solution of the system (2) :

t
2(t) = F(t)(= + / F1(@)bu(9)do),t € T, (5)
0
where F(t) = et t € T = [0,t*] is defined by the relations: { 113:26)) i?F(t) ’

Substituting (5) into (1) — (4), we obtain the following equivalent formulation of the problem:

dz+ /0 c(t)u(t)dt — max, (6)

D(1,J)z —|—/ e(t)u(t)dt = g, (7)
0

G(L,J)z =7, di <z <d*, (8)

fe<u®) < fhteT, (9)

where ¢ = 'F(t*), c(t) = /F(t*)F~1(t)b, D(I,J) = HE(t*), ¢(t) = HF(t*)F~1(t)b.

A pair v = (z,u(.)) formed of an n—vector z and a piecewise continuous function u(.) is called a generalized
control.

A generalized control v = (z,u(.)) is said to be an admissible control if it satisfied the constraints (2)-(4).

An admissible control v° = (2°,4°(.)) is said to be an optimal open-loop control if a control criterion reaches
its maximal value J(v°) = max, J(v).

For a given ¢ > 0, an e—optimal control v® = (2°,u(.)) is defined by the inequality J(v?) — J(v¥) < €.
Choose an arbitrary subset Tp C T of k < m elements and an arbitrary subset Jg C J of m + [ — k elements.
Form the matrix

D(I,JB) (p(t),tETB
Pp = (10)
G(L, Jg) 0

A set Sp = {TB, Jp} is said to be a support of problem (1) — (4) if detPg # 0.

A pair {v, Sp} of an admissible control v = (z,u(.)) and a support Sp is said to be a support control. A
support control {v, Sp} is said to be primally not degenerate if d.; < z; < d,j € Jp, f« <u(t) < f*,t € T.
Let us consider another admissible control 7 = (z,u(.)) = v + Av, where
Z=z+Az7a(t) = u(t) + Au(t),t € T, and let us calculate the increment of the cost functional
AJ(v) = J(@) = J(v) = & Az + [, c(t)Au(t).

Since
D(I,J)Az + [, (t)Au(t) = 0, and G(L, J)Az = 0,
then the increment of the functional equals:

AJw) =@ —v ( g((lj',: i]]% ))Az + Jrer(p(t) — Ve(t)) Ault)
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where v = ( Yu > € R™*t y, € R™, v, € R' is a function of the Lagrange multipliers called potentials, is

z

calculated as a solution to the equation: v/ = ¢j3Q, where Q = P3', qp = (¢;,j € Jp,c(t),t € Tp). Introduce an

(L;)((i: L}% ) —&, and a function of cocontrol A(.) = (A(t) = v,o(t)—c(t),t € T).

By using these notions, the value of the cost of functional increment takes the form:

n-vector of estimates A = 1/ (

AJ(v) =A Az — A(t)Ault). (11)

teT

A support control {v, Sg} is dually not degenerate if A(t) # 0,t € Ty, A; #0,j € Jg, where Ty =T/Tg, Jug =
J/JB.

3. CALCULATION OF THE VALUE OF SUBOPTIMALITY

The new control T(t) is admissible, if it satisfies the constraints:

di —2 <Az <d" —z; fu—u(t) < Au(t) < f*—u(t),teT. (12)

B=B,5S8) =35t Di(z — duj) + Xje s Dj(z — ) + [iers AR (t) = f2) + [rer- AW (ult) — f7)
where

TH={teTy,A(t) >0}, T~ ={t €Ty, At) <0}, Jy ={j € Ju,A; >0}, J;=1{j€ Ju,A; <0}
The number (v, Sp) is called a value of suboptimality of the support control {v, Sp}.

From there, J(7) — J(v) < (v, Sp). Of this last inequality, the following result is deduced:

4. OPTIMALITY AND &-OPTIMALITY CRITERION [5]

Theorem 4.1. Following relations:

u(t) = f., if A(t) > 0

u(t) = f*, if A(t) <0
fo<ult) < f*, fAG)=0,teT
Zj:d*j, ifAj>0

25 = d;, if Aj <0

d*jSZde;, ifAjZO,jEJ.
are sufficient, and in the cases of non-degeneracy, they are necessary for the optimality of support control

{v, SB}

Theorem 4.2. For any € > 0, the admissible control v is e—optimal if and only if there exists a support Sp
so that B(v,Sp) <e.

5. NUMERICAL ALGORITHM FOR SOLVING THE PROBLEM

Supposing € > 0 is a given number and {v, S} is a known support control that does not satisfy optimality
and e— optimality criterion. The method suggested is iterative, its aim is to construct an e— solution of problem
(1) = (4). As the support will be changing during the iterations together with an admissible control it is natural
to consider them as a pair. The iteration of the method is to change initial support control {v, Sg} for the
"new” {7, Sp} so that B(v,Sp) < B(7, Sg). Three procedures can be distinguished in iterative process:

(1) Change of an admissible control v — .
(2) Change of support S — Sp.
(3) Final procedure.
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5.1. Change of control.

Let us consider a3 > 0,9 > 0,h > 0, 4 > 0 parameters of the method, and we set up the following sets:
Jo={jeJ  |Aj|<ah, Jo={jeJ:|Aj|>a}, To={teT  |AQW)| <ar1},Tu ={t €T : |A®X)| > o},
where |Jo| = K, and subdivide Ty into subintervals [r;, 7¢[,i = 1, N;7; < 7%, T = Ufil[n, 7, 7" — 7, <h,Tg C
{7:,i =1, N}, u(t) = u; = const,t € [1;,7'[,i = 1, N.

A new admissible control T = (Z,%(t),t € T') so that:

{ Zj=2z;+ HAZj, jedJ (13)
u(t) = u(t) + 0Au(t), teT,
Here
di —zj, ifA; < - ff=u), ifAl)<-—a;
AZj = d*j — Zj, ZfAJ > aa,] € Js Au(t) = f* — ’U,(t), ’LfA(t) > aq,t €Ty
0, ifA;=0,7€Jy, u; = const, ift € [r, 7, i=1,N,t¢e T.

We introduce the parameter vector: I; = Ou;,i = 1, N, h; = kAz;,j € Jo, hg+1 = k, and define these quantities:
gi = — f:l A(t)dlf,i = 1, N,gN+1 = — fT A(t)Au(t)dt,

¢ = —f: o(t)dt,i = 1,N,pny1 = —fT* pt)Au(t), ¢j = —AjJ € Josqr+1 = Y ey, —AjAz5,5 € Jy,
Dj = D(I,]),] S JQ,DK+1 = EjGJ* D(I,])AZ],

fui = fo —ui ff = =i = LN fang1r = 0, fy = 1, doj = du — 2j,d5 = d* — 2j,j = LK, duws1 =
0,diyy = 1.

In order to find (hj,l;),j =1, K +1,i =1, N + 1, we formulate the mathematical programming problem:

N

AJ(v) = ZjeJou{K—i-l} qh; + Ziil gils — maxp, 1.,
X N+1

> suir+1y DU 3)h; + St gl =0,

> jesuir+1y G g)h; =0, (14)
f*igligfi*a i=1,N+1
duj > hy > d3, j=1,K+1.

Problem (14) is solved by adaptive method. As a result, we obtain an e— optimal support plan (h5, [, JB,TB).
The new control (Z,%(t),t € T') are constructed according to the rules:

= _ )zt hknlz, je .
ZJ_{ Zj+hja 7 € Jo. (15)
Here

o ou(t) +ing1Au(t), teT,

) = { u(t) + i, teln,ri=1,N. (16)

It is clear that J(v) > J(v).
e If K+1¢ Jpand txy1 ¢ Tp, then we put:

SB = {jB :7B,TB :TB}.

e If not, we would have the following cases:
(1) f K+1¢ Jp and tyy1 € Tp , we exclude index N + 1 from the support in the following way:
Let be: A(t) = A(t) + 0d(t), where o is the maximal dual step and §(¢) the direction . Let us
determine 4, so that: o(t,«) = mino(t;),t; € Ty, with
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07 on TB/{tN+1}7
_ [ —A)/0(t), i Ati) x 6(ti) < 0,6(t:) #0 _ o p
o) = { 2 e A

5(t) = o Pglo(t),t € T.

Then a new support is: Jg = Jp;Tp = (Tp/{tn11}) U {tix}.

(2) if K+1€ Jpand tyy1 ¢ T, we exclude index K + 1 from the support in the following way: Let
be: A; = Aj+ 06, where o, is the maximal dual step and §; the direction
Let us determine j. so that: oj, = minoj,j € Jgu,

0, onJg/{K+1}

with o = 4 ~R/0 A x8 <0620 o) T
J +00, otherwise. j ’1 i EJ = d:v
) i = .
85 p—1 D(Ivj) .
5] _5BPB ( G(L J) 5] EJ

Then a new support is: Jp = (JB/{K+ 1Hu{ih T =Thp.
(3) The last case will be if K +1 € Jp,ty.1 € T, )
the new support will be: Jp = (Jp/{K +1})U{j.}; T = (Tr/{tn+1}) U {ti}.

At this stage, let us denote the new support Sp, construct the support matrix P(g B) and check that it is not
singular. Let us calculate the new suboptimality estimate 5(v, Sp).

o If 5(7, 5’3) =0, then 7 is an optimal control.

o If 3(9,Sp) < e, then T is an e— optimal control.

e otherwise, we perform either a new iteration with {7, §B},61 < ai1,@y < ag,h < h or the procedure
change of support.

5.2. Change of support.

let us assume that for the new control 7, we have §( Sp ) > €, then we perform change of support. By using
), t

v,
support Sp, let us construct the quasi-control o = (2, it

l eT):
dj* if4j>0 f*, lfA( )<O
=1 d if Aj <0 a(t) =< f*, if A(t) >0
€ [dj.,d;] ifA;=0,j€] efef] HAW@)=0,teT,
(

S D(I,.J) i
_ I _ ) r_ ) o
where: A(t) = =/ (t)b,t € T,A' = (Aj,j €J) =v < G(L,J) > c.
Here, w(t),t € T, the solution to the adjoint system corresponding to Sp. Let us the quasi trajectory corre-
sponding x = (X( ).t €T),x(0) =z € X of the system x = Ax + bt, x(0) = z € Xj.
It D(I,J)z + [} p(t)a(t)dt = g, G(L, J)3 =,
then v is optnnal control and if
DU, D)+ [ e@ilt)dt # g.G(L, )% £,
then construct a vector A(Jg, Tg) as follows
G P DU,z + [ at)ydt — g P 1, D(I,J)z+ [
P(Sp)-AJB,TB) = 0 XJB,TB) = Pz (S ’
(SB) - \JB,TB) ( G(LJ)z— ) (JB,TB) B(B)< 1]
Now, we studies the following cases:
o If || /\(JB, TB) |= 0, then the quasi-control ¢ is optimal for the problem (1) — (4).
o If || /\({B,TB) ||> p, then let us change a support Sp to Sp by dual method.
o if | A(JB,TB) ||< u, then we perform final procedure.
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Let us calculate the new suboptimality estimate 3(7, Sp):
1. If 3(v, Sp) = 0, then the control T is optimal for problem (1)-(4) .
2. If 3(7,8p) < &, then the control T is e-optimal for problem (1)-(4) .
3. If 5(v, SB) > ¢, then we perform the next iteration starting from the support control {7, SB}.

5.3. final procedure.

Let us assume that for the new control 7, we have (7, S B) > . With the use of the support S we construct
a quasicontrol v = (Z,u(t),t € T) :
_ d; if A; >0 _ fo, ifA@) <0
5= 4 ifA; <0 W= iAr >0, teT

E[dj*,d;f] lfAJ:O,jEJ ’ ’ '
It D(I,J)2+ [y e)a(t)ydt =g, G(L,.J)z =7,
then ¥ is optimal, and if
D(I,J)Z+ [y e(t)a(t)dt # g, G(L,J)Z # 7, o
then denote T° = {t;, i = 1,s}, s = |Tg|. Here, t;, i = 1, s are zeroes of the optimal cocontrol A(t) = 0,t €
T; tg =0, tsy1 = t*. Suppose A(t;) #0, i=1,s.
Let us construct the following function:
s * ” e e . A t;
1(0) = ( D(I,Jp)2(J) + D(I, Ju)2(Ju) + Yo (L4l — L5 LosignA(t:) [ e(t)dt — g )
G(L, JB)Z(JB) + G(L, JH)Z(JH) -y

zj = d;J;dj* - d;;dj*signAj, jeJy.
The final procedure consists in finding the solution ©% = (t2,i = 1, s; z?,j € Jp) of the system of m+[ nonlinear
equations

f(©)=0. (17)

We solve this system by the Newton method using as an initial approximation the vector ©(©) = (t;, 1 =
1,s:%5,7 € JB).
—10k
The (k + 1) approximation ©*+1) equal: ©F+D = @®) + AQ®), AWK = —%&U) - few),
Let us compute the Jacobi matrix for equation (17)

— )signAE ) o(t™Y, i =T 5
ore®) D(1,JB) (fe = [*)signA@; " )pt,), i=1,s
00k
G(L,Jp) 0
As detPp # 0, we can easily show that
af(©”)

For instants ¢ € Tz there exists a small x> 0 that for any ¢; € [t; — u, t; + ], i = 1, s, the matrix (¢(t;),i = 1, s)
of(0™)
WX “gem 18 a .
leave the p-vicinity of t;, i = 1,s. Vector ©F) is taken as solution of equation (17) if || f(©%*)) ||< n, for a
given 7 > 0. So we put #° = §*"). The suboptimal control for problem (1)-(4) is computed as
0 .

z:, j€Jp 4 X _f .
7 = { 3;7 e Ju: ul(t) = % - %szgnA(t?), te[td, 9 [, i=1s.
If the Newton method does not converge, we decrease the parameter av; > 0,0 > 0,h > 0 and perform the
iterative process again.

is also not degenerate, if elements t® i = T.5k =1,2,.. do not

i

is not degenerate and the matrix
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6. CONCLUSION

An optimal control problem with free initial condition has been considered. Sufficient and necessary condi-
tions are derived to characterize the optimality of the current solution and an algorithm called the adaptive
method is described. This direct method of interior points allows in a finite number of iterations obtaining the
approximate or optimal solution. The innovation is the introduction of the final procedure based on the Newton
method’s, which converges quickly.
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