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ON SOME LINEAR-QUADRATIC OPTIMAL CONTROL
PROBLEMS FOR DESCRIPTOR SYSTEMS

G. KURINA

Abstract. The work deals with linear-quadratic optimal control problems with
constant coefficients when the state equation is unresolved with respect to the de-
rivative. In the first two problems, the performance index is the sum of the integral
of a quadratic form with respect to the control and quadratic forms with respect
to the differences between the output variable values in the fixed points and given
values. Two cases are researched, namely, when the initial value for the part of
the state variable is given and when additional constraints for boundary points of
the state variable are absent. For the third problem, output variable values in the
fixed points are given. The sufficient and necessary control optimality conditions
have been established for considered problems. The solvability of these optimal
control problems has been proved. The examples are given which show that the
necessary control optimality conditions are not valid under general assumptions. It
has been pointed out that the problems on smoothing and interpolating splines are
the particular cases of the studied optimal control problems.

Key words: linear-quadratic optimal control problems, descriptor systems, nec-
essary and sufficient control optimality conditions, solvability of optimal control
problems, interpolating and smoothing splines.

1. INTRODUCTION

For the last twenty years, many papers devoted to the study of optimal control
problems with state equation unresolved with respect to the derivative have been
published (see, for example, the reviews [1,2]). The most part of these publications
deals with systems with constant coefficients. The systems, unresolved with respect
to the derivative, are frequently named in the scientific literature as descriptor
systems. Linear-quadratic optimal control problems for descriptor systems with
variable coefficients have been studied in [3,4] under the most general conditions.

In the present work, linear-quadratic optimal control problems with constant
coefficients are studied when the state equation is

d(Ex(t) _

the output variable is

y(t) = Cx(t), (1.2)

This work was supported by the Royal Swedish Academy of Sciences. It was carried out while
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very grateful to Yishao Zhou arranging this visit and to Clyde Martin for the problem statement.
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and the performance index has the form

1N+1 1 T
Twg) = 5 3 (0lt) v o) =)+ 5 [ () Rupar, (13)
j=0

where (-,-) denotes the inner product in appropriate spaces, t € [0,T], to = 0,
Iny1=T,0<t1 <--- <ty <T;tj,j=1,..,N+1, are fixed; z(t) € X, y(t) € Y,
u(t) € U; X,Y,U are real finite-dimensional Euclidean spaces; F, A € L(X), B €
LU, X), Ce LX,)Y),F; € LIY), Re L(U); the operators F;,j =0,..., N + 1,
and R are symmetric, F; are positive semidefinite, and R is positive definite, the
elements y; €Y, 7 =0,..., N 4+ 1, are given.

In section 2, the value Ez(0) is given and Fy = 0. In section 3, the value Ex(0)
is free. In section 4, y(t;) are given, j = 1,..., N. The sufficient and necessary
control optimality conditions have been established for considered problems. The
solvability of these control problems has been proved. The examples, showing that
the necessary control optimality conditions are not valid under general assumptions,
are given in the ends of sections 2,3.

In section 5, it is pointed out that the problems on smoothing and interpolating
splines are the particular cases of the optimal control problems studied in sections
3,4.

The illustrative examples are presented in sections 2 - 5.

The obtained results are unknown even for the case E = I.

It should be noted that the considered approach to solving problem (1.1)-(1.3)
from section 3, when E = I, is different from the method of solving a similar
problem from [5]. In contrast to [5], we do not assume that u(t), y;, j =1,..., N+1,
are scalar, the matrices diag(F1, ..., Fn41), C*FyC are positive definite and yg = 0.

The paper [6] deals with the necessary control optimality condition for non-
linear optimal control problems with the state equation resolved with respect to
the derivative, consisting in the closening of the object with fixed points in the
indicated order when resources are limited, the integral part in the performance
index is absent in this case. We note that the relations from [6] for determining
the adjoint variable in the maximum principle for linear quadratic problems are
different from the relations in this work.

The necessary control optimality condition for one optimal control problem with
the constraint for the state variable in an intermediate point was considered in [7].

We will assume that admissible controls u(-) are piecewise continuous functions
on [0,T] ensuring the solvability of a state equation with given conditions for the
state variable, trajectories z(+) of a state equation are piecewise continuous functions
satisfying the state equation almost everywhere such that Ex(-) are continuous. For
the definiteness we can suppose that control functions and further adjoint variables
are continuous to the right in the points of the discontinuity. Whent =0andt =T
we assume the continuity to the right and to the left, respectively.

Further, the asterisk with the notation of an operator denotes the adjoint opera-
tor for this operator.We denote by P and @ the orthogonal projectors of the space X
onto ker E and ker E* respectively corresponding to the orthogonal decompositions

X=kerE®ImE* =ker E*®Im FE.

By E; we will denote the inverse operator for the operator (I — Q)E(I — P) :
ImE* — ImE.



2. PROBLEM WITH FIXED FExz(0)

2.1. Problem statement
Let us consider the problem of minimizing the functional

v -
) = 5 3_0(6) =15 B 0() =) + 5 |t rupar 2

with respect to trajectories of the system
% = Ax(t) + Bu(t), (2.2)
Ez(0) = 2°, (2.3)
y(t) = Cx(t), (2.4)

where the element z° € Im E is given.

2.2. Sufficient control optimality conditions
Theorem 2.1 (sufficient control optimality condition). The control u.(-), given
by the formula

u.(t) = RT1B*y(t), (2.5)

where () is a solution of the problem

L) 4
B = — A1), t £ 1, (2.6)
E*((t; = 0) =(t; +0)) = =C*F(y.(t;) —y3), j=1,..N,  (2.7)

E*Y(T) = =C*"Fn1(y«(T) — yn+1)s (2.8)
y«(t) = Cai(t), x«(-) is a trajectory of system (2.2), (2.3) corresponding to the
control u.(-), is an optimal control for problem (2.1) - (2.4).

Proof. Let u(-) be an arbitrary admissible control and z(-) be a corresponding
trajectory, y(t) = Cx(t). Taking into account relation (2.1), we have

N+1
J(u,y) = J(us, ys) = % Z (y(t;) —ya(ts), F5 (y(t;) — y«(t5)))
T
3 /0 (u(t) — ua (£), R(u(t) — . (1))dt + A, (2.9)
where
N+1 T
A= 3B 0(65) = 15).9(0) ~ .0) + [ (R0 ult) — w0



Now we transform the expression for A using equalities (2.2) - (2.8) and the formula
of integration by parts

-

<
Il
—

A= —(E"Y(T),x(T) —z.(T)) + ) (=E*((t; = 0) = o(t; +0)), 2(t;) — w«(t;))

—I—/O (B*(t), u(t) — u.(t))dt

= ~(E"Y(D), 2(T) = 2.(T)) = Y _{E*(@(t; — 0) = ¥(t; +0),z(t;) — 2. (1))

Jj=

—

! d(Ex(t)  d(Bw.(t)
—/O (¥(t), Ax(t) — Ax*()>dt+/ (W(t), == - it

N
= = > (Bt = 0) = ¥(t; +0)),x(t;) — 2. (t;)

<.
Il
—

-

Il
N

+ ) ((t; —0) —¢(t; +0), E(z(t;) — z«(t;))) = 0.

j
As Fj, R are non-negative definite, then the optimality u,(-) follows from (2.9).
|

2.3. Necessary control optimality conditions

Now we give the conditions ensuring the unique solvability of system (2.6) - (2.8)
for the adjoint variable v (-) when y.(-) is fixed.

Furthermore, we suppose that the next conditions I, IT are satisfied.

I ImC*F; CImE*, j=1,.,N+1.
II.  The operator QAP : ker E — ker E* has the inverse operator (QAP)~!
ker E* — ker E.

If £ = I then condition I is fulfilled. Condition IT means that differential alge-
braic equation (2.1) has the tractability index 1. (The corresponding definition see,
for example, in [4].)

Lemma 2.1 Under conditions LII, system (2.6)-(2.8) with fized y.(-) is uniquely
solvable.

Proof. Taking into account conditions I, IT, we obtain from (2.6)-(2.8) the equalities
Qu(t) = —(PA"Q)™'PA™(I — Q)¥(1),
Al = Qu(t) _dcf)w(” = EL(I— P)A*(I— (PA*Q)"'PA")(I — Q)u(t),

(I = Q)U(T) = —EL(I = P)C"Fyn41(y(T) — yn+1),
(I =Q)(t; —0) = (I = Q)Y(t; +0) = —EL(I — P)C " F(y.(t;) —y;), j=1,...,N.
Considering the last system sequentially on the segments [tn, T, [tn—1,tN],- -,

[0,t1], when y.(¢) is fixed, it is not difficult to see that this system has the unique
solution. O

Now we show that the following theorem is valid.

Theorem 2.2 (necessary control optimality condition). Under conditions I, II,
an optimal control u.(-) for problem (2.1)-(2.4) is given by formula (2.5), where
¥(-) is a solution of system (2.6)-(2.8), y«(t) = Cx.(t), x.(-) is a corresponding
optimal trajectory.
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Proof. Let u(-) be an arbitrary admissible control and z(-) be a corresponding
trajectory, y(t) = Cx(t). We will find the expression for the difference J(u,y) —
J(usx,yx). Using relations (2.9), (2.4), (2.8), (2.7), (2.3), (2.6), (2.2), we have the
following sequence of the equalities

J(“’v y) - J(u*’ y*)

= — (E"Y(T),2(T) = (1)) = Y _(E*((t; = 0) = 9(t; +0)), a(t;) — @ (t;))

j=

+/0 (Rua(t), ut) = wo(t))dt + 5 > (y(t) = ya(ty), Fi(y(ty) =y (t))

=

:_/tN 4 B o). 2 —x*(t))dt—jz_;/tjjl LB (1), a(t) — . (1)t
ty N
= [ G a0 — m )t =SB +0) B lt; = 0).a(t) — (1)
N " T
= DB (= 0) = bt + 0)a(t) — (1) + [ (Ru(e)ute) = .o
]1_N+1 1 (7
2 (0lt) = 06 o) — 9 5)) + 5 [ (ult) = (), Blu(t) — . (0) e
j=1 0

1 RCTORTORIRG RS 3 (t) = 206 5 (005) =5 0)
3/ " {u(t) — wa(6), BLu(t) — (1))

-/ (Ruslt) = B (0),u(t) — w0}t + 1 J§<y<m 0o (), B (y(t,) — 9.(8,)
3/ " {u(t) — e 0), B(t) — a6t

Using standard arguments, we obtain from here that Ru.(t) — B*1(t) = 0. The
theorem is proved. O

2.4. Solvability of problem following from control optimality condition
Let us introduce the notation S = BR™!B*.
Theorem 2.3 If conditions I, II are satisfied, then the system

d(ETi(t)) — Ax(t) + Su(t), (2.10)
5



Ex(0) = 29, (2.3)

E* dlfl(t) _ AT, £, (2.6)

E*)(T) = —=C"Fny1(Cx(T) — yn+1), (2.11)

E*(y(t; — 0) —(t; +0)) = —C*F;(Cx(t;) —y;), j=1,..,N, (2.12)

has the unique solution.

Proof. At first, we establish the uniqueness of the solution, i.e. we prove the absence
of a non-trivial solution for system (2.10), (2.3), (2.6), (2.11), (2.12), when z° =
0, y,=0, j=1,.,N+1

So, we assume now that z° = 0, y; =0, j=1,...,N+ 1. We multiply
equation (2.10) scalarly by ¢(t) and we multiply equation (2.6) scalarly by x(t).
After adding the obtained results we have

D (et v)) = (500, 0(0), 1 #1;.

Integrating this equality consecutively with respect to the segments [t;,t;11],
7 =0,..., N, and adding the obtained results, we have
N o rtin d T
> [ G0 = [ (suw. v
j=0"t;

From here, using equalities (2.11), (2.12), we obtain

N N
S (B @), $ )], = D (@), Bt — 0) = (2(t), B (t; +0))
§j=0 =0
:Z ti41)s E¥ (i1 — 0) — > (a( P(t; +0))
7=0
N+1 N
= Z Yt —0)) = Y (a( P(t; +0))
= . 7=0
=(z(T) +Z Uty —0) —(t; +0)))
N+1 " T
== 3 {elt), O FiCa(t) = / (59(0), (1))t

As F}, S are non-negative definite, from the last relation the next equality follows

Sy(t) =0
Then we obtain from (2.10), (2.3) the system
d(Ex(t))
dt
which has, in view of condition II, the unique solution

x(t) = 0.
Now, from (2.6), (2.11), (2.12), we obtain the system

W) ‘
E 7__14 w(t)’ t#t]a
6

= Az(t), Exz(0)=0,



E*(T) =0, E*((t; —0) —(t; +0) =0, j=1,..N,

which has, in view of condition II, the unique solution

P(t) =0.
The uniqueness of the system (2.10), (2.3), (2.6), (2.11), (2.12) solution is proved.
In view of condition II, system (2.10), (2.3), (2.6), (2.11), (2.12) is reduced to
the linear system resolved with respect to the derivative. Namely, we obtain from
this system the relations

W= guape s bt

+EL(I - Q)SQY + EL (I — Q)S(I — Q) (2.13)

0=QAPz + QA(I — P)z + QSQv + QS(I — Q), (2.14)

(I — P)x(0) = B4 (I —Q)z°, (2.15)

=P QY (1 pyagu- - PIA Q. 41, (210
0=PA*Qy + PA*(I — Q)¥, (2.17)

(I =P E(I-QT)=—(I—-P)C"Fni1(C(I = P)z(T) —yn+1),  (2.18)
(I = P)E*((I = Q)y(t; —0) — (I = Q)¥(t; +0)) (2.19)

= —(I - P)C*FJ(C(I - P)a?(tj) - yj)7 j = 17 7]\/v
Here we have used the relations F;CP =0, j =1,...,N + 1, following from
condition I. For brevity, the argument ¢ is omitted in (2.13), (2.14), (2.16), (2.17).
In view of condition II, we can express Q¢ by (I — @)y from (2.17) and Px by
(I — P)x,Qv, (I — Q)Y from (2.14). Substituting the expressions for Qv, Pz into
(2.13), (2.16) we obtain from (2.13)-(2.19) for v = (I — P)z,w = (I— P)E*(I — Q)¢
in the space ImA* x ImA* the system of the form

d ~ .
d—?:Av—&—Sw,

dw .
E =-A w, t 7é tj,
v(0) =v",  w(T) = ~Fo(T) = gn+1,
w(t; —0) —w(ty +0) = —Fjo(t;) = F;, j=1,...N.
The last system has the unique solution as the corresponding homogeneous system
has the trivial solution only (We have shown it earlier). The theorem is proved. O

2.5. Necessary control optimality condition is not valid in general case

In this section we will show by the example that the necessary control optimality
condition from Theorem 2.2 is not valid for general descriptor systems. We consider
the initial value problem

dx
Gt m0)=,
d
—;; =xp—w3+u, 2(0)=0, (2:20)

02—33‘2

for z(t) = (z1(t), 22(t), v3(t))T € R3, te[0,1], 2 €R.
7



The descriptor system (2.20) is regular with index 2. For every piecewise con-
tinuous function u(-) we have an unique solution

t
xy(t) =29 + 2/ u(s)ds,
0

zo(t) =0, (2.21)
xz3(t) = u(t), te]l0,1].

It should be noted that the example, showing that the sufficient optimality con-
dition is not necessary, has been given in [8] for the linear-quadratic problem with
a standard performance index. In contrast to [8], we consider the minimized per-
formance index of the form

L o

J(u, ) = J(u) = 5951(%) + %xf(l) + %/0 u?(t)dt (2.22)

which has the special property to be also a cost function for the controlled explicit
ordinary differential equation
dl‘l
dt
Consider p(-) € PC([0,1],R) to be the adjoint variable for the problem (2.22),
(2.23).We write the problem for the adjoint variable from Theorem 2.1

=2u, x1(0) =z (2.23)

du(t) 1
a0 7y
u(1) = —21.(1), (2.24)

1 1 1
o(3-0) (g +0) == (3).
Here wehave N=1,T=1,E=1,A=0,B=2,C=1,F1=F,=1,R=1,t; =
L. 1 =12 =0, z1.(t) is a trajectory corresponding to the control

2
uy (t) = 2u(t).
From system (2.24) we obtain the relations

(2.25)

where ¢; and co are constants.
Then the trajectory z1.(-) is a continuous solution of the system

dry, {401, 0<t<i,

dt 4o, <t <1,
21.(0) = 9.
As the function x1, must be continuous, from the last system we have
0 af + dert, 0<t<y,
21.(t) =
! x?+2(01—02)+402t, %gtgl.

8



From here, taking into account (2.25), we obtain the system with respect to c1, ca

ey = —af — 2(c1 — ¢2) — 4dea,
c1—Cy = —:z:? — 2c3.
Hence
4 1
CcC1 = _ﬁx?’ Coy = _ﬁx?
So, the control problem (2.22), (2.23) has the solution
8
—ﬁx?, 0<t< -,
ug(t) =
2o 1 <t<1
nr og=t=0
16 1
1——t)f, 0<t<=
(1= 3gte1, 0sts<g,
21 (t) = (2.26)
1 1
—(5—4t)2l, =<t<1
11 Jol, zstsl,
J(u) = —(a))?
ot

It is obvious that the control function wu, is also an optimal control for the
optimization problem (2.20), (2.22). The corresponding optimal trajectory can be
found from (2.21).

Now we write the problem (2.6)-(2.8) for the adjoint variable 1)(¢) = (¢1(t), ¥2(t),
¥3(t))T € R3 corresponding to the problem (2.20), (2.22)

i
dt ’
d
% = 71102 + 1/)37
0= 711)1 + 1/}25 3 7& %a (227)

NI I )
o <%0)1/12 <%+0> =0,

P1(1) = —21.(2), (2.28)
(1) = 0. (2.29)
0 0 1
Here N=1, T =1, E=diag(1,1,0), A=[0 1 —1],
0 -1 0
1 1
B=|1]|, C=1, F, =F,=diag(1,0,0), t = 3 V1= = (0,0,0)7.
0

It is not difficult to see that the equality (2.27), when ¢ = 1, contradicts in

the general case to the relations (2.28), (2.29), (2.26), as if 29 # 0, then (1)
1



Thus the optimal control problem (2.20), (2.22) has a solution but for z¢ # 0
the problem for the adjoint variable from Theorem 2.1 is not solvable, i.e. in this
example for 2§ # 0 the necessary control optimality condition from Theorem 2.2 is
not valid.

It should be noted that for the problem (2.20), (2.22) the condition II from
Theorem 2.2 (necessary control optimality condition) is not valid. Indeed , we

0
have for this problem KerFE = KerE* = 0],aeR,, P=Q = diag(0,0,1).
a
Therefore, QAP = 0.
Remark 2.1. Some results from this section, when F = I, are announced in

[9]-
3. PROBLEM WITH FREE Fz(0)

3.1. Problem statement
Let us consider the problem of minimizing the functional

T =5 3 0 - 35, Fot) - 35 + [ worapar

with respect to trajjzztories of the system
@ — Ax(t) + Bul(t), (3.2)
y(t) = Cx(t). (3.3)

3.2. Sufficient control optimality conditions
Theorem 3.1 (sufficient control optimality condition).  The control u.(-),
given by the formula

u.(t) = R™'B*y(t), (3.4)

where () is a solution of the problem

E*%@ — AT, L £, (3.5)

EW(O) = C*FO(y*(O) - y0)7 (36)

E*(Y(t; —0) —(t; +0)) = =C*"F(y«(t;) —v;j), j=1,...,N, (3.7
E*Y(T) = —C"Fnt1(y«(T) — yn+1)s (3-8)

y«(t) = Cai(t), x.(-) is a trajectory of system (3.2) corresponding to the control
ux(+), is an optimal control for problem (3.1) - (3.3).

Proof. Let u(-) be an arbitrary admissible control and z(-) be a corresponding
trajectory, y(t) = Cx(t). Taking into account relation (3.1), we have

N+1
T 9) — T = 5 S0 (0lts) — (1), By (t5) — 9.(47))
LT §=0 (3.9)
43 | ) = o). Rute) w0t + A



where

Now we transform the expression for A using equalities (3.2) - (3.8) and the formula
of integration by parts

N
A =(E*$(0),2(0) = 2.(0) + Y _(=E*((t; — 0) = ¢(t; +0)), x(t;) — 2. (t;))

j=1 .

—(B(T), 2(T) - 2.(T)) - / (W (8), Ax(t) — Aw.(£))dt
N o ptim

+Z — Ex,(t tj:—loo Z/ dz/}( S Ba(t) — Ba.(t))dt
j=0 "t

:—/O (w(t),A(a:(t)—x*(t))>dt+/O (A8, 2(t) — 2o (£))dt = 0.

As Fj, R are non-negative definite, then the optimality w,(-) follows from (3.9).
O

3.3. Necessary control optimality conditions
Theorem 3.2 (necessary control optimality condition). Let u.(:) be an optimal
control for problem (3.1)-(3.3), condition II is satisfied, system (3.5)-(3.8), where
Yy« (t) = Ci(t), x.(-) is an optimal trajectory, has a solution ¥ (-). Then wu.(-) is
defined by formula (3.4).

Proof. Let u(-) be an arbitrary control and z(-) be a corresponding trajectory,
y(t) = Cx(t). It should be noted that if condition IT is valid then any piecewise
continuons on [0,T] function with values in U is an admissible control.

11



Taking into account equations (3.5), (3.2), we obtain the equalities

N

Z/t‘jﬂjt Z/ﬁl dw E >+<¢(t)7 dECZ(t)>)dt

j=0"Y1ti

So we have the identity

T N
—/O (B* (1), u(t))dt + (E*¢(T), (1)) + Z<E*(¢(tj = 0) = ¥(t; +0)),2(¢;))
—(E*(0), z(0)) = 0. (3.10)

If we use this identity for the pair (u.(-),z«(+)) and subtract the obtained identity
from (3.10) we will have the following identity

T
/O (B4 (t), u(t) — ux(t))dt + (E"P(T), (T) — 2.(T))

N

+Z (E*(4(t; = 0) = 9(t; +0)), 2(t;) — z«(t;)) — (E7(0),2(0) — 2.(0)) = 0.

In view of the last identity and (3.3), (3.6) - (3.8), we obtain from (3.9) the following
relation

I(u,y) = J (s, y.) = /0 (Ru.(t) — B 4 (t), u(t) — u.(t))dt

N+1

i3 Z ) Fy0lt) =951 + 5 [ () = (0 Rl(t) = 0.

As u,(-) is an optimal control then the last expression must be non-negative
for every control u(-) and corresponding values z(t;),j = 0,...,N + 1. We take
Ex(0) = Ex.(0). Then for sufficiently small values u(t) — u.(t) we must have

/O (Ru(t) — B*(t), u(t) — u.(t))dt > 0.

From here the relation (3.4) follows.
The theorem is proved. O
12



3.4. Solvability of problem following from control optimality condition
Let us use the previous notation S = BR™!B* and assume that the following
conditions I’, III are fulfilled in addition to condition II.
' ImC'F;CImE* j=0,.,N+1.
III. The operator FyC(I — P) : Im E* — Y is injective.
Theorem 3.3 If conditions I’, II, III are satisfied, then the system

‘“ET”;“)) — Aa(t) + Sv(t), (3.11)

B dlz(t) _AT(), t A, (3.12)

*1h(0) = C* Fo(Cx(0) — o), (3.13)

E*(1/)(tj —-0)— (t +0))=-C*F, ( ( ) — ) 7=1,..,N, (3.14)
E* (1) = =C"Fn1(C2(T) — yn+1) (3.15)

has an unique solution.

Proof. We use the scheme of the Theorem 2.3 proof. At first, we establish the
uniqueness of the solution, i.e. we prove the absence of a non-trivial solution for
the last system when y; =0, 7 =0,...,N +1.

So, we assume now that y; =0, j=0,...,N + 1. We multiply equation (3.11)
scalarly by ¢ (t) and we multiply equation (3.12) scalarly by z(t). After adding the
obtained results we have

& (et w)) = (500, 0(0), 1 #1;.

Integrating this equality consecutively with respect to the segments [¢;,t;41], J =
0,...,N, and adding the obtained results, we have

N

tit1 g T
Z/t 3 \Fr @), W»dt*/o (Sw(), (t))dt.

j=0"1ti

From here, using equalities (3.13) - (3.15), we obtain

N N+1 N
S (B (@), v = D (), Bo(t; — 0) = > b(t; +0))
Jj=0 j=1 =0

N+1 -
== 3t CFCr () = [ (Sue). vl
§=0

As F}, S are non-negative definite, from the last relation the next equalities follow
S’L/J(t) =0, Fij(tj)zo, 7=0,.. ,N+1.
Then we have for z(t) the problem

d(Ex(t))

o =Aa(t), FiCx(t;) =0, j=0,...N+1
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In view of condition I, the following equality is valid F;C'P = 0. Then, using
the condition III, we obtain (I — P)z(0) = 0, hence, taking into account condition
II, we have the unique solution

x(t) = 0.
Now, from (3.12) - (3.15), we obtain the system
dip(t

E*9(0) =0, E"(¢(t; —0) —=(t; +£0)) =0, E"Y(T) =0,

which has, in view of condition II, the unique solution
P(t) = 0.

The uniqueness of the system (3.11) - (3.15) solution is proved.

In view of conditions I’, IT, system (3.11) - (3.15) is reduced to the linear system
resolved with respect to the derivative. Namely, we obtain from this system the
relations

d(I — P)x
dt
TEL(I - Q)SQy+ EL(I - Q)S(I - Q),
0=QAPz+ QA(I — P)x+ QSQy + QS(I — Q)v,
a-PE o paqu- - PAU-Qu. 141,
0=PA"Qy + PA* (I — Q),

(I =P)E*(I = Q)y(0) = (I = P)C"Fo(C(I = P)x(0) = yo),
(I=P)E*((I=Q)¢(t; —0) = (I =Q)¢(t; +0)) = —(I = P)C"F;(C(I = P)a(t;) = y;),
j=1,..,N,

(I =P)E*(I = Q)p(T) = =(I = P)C*Fn 1 (C(I = P)x(T) — yn+1)-

Here we have used the relations F;CP =0, j =0,...,N + 1, following from
condition I'. For brevity, the argument ¢ is omitted.

In view of condition II, we can express Qv by (I — Q) from the fourth equation
of the last system and Pz by (I — P)z, (I — Q)v using the second equation of the
last system. Substituting the expressions for Qv, Pz into the first and the third
equations of the last system we obtain for v = (I — P)z, w= (I —-P)E*(I—-Q)¢
in the space ImA* x ImA* the system of the form

dv

nglv—&—gw,

= E.(I - Q)APz + E,(I — Q)A(I - P)z

dw -
T —A*w, t#1,
w(0) = Fyv(0) — fo,
w(t; —0) —w(t; +0) = —Fu(t;) —g;, j=1,..,N,
w(T) = —Fn410(T) = Gin41-
The last system has the unique solution as the corresponding homogeneous system

has the trivial solution only (We have shown it earlier). The theorem is proved. O
14



3.5. Illustrative examples
At first, we consider two examples with state equation resolved with respect to
the derivative. The first simplest example has the obvious solution, which we will
find using Theorem 3.1.
Example 3.1. Let the state equation be

dx
- _9
ar -~ !

)

and the performance index be

J= 1(352(0) + 1:2(1) +22(1)) + %/0 u?(t)dt.

2 2
The system (3.5) - (3.8) in this case has the form
dy 1
% - 05 3 7£ 2’
$(0) = 2.(0),
1 1 1
B(1) = —.(1).

Here wehave N=1,T=1,F=1,A=0,B=2,C=1,Fy=F,=F, =1,
R=1,t; = %, Yo =y1 = y2 = 0, x.(+) is a trajectory corresponding to the control
() = 2¢(-).

From the system for adjoint variable we obtain the relations

W){cl, 0<t<,

e, 3<t<1,

c1 = x.(0),
(z)
€1 — C2 = —Tx 5/
co = —x4(1),

where ¢; and ¢y are constants.

Then the trajectory z, is a continuous solution of the system
dr, J4c, 0<1t< %,
dt |4, L<t<1

As the function x, must be continuous then from the last system we have
it :{01+401t, 0<t<i,
. 31 —2cx +4deat, L <t< 1
From here, in view of the relations for cq, ¢o, it follows
c1—cy = —c1 — 2cq,
Cco = —3c1 + 2¢9 — 4eo.

Hence ¢1 = ¢a = 0, and z.(t) = 0,u«(t) = 0,1(us) = 0. We have obtained the
result, which is evident, taking into account the form of the performance index and
15



the state equation in this example.

Example 3.2. The state equation is
dx
— = 2u,
dt
the performance index is

T = 5(((0) = 17 4 2(5) + 22(1) + %/O 2(2)dt.

System (3.5) - (3.8) in this case has the form

$(0) = 2.(0) — 1,
o(20) e (20) - (2).
(1) = —z.(1).

Herewehave N=1,T=1,E=1,A=0,B=2,C=1Fy = F, = F = 1,
R=1t = %, Yo = 1,41 = y2 = 0, z.(:) is a trajectory corresponding to the
control

wa () = 20().
From the system for adjoint variable we obtain the relations

ww:{q,0§t<g

e, 3<t<1,

where ¢y, ¢ are constants.

Then the trajectory z.(-) is a continuous solution of the system
dr, J4c, 0<t< %,
dt |4, L<t<1

c1 = x.(0) — 1,

01—02:—.’)’;*(

ca = —x.(1),

N~

As the function z,(-) must be continuous then from the last system we have
_ :{C3+401t, 0<
: cs+2(c1 —c2) +4deot, 3 <
From here, in view of the relations for cq, ¢o, it follows
cp =c3—1,
c1 — ¢y = —c3 — 2c1,
ca = —c3 —2(c1 — ¢2) — 4eo.

16



4 1 11

Henceq:—1—5,CQ:—E,C3:1—5,and
116 o<t<i
Lt 5 5’ -
o0 i—ét 1<t
3 157 2-"-7
8
——, 0<t< 3,
teld) ]25 l<t<i
52— =7
2
Hu-) = 3

Example 3.3. Now we consider the problem of minimizing the functional
1 1 e
J==((z1(0) = 1) + 2}(5) + 27 (1)) + = [ w?(t)dt
2 2 2 Jo
on trajectories of the regular descriptor system with index 2

dCL‘l +
— =X u
dt 3 )

dl‘g +
— =T — T u,
dt 2 3

0= —x2
for x(t) = (z1(¢), z2(¢), z3(t))T € R3¢t € [0,1].

It is not difficult to see that the solving this problem is reduced to the solving
the problem from example 3.2.

Using the solution from example 3.2, we obtain the solution of the considered
problem

11 16 1
xl*(t): % 41t 1oy
3omh 2SIt
.TQ*(t):O,
8
——, 0<t<3,
T34 (t) = ux(t) = ]25
-—, l<t<1’
157 2— —
2
I(uy) = —.
(we) = 75

Let us write the problem (3.5)-(3.8) for the adjoint variable 1(t) = (1 (¢), ¥2(t), ¥3(t))T

from Theorem 3.1 corresponding to the considered problem. Taking into account
the expression for x1,(t), we have

i _
dt ’

d
% = _¢2+¢3a

17



0=—tbitvn 15, (3.16)

4

P1(0) = 21.(0) — 1 = 5

$2(0) =0,
U1 (% 0> — 1 <%+0> = —T1x (%) :*1—35,
1 1
() (2e0) o

1

1/)1(1) = 71’1*(1) = 7E, (317)
Pa(1) = 0. (3.18)
0 O 1 1
HereN =1, T =1, E=diag(1,1,0), A=[0 1 -1|, B=[1
0O -1 0

. 1
I, Fyp = [} = F, = diag(1,0,0), t; = 3 Y0 = (1,0,007, oy = yo =

(0,0,0)7.

It is not difficult to see that the last system for ¥ (¢) is not solvable as the equality
(3.16), when ¢ = 1, contradicts to the relations (3.17), (3.18).

Thus the considered optimal control problem has a solution but the problem
for the adjoint variable from Theorem 3.1 is not solvable, i.e. in this example the
necessary control optimality condition from Theorem 3.2 is not valid.

It should be noted that for this problem (also, as in section 2.5) the condition II
from Theorem 3.2 (necessary control optimality condition) is not valid.

4. PROBLEM WITH GIVEN INTERMEDIATE POINTS

4.1. Problem statement
Let us consider the problem of minimizing the functional

Tus0) = o0 Py + 5 [ (), Ru(o) (11)
with respect to trajectories of the system
% = Ax(t) + Bu(t), (4.2)
Ex(0) = 2°, (4.3)
y(t) = Cx(t), (4.4)
y(tj)=y;, j=1,..,N, (4.5)

where the element 2° € Im E is given; F € L(Y) is a symmetric non-negative
definite operator.

4.2. Sufficient control optimality conditions
Theorem 4.1 (sufficient control optimality condition).  The control u.(-),
given by the formula
u.(t) = R™'B*y(t), (4.6)
18



where ¥(+) is a solution of the problem

B ddc)lit) =—A*Yt), t#t;, j=1,..,N, (4.7)
such that
E*((t; = 0) = é(t; +0)) € Im C*, (49)

y«(t) = Cai(t), () is a trajectory of system (4.2)-(4.5) corresponding to the
control u.(-), is an optimal control for problem (4.1) - (4.5).

Proof. Let u(-) be an arbitrary admissible control and z(-) be a corresponding
trajectory, y(t) = Cz(t). Taking into account relation (4.1), we have
1
J(w,y) = I (us, y2) = 5 W(T) = y:(T), F(yY(T) — y«(T)))
1

+3 /O ((t) — wa (), R(u(t) — ua(t)))dt + A, (4.10)

where
A = (Fy.(T), y(T) — yu(T)) + / (Ruua (), u(t) — wa (1)),

Now we transform the expression for A using equalities (4.2) - (4.9) and the formula
of integration by parts

A= —(E*)(T),z(T) — z.(T)) +/O (B*(t), u(t) — u.(t))dt

T
= (B0, a(r) () + [ (oo, W - A o) o o)
T
— (WD), a(T) (D) + [ 900, Ale.) = ottt
N T
Y0, Bl ~ O] [ ) — e
=0

T N
= /O ((1), Al (t) = 2(0))dt ++ Y _(W(t; —0) = 9(t; +0), B(x(t;) — z.(t;)))
j=1
+ Jo (A (1), 2(t) — 2. (t))dt = 0.
As F, R are non-negative definite, then the optimality w.(-) follows from (4.10). O

Remark 4.1. If we will consider the analogous problem of minimizing the
functional

1 /T
Tuw) =5 [ (). Ruteds (111)
0
with respect to trajectories of the system (4.2) under the given conditions
y(t;) = Cx(t;) =y;, j=0,..., N+1, (4.12)

then we have the following Theorem 4.2 the proof of which is similar to the Theorem
4.1 proof.

Theorem 4.2 (sufficient control optimality condition). The control u.(+),
given by the formula (4.6), where ¥(-) is a solution of problem (4.7), (4.9) such
that E*1(0), E*(T) € Im C*, y.(t) = Cx.(t), z.(-) is a trajectory of system (4.2),
(4.12) corresponding to the control u.(-), is an optimal control for problem (4.11),

19



(4.2), (4.12).

4.3. Necessary control optimality conditions
Theorem 4.3 (necessary control optimality condition). Let u.(-) be an optimal
control for problem (4.1)-(4.5), condition II is satisfied, system (4.7)-(4.9), where
Y«(t) = Cxi(t), z«(-) is an optimal trajectory, has a solution ¥(-) such that the
control R=YB*1(-) is admissible. Then u.(-) is defined by formula (4.6).

Proof. Let u(-) be an arbitrary admissible control and z(-) be a corresponding
trajectory, y(t) = Cx(t). We will find the expression for the difference J(u,y) —
J(us,ys«). Using relations (4.10), (4.4), (4.8), (4.3), (4.7), (4.2), (4.9), we have the
following sequence of the equalities

J(u,y) = J (s, y) = —(E*(T), 2(T) — 2.(T)) + /0 (Rux(t), u(t) — ua(t))dt

D) = D) F(T) = 0T + 5 [ () = a0 Rl(t) = .6t

2
= (BT a(D) ~ D)+ 3 [ G0, Bl — .
B /O D s(a), Ba(t) 1)) + /O (R (1), u(t) — ua (1))t
+0T) = D). F(T) =0T + 5 [ (ult) = a0 Rut) — o))
= [ (Rt = B0, ) — w0}t + S 0(T) = 7). Fu(T) = (7))
o3 | ) = o). Rute) = )i

As wu,(+) is an optimal control then from the last equality it follows that for an
admissible control u(-) sufficiently close to u.(-) we must have

/O (Ru(t) — B*(t), u(t) — u.(t))dt > 0.

It is not difficult to see from the formula for the solution of a linear non-homogeneous
differential equation that if u(-) = wu«(-) + du(-) is an admissible control, then
() + kdu(-) is also the admissible control for any real number k. Taking the
positive k and the negative k, we receive the contradiction with the optimality of
ux(+), if Ru*(t) # B*¢(t). Hence the theorem is proved. O

4.4. Solvability of problem following from control optimality condition
As earlier we will use the notation S = BR™1B*.
Let us assume that the following condition I” is valid.
I7. ImC* = ImE*.
Then the inclusion (4.9) is always true.
Theorem 4.4 If conditions I”, II are satisfied, then the system

d(Ex(t))

= Az(t) + S(t), (4.11)
Ex(0) = 2° (4.12)
Cux(t;) = yj, (4.13)

20



d
Ef——= = —-A"Y(t), t#t;, j=1,..,N, (4.14)
E*)(T)=-C*"FCx(T) (4.15)

has an unique solution.
Proof. At first, we establish the uniqueness of the solution, i.e. we prove the absence
of a non-trivial solution for system (4.11) - (4.15), when 2° =0, y; =0, j =

1,...,N.

So, we assume now that 2% = 0, y; =0, j=1,..,N. We multiply equation

(4.11) scalarly by ¢(t) and we multiply equation (4.14) scalarly by z(t). After
adding the obtained results we have

D (et v)) = (500, 0(0), 1 #1;.

Integrating this equality consecutively with respect to the segments [¢;,t,41], J =
0,...,N, and adding the obtained results, we have

Z/tm d t),¥(t))dt = / (Stp(t), (t))dt.

0

From here, using equalities (4.12), (4.15), we obtain

2Bt O)] 1 = D ((alten). B0t = 0) = (alty). B0(t; +0)
Z tisn)s B (ti1 —0) = > {a( ¥(t; +0))
N+1 N "

:Z P(t; —0)) Z Y(t; +0))

=(e(T), B (T)) + D ((ty), B* (4t — 0) = w(t; +0)

T
= — (a(1), C*FCx(T) = / (S3(0), (1)t
As F, S are non-negative definite, from the last relation the next equalities follow
FCx(T) =0, Sy(t) =0
Then we obtain from (4.11), (4.12) the system
d(Ex(t))
dt
which has, in view of condition II, the unique solution

x(t) = 0.
Now, from (4.14), (4.15), we obtain the system
dy(t)
2
dt

= Az(t), Ez(0)=0,

7A*’l7b(t)7 t#t]7 j = 17"'7N7 E*’l/)(T) :07
which has, in view of condition II, the unique solution

»(t) =0.
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The uniqueness of the system (4.11) - (4.15) solution is proved. In view of
condition II, system (4.11) - (4.15) is reduced to the linear system resolved with
respect to the derivative. Namely, we obtain from this system the relations

W = E.(I - Q)APz + E,(I — Q)A(I — P)z
+EL(I = Q)SQu + E4(I - Q)S(I - Q) (4.16)
0= QAPz + QA(I — P)z + QSQv + QS — Q)v, (4.17)
(I — P)z(0) = B+ (I — Q)a°, (4.18)
C(I - Pa(t;) = y;. (4.19)
a-pp QY (1 paqu-u-Pa-Qu. (420
0=PA* QY+ PA*(I—-Q), t#t;, j=1,..,N, (4.21)
(I — P)E*(I — Q)¢(T) = —(I — P)C*FC(I — P)x(T). (4.22)

Here we have used the relation C'P = 0, following from condition I”. For brevity,
the argument ¢ is omitted in (4.16), (4.17), (4.20), (4.21). In view of condition II,
we can express QY by (I — Q)¢ from (4.21) and Px by (I — P)z,Qv¢,(I — Q)¢
from (4.17). Substituting the expressions for Qv, Pz into (4.16), (4.19), (4.20), we
obtain from (4.16) - (4.22) for v = (I — P)z, w = (I —P)E*(I —Q)v in the space
ImA* x ImA* the system of the form

d L
d—Z:Av+Sw,

dw
dt ) 7é VE
v(0) = WY, Cu(tj)=y;, j=1,...,N, w()= fﬁv(T).

The last system has the unique solution as the corresponding homogeneous system
has the trivial solution only (We have shown it earlier). The theorem is proved. O

= —A*w

4.5. Illustrative example
We consider the problem of minimizing the performance index

J(u):% /0 W2 (1)t

on trajectories of the system
dl‘l

dt
0=—z2+u, (4.23)

:CL‘2+U,

which satisfy the boundary values
1
1'1(0) == 1, 1’1(5) = 1‘1(1) =0.

The descriptor system (4.23) is regular with index 1.
Consider 9(-) € PC([0, 1], R?) to be the adjoint variable for the considered prob-
lem. We write the problem for the adjoint variable from Theorem 4.2
dyn (t)

S —0, 0= —a(0) + valt), t;é%. (4.24)
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10 0 1 1
HerewehaveNl,Tl»E(o 0)7A(0 _1)’3(1)’0

10 1
0 o) B=Lt= 7
We take the optimal control in the form (see Theorem 4.2) w.(t) = 1 (t) +12(2).

We obtain from (4.24) the relation

c, 0<
bi(t) =

where ¢; and co are constants.
Then the trajectory z1.(-) is a continuous solution of the system

dr1s . 461, 0§t<%,
dt \der, L<t<l
As the function x1. must satisfy given boundary values, then from the last system
we have
Cc1 = —5, Co = 0.
Hence, we obtain the solution of the considered problem

—2t+1, 0<t<4i,
wl*(t):{o 1<t<21
) 7 =t =4
-1, 0<t<?i
xQ*(t)u*(t){ ) 1— 27
07 §§t§1a

1

J(uy) ==

(w) =

5. ON SPLINES

5.1. Connection between problems from sections 3, 4
and problem on splines
The problem on smoothing splines concluding in minimizing the functional
n T

S wr) - 2 e [ (@)
=0 0
is considered, for example, in [10]. We will show that this problem may be presented
in the form of the problem from section 3.

Let us introduce the notations u(t) = f("™)(t)

5 ml(t) = f(t)7 aﬁg(t) = f/(t), ceey

T (t) = f?=D(t) and z(t) = (21(t), ..., m(t))T. Then the previous problem has
the form (3.1)-(3.3), where X =R™, U=Y =R, N =n—1, R = 2p, F; = 2p;,

0 1 0 .. 0 0

0 0 1 .. 0
xz(xl,...,xm)T,EzLAz cee eeewev oo oo | B= 0 ,

o o0 o0 .. 1 1

o 0 0
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C= (1 0o --- O) ,Yj = [j,1i.e. we have the problem of minimizing the functional

N+1 T
J(u) = Z pji(z1(t;) — fj)2 +p/ u?(t)dt (5.1)
=0 0
with respect to trajectories of the system
dxz;(t .
zilt) =ai1(t), i=1,..m—1, (5.2)
dt
dxm, (t)
= u(t). 5.3
2l — ) (53)

In this case the problem (3.5)-(3.8) for the adjoint variable ¥(-) (¥(t) € R™)
takes the form

dw;t(t) =0, t#tj, (5.4)

%'t(t) = i 1(t), i=2,..m, t#t (5.5)

¥1(0) = 2po(21(0) — fo), (5.6)

$i(0) =0, i=2,..,m, (5.7)

P1(t; — 0) = a(t; +0) = —2p;(z1(t;) — f5), (5.8)
Gilt; — 0) —i(t; +0) =0, j=1,.n, i=2,....m, (5.9)
V1(T) = =2pns1(@1(T) = 1), (5.10)

Gi(T) =0, i=2,..,m. (5.11)

The relation (3.4) for the control in Theorem 3.1 has the following form
1
) = — bt 5.12
() = om0 (5.12)

(We suppose that p > 0).

It follows from the equalities (5.12), (5.4), (5.5), (5.9) that the control and, hence,
() are continuous.

It is obvious from relations (5.12), (5.2)-(5.5) that only the spline of the degree
2m — 1 may be as solution z1(-) of problem (5.1)-(5.3). This result corresponds to
the classical theory.

It should be noted that condition III is not valid for this problem.

Using the analogous arguments, it is not difficult to see that the problem on
interpolating splines is the particular case of the problem considered in section 4.

5.2. Illustrative example
Let us counsider the problem (5.1)-(5.3) when m = 2, T =1, pg = p1 = p2 =

1
p= 3 N =1t = 5 fo= 1, f1 = fo =0, 1. e. we will consider the problem of
1 1 e
minimizing the functional 5((]’(0) —-1)2+ (f(i))Q + (f(1))?) + 5/ (f"(t))dt.
0
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We obtain from system (5.2)-(5.12) the relations
dg CQ;Q P,
1 d 1
= O; W = _wla t# 53
( )*1’1(0)*11 77/12(0):01 1
Yi(5 = 0) = ¢i(5 +0) = —a1(5), da(5-0) - %/12( +0) =0,
Y1 ):*Il(l)v Pa(1) =

(For brevity, the argument ¢ is omitted.)
From the last system we have

ci, 0<t<i
1) = ) 2
S P l<i<,
7Clt+d1, 0§t<l,
"/’2(t) = 1 2
—cot + do, §§t§17
C1 = 1'1(0) - 17
dl *05
1
c1— e =—x1(3),
1 2
- -§+d1+62 - —da )
co = —x1(1)
762+d2 :0
From here, it follows
Cy = —(q,
c1 = Il(O) - 1, (513)
1
21 =~ (3) (5.14)
Cc1 = 1'1(1) (515)
Further,
t2
—e1- 5+, 0<t<4i,
.Tg(t) = t2
o5 —att e i<t<l.

1 c
As zo(-) must be continuous, when ¢t = =, we obtain ¢4 = Zl + c3.

1
Using the continuity for z1(-), when ¢ = —, we have

3
—c1 = +est+ s, 0<t<g,
:L'l(t) t36 t2 Cl L (516)
L — t s<t< 1.
At T 2+(03+4)+5 240 250
Taking into account relations (5.13)-(5.16), we obtain for defining ¢y, c3, ¢5 the
12 149 61

system, from which we find ¢; = =

T 8T T © T
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Thus, the optimal trajectory x1.(-) has the form

2 , 149 61
RSV 0
meB=y" 6, Mes, 123
73 73 146 146° 2

We have obtained the cubic spline of deficiency 1, which coincides with the spline

IN
~
IN

=

<t

IN
—

constructed by the standard method.
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