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Solvability of Optimization Problem for the Oscillation
Processes with Optimal Vector Controls

Elmira Abdyldaeva?, Akylbek Kerimbekov®

*Kyrgyz-Turkish Manas University, Bishkek, 720044 Bishkek, Kyrgyzstan

Abstract. The optimal control problem is investigated for oscillation processes, described by integro-
differential equations with the Fredholm operator when functions of external and boundary sources non-
linearly depend on components of optimal vector controls. Optimality conditions having specific properties
in the case of vector controls were found. A sufficient condition is established for unique solvability of the
nonlinear optimization problem and its complete solution is constructed in the form of optimal control, an
optimal process, and a minimum value of the functional.

1. Introduction

The fundamentals of optimal control theory for systems were laid in the works of A.G. Butkovskii [1],
AL Egorov [2], TK. Sirazetdtnov [10], and of other scientists in the 60s of the last century. This theory
was widely developed and its methods began to penetrate into various fields of science and production,
attracting new researchers. Development of optimal control theory is closely connected to the solution of
applied problems described by functional equations. Control Problems for processes described by integro-
differential equations with the Fredholm or Volterra integral operator are often used in practice [3, 9, 11, 12].
But methods for solving them are not sufficiently developed, particularly, when function of external or
boundary source is nonlinear with respect to the control parameters. A number of studies were researched
by authors in this scientific direction and interesting new results were obtained. For example, in [4], it was
established that system of nonlinear integral equations, where solution is the optimal vector control, have
the property of equal relations. It is a novelty in the optimal control theory for systems with distributed
parameters.

In this paper, we investigate the solvability of the control problem for oscillation process described by
integro-differential equation with the Fredholm operator when both function of the external source and
function of the boundary source are vector controls of general form. In the process of investigation it is
established that the system of nonlinear integral optimal control equations preserves the properties of equal
relations for components of the external control vector as well as for components of the boundary control
vector. Thus, it is established that the properties of equal relations in the case of vector control of general
form is natural and it is noteworthy that the procedure for determining the components of optimal control
is substantially simplified.
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2. Formulation of the Optimal Control Problem

Consider the optimal control problem for oscillation process described by following boundary value
problem

T
Vi —AV = )\f K, ©)V(t,x)dt + g(t, x)fIt,ut)], x€Q, 0<t<T, (1)
0
V(0,x) = ¢1(x), Vi(0,x) = ¢a(x), x€Q, )
TV(tx) = Zaij(x)vx]. cos(v, xi) + a(x)V = b(t, x)p[t, v()],x €y, 0<t<T. 3)

ij
Here A is the elliptic operator defined by the formula

n

AV(t,x) = Z(aij(x)Vx](t, )y, — cCEOV(ED),  a;j(x) = aj(x), Z aii(X)aiaj = co X Z 22, >0,

ij=1 i,j=1 i=1

v is a normal vector, outgoing from the point x € y; K(t,7) is defined indomain D={0<t<T,0< 7t < T}
and satisfies the condition

T T
f f K2(t, t)dtdt = Ky < 00, K(t,7) € HD); 4)
0 0

g(t,x) € HQr), Qr = Qx(0,7), ¢i1(x) € H1(Q), 2(x) € H(Q) are given functions; Q is the domain
of space R” bounded by piecewise smooth curve y; f[t, u(t)] is an external source function, non linearly
depending on control function u(t) = (ui(t), ..., uu(t)) € H"(0,T), u;(t) € HQO,T), i=1,..,m; p[t,v()]isa
boundary source function depending on control function v(t) = (v1(t), ..., v.(t)) € H'(0,T), v;(t) € H(,T),
j=1,..,r;, H0,T)=H(0,T)X...x H(0,T) is a Cartesian product of k Hilbert spaces. Functions of external
and boundary sources satisfy following monotonicity conditions:

fult, ui®]#0,i=1,..,m, pylt,v;(H]1#0, j=1,..,r, Yte[0,T]; (5)
H;(Q) is a first order Sobolev space; A isa parameter, T is a fixed moment of time.

The criterion of quality control is minimization of integral functional:

T T
Tt v = | fQ (VT2 = @ + 1T - xR+ [ (VP01 + N w00, 6)

where V(t,x) is a solution of boundary value problem (1)-(3); &i(x) € H(Q), &(x) € H(Q) are known
functions, given functions M[¢t, u(t)] and N[t, v(t)] are nonlinearly dependent on the functional variables and
they are elements of the Hilbert space H(0, T); fis a positive constant. The optimal control problem for the
process V(t, x) consists of transferring it from the initial state (11(x), 2(x)) to the desired state (£1(x), &2(x))
in the given time T.

3. Generalized Solution of Boundary Value Problem

During investigating optimal control problem it is purposeful to use the concept of a generalized solution
of the boundary value problem.
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Definition 3.1. A generalized solution of boundary value problem (1) - (3) is a function V(t,x) € H(Qr),
which satisfies the integral identity

ty n
f [(thb)]?dxz f f [Vt(t,x)cbt(t,x)—Zaij(x)ij(t,x)CDxl(t,x)—c(x)V(t,x)CD(t,x)]dxdt+
Q ! 51 Q i,j=1
12 t T
+ ft f [b(t, X)p(t, v() — a(x)V (£, x)|D(t, x)dxdt + ft fQ [A j; K(t, )V(z,)dT + g(t, ) fIt, u(®)]|(t, x)dxdt,

forany t;, t, (0<t; <t<t; <T), Ot x) € Hi(Qr) and it satisfies the initial conditions in the weak sense,
i.e. for any functions ¢o(x) € H(Q), ¢1(x) € H(Q) we have equalities

gﬁwammw=L%w@mm g$£WMWMM=LWM@mM 7)

The solution of problem (1) - (3) will be searched in the form:
V() = Y Valt)za(x), 8)
n=1

where V,,(t) = (V(t, x), z,(x)) = J;Q V(t, x)zu(x)dx are Fourier coefficients, z,(x) are generalized eigenfunctions
of following boundary value problem [8] and they form a complete orthonormal system in the Hilbert space
H(Q),

n

D,y (®D,z,) = a;,j ()P, Zyy; + €(X) 2 (X)D(t, x) Jdx + | a(x)z, (x)P(t, x)dx = A2 |z, ()@, x)dx;
{hxt e | I
Iz,(x)=0, xey, 0<t<T, n=1,2,.., 9)

corresponding eigenvalues A, satisfy the following conditions A, < A,41,¥n =1,2,3, ..., lim,; oA, = 0.
Fourier coefficients V,(t) are defined as the solution of the linear Fredholm integral equation of the
second kind:

T
V() = Af K, (t,s)V,(s)ds + a,(t),n =1,2,3..,, (10)
0
where
¢
K, (t,s) = Aif sin A, (t — 1)K(t,s)dt; K,(0,s)=0, n=1,2,3,...; (11)
n Jo
IPZH . 1 ' .
an(t) = Y108 Ant + = sin Ayt + = | sinda(t - DO fl7,u(D)] + ba(D)plT, v(0)]]dr. (12)
n n Jo
The solution of integral equation (11) is found [6] by the formula
T
Valt) = A [ Rt 00,9 + 0,0 (13)
0
where

Ru(t,s, ) = Z AR, i(ts), n=1,2,3,..., (14)
i=1
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is a resolvent of kernel K, (t,s) , and iterated kernels K, (¢, s) are defined by the formulas:

T
K, is1(t, s) =f Ku(t, DKy,i(n,s)dn, i=1,2,3,.., (15)
0

for each fixedn =1,2,3, ...,.
Note that Neumann series absolutely converges for values of the parameter A satisfying

IA] < (16)

An
—_—> OO,
TVK,
for each n = 1,2,3,.... Itis easy to see that the radius of convergence of Neumann series increases with
increasing n and it converges for any n = 1,2, 3, ..., only on the interval
A
T\/KO

By direct calculations it can be established that there is following estimate

T
KT
fo R(t,s,A)ds = 0 (18)

(1~ IAIW)z

which will be repeatedly used in proving the convergence of series.
Thus, formal solution of the boundary value problem (1)-(3) has the form of

Al < (17)

(o8]

T
V(t,x) = Zv (20 = YA f Rut,5, 10 (5)s + au(t) o).

n=1

This solution will be rewritten in the form of
Vit x) = f Z {%(t A+ — f en(t, 1, 4) (@n () fIn, u()] + bu(mp(n, v(1))) dn}zn(x (19)

where

T
Pu(t,A) = wln[cos Aut + /\f R, (t,s, A) cos /\nsds] +
0

T
1,;271 [sin At + A f R, (t,s,A)sin /\nsds],
n 0

. sin Ay(t — 1) + A f]TRn(t,s, AysinAu(s—n)ds, 0<n<t

eq(t,m, = !

1 )\fnTR,,(t,s, A)ysinA,(s—n)ds, t<n<T.

Lemma 3.2. The solution of boundary value problem (1) - (3) defined by the formula (19) is an element of the Hilbert
space H(Qr) .

Proof. The assertion of the lemma follows from the following inequality, established by direct calculations:

f sz(t X)dxdt = f f Z Vn(t)z,,(x)) dxdt = fTi VA(tdt < f(;Ti(/\ jO‘T R, (t,s, A)ay(s)ds +
n=1

ATk A2K,T .
+an(t)) dt <2 a2(s)ds + a3(t)|dt < 6T 1 (0N, () +
a ) fzf[(/\n—lAI\/KoTz)zf e ] [(/\n—w\/@)z]{ 1M

1 2
+ = 120010y + 5 N9 Dy o) 1 E w1y + 0CE Ny, - WP VO 1y )} < 00, Y7 =7 % (0, ).
2 @73 @ oD ) ()

O
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By differentiating the formal solution (19) with respect to ¢, we obtain a generalized derivative of a
function V(t, x).

Vilt, x) = i f (t,5, N (s)ds + a, ())z,,(x). (20)

n=

Lemma 3.3. The function V(t, x) defined by the formula (20) is an element of the Hilbert space H(Qr).

Proof. Taking into account inequality

T 2
A2TK
f IR (¢, 5, D)Pds < D
0

(/\n - |)L|\/KOT2)2,

by direct calculation we can show that

f sz(t X)dxdt = f f i f Ry, (t,s, A)ay(s)ds +an(t))zn(x) dxdt < 2f fT R, (t,s,A) X
=1

A2K, T2
- I/\h/KOT2)

xan(s)ds) + () Jat < 61[1+ S IR, o) + 2B o) + N, x>||;(QT)||f(t, Tty +

bt D), It VEE Ry 7y} < o0
|

4. Optimality Conditions for Vector Control and their Specifics

By monotonicity conditions (5), each set of controls (u(t), v(t)) uniquely determines the solution V'(f, x) of
boundary value problem (1) - (3). When the set of controls receives an admissible increment (Au(t), Av(t)),

the solution V(t, x) of boundary value problem (1) - (3) will receive the corresponding increment AV(¢, x).
Taking this circumstance into account, we calculate the increments of the functional

T
AJ(u(t), (b)) = — fo ATI(t, V(t, x), w(t, x), u(t), S(t))dt + fQ [AVZ(T,x)+Avf(T,x)]dx

where
ATI[t, x, V(t,x), w(t, x), u(t), v(t)] = I[t, x, V(t, x), w(t, x), u(t) + Au(t), v(t) + Av(t)] —
—I1[¢t, x, V(t, x), w(t, x), u(t), v(t)],
I1[¢, x, V(t, x), w(t, x), u(t), v(t)] = f g(t, x)aw(t, x)dx - f(t,u(t)) + fb(t, X)w(t, x)dx - p(t, v(t)), (21)
Q Y

here function w(t, x) is a solution of the following adjoint boundary value problem

T
wy —Aw = )\f K(t, o(t,x)dt, x€Q, 0<t<T,
0

(T, x) + 2[V(T,x) = &2(0] = 0, wi(T,x) =2[V(T,x) - &1(0)] =0, x€Q,
Twt,x)=0, xey, 0<t<T. (22)

This problem is solved similarly to the basic boundary-value problem. Its solution has the form of

0 T
w(t,x)==2) - E(T =ty + fo E; (T = HGu(T = 1){gn(0)f[7,u(0)] + bu(D)plr, v(0)}drfza(x),  (23)

n=1
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where the symbol (*) is a sign of transposition;
T
hy = (hp, hon), hip = & — z,bln[ —A,sinA, T + /\f R;(T,s, A) cos /\nsds] -
0

T
_¢2n[cos AT + /\i f R; (T, s, A)sin /\nsds];
n Jo

T
hon = &1 — wzn[cos AT+ /\f R, (T,s, A) cos /\nsds] -
0

T
“ﬁz" [ sin A, T + A f Ry(T,s, A) sin /\,,sds] ; (24)
0

n

GH[T - t] = (Gnl [T - t]/ GHZ[T - t])/

T
GulT —t] =cosA (T —1) + /\i f R} (T,s, A)sin A, (s — t)ds,
t

n

T
GoalT - 1] = Ai(sin AT =1+ A f Ru(T, s, A) sin Ay(s — t)ds); (25)
n t

Eu[T = t] = (Em[T — t], Ep2[T — t]),

T
EnlT—t=cosA (T-t+ A f Py(s,t,A)cos A, (T — s)ds,
0
1 T
Ep[T -t] = /\_(Sin AM(T—-6H+A f P,(s,t,A)sin A, (T — s)ds). (26)
n 0

By direct calculation we prove that w(t, x) € H(Qr).
Maximum principle. In order to the vector-valued functions {u;(¢t), ..., u,(t)} and {v1(f), ..., v,()} were
optimal, it is necessary and sulfficient that following relation is satisfied almost everywhere on [0, T]

TI(, u(8), .., uly (), VO(E), ..., VO(E)) &=

— sup(u,eui,i=l,..,m,UJES]',j=1,...,V)H('/ ul/ ceey umr vl/ ey Ur)/

where Uj, S; are sets of admissible values to controls #; and v; respectively.
As a consequence of maximum principle, we obtain following system of equalities

26M[t, ulM,, (¢, u 26M[t, ulM,, (t, u
fg(t,x)a)(t,x)dx: MLt M, () - 2BMIE ulML, (1)
Q flll (t/ M) fum (t, M)
2BN[t, vINy, (t, 2BN[t, v]N,, (¢,
f b(t, s, Vdx = 2o vNu @) - 26N oIN,, (G v) 27)
y P, (t,0) P, (£, )
and according to the Sylvester criterion, we obtain the system of determinant inequalities
MM, MM,
wl——) [>0, ,k=1,2,.,m, |fy, ) >0, k=127, 28
(), fo 7 ),|>0 i (28)

which should hold simultaneously. The set of relations (27) and (28) are called the optimality conditions.
The obtained optimality conditions in form of equalities have the property of equal relations. It is a
specific property that hold only in the case of vector control of general form.
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We introduce the following notation

BMIt, ulM,,(t, u) 3

A =qt), i=1,..,m, (29)
NIt ING, (¢, v) .
m—tmv = S(t), ] = 1,...,7’. (30)

Hence, according to the theorem about implicit function [7], taking into account the optimality condition
in form of inequalities, we have the following equalities

ui(t) = @i(t,q®),p), i=1,..,m, (31)

v]'(t) = 6]'(t, S(t),‘B), ] =1,..r, (32)

where functions ¢;(t, q(t)) and 6(t, s(t)) are uniquely determined. By force of these relations, in order to
determine the optimal vector controls, it is necessary to construct a solution of the following system of two
equations

2q(t) = fg(t, X)w(t, x)dx, x € Q, (33)
Q

2s(t) = f b(t, x)w(t, x)dx, x €y. (34)
')/

This circumstance essentially simplifies the procedure for constructing optimal vector controls,when
functions g(t) and s(t) are known, their components can be found by formulas (31) and (32).

Note that second optimality condition in the form of inequalities essentially restricts the class of external
{f(t, u(t))} and boundary {p(t, v(t))} sources functions. As shown by other studies [5], these properties of the
optimal vector control problem are natural and only optimal vector control problems of general form have
such properties.

5. Construction of Optimal Vector Controls
Taking into account equality (31), (32) and equality (23), we rewrite system (33), (34) in the form of
o * T *
qt) = = Lo gn(t){ — E(T =y + [ E3(T = HGu(T = 0)(ga(DfIT, 1T, 4(0), B, s 9m(T,4(7), B)]
+b, (DT, 61(1,5(1), B), -, 011, 5(0), B},

(1) = = o2y bu()] = Ey(T = Bty + [} Ey(T = GA(T = 0)(gu(D) 15, 91(5,4(2), B s (5, 4(2), )]
+b,(T)pl7, 01(7, 5(7), B), ..., 04(T, 5(T), ‘B)])d’c}.

(35)

We introduce the notations
W(t) = (q(t), s(t)), Ya(t) = (_gn(t), ba(1)),
F[t, W(q), B] = (fIt, @(t, 9(t), P)L, plt, 6(t, 5(t), B)]),
Pt 9(t), B) = {p1(t,9(0), ), . oult, 40, B)};
5(t,5(t), B) = {61(t,5(1), B), ., :(t,5(8), B)}. (36)

We rewrite system (35) in vector form

00 00 T
W(E) = Y YuhE,(T = ity = Y Yu(OE(T - 1) fo Gu(T = 7)Y, (2)Fl, W(x), fld. (37)
n=1 n=1
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Next, we introduce vector function

ott)= Y V0BT = ( 70 )= 3 (460 e - oo, 68)
n=1

n=1

where symbol (R;) is the scalar product in R, and the operator
) T
LIW®] = - Z Y.()E; (T — 1) f Gu(T — 1)Y;,(T)F[t, W(T), Bld~. (39)
n=1 0

Equation (37) can be rewritten in the operator form of
W(t) = LIW(H)] + a(d). (40)
Lemma 5.1. Function o(t) determined by (38) is an element of space H*(0, T) = H(0, T) X H(0, T).

Proof. By force of inequalities

T T ©0 ) T ©0 )
[ = [ (X onXET = 01wt < (Y 0uONEAT = Ol <
0 0 n=1

n=1 0

T e 0 oo
< f (Y ZONELT = 1, Y Wl dt < Eollg(t, )y, Y Wl < oo,
0 n=1

n=1 n=1

T T sl ) T sl 2
| o= [ (X 0ot BT =) < | (L BoOUET = Dl <

00

T (o) oo
< f (Y B2ONENT = DIZ, Y Wl dt < Eollbt, 0l Y Whall?, < oo,
0 n=1

n=1 n=1

where Ej is a smallest of the numbers satisfying the estimate
IEx(T = 8)liz, < Eo, Eo > 0.
We obtain inequality . .
o, = fo lo(e)I2, dt = fo (6306) + 03(0)) di < o,

from which it follows that
o(t) € H*(0,T) = H(0, T) x H(0, T).

O

Lemma 5.2. Operator L maps the space H*(0, T) into itself, i.e. LIW(t)] is an element of space H*(0, T) for each
W(t) € H*(0, T).

Proof. Suppose that W(t) € H*(0, T), i.e. {g(t) € H(0, T),s(t) € H(0, T)}. Then following equality is hold

T 0 T
LW O, = fo (Y g0 -1 fo Gl = Dgn(0) I, G5, (1), P + bu() X

n=1

) T
xplt, 55, 5(0), B)1)dc) + Y bu(OEL(T ~ b fo Gu(T = D)(gu(D)fIT, @(z, 4(x), B)] +
n=1

+b (DL, (7, (1), B)lde) Jat. 1)
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From this equality, by force of following inequalities the assertion of Lemma 5.2 is proved.
1)
T T B )
fo (Y g.0E, (T -1 fo GulT = T)(gu(0) T, (5, (5, B)] + ba(DplT, 5(x, 5(2), BY)d) dt <
. n=1 . B )
< fo (Z gn(t)<EZ(T - t),[) Gu(T - T)(_I]n(T)f[T, @(1,q(7), B)] + bu(T)plT, 8(7, 5(7), ﬁ)])dT)>R2) dt <
b n=1 . . . ,
< fo (Y oler-ni, Y| fo GolT = D05, P(x, (), B)] + bu(0pl, 8(x, s(x), HD | dt <
n=1 n=1

=] T T _
< Eollg(t, x)||%{(QT) Zl (fo Gu(T — D)gn(7) fl7, P(7, q(7), B)ldT + f(; Gu(T = t)bu(7)pl7, 0(7, 5(7), ﬁ)])df)zdt <

< 2Eollgt, DIy 0 (Eollgt, 1)1y 00| LT, BT, 4(2), By 1y + Eollbt, DI, lIPLT, 5z, 5(0), ADIE o 1)) <

< 2E3lg(t, 0)1 0, (19, DI 0, 11T, BT, 40, B, o7y + bt X, oL, BT, (2, B ) < 03

2)

T T
fo (Y buoELT-1) fo GulT = 7@ (), 35, (), B)] + bu(OplT, 3(0), s e dt <
n=1

< 2E310(t, )1y, (19t 3010 | AL B 00, By + CECE DI L, (2, 5(0), BB ry) < -

O
Lemma 5.3. Suppose that following conditions are satisfied
I1fl7. @(z,q(0), )] = flr, @(w, 4(0), PllFyom < fill@ [t a(), 1= [£,4(), BllFom) <
< fom@y Blla®) = 4O o7, fo > 0,
lIpLt, (¢, (), B)] = plt, 6(t, 5(¢8), B)Izy 0.1y < PRIIB(E, (), B) = O(t,5(8), B)llko,r) <
< P (Blis) = 5(®)lluom, po > 0. (42)

Then if the conditions

1/2
y = Eon(2[llg(t, )10,y + 0, )0 ) <1, ar = max(llg(t, 0B o, A3 Bm; b, )1, pRGRB)F) (43)

are met, the operator LIW(t)] is contractive.
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Proof. By direct calculation we have the inequality

T T
ILIW(E] - LW 0., = f (Y guET - f Gu(T = 7)(gu(0) 7, P(x, (2, )] + bi(1) X
0 =1 0
) T
xplr, (7, 5(1), DT + Y bu(E; (T = 1) fo Gul(T = D(gu(0) {17, (T, (1), B)] + bu(2)ple, 5(x, (1), B)ldT) -
n=1
) T )
=Y guOEL(T - 1 fo Gul(T = T)(gu(0) fI5, (5, 3(0), B)] + bu(Dplr, 8(x, 5(0), B + Y, bu(DE; (T = 1) X
n=1 n=1

T

X fo Gu(T — 7)(gx(D) 7, §(7, 4(1), )] + bu(DplT, 6(7, 5(7), ﬁ)]dT)}zdt < 2E§(|Ig(f, x)llf{(QT) +

bt DI, e, 1o, |17 B, q(0), T = FIz, 7,350, A, + bt DI, X

L, 3¢, s(6), B - plt, 3, 56), BBy ) < 2E3 (l9(t,) 1oy + 106 2) 1By,)) @6 IWEH) = WDIByor,
from which the lemma follows. [

Theorem 5.4. Suppose that conditions (5), (23), (42), (43) are satisfied, then operator equation (40) has a unique
solution W(t) = (q(t), s(t)) € H*(0, T).

Proof. According to Lemmas 5.1 and 5.2, operator equation (40) can be considered in the space H*(0, T).
According to Lemma 5.3 operator L is contractive. Since the Hilbert space H>(0, T) is a complete metric

space, by the theorem on contraction mappings [7] the operator L has a unique fixed point. [

The solution of operator equation (40) can be found by the method of successive approximations by the
formulas

Wo(t) = L[W,o1 (D] + 0(6),n = 1,2,3, ....

Zero approximation Wy(t) can be any vector- function, in particular Wy(t) = o(t). Exact solution W(t) is
defined as the limit of approximate solutions, i.e.

W(t) = limy e Wa(b), (44)
and we have the estimate

—0 ’ a’ 2
”W (t) - Wﬂ(t)HHZ(O,T) < m”L[WQ(t)] + G(t) - WO(t)“HZ(O,T)‘

Next, substituting found vector-function Wo(t) = (ﬁo(t), §O(t)) into (31) and (32) we obtain the components
ud(t), v)(t) of the optimal vector controls u°(t), v°(t)

W) = @it T Ol i=1, .m0 =gl O,6) =11 (45)
Next we will find an optimal process by the formula
o T
VOt x) = ) VaBza(); VM = A f Ru(t,s, 1)a(s)ds + a(b),
n=1 0

¢
a%(t) = P1ncosA,t + %sirmm + % f sinA,(t — T){gn(’[)f[’c, u(l)(’f), oo U (D] + by(T)plT, v?(’c), vy 89(7)]}0[7;
n n Jo
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And minimum value of the functional J[u°(t), v°(t)] defined by the formula (6)

Tl (), v°(0)] = L{[VO(T, x) — El(x)]z + [V?(T, x) — «Ez(x)]z} dx +

0
+B f (M2 [t,ud(t), ..., (B)] + M2 [, 0008), .., v0()] it (46)
T
The complete solution of the nonlinear optimization problem is found in the form of a triple

(), v°®), Vit x), T [u(),°(1)])
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