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HAUSDORFF MOMENT PROBLEM AND NONLINEAR TIME
OPTIMALITY™

G.M. SKLYAR"?® AND S. YU. IGNATOVICH>**

Abstract. A complete analytic solution for the time-optimal control problem for nonlinear control
systems of the form &1 = u, &; = x{_l, j =2,...,n, is obtained for arbitrary n. In the paper we present
the following surprising observation: this nonlinear optimality problem leads to a truncated Hausdorff
moment problem, which gives analytic tools for finding the optimal time and optimal controls. Being
homogeneous, the mentioned system approximates affine systems from a certain class in the sense
of time optimality. Therefore, the obtained results can be used for solving the time-optimal control
problem for systems from this class.
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1. INTRODUCTION

The time-optimal control problem is one of the most well-studied topics in the optimal control theory. Among
all such problems, one of the most famous concerns the linear single-input system of integrators [17]

.i‘lzu,.fgle, ey x'n:xn_l, (11)

z(0) = 2°, x(0) =0, |u(t)] <1, § — min. (1.2)

As follows from the Pontryagin Maximum Principle [17], the optimal control takes the values £1 only and has
no more than n — 1 points of discontinuity. Therefore, in the general case, the problem (1.1), (1.2) is reduced
to finding n numbers: the optimal time 6 and switching times t1,...,t,—1. However, except the case n = 2,
obtaining an explicit solution is not elementary. This problem was completely solved in [8, 9], by applying ideas
and the technique of the Markov moment problem. We explain the approach for a general linear single-input
time-optimal control problem

T = Az + bu, (1.3)
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z(0) = 2°, x(0) =0, |u(t)] <1, § — min. (1.4)

Applying the Cauchy formula for a trajectory, we obtain the following conditions for the optimal control,

0
xg:/ gi(Du(dt, j=1,....n, |u(t) <1, (1.5)
0

where g(t) = —e~4%b, which can be interpreted as a classical Markov moment problem [13, 15]. Supplemented
by the optimality requirement § — min, the problem (1.5) turns into a Markov moment min-problem introduced
n [8]. In particular, the problem (1.1)—(1.2) is equivalent to the power Markov moment min-problem

6
(qy@—mﬁz/QFW@a,pﬂwwm|Mm§L9+mm. (1.6)
0

An idea to apply the moment problem theory to control problems was originated by N.N. Krasovskii [11,
12], who used the results of M. G. Krein in the abstract moment L-problem [1]. As was mentioned above,
V.I. Korobov and G.M. Sklyar [8, 9] found out that for the linear time-optimal control problem (1.3)—(1.4) the
Markov moment problem is applicable. In [8] they obtained a complete analytic solution of the problem (1.6),
which is equivalent to (1.1)—(1.2). The heart of the solution is as follows: For any n, two special polynomials
in one variable with coefficients explicitly expressed via z0 are found. The mazimum of real roots of these
polynomials coincides with the optimal time 6. After finding 9 the switching times can be found as roots of
another polynomial with coefficients explicitly expressed via 6 and 2°. Details of the algorithm and further
references can be found also in [10].

Thus, regardless of system’s dimension, the solution of the time-optimal control problem (1.1)—(1.2) is reduced
to finding roots of two polynomials in one variable.

As was proved in [9, 18], the integrator system (1.1) plays a special role since it approximates an arbitrary
controllable linear system (1.3) in the following sense. Denote by (5w0 ,Ugo(t)) and (040, uzo(t)) the optimal times
and the optimal controls for the problems (1.1)—(1.2) and (1.3)—(1.4) respectively. It can be shown that, after
some change of variables y = Fz in the system (1.3), the optimal times and optimal controls in the problems
(1.1)~(1.2) and (1.3)—(1.4) become equivalent as z° — 0, that is

0 / |ty (t) — upgo (t)|dt — 0 as 2° — 0, (1.7)
Fz0

where 0 = min{@\gﬁu7 Opzo}. This means that locally, in a neighborhood of the origin, the optimal time and the
optimal control for the system (1.1) approximates the optimal time and the optimal control for the general
linear autonomous system (1.3). Moreover, it turns out that the solution of the general problem (1.3)—(1.4) can
be found by successive solving the time-optimal control problems for the system (1.1).

Similar analysis of the time optimality for nonlinear systems is much more sophisticated, even if one restricts
himself by the time-optimal control problems for affine single-input systems

z = a(x) + b(x)u, a(0)=0, (1.8)
z(0) = 2°, x(0) =0, |u(t)] <1, § — min, (1.9)

where the condition a(0) = 0 means that the origin, which is a final point, is an equilibrium of the system.
We assume that the vector fields a(x) and b(z) are real analytic in a neighborhood of the origin. Unlike the
linear case, the Pontryagin Maximum Principle does not allow describing exactly the class of possible optimal
controls. Thus, it seems reasonable to solve the “simplest” nonlinear time-optimal problems, and then use their
solutions for approximation.
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When considering affine systems (1.8), we are led to a nonlinear Markov moment problem [5, 19]

ZEO = Z UM1--<mk£m1...mk (G’U), |U(t)‘ < 17 (110)

k>1, m; >0

where &, ...m,, (0, u) are nonlinear functionals of u of the form

[ Th—1 K
Emy...my, (0, 0) :/ / / HTfllu(Ti)di"-dTl. (1.11)
0o Jo 0 i

We refer to (1.11) as nonlinear power moments. Vector coefficients vy, ..m, € R™ are found by use of values of
a and b and all their derivatives at the origin. For the linear system (1.3), the representation (1.10) reads

o0

vafmeu :Z erlAmb/ 7" u(T

m=0

which coincides with (1.5). Using this representation, in [19] we described a class of nonlinear systems (1.8) that
can be approximated by linear ones in the sense close to (1.7): after some change of variables in the system (1.8),
optimal times and optimal controls in the problems (1.1)—(1.2) and (1.8)—(1.9) become equivalent as z° — 0.
We called such systems essentially linear.

In the general case, as a class of the simplest systems that approximate arbitrary affine systems in the sense
of time optimality mentioned above, homogeneous systems should be considered. For homogeneous systems, the
representation (1.10) has the form

1.30 = Z (Vmy.omi )j Emy o (B50), 5 =1,...,m, (1.12)
mi+-4mp+k=w;

where 1 < w; < --- < w, are some integers. Let us notice that one limiting case of the representation (1.12) is
when the right hand side of (1.12) contains the unique one-dimensional integral, as in (1.6); it corresponds to
the linear integrator system (1.1). The opposite limiting case is when the right hand side contains the unique
multiple integral of maximal multiplicity; one can show that this is possible if

0
20 = 7/ u(7)dr,
0

) 0 Tj—2 (113)
x?:(—l)f(jfl)!/om/o T 1HundTJ poeedm. j=2,. 0.
This representation corresponds to the system
i‘lzu, j?gzl‘l, j?gzl‘%, ey jtnzx?_l, (1.14)

where the right hand sides of all equations, except the first one, include sequential powers of the variable x.
Thus, from the moment problem point of view, this system seems to be one of the simplest nonlinear systems,
for which the time-optimal problem can be successfully solved. In [21], we described the class of possible optimal
controls (even for slightly more general systems than (1.14)). In this paper we present, in a certain sense, a
complete solution of the time-optimal problem for the system (1.14).
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As a homogeneous system, (1.14) approximates a certain class of affine systems in the sense of time optimality
[20]. Among affine systems (1.8), they are such that

Lin{b(0)} + Lin{adja(0)}1=} = R", [ad["b, - [ad]* 'b,ad}*B] ---](0) € Lin{b(0)} + Lin{ad]a(0)} 752,
forall k > 1, my + -+ my > 2 such that m = my +---+my +k < n [21]. Here Lin denotes the linear span of a
set of vectors in R”, the notation [-, -] means the Lie bracket, [d(z), c(z)] = ¢, (z)d(z) — dy(z)c(z), and ad’d(z) =
d(z), ad*™d(x) = [e(x),ad%d(z)], k > 0. (Actually, the approach can be generalized to non-autonomous affine
systems.) Each such system after some appropriate change of variables takes the form

Ty =u+pi(z) + q(o)u,

R b . (1.15)
tj=a]  +pi(x)+qi(@)u, j=2,...,n,

where p;(z), ¢;(x) are real analytic functions such that their Taylor series contain terms ;v’fl ook with ky +
2ky+---+nk, > j,j=1,...,n. An approximation in the sense of time optimality is close to (1.7): the optimal
times and optimal controls for systems (1.15) and (1.14) are equivalent as z° — 0. It would be interesting to find
conditions under which the successive approximation method is applicable for solving the time-optimal problem
for systems (1.15), where the time-optimal problem for the system (1.14) is solved on each step, like the case of
linear systems studied in [18]. One can think of the solution of the time-optimal problem for the system (1.14)
as the first step in solving the time-optimal problems for general nonlinear affine systems.

In the present paper we concentrate on solving the time-optimal control problem for the system (1.14). The
crucial point of our study is the following surprising observation: this optimality problem, like (1.1), (1.2), leads
to a moment problem, however, in this case we deal with the classical truncated Hausdorff moment problem
[6, 13]. This allows us to use profound ideas and methods of the classical moment theory and, as a result, leads
to finding an analytic solution of the time-optimal control problem for the system (1.14).

The solution we have found can be summarized as follows. For any n, depending on its parity, an optimal
control can be one of four or five types only. For each type, in order to find the optimal time one needs to solve
a system of at most two special polynomial equations in two variables with coefficients explicitly expressed via
20 (in some cases, only one polynomial equation in one variable should be solved). Thus, regardless of system’s
dimension, the solution of the time-optimal control problem for the system (1.14) is reduced to solving a certain
polynomial equation or a certain system of two polynomial equations.

The rest of the paper is organized as follows. In Section 2 a preliminary discussion is given. In Section 3 we
apply these results to the system (1.14) and demonstrate how the truncated Hausdorff moment problem arises.
Further we specify the statement of the Hausdorff moment problem for generic points 2° and describe solvability
conditions in Lemma 3.1. In Section 4 we formulate the main result of the paper (Thm. 4.2) and propose an
algorithm for finding optimal controls. Section 5 contains several illustrative examples. In Section 6 we formulate
some open questions. In Appendix A we recall solvability conditions for a classical truncated Hausdorff moment
problem and explain their connection with the results of Lemma 3.1.

2. PRELIMINARY DISCUSSION

We consider the following time-optimal control problem

/\
o
—

.fl = u, i‘j :.T{_l, j:2,...,n,
z(0) = 2°, x(0) =0, |u(t)] <1, 6 — min. (2.2)

The case n = 2 concerns the linear system

1“1 = u, igle.
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Tt is well known [17] that optimal controls take values £1 only and have no more than one switching point. The
case n = 3 deals with the nonlinear system with quadratic right hand side

. . .2
r1 =u, T2 =21, I3=T7.

The time-optimal problem for this system was completely solved in [20]. It was shown that optimal controls take
values +1 and 0 only. More specifically, the controllability domain is broken into two subsets with nonempty
interior: the first one contains points 2° which correspond to optimal controls taking values +1 (bang-bang) and
the second one contains points z° which correspond to optimal controls taking values 1 and 0 (singular). It
was shown that, outside a set of zero measure, four possible types of optimal controls are possible and domains
corresponding to these types of controls are disjoint.

In the present paper we consider the general case n > 4. In [21], the time-optimal problem for a more general
class of systems than (2.1) was studied and a description of optimal controls was obtained. Here we briefly recall
the result for the particular case of the system (2.1).

Applying the Pontryagin Maximum Principle [17] to the problem (2.1)—(2.2), we consider a Hamilton-
Pontryagin function

H = 4o +¢ru+ Z¢jx{_lv

j=2

where ¥ < 0 is a constant, and the dual system of differential equations

n
=D Wi =27 == =0
Hence, v, ..., 1, are constants. Suppose an optimal control exists; denote it by u(t). Let Z(¢) be the corre-

sponding optimal trajectory and 9 be the optimal time. Then, due to Pontryagin Maximum Principle, there
exists a function ¢ (t) and constants ¢y < 0, 9a, ..., 1, such that

(0 == >0 - DF )

u(t) = sign(¢1(t)) if ¥1(t) # 0 (2.3)
and
Wo + i1 (t |+Zwﬂ Yt)y=0, telo,b.
i=2
It is convenient to introduce a polynomial P(z) = —1y — 2?22 ;2771 then
W1 (D] = P(E (), h(t) = P'@(), tel0,0]. (2.4)

Hence, the Pontryagin Maximum Principle defines %(t) at those points where 1 (¢) # 0. The question arises
how the roots of the function 1 (¢) can be located on [0,6]. Suppose P(z) is not a constant, then 7 (t) can
have roots. If ¥ (¢) # 0 for some ¢, then (2.3) implies that u(t) equals 1 or —1 and does not change its sign
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FIGURE 1. Sketch of a possible graph of 7 (t).

in some interval (f —e,t+ ¢). Let ; and t2 be the roots of 1;(¢) closest to ¢ on the left and right, i.e., let
1[}1(51) = d)l(fg) =0 and 1,[)1(t) 7& 0 for t € (1?1,7?2). Since /ZL'\l(t) = ﬂ(t), then |/I’\1({2) — fl(fl)l = {2 — {1. Hence,
(2.4) implies that Z1(¢1) and Z; (¢2) are different roots of the polynomial P(z). Moreover, since the polynomial
P(z) has a finite number of different roots, there can exist only finite number of intervals where 11 (¢) is nonzero.

On the other hand, if 11 (t) = 0 on some interval ¢ € (e, 8), then P(Z1(¢)) = 0 and P'(Z1(t)) = 0for t € (o, f)
due to (2.4). Hence, in this case Z1(t) is constant (and equals a multiple root of P(z)) and therefore @(t) = 0
for ¢t € (o, B).

Therefore, an optimal control takes the values £1 and 0 only and has a finite number of switching points.
More specifically,

— if ¢ is a switching point of u(t), then z = Z1(f) is a root of P(2);
— if ¢ is a switching point such that @(f — 0) = 0 or (¢ 4+ 0) = 0, then z = 71 (¢) is a multiple root of P(z);

— P(z1(t)) > 0 for t € [0,0], i.e., T1(t) belongs to the connected component of the set {z : P(z) > 0}
containing the point z = 0.

Informally, the first component of the optimal trajectory Z(t) moves between the roots of P(z), where the
sign of the optimal control changes, and the optimal control equals zero on a time interval when Z1(t) is at a
multiple root of P(z).

As was shown in [21], this conclusion can be strengthened. Namely, it turns out that Z;(¢) cannot take any
value more than twice, except the case when Z1(0) = 0; in the latter case zero value can be taken thrice.

Finally, we mention that an optimal control is not unique in general. However, as was shown in [21], an
optimal control can be chosen in the “stair-step form”, which can be described as follows. For definiteness, let
29 > 0. Then a “stair-step” control equals 1 in some time interval, then switches to 0 and —1 several times,
and finally switches to 1. Two first and two last intervals of constancy of the optimal control can be empty.
In Figure 1 we give a sketch of a possible graph of Z;(t); the optimal control can be easily restored from the
equality 71 (t) = a(t).

In order to express the result more precisely and formally, we introduce the following notation for the constant
functions taking values +1 and 0

-1, nu(t)=0, t€]0,ql,

b
IS}
—~
~+
~—
Il
—
IS)
—~
~
~—
Il

where the sub-index a > 0 is used to indicate a length of function’s domain. In order to write piecewise constant
functions, we use the notation o of the concatenation operation

1 9 L(t) for t €0,t1),
(¢ oy )(t):{ £2(t7t01) for t € [ti,t1 + to].
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Then an optimal control @(t) can be expressed as

Q/Z(t) = (pal OMNgy ©Mpy © -+ OMNgy, OMyp,, O Ngy Opaz)(t)7 (25)
where k > 1, a1,a2 >0, by,...,bpy > 0and o1 >0, 041 > 0, 02,...,0, > 0. The optimal time equals
R k k+1
9:a1+a2+st+Zas. (2.6)
s=1 s=1

Additionally, @(t) obviously cannot be zero on its last interval of constancy, i.e.,
if ag =0, then opy; =0. (2.7)

Besides, it is impossible that Z1(t) = 0 and @(¢) = 0 for some time interval. Otherwise, this time interval can
be safely discarded, and the general time of motion will decrease. This requirement can be written as

2l tar #Eby 4+ +by, j=1,... k-1 (2.8)

Finally, since Z1(0) = 29 and 71 (0) = 0, we get
) +a; fayg="by +---+by. (2.9)
The properties described above also restrict the number of switching points for an optimal control. Namely,
for the control (2.5), the polynomial P(z) definitely has k — 1 multiple roots plus, maybe, one or two roots,

which may be multiple or single (depending on vanishing aj, as and o1, ok4+1). Since P(z) is of degree n — 1,
we derive an estimate for k. A more detailed study is given in the next section.

3. TIME-OPTIMAL CONTROL PROBLEM AS A HAUSDORFF MOMENT
PROBLEM

In this section we show that the problem (2.1)—(2.2) leads to a Hausdorff moment problem. First, we provide
some preliminary calculations. We suppose that 2§ > 0; for the case 2§ < 0 see Remark 4.3.

Substituting the optimal control (2.5) to the Cauchy problem @1 = u(t), z1(0) = 29, we obtain the first
component of the optimal trajectory z(t). We get

T1(t) = (ig) o gy odyy 0ok odyk o ety odght)(t), (3.1)
where we use the notation
i(t)=t+z, dit)=—-t+z c(t)=z te]0,q],

and

Z():{E(l), 21 = 2o tai, Zj+1:Zj—bj,j:1,...,k. (32)

In particular, (2.8) implies that 2o, ..., 2zx # 0.
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Now, substituting #; (¢) to the Cauchy problems &; = &~ (t), z;(0) = 29 and taking into account the end

~

conditions z;(#) = 0, we get

6
- g:/ Fat, j=2,...,n, (3.3)
0

where 71 (t) has the form (3.1). Since for any functions ¢! (¢), t € [0,#1] and p2(t), t € [0,t2] we have

/Otlﬁz (p' o p?)(t)dt = /Otl o (t)dt + /Otz P2 (t)dt,

the equatilies (3.3) can be written as

k+1

al . az . k bs . Ts .
— ) :/ (t+z0)J’1dt+/ (t+zk+1)ﬂfldt+2/ (—t+zs)ﬂfldt+2/ ZI71de. (3.4)
0 0 =170 s—=1 70

Let us simplify these expressions. First, taking into account the notation (3.2) and the equality (2.9), we
denote

a=zp1=—a3 <0, b=z =294a; >l (3.5)

and get

“ : “ , b o b —a — (20}
0 0 E2 a J

Since zg4+1 = zs — bg, we get

k bs . k Zs41 Zht1 b b—al
Z/ (—t+ 2z~ tdt = —Z/ H1dt = —/ tﬂ—ldt:/ g = 2=
s=170 s=1"%s

zZ1 a ]

Finally, observe that
Og . X
/ A7t =2y, s=1,... k4 1.
0

Therefore, (3.4) can be written as

W — 247 — (29 koo .
—x? = a‘ (z7) —&-bj_lal—&—Zzg_las—i-aj_la;Hl, ji=2,...,n. (3.6)
s=2
Besides, (2.6) gives
R k+1
—a)=0-20+2a-) o, (3.7)

s=1
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Thus, the solution of the time-optimal control problem (2.1)—(2.2) reduces to the algebraic system of n equations
(3.6), (3.7) for the unknowns 5, Ay by 01, Oht1, 22y vy 2k

This system is nonlinear and seems to be rather complicated. However, fortunately, its solving can be essen-
tially simplified by re-formulating as a truncated Hausdorff power moment problem. Let us recall the statement
of this problem.

Suppose the interval [a,b] is fixed and the numbers ¢1,...,c, are given. The truncated Hausdorff power
moment problem is to find a non-decreasing function o(z) such that the following moment equalities hold

b
¢ :/ P o(z), j=1,...,n. (3.8)
a
Let us show how the equations (3.6), (3.7) can be interpreted in such a way. First, let us introduce the notation

¢ =0+ 29 — 2b+ 2a, (3.9)

0. (29)7 — 2V + 2a7

¢ = —a; ; , J=2,...,n. (3.10)

J

Then (3.6), (3.7) can be written as

k+1

c1 2208, (3.11)
s=1

k
¢ =b"lor+> Ao +a op, j=2,....n. (3.12)
s=2

Equalities (3.11), (3.12) mean that the moment problem (3.8) has a solution; this solution is a non-decreasing
piecewise constant function with points of discontinuity a, zo, . .., 2k, b and jump values o1, . . ., 01 TEspectively.
In what follows we apply the methods from the moment theory for finding optimal controls. Some key results
on the truncated Hausdorff power moment problem related to our study are presented in Appendix A.

Our plan is as follows. First, we apply the conditions of solvability for the moment problem (3.8), which are
expressed as equations and inequalities on ¢y, ..., ¢,. Since ¢1, ..., ¢,, defined by (3.9) and (3.10), include the
unknown parameters @‘\, a,b, we get the system of equations for only three parameters 5, a,b. These conditions
are described by Lemma 3.1. After finding 0, a, b, we find the rest of parameters as a solution of the moment
problem (3.8).

In this paper, we restrict ourselves by a generic case only, which is described as follows. Let us return to the
equalities (3.6), (3.7). They can be considered as a description of the map that takes the set of parameters 6,
a (if a #0), b (if b # 29), 01 and o441 (if they are non-zero), o, ..., 0k, and z9,..., 2 to the n-dimensional
vector —20. If the number of parameters is less than n, the image of such a map has zero measure. In the rest
of the paper we are interested only in those points x° which are defined by no less than n parameters and,
additionally, are such that 29 # 0. We refer to these points as generic.

It turns out that for generic points, along with condition (2.7), which can be rewritten as

if a=0, then o041 =0, (3.13)
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the following property hold:
if b=2a), then o, =0. (3.14)

If fact, suppose the contrary, i.e., let b = 29 and o1 > 0. Due to (3.13), three cases are possible:

— if a < 0 and g1 > 0, then the polynomial P(z) has at least k + 1 multiple roots. Hence, n — 1 > 2(k + 1),

what implies n > 2k + 3. In this case we have 2k + 2 parameters (namely, é\, ay 22y 2k, and 01, ..., Ok1);
— ifa < 0 and oj41 = 0, then the polynomial P(z) has at least k multiple roots and one more (maybe single)
root. Hence, n — 1 > 2k + 1, what implies n > 2k + 2. In this case we have 2k + 1 parameters (namely, §,
a, za,..., 2k, and 01,...,0%);
— if a = 0 and o041 = 0, then the polynomial P(z) has at least k multiple roots. Hence, n — 1 > 2k, what

implies n > 2k 4 1. In this case we have 2k parameters (namely, 0, za, ..., z, and o1,...,0%).

Thus, in any case the number of parameters is less than n, what is impossible for a generic point. This proves
(3.14).

Now we analyze the possible values of k for generic points. In view of conditions (3.13) and (3.14), we get
three cases for b and o7:

~b=29 01 =0,
~b>a8,0,=0,
~b>a9 01 >0.

Independently, three cases for a and o1 are possible:

—a=0, 041 =0,
- a<0,0,41=0,
*a<0,0k+1>0.

Generally, we have nine cases. As an example, we analyze one of them, the rest can be considered similarly.
Suppose b = 29, 01 = 0 and a = 0, ;41 = 0. Then the number of parameters equals 2k — 1 (they are 6,
09y...,0%, and 2a,...,2x), therefore, for generic points n < 2k — 1. On the other hand, P(z) has no less than
k — 1 multiple roots, therefore, n — 1 > 2(k — 1), what gives n > 2k — 1. Hence, n = 2k — 1. If n is written as
n=2m+1, then k =m+ 1.

Such an analysis shows that for a generic point four cases for even n and five cases for odd n are possible. We
list all these cases in Table 1. Besides of information on n and k, each cell contains the type marker and values
of parameter d mentioned in Lemma 3.1 below and sketches of Z1(t) for all the cases when n =4 and n = 5.

Lemma 3.1 below describes necessary and sufficient conditions for solvability of the Hausdorff moment prob-
lem (3.8). More specifically, for given numbers a, b and ¢y, ..., ¢,, we formulate the conditions under which
there exists a non-decreasing piecewise constant function o(z) satisfying the equalities (3.8). We mention only
those cases (concerning the number and location of jump points of o(z)) that are used below to formulate an
algorithm for solving the time-optimal control problem (2.1) and (2.2). We emphasize that, in this lemma, a, b
and ¢; are supposed to be known. In the next section we explain how to use it if @ and b are unknown and ¢; are
functions on a, b, and 6. The formulation of the lemma is quite long since in fact it contains four statements,
which concern four possible types of the function o(z) (not having a jump point at the ends of the interval [a, b];
having jump points both at a and b; having a jump point at b; having a jump point at a).

Lemma 3.1. Suppose n > 4. Let a segment [a,b] be fized and numbers cy, ..., cy, be given. For brevity, denote

= —Cj+2—|—((l+b)6j+1 —abc;, j=1,...,n—2.
(3.15)

b - . a,b
Cj+1 — acy, CjZ—Cj+1+ij, j=1...,n—-1; c;

a _
c; = j

J
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TABLE 1. Possible cases for generic points.

b=aY, b> a9, b> a9,
o1 =0 o1 =0 o1 >0
a=20, Case 1 Case 2 Case 3
k41 =0 n=2m-+1 n = 2m, n=2m-+1
k=m+1, k=m k=m
type A; d=10 type A; d=0,1 type C; d=0,1
a <0, Case 4 Case 5 Case 6
or+1 =0 n=2m n=2m+1 n=2m
type A; d=0,1 ] type A; d=0,1,2 | type C; d=0,1,2
a <0, Case 7 Case 8 Case 9
Opt1 >0 n=2m+1 n=2m n=2m-+1
k=m k=m-—1 k=m-—1

type D; d=0,1

B

type D; d=0,1,2

.

type B; d=0,1,2

-

11

(A) There ezxists a non-decreasing function o(z) having exactly k — 1 nonzero points of growing between a
and b, where 2k — 1 < n, i.e., the following representation holds

where

k

- )
cjzg z2l 7o, j=1,...,n,

s=2

b>2z0> >z >a,

Z2

7""Zk7é07

09,...,0% >0,

if and only if the following three conditions are satisfied:

(A1) the matrices {CZ-H,Hd}f)j:l are singular for 0 <d <n+1-— 2k, i.e.,

(Ag) the matrices {Ciﬂ»,l}ﬁ;:ll and {ci+j+1}f7;:11 are positive definite;

(As) the matric {cffjfl}fgil is positive definite.

det{ciyj—14a};j=1 =0, 0<d<n+1—2k;

(3.16)

(3.17)
(3.18)
(3.19)

(3.20)
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The points zs, ...,z can be found as the roots of the equation
C1 Co Ck
det o (3.21)
Ck—1 Ck ° C2k—2
1 z 2kl
If z9, ..., zi are known, the numbers os,...,0% can be found from the first k — 1 equations of the system (3.16).

(B) There exists a non-decreasing function o(z) having exactly k + 1 nonzero points of growing, including a
and b, where 2k + 1 < n, i.e., the following representation holds

k
cj=b"to; + Zzﬁflas +ad toppr, j=1,...,n, (3.22)
s=2
where (3.17), (3.18) and

O1y.30k41 >0 (323)

hold if and only if the following three conditions are satisfied:

(B1) the matrices {c?fj_1+d}f)j:1 are singular for 0 <d <n—1-2k, i.e.,

det{c{} | Hc1 =0, 0<d<n—1-2k (3.24)
(B3) the matrices {c;-ljrbjf1 f;zll and {C?fjﬂ}ﬁ;il are positive definite;

(B3) the matriz {ch,l}fj:ll is positive definite.

The points zs, ...,z can be found as the roots of the equation
a,b a,b a,b
Cl C2 DY Ck
det a,b a,b a,b =0. (325)
Ch—1 % 7 Cop—2
1 z PN Zk71
If z9,..., 2z are known, the numbers o1,...,0r41 can be found from the first k + 1 equations of the system
(3.22).

(C) There exists a non-decreasing function o(z) having exactly k nonzero points of growing, including b but
not including a, where 2k < n, i.e., the following representation holds

k
¢; :bj_lal—l—z,zg_las, j=1,...,n, (3.26)
s=2

where (3.17), (3.18) and

014,05 >0 (3.27)



HAUSDORFF MOMENT PROBLEM AND NONLINEAR TIME OPTIMALITY 13

hold if and only if the following three conditions are satisfied:

(C1) the matrices {c§+j71+d}ﬁj:1 are singular for 0 < d <n — 2k, i.e.,

det{c},; 114} ;=1 =0, 0<d<n-—2k; (3.28)

(Cs) the matrices {c§+j_1 fj_il

(C3) the matriz {c{,; 1 }; =, is positive definite.

and {cf+j+1}f’;il are positive definite;

The points za, ...,z can be found as the roots of the equation
G Ck
det C.;bg. '1 CZ cgk '2 =0. (3.29)
1 z Zk-1
If z9,..., 2 are known, the numbers o1,...,0p can be found from the first k equations of the system (3.26).

(D) There exists a non-decreasing function o(z) having exactly k nonzero points of growing, including a but
not including b, where 2k < n, i.e., the following representation holds

k
=Y 2 los+a o, j=1,...,n, (3.30)
s=2
where (3.17), (3.18) and

02,...,0k41 >0 (3.31)

hold if and only if the following three conditions are satisfied:

(D1) the matrices {c§+j_1+d}f7j:1 are singular for 0 < d <n — 2k, i.e.,
det{c;‘l+j71+d}?,j:1 =0, 0<d<n—2k; (3.32)

(D3) the matrices {c‘jﬂ_l}ﬁ;:ll and {c;?+j+1}f7;:11 are positive definite;
(D3) the matriz {c}, ; };;—, is positive definite.

The points zs, ...,z can be found as the roots of the equation
4 ck
det C'Z' 1 CZ Cgk72 =0. (3.33)
1 1 P
If zo, ..., zk are known, the numbers oa,...,0r+1 can be found from the first k equations of the system (3.30).

Proof. We prove part (A) only; the other parts can be proved completely analogously. Necessity. Suppose
(3.16)—(3.19) hold. Denote by Q(z) a nontrivial polynomial with the roots za, ..., 2k,
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Substituting (3.16), for any 0 < d <n + 1 — 2k and for any j = 1,...,k one obtains
k ko k k k k
i = DY = 3 (e o e = 30t 0
i=1 i=1 s=2 s=2 \i=1 s=2

These equalities can be rewritten in the matrix form,

Cl4d C2+d e Ck+d q1

C24d C3+d o Ck41+4d q2 -0
- b

Ck+d Ck41+d *°° C2k—1+d Qi

where 0 < d < n+ 1 — 2k, what proves (A;). Moreover, the equality

e cg o ck 7
.. q2 _ 0
Ck—1 Ck C2k—2
1 z ... k1 qk
holds for z = za,...,2 = zj, hence, za,..., 2 are the roots of the equation (3.21).

To prove (As), let us consider a quadratic form

k-1 k-1 k E o /k—1 2 E
 DETTEPIIEL b SRIEER o (z q) = Qe (330
ij=1 i,j=15=2 s=2 \i=1 5=2

where Q(z) = Zi:ll q;2~ ! is of degree no more than k — 2. If Q(z) is nontrivial, then all terms in the right hand
side of (3.34) are non-negative and no more than k — 2 of them vanish (we take into account (3.19)). Therefore,
at least one term is positive, hence, the sum in the right hand side of (3.34) is positive. This implies that the

matrix {Ci+j—1}fg_‘:11 is positive definite. For the matrix {Ci+j+1},]§j_~:11, the same considerations give

k-1 k
2 2
E Citj+14iG5 = E Q7 (25)250s,
=1 =2

where Q(z) is of degree no more than k — 2. Arguing analogously and taking into account (3.18), we conclude
that the matrix {ci+j+1}f7]_-:11 is positive definite, what implies (As). Analogously,

k-1 k-1 K
b

Do dliaiay = Y (=g + (a4 b)einy — abeiv—1)aig; = Y (2 — a)(b— 2)Q%(z)os,

ij=1 ij=1 s=2

where Q(z) is of degree no more than k£ — 2. Taking into account (3.17), for a nontrivial Q(z) we get that this
sum is positive, what proves (Ags).

Sufficiency. Suppose conditions (A;)—(As) hold. Let us consider the Hausdorff moment problem for the
sequence {c1,...,Cop_1}, i-€.,

b
cj:/ A Mo(2), j=1,...,2k—1. (3.35)
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Now we make use of the solvability conditions for this moment problem ([13], Chap. III). Due to suppositions
(A2) and (A;) for d = 0, the matrices {Ci+j—1}§;‘i1 and {c,-+j+1}f’;:11 are positive definite, while the matrix
{ciyj—1}F,_, is singular. Hence, the matrix {c;y;_1}¥;_, is non-negative definite. Taking into account also
condition (A3) we obtain that the problem (3.35) has a unique solution o¢(z), which is a piecewise constant
function with exactly & — 1 points of growing inside the interval (a,b). Now, suppose b > zo > +-+ > 2z, > a are
the points of growing of o(z) and o3, ...,0, > 0 are the corresponding jump values, i.e., the moment equalities
(3.16) hold for j =1,...,2k — 1. Then, analogously to the arguments mentioned above, we get

k-1 k
D cirinaig; = Y Q% (2)720s, (3.36)
s=2

ij=1

where Q(z) = Zf;ll ¢;2*"1 is of degree no more than k — 2. Suppose some jump point equals zero, zs, = 0.
Then there exists a nontrivial polynomial of degree k — 2 with the roots {25 : s # so}. Then the right hand side
of (3.36) equals zero, which is impossible since {ci+j+1}f;:11 is positive definite. Hence, all jump points z; are
nonzero.

Thus, the moment equalities (3.16) hold for 7 = 1,...,2k — 1 and (3.17)—(3.19) are satisfied. Let us prove
that (3.16) hold also for ¢ = 2k, ..., n (if 2k < n). To this end, we use the rest of conditions (A;).

As one can prove (Part VII, Sect. 2, Problem 20 of [16]), conditions (A;) imply that det{ci+j+d}§;il for

d=0,...,n+1— 2k equal zero or do not equal zero simultaneously. By supposition (As), det{ci+j+1}§;:11 #0,
therefore, det{ci+j+d}f’]_-:11 #0ford=0,...,n+1—2k. This means that ca, ..., c, can be uniquely expressed
via c1,. .., Cop—1 one by one from the equalities det{ci+j_1+d}§,j:1 = 0 successively considered ford =1,...,n+

1 — 2k (in fact, when expanding the determinant det{ch,Hd}ﬁj:l by the last row, cop_114 is multiplied by

det{cisj—1+a}i ;2 #0).
Now let us denote

k

/ j—1 -

cj:E 2oy, j=2k,...,n.
s=2

If we substitute c; by c;-, j =2k,...,n, in the determinants det{Ci+j71+d}7];€,]’:1, these determinants still vanish
(as was shown above in the “necessity” part). Hence, ¢}, ..., are expressed via ci,...,co,—1 by the same
formulas as cag, . . ., ¢, Therefore, ¢; = ¢} for j = 2k, ..., n, what proves (3.16) for j = 2k,...,n. O

4. ALGORITHM FOR FINDING THE OPTIMAL CONTROL

The analysis given in the previous section suggests the following algorithm of finding the optimal control: for
a given point 2, consider one by one all possible cases from Table 1 (four or five, in dependence on the parity
of n) and use the appropriate part of Lemma 3.1, which is indicated as “type” in Table 1.

Each part of Lemma 3.1 consists of three conditions. The first condition says that some matrices are singular,
that is, the determinants of these matrices equal zero. Depending on the case number, we deal with one, two or
three such equalities; below we discuss each case in detail. We consider these equalities as equations in 6 and/or
a, b, and solve them. This part require symbolic computations (for operating with polynomials) and numerical
solving polynomial equations or systems of polynomial equations. As a result, we find one or several sets of
values of § and/or a < 0, b > 29 satisfying the first condition (if no, we pass to the next case).

Then, we substitute the values obtained to the matrices from the second and third conditions. We obtain
numeric matrices, and should check if they are positive definite. This part includes only numeric computations.

If we succeeded in finding values of 6 and/or a, b satisfying all three conditions, then the corresponding
control exists. To find its switching moments, we find z; as the roots of the polynomial and then find o; from
the system of linear equations, as described in the corresponding part of Lemma 3.1. In any case, the control
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has n — 1 switching points. It has the form (2.5), where, taking into account (3.2) and (3.5), we have
aq :b—m(l), bi=b—2, bj=2j—2zjy1, 1=2,...,k—=1, by =2, —a, ax = —a,

and the appropriate equalities for a,b, 01, 041 should be applied that are indicated in Table 1 and correspond
to the case considered. We recall that a;, b; and o; are durations of time intervals where u(t) is constant and
equals 1, —1, and 0 respectively; using them, one can easily find switching moments.

If we find several such controls, we compare the corresponding times and find the time-optimal controls.

If none of the cases is appropriate, then the point 2° does not belong to the 0-controllability domain, i.e.,
there does not exist a control satisfying the constraint |u(t)] < 1 and transferring the system (2.1) from the
point 2% to the origin in a finite time. Actually, if such a control exists, then an optimal control exists as
well due to the Filippov Theorem [3, 4]. However, any optimal control relates to one of the cases described in
Table 1. On the other hand, for n > 3 any neighborhood of the origin contains points that do not belong to the
0-controllability domain due to equations z; = 7} ~! for odd J > 3. Thus, our algorithm allows us to determine
if a given point z° belongs to the 0-controllability domain.

Now, we present our algorithm more specifically. Suppose z° is given, where 2§ > 0; for the case 29 < 0 see
Remark 4.3. First, we define c1, ..., ¢, by (3.9), (3.10), where the components of the vector z° are substituted.

0

~

Hence, ci, ..., ¢, become polynomials in a, b, 8. Below we use the notation (3.15).

For odd n = 2m + 1, we consider cases 1,3,5,7,9 from Table 1; for even n = 2m, we consider cases 2,4,6,8.
The value of k mentioned below is indicated in Table 1. We give the description of the algorithm, combining
the cases for which the steps are similar.

Case 1. Substitute a = 0 and b = 29 to (3.9), (3.10), then ¢; = 0 — 29, ¢; = - — (Iji, Jj=2,..

Therefore, ¢y is a linear function on 9 and ¢, ...,c, are known numbers. The conditions are of type A, i.e.,
they are described in part (A) of Lemma 3.1. Applying them with & = m + 1 suggests the following steps.
Step 1. Solve the (linear) equation

Sy

det{CiJrj*l}f,j:l =0

and find 0. If § > 0, substitute it to ¢y, then ¢; becomes a known number.
Step 2. Check if the following three numeric matrices are positive definite,

k— k— b k—
{Ci+j—1}i,j:11a {Ci+j+1}i,j:11, {C?+j—1 i7j:117

where c?’b = —Cjy2+ m(fcjﬂ, j=1...,n-2.
Step 3. If so, find za, ..., 2 as the roots of the equation (3.21) and find o9,..., 0k from the system of linear
equations (3.16). Then define the control as

a(t) = (mbl O Mgy ©Mpy O+ -+ 0 MNgy, Ombk)(t)v

where b = 29 — 2, bj =2z —2j41, = 2,..., k=1, by = z.
~ [OAW] j
Cases 2 and 3. Substituting a = 0 to (3.9), (3.10) gives ¢; = 6 + 29 — 2b, ¢; = —a9 + @1)37_%]

Hence, cs,...,c, and 087 . 02717 defined by (3.15), become polynomials in b, while ¢; and cZ{ are polynomials

, ] =2,...,m.

in b and §. The conditions are of type A for Case 2 and of type C for Case 3, and k = m. Here, the equation
(3.20) or (3.28) with d = 1 does not include 6. Thus, this is a polynomial equation in b. Hence, the algorithm
is as follows.

Step 1. Solve the polynomial equation in b of the following form

Case 2: det{ci+j}ﬁj:1 =0; Case 3: det{cé’ﬂ}ﬁj:l =0,
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where c?- = —cj+1 +bcj, j =2,...,n — 1. Substitute each b obtained such that b > 2 (if any) to the (linear)

equation

Case 2: det{ciﬂ',l}ﬁjzl =0; Case 3: det{c§+j71}§;j:1 =0,
where ¢} = —cy 4 bey, and find 9. The next two steps should be implemented for each pair (b, 5) such that b > 29
and 6 > 0 (if any). Substitute such a pair to ¢; and c?, then they become known numbers.
Step 2. Check if the following three numeric matrices are positive definite,

. k-1 k-1 a,b k-1 . b k-1 b k—1 a k
Case 2: {CiJr]'*l}i,j:l’ {Ciﬂﬂ}i,j:p {ci+j—1 i,j=1 Case 3: {ci+j—1}i,j:17 {ci+j+1}i,j:1ﬂ {Ci+j—1}i,j:1ﬂ
where c;’b =—Cjya+bcjp1, j=1,...,n—2,and ¢} =¢j11, j=1,...,n — 1. (We note that k = m > 2 since

n>4.)
Step 3. If so, find 22, ..., zx as the roots of the equation (3.21) (for Case 2) or (3.29) (for Case 3). Then find
0;, from the linear system (3.16) (for Case 2) or (3.26) (for Case 3). We obtain the control of the form

Case 2: U(t) = (Pay ©Mp; ONgy 0+ -0 NG, 0my, )(t); Case 3: U(t) = (Pay © Mgy ©Mp, ONg, O« -+ 0N, 0 My, ) (2),

where a1 = b — 29, by = b — 29, bj =2 —2j+1,7=2,..., k=1, b = z.
Cases 4 and 7 are analogous to Cases 2 and 3 except for the fact that here b = 2 is given and a is unknown.
~ 0yi 4947
Here (3.9), (3.10) give ¢; = 6 — 29 + 2a, ¢; = —x? + M, j=2,...,n. The conditions are of type A for
Case 4 and of type D for Case 7, and k = m. The algorithm is as follows.
Step 1. Solve the polynomial equation in a of the following form

Case 4: det{cl-ﬂ-}f)j:l =0; Case 7: det{c]; ﬁj:l =0,
where ¢} = ¢j41 —acj, j =2,...,n — 1. Substitute each a obtained such that a < 0 (if any) to the (linear)
equation
Case 4: det{ci+j_1}ﬁj:1 =0; Case7: det{cfﬂ_l}ij:l =0,

where ¢§ = c2 — acy, and find 9. The next two steps should be implemented for each pair (a, 5) such that a < 0
and 6 > 0 (if any). Substitute such a pair to ¢; and cf, then they become known numbers.
Step 2. Check if the following three numeric matrices are positive definite,

k— k— b k—1 . ) k— k—
Case 4: {Ci-l-j—l}i,jil’ {Ci+j+1}i,j:117 {C?Jrjfl i,j:117 Case 7: {C?-s-j—l}i,j:lp {c(z’l+j+1}i,ji17 {Cg+j—1}§,j:1a

where c‘;’b = —cjr2+ (@Y +a)cjy1 —2facj, j=1,...,n—2, and c? = —cj+1+ 2%, j=1,...,n—1. (Note that
k=m > 2 since n > 4.)
Step 3. If so, find 22, ..., z; as the roots of the equation (3.21) (for Case 4) or (3.33) (for Case 7). Then find

0;, from the linear system (3.16) (for Case 4) or (3.30) (for Case 7). We obtain the control of the form

Case 4: u(t) = (my, 0Ngy 0= 0 NG, 0 My, O Pay)(t); Case 7: U(t) = (Mp, 0N, 0+ 0 NG, 0Mp, 0Ny, © Pasy ) (1),

where b = 29 — 2, bj =2z —2j4+1,7=2,...,k =1, by = 2z — a, az = —a.
Case 5, 6, 8, 9. Now, both variables ¢ and b are unknown, i.e., ¢1,...,¢, are defined by (3.9), (3.10)
without simplification. Then, c,...,c, are polynomials in two variables a and b, while ¢; is a polynomial in

three variables a, b, and 6. For Case 5, the conditions are of type A and k = m. For Cases 6, 8, 9 the conditions
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are of type C, D, B respectively, and k = m — 1. In each case, we deal with three equations in the first step,
two of which (for d = 1 and d = 2) are polynomial equations in a and b. In order to solve such a system, we
may apply symbolic computation and find a resultant of these polynomials or apply the Grébner basis tool [2].
The algorithm is as follows.

Step 1. Solve the system of two equations in a, b of the following form

Case 5: { det{cip 1o =0, Case 6: { det{c”] ig=1 =0
det{cl+J+1}z] 1 =0, det{cz+]+1}1j 1= 0,
(4.1)

9

Case §: { jet{c”‘J}” 1=0, Case 9: det{CH_bJ i
et{ct 41}t -1 =0, det{czﬂﬂ}m:1 =0.

Substitute each pair (a, b) obtained such that a < 0 and b > 9 (if any) to the (linear) equation

Case 5: det{ci+j_1}ﬁj:1 =0, Case6: det{clﬂ 1}” 1 =0,
Case 8: det{c?+j71}ﬁj:1 =0, Case9: det{cH_J 1 f’j:l =0,

and find 6. The next two steps should be implemented for each triple (a, b, é\) such that a < 0, b > 29 and g>0
(if any). Substitute such a triple to ¢;, i, cg, c?’b, then they become known numbers.

Step 2. Check if the following three numeric matrices are positive definite,

k— k— b k—1 . k— k— .
Case 5: {ciyj- 1}1J11’ {Ci+j+1}”117 {C?ﬂel i,j:ll’ Case 6: {Cz+g 1 i,j:117 {C?+j+1}i,j:117 {Cf-s-j—l}f,j:b

@ . k—1 a,b k—1 o k+1
Case §8: {CH—J 1}1] 1 7,+J+1 ,] 17 { 1—‘,—] 1} i,j=1" Case 9: {cz+j 1J4,5=1 {ci+j+1 i,j=1 {CZ+J71 i,j=1"

(In Cases 6, 8 and 9, if n = 4 or n = 5, then k = 1; if so, then the conditions for the first and the second matrices
should be omitted.)

Step 3. If so, find za, ..., z; as the roots of the equation (3.21), (3.29), (3.33), (3.25) and find o, from the
linear system (3.16), (3.26), (3.30), (3.22) respectively for Cases 5, 6, 8, 9. The control is of the form

Case 5: ﬂ(t) = (pal OMpy OMNgy O+ O MNgy, OMpy, Opaz)(t);

Case 6: U(t) = (Pay © Moy O Mipy O Mgy O+ * O Ny, © My, O Pay ) (£);

Case §: il,\(t) = (pal O Mp; OMNgy O+ OMNgy, OMy,, O Ngy 4 Opa2)(t);

Case 9: ﬁ(t) = (pal OMNgy ©Mp; ONgy O+ O Ny, © My, O Ny y Opaz)(t),
where a; =b— 2%, b1 =b— 20, b; = 2j — 2zj41, j = 2,...,k — 1, by = 2z, — a, az = —a.

We emphasize that, for any n, in the worst case, a system of two polynomial equations in two variables should
be solved.

Remark 4.1. There exist well-known methods for solving polynomial equations in one variable. For solving a
system of two polynomial equations in two variables, one can use a resultant of these two polynomials; another
way is to use the Grobner basis technique [2]. In any case, the idea is to exclude a or b from the system and get
a polynomial in one variable.

However, these methods involve symbolic computation and are therefore hardly applicable even for not very
large n. Alternatively, one can solve this system numerically. In this case, the following observation may be
helpful. For all odd j, the equality (3.12) gives that ¢; > 0. Hence, (3.10) implies that a and b satisfy the



HAUSDORFF MOMENT PROBLEM AND NONLINEAR TIME OPTIMALITY 19

following estimates

Vot af < < ((29) —jx?) for any odd j > 3. (4.2)

N

They can be used for numerical solving the system (4.1). For example, one can generate a mesh in the two-
dimensional domain for (a,b) described by the inequalities (4.2), and find the points at which the values of both
polynomials of the system are close to zero. Then, considering a neighborhood of each such point, one finds a
solution of the system of two polynomials (by use of some numerical method or by interpolation) or shows that
these is no solution in this neighborhood. Here, only numerical calculations are performed. Although finding
values of polynomials takes more time for large n, a mesh itself remains two-dimensional for all n.

Summarizing, we formulate our main result. The following theorem contains a general description of the
solution of the time-optimal control problem (2.1), (2.2). It should be supplemented by Lemma 3.1 for a specific
implementation of the listed cases.

Theorem 4.2. The time-optimal control problem (2.1), (2.2), where n > 4, is reduced to solving a truncated
Hausdorff moment problem. For generic points with 9 > 0, four (if n is even) or five (if n is odd) cases of the
optimal control are possible. These cases are listed in Table 1: cases 1, 3, 5, 7, 9 correspond to odd n and cases
2, 4, 6, 8 correspond to even n. R

In Case 1 one needs solving one linear equation for 6, checking three matrices for positive definiteness, solving
one polynomial equation in one variable for z;, and solving one linear system for o;. R

In Cases 2, 3, 4, 7 one needs solving one polynomial equation for a or b, one linear equation for 6, checking
three matrices for positive definiteness, solving one polynomial equation in one variable for z;, and solving one
linear system for o;.

In Cases 5, 6, 8, 9 one needs solving a system of two polynomial equations for a and b, one linear equation
for 6, checking three matrices for positive definiteness, solving one polynomial equation in one variable for z;,
and solving one linear system for o;.

Remark 4.3. For a generic point with 29 < 0 one can formulate the result similarly to Theorem 4.2.
Alternatively, let us consider the starting point

70 = (—m?, —:rg, xg, ce (—1)”‘%2).

Then 79 > 0 and, obviously, if @(t) is an optimal control for the point 2°, then —(¢) is an optimal control
for the point z°. For non-generic points z°, a similar analysis can be carried out. However, for examples using
float-point computations, one can consider 2 as generic. The result for the case 2{ = 0, which is considered as
non-generic in this paper, also can be easily deduced from Theorem 4.2.

5. EXAMPLES

We illustrate our algorithm by the time-optimal control problem for the four-dimensional system

. . . 2 . 3
T =u, To=x1, T3=u1x7, T4=27. (5.1)

Here n = 4 and m = 2. We suppose that our initial points are generic; at least, that it true when we deal with
float point calculations. To solve the concrete examples given below, we used Python with SymPy library.
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5.1. Initial point z° = (1, -2, —6,2)

We discuss this example in detail in order to demonstrate application of our algorithm. Since n is even, we
have to check four cases, namely, Cases 2, 4, 6 and 8 from Table 1. In each case, we apply the corresponding
conditions described in Lemma 3.1, as is explained in Section 4. R

First, we substitute the initial point to (3.10) and write ¢; as polynomials in 8, a and b,

2 2 15 1 1
- §b3 +2a®, e =—— — b" + za’. (5.2)

—~ 5 19
= 1—20+2 = b’ +d’ =
=0+ b+2a, co b +a”, c3 3 1 5 5

2 3

Case 2. Here k =2, a = 0 and the conditions are of type A. Substituting a = 0 to (5.2), we get

~ 5 19 - 15 1
=0+1-2b == =— -2 =—— — —ph.
C1 + , C2 2 , €3 3 3 y C4 4 2
In Step 1, we first consider the polynomial equation
co 3 1.4 65,4 76 4 7., 3203
=—b—-b"+—b+-b"———=0.
S I T L L LU TR

Solving it numerically, we find that it has a unique positive root b~ 1.81215 > z{. Substituting it to ¢;, we get
c1 &0 —2.62429, co = —0.78388, c3 ~ 2.36609, and substitute them to the linear equation

C1 C2 —0
- )

C2 C3

which gives 0 ~ 2.88399 > 0 and, therefore, ¢y ~ 0.25969.

Now, let us pass to Step 2. We have three one-dimensional matrices, ¢1, ¢z, and c(f’b, and we should check if
they are positive definite. We have ¢; ~ 0.25969 and c3 ~ 2.36609. However, c‘lz’b = —c3 + bey = —3.78659 < 0.
Therefore, in Case 2, there are no suitable controls.

Case 4. Here k = 2, b = 29 = 1 and the conditions are of type A. Substituting b = 29 =1 to (5.2), we get

~ 3 17 2 . 9 1
c1 =60+1+ 2a, 02:§+a2, 03:§+§a3, 04:71+§a4.
In Step 1 we first consider the equation
ca C3 1 4 3, 685 9, 2555
= — — —_ - - = 0
S I TR L R T

which has a unique negative root a =~ —1.66366. Substituting it to ¢;, we get ¢; ~ o — 4.32731, co ~ 4.26776,
c3 ~ 2.59693. Then, we consider the linear equation

C1 C2

=0,

C2 €3

which gives § ~ 11.34087. Then ¢; ~ 7.01356.

Now we turn to Step 2. Again, we have three one-dimensional matrices ¢, cs, ci"b. We have ¢; =~ 7.01356 > 0,
c3 =~ 2.59693 > 0, and c’f’b = —c3+ (a4 1)cg — acy ~ 6.23889 > 0, therefore, all the conditions hold.

Then, we pass to Step 3. From (3.21) we find 25 as a root of the equation ¢z — co = 0, which gives zo & 0.60850.
Finally, (3.16) contains the equation ¢; = oy, which gives o9 ~ 7.01356.
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FIGURE 2. Components of the optimal trajectory: (a) 2% = (1, -2, —6, 2);
(b) 2% = (1,-2,-1,2).

Therefore, the control is %(t) = (mp, 0Ny, ©Mp, OPay, ) (1), Where by = 29 — 29 &~ 0.39150, by = 25 —a ~ 2.27216,
as = —a ~ 1.66366. In other words, it takes the values —1, 0, —1, 1 successively and its switching moments
equal

t1 = by = 0.39150, to =11 + 09 = 7.40506, t3 =ty + by~ 9.67722,
hence,

-1 for 0 <t <0.39150,
0 for 0.39150 <t < 7.40506,
—1 for 7.40506 <t < 9.67722,
1 for 9.67722 <t < 11.34087.

The components of the corresponding trajectory z(t) are shown in Figure 2 (a).
Case 6. Here k£ = 1 and the conditions are of type C. In Step 1, we consider the system of two polynomial
equations

Let us exclude b from this system by use of the resultant of the polynomials ¢} and c} (alternatively, the
Grobner basis tool could be applied). To this end, let us write them as polynomials of b with coefficients being
polynomials of a,



22 G.M. SKLYAR AND S. YU. IGNATOVICH

We seek for such values of a for which these polynomials have a common root. As is well known [2], such values
are roots of the determinant of the Sylvester matrix,

—% 0 e —ey 0 0 0
0 —3 0 e —e 0 0
0 0 —% 0 e —e O
0 0 0 —% 0 e e=0,
-5 0 0 e e 0 O
0 —¢ 0 0 e e O
0 0 —% 0 0 e e3
where we use the notation e; = a? + g, ey = %a?’ + 13—97 ez = —%a‘l + %. The determinant of this matrix equals

2 g, 95 o 1797 o 209 5 20999 , 18829 3350 , 487745

72 27 T 1206 ¢ T 108" T 1152 ¢ T 216 288 ¢ T 2304

This polynomial has two negative roots, a =~ —1.66181 and a ~ —1.40390. Substituting them to the system, we
get the unique pair a, b such that a < 0 and b > 2, namely, a ~ —1.40390 and b ~ 2.98306.

Substituting these values to (5.2), we get ¢; =~ 6 — 7.77392 and ¢y ~ —4.42772. Then we find 6 from the
equation

&4 = —co +bey =0,

which gives  ~ 6.28964 > 0. Then ¢; ~ —1.48429.

Now we pass to Step 2. Since k = 1, here we have only one one-dimensional matrix cf. Since ¢ = ¢z — acy =
—6.51151 < 0, it is not positive definite. Therefore, in Case 6, there are no suitable controls.

Case 8. Here k£ = 1 and the conditions are of type D. In Step 1, we have the following system of two
equations,

Cg:%GB*%beQ(QQ—b2+g)+1§: ,
C§:§4 564 a

Analogously to the previous case, we exclude b from this system and obtain the polynomial in a of the form

2 11 1 24841 , 2 1284 10811 4
255 95 o 5l 8T o 24841 . 25669 , 12847 , 10811 43669

2% Tt TR T 1152 ¢~ 1296 ¢ 13 36 216

This polynomial has no real roots. Hence, in Case 8, there are no suitable controls.
Therefore, we have checked all possible cases and find the unique control satisfying all the conditions (in
Case 4). Hence, this control is optimal.

5.2. Initial point 2° = (1, -2, —12,2)

For this initial point, analogously to the previous example, Case 4 is realized. However, now the optimal
time is very large, 6 ~ 1907.10809. Components of the optimal trajectory are shown in Figure 2 (b). Here we
have z9 = 0.001903 and o2 = 1903.19513. Thus, almost all the time the trajectory moves with very small first
component 1 (t), i.e., in a neighborhood of the “equilibrium subspace” x; = 0. This shows that 2° is close
to the boundary of the O-controllability domain; one can prove that the point (1, —2, —% + ﬁ, 2) cannot be
steered to the origin by a control satisfying the constraint |u| < 1.
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FIGURE 3. Components of the optimal trajectory: (a) z° = (1,—8,—3.8289, —1.8792);
(b) 20 = (1,8, —28.4649, —1.8792).

5.3. Initial points ° = (1, —8, 9, —1.8792) with =) = —3.8289 and z) = —28.4649

In [7] the three-dimensional time-optimal control problem for the system
@1 = u, i‘g =T, L'Cg = :L'zf (53)

was completely solved. Such a problem can be thought of as a time-optimal control problem for a four-
dimensional system (5.1) where the coordinate z9 is free. This feature leads to more complicated structure
of optimal controls (though, equations for finding optimal controls are easier); in particular, an optimal control
can be one of eight possible types. Moreover, some initial points admit two optimal controls of different types.
For example, let us consider the line in the four-dimensional space such that x1 = 1, 2o = —8, x4 = —1.8792 (the
precise value can be found in [7]) and z3 can be arbitrary. One can show that the optimal time f as a function
of x3 has two minimum points with the same minimum value, namely, x3 ~ —3.8289 and 3 ~ —28.4649; the
minimum value is § ~ 17.0918. The point 2° = (1, —8, —3.8289, —1.8792) is not generic in the sense mentioned
above: the optimal control corresponds to Case 2 with b = z{ or, what is the same, to Case 4 with a = 0. The
optimal control for the point 20 = (1, —8, —28.4649, —1.8792) is of Case 6. So, we obtain two different solutions
for the system (5.3) found in [7]; components of the optimal trajectories are shown in Figure 3. The obtained
result shows, in particular, that controllability sets for the system (5.1) can be non-convex.

6. CONCLUSION AND OPEN QUESTIONS

In the paper, the time-optimal problem (2.1)—(2.2) was considered. We have shown that this problem reduces
to a truncated Hausdorff moment problem. We proved that, regardless of system’s dimension, only four or five
cases (in dependence on the parity of dimension) of the Hausdorfl moment problem arise. In these moment
problems, the interval [a,b], where the problem is stated, can be unknown. In each case one needs to solve a
system of at most two polynomial equations in two variables a and b and, after that, a polynomial equation in
one variable to find a control (in some cases, one solves only one or two polynomial equations in one variable).
As a result, we obtain an analytic solution of the time-optimal problem (2.1)—(2.2), which is in principle the
same for all dimensions.
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Finally, we formulate open questions and perspectives concerning the time-optimal control problem (2.1)-

(2.2).

1.

©w

As was mentioned in Section 4, the O-controllability domain of the system (2.1) does not coincide with the
whole space R™ for n > 3. In this context, realization of one of the cases from Table 1 means that a given
point 2° belongs to the 0-controllability domain. However, the problem of an explicit analytic description
of the O-controllability domain remains unsolved except the linear case n = 2 and the simplest nonlinear
case n = 3 studied in [20]. The general case n > 4 is a topic for further research.

. Each case from Table 1 defines a set of points x° for which this case is realized, i.e., the corresponding

control exists. A union of these sets (and their boundaries corresponding to non-generic points) is a 0-
controllability domain. A question arises if these sets can overlap. In the general case it is possible, what
was shown in [7]. On the other hand, examples considered above in Section 5 suggest that for systems
(2.1) this is not true.

If the sets from the previous question can overlap, the uniqueness of the optimal control should be studied.
Within several cases of our algorithm, when finding the optimal time, one solves a system of two polynomial
equations in two variables. A resultant of these polynomials can be used, however, its degree is very high.
The question is if another polynomial in one variable can be constructed having a degree less than a
resultant. Alternatively, a method of effective numerical solving could be proposed, which uses a particular
form of the polynomials under consideration.

As an application of the obtained results, it would be interesting to develop an algorithm for solving the
time-optimal problem for systems (1.15) by successive approximations, where the time-optimal problem
for (1.14) is solved on each step.

APPENDIX A. TRUNCATED HAUSDORFF MOMENT PROBLEM

Here we recall some basic results on a truncated Hausdorff moment problem, which concern the present
paper; an extensive exposition and discussions can be found in the book [13].

The truncated Hausdorff moment problem on the interval [a, b] can be formulated as follows: given a sequence
of numbers cq,...,cy,

find out if there exists a non-decreasing function o(z) such that the following moment equalities hold

b
¢ :/ Z7Mo(z), j=1,...,n; (A1)

if this is the case, determine if a solution is unique;
if so, find the solution; if not, find solutions of the simplest form.

This problem is also called the mass distribution problem due to its mechanical interpretation: a function o(z)
defines a mass distribution of a rod with ends having coordinates a and b, namely, o(z) equals the mass of the
piece between the points a and z. Then the problem consists in finding a mass distribution if 7 its first moments

are given; in particular, ¢; = ff do(z) equals the mass of the whole rod and ¢y = f; zdo(z), c3 = f; 22do(z2)
define the coordinate of its center of mass and the moment of inertia about an axis at the point z = 0.

Necessary and sufficient conditions of solvability of the Hausdorff moment problem (A.1) are based on the
Markov-Lukécs Theorem on non-negative polynomials [13, 14]. Namely, the problem (A.1) is solvable if and
only if the following two matrices are non-negative definite:

forn=2m+1

{eirj—1 iy and {—cipjpn + (a +b)eiry —abeiy i1 }7; (A2)
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— for n =2m
m m
{eivs —acipj—1 1= and {—ciyy +beip; 1} (A.3)

Among possible solutions, the class of non-decreasing piecewise constant functions o(z) is considered sep-
arately. Such a function describes masses that are concentrated at its points of discontinuity. Namely, if
b> 2z >...> zp41 > a are points of discontinuity of a piecewise constant function o(z) and o1,...,0,41 >0
are jump values at these points, then moment equalities (A.1) take the form

k+1
¢ :Zzgj*las, ji=1,...,n. (A4)
s=1

Each such function can be assigned with an index defined as follows: any point of the open interval (a,b) is
assumed to have index 2, while points a and b are assumed to have index 1; the index of the function is defined
as the sum of indexes of all its points of discontinuity. The mentioned solvability theorem can be supplemented
as follows. If both matrices in (A.2) (for odd n) or in (A.3) (for even n) are positive definite, then there exists an
infinite set of solutions, among which there exist exactly two solutions being non-decreasing piecewise constant
functions of index n. If both matrices are non-negative and at least one of them is singular, the solution is
unique; it is a non-decreasing piecewise constant function of index no greater than n — 1.

Geometrically, the solvability set for the problem (A.1) is a conic hull of the curve {(1,¢,...,t" 1) :a <t < b}.
The case of positive definiteness of the matrices (A.2) or (A.3) means that the point ¢ = (¢1, ..., ¢,) belongs to
the interior of the solvability set, while if one of the matrices is singular, then the point lies on the boundary of
the solvability set. In the latter case the points of discontinuity of o(z) can be found as roots of a polynomial
explicitly expressed via ci,...,c,. For example, if n = 2m + 1 and the matrix {Ci+j—1};n)j+:11 is singular, the
points of discontinuity of o(z) are the roots of the polynomial

C1 C2 ot Cm4l
det =0.
Cm CrrL—I—l e Com
1 Z ... Zm

When the points of discontinuity are known, the jump values are found from the system of linear equations
(A.4).

If the index of the solution is less than n — 1, then matrices of smaller dimension are singular. Conditions given
in Lemma 3.1 describe such a case with the additional requirement that z = 0 is not a point of discontinuity of

o(z).
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