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Abstract
Full Text

N. N. LEONOV

ON A DISCONTINUOUS POINT TRANSFOR-
MATION OF THE LINE INTO THE LINE

(Presented by Academician L. S. Pontryagin on 2 XI 1961)

1. The investigation of a number of problems in the theory of oscillations and the
theory of automatic control reduces to the study of a point transformation of the
line into the line. A continuous point transformation of the line into the line has
been studied sufficiently well; a discontinuous one, however, up to the present
time, with the exception of the piecewise-linear case with one discontinuity
of continuity (?), has not been studied in general form, and occurs only in
particular problems of the theory of oscillations and the theory of automatic
control (178).

In the present note we set forth the results of an investigation of a point trans-
formation T of the line into the line of the form

Tl(x) = a(ﬂ) + f(“ax>v T < 0,
TQ(‘T) = b(:u’) + (p(lu’vx)7 x> O>

depending on the parameter p (u > 0), under the assumptions that: 1) a(0) =
b(0) = 0; 2) f(u,0) = @(p,0) = 0; 3) a(p) and b(p) are continuously differen-
tiable; 4) f(u,x) is continuous and has first and second derivatives with respect
to x, continuous in g and z, for < 0; 5) ¢(u,z) is continuous and has first
and second derivatives with respect to =, continuous in p and z, for > 0. In
other words, we consider a transformation continuous for u = 0, for which, when
i > 0, one discontinuity of the first kind appears. A discontinuous piecewise-
linear transformation of the line into the line of this type was considered in
greater detail in the author’ s papers (°).

As is known (19), if z* is a fixed point of multiplicity n of the transformation T,
i.e. T"x* = x*, while T*z* # 2* (k < n), then the points Tx*, T?2*,..., T" 1a*
are also fixed points of T of multiplicity n; together with x* they form the so-
called n-member cycle of the transformation T'; all fixed points of one cycle have
equal characteristic roots.

2. It has been established that, in the cases considered, as a result of the
appearance of a discontinuity of the transformation T for p > 0 at the point
x = 0, cycles of stable fixed points of the transformation T of arbitrarily large
multiplicity may appear, but of a quite definite type. Moreover, in a number
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of cases the transformation T has no stable fixed points, while on the z-axis
there exists such a region G that TPz € G for any point x € G and any natural
number p *

In order to characterize as briefly as possible the cycles of fixed points of
the transformation T, let us denote by T; ; the product of transformations

T“TQJ L by T, the product of transformations Tiil"'j1 x T2 -+, by

1171%2J2 i1, J1 1m0

3 N JIN
Tiljl--izyjN the product of transformations Tzlj1 v rina Lingiine 2in a1 My-1 o1+l ony 10
where i, and j, (s = 1,2,..., N) are natural, nonzero numbers, and i, and j,

cannot, for the same s, both be greater than one simultaneously, While Ny =1
when

* These results have also been obtained for a transformation 7" smooth at u =
0, and for a transformation T having, at © = 0, a discontinuity of the first
derivative with respect to x at the point z = 0.

i, > 1 and n, = 0 when i, = 1. We shall denote a simple fixed point (of
multiplicity 1) of the transformation T . inin DY T35 G NN and the cycle
containing this fixed point by C; ; ;. . The fixed point z; Vyeindy is a fixed
point of the transformation 7" of multiplicity ry = Iyiy + JyJjn, Where

Ty = iy + Jidis i1 = Ll — i) + (G + 1=y

(k=1,2,...,N—1), I, = J, = 1. By 2} and z we shall denote the simple fixed
points of the transformations T and T}, respectively.

The results of the study are set forth in the following theorems.

Theorem 1. Suppose that for p > 0, a(p) > 0, b(u) < 0, and one of the
conditions is satisfied:

1) 0 < £7(0,0) <1, 0 < ¢,(0,0) < 1;

2) 0 < f2(0,0) <1, ©,.(0,0) > 1, b < a—p(p,a);

3) f;(0,0) > ]-7 0< 90;(030) <Il,a< b_f<ﬂaa)

Then there exists a p, > 0 such that for all y € (0, 1) the transformation T
can have a unique stable cycle of type C, (N=1,2,..).

i1J1-ININ
Theorem 2. Suppose a(p) > 0, b(p) < 0 for g > 0, and one of the conditions
is satisfied:
1) £(0,0) <0, 0 < ¢,(0,0) <
2) 0 < f3(0,0) <1, ¢;(0,0) <
3) fac(ovo) < O’ @w( ’0) > 1 b < a_SO(Ma );
4) f.(0,0) > 1, ¢,(0,0) <0, a <b— f(u,b).

Then there exists a p; > 0 such that for all 4 € (0, ;) the transformation T
can have no more than two stable cycles. If conditions 1) or 3) are satisfied,
these are the cycles C,,, C} ., while if conditions 2) or 4) are satisfied, these
are the cycles C,,; and C,, 1 (n=1,2,...).
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Denote by b = A(u, a) the function given implicitly in the form
a+ f(p,b) = b+ @(p,a+ fub)),
and by a = B(u,b) the function given implicitly in the form

a+ f(u, b+, a)) —b—¢(p,a) =0.

Theorem 3. Suppose the transformation 7', for p > 0, has no stable fixed
points, a(p) > 0, b() < 0, and one of the conditions is satisfied:
)0<f’(0 0) <1, 0 < ¢,(0, 0)<1;

2) f£(0,0) <0, 0 < 5(0,0) <
3)0< fx(0,0) <1, ¢.(0,0) <
4) 0 < ﬁKQ0)<17¢MQ0) b<a‘wﬂma%
5) 0 <¢(0,0) <1, f7(0,0) > 1, a <b— f(u,b);
6) fa/s(ovo) <0, 90;/1;(0’0) 1, b < A(:u>a>§

7) £2(0,0) > 1, ¢.(0,0) <0, a < B(u,b).

Then there exist a py > 0 and a domain G on the z-axis such that, for all
w € (0, py), TPx € G for any natural p, if x € G.

Theorem 4. Suppose that for > 0, a(p) > 0, b(p) <0, ¢,(0,0) < —1, and
one of the conditions is satisfied:

1) 1< f;(0,0) < 07 b< a_(p(uaa)7 a < b_f(,uab"i_@(,uab));

2) 0< fq/c(ovo) < 1’ b> aiﬁp(ﬁha)v a > *f<uab+ @(Ha b)),

3)0< f2(0,0) <1, b>a—p(ua), a<<—f(u,b+ p(p,b)).

Then there exists a g3 > 0 such that for all 4 € (0, ug) the transformation T
can have a unique stable cycle of type C, (N=1,2,..).

i1J1--ININ

If condition 1) is satisfied, i; = 1, and €}, is a cycle containing a simple fixed
point of the transformation

2+l
Ty, :T1T2h+ (j, =0,1,2,...);

if condition 2) is satisfied, i; = 1, and Cy;, Is a cycle containing a simple fixed
point of the transformation

24, .
Ty, =TT (j=1,2,.);

if condition 3) is satisfied, j, =2, ¢; = 1,2,..., and C; |2 is a cycle containing a
simple fixed point of the transformation

Ti12 = Tfng.
Theorem 5. Suppose that for p > 0, a(p) < 0, b(p) <0, f.(0,0) < —1, and

one of the conditions is satisfied:
1) -1 < 90;(070) < 03 a < bif(,u’vb)a b < a—(p(u,aJrf(u,a));
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2) 0 <¢(0,0) <1, a>b—f(u,0), b>—p(p, a+ fp,a));
3) 0><P;<O,O) <1, a>b—f(,u7b)7 b< _(p(uaa+f(uaa)>'

Then there exists a u, > 0 such that, for all 4 € (0, ), the transformation T
can have a unique stable cycle of type C; ; . (N =1,2,...). If condition 1)
is fulfilled, j; = 1, and C; ; is a cycle containing the simple fixed point of the
transformation

T, =TT, (i, =0,1,2,...);

1
if condition 2) is fulfilled, j; = 1, and C;,1 s a cycle containing the simple fixed
point of the transformation

T, =TT, (i, =1,2,..);

51

if condition 3) is fulfilled, i; = 2, j; = 1,2,..., and Cs;, 1s a cycle containing
the simple fixed point of the transformation

T, =TTy

Denote by a = C(u,b) the function given implicitly in the form

a+ f(p, b+ e, b)) =b+p(u,a+ f(u,b+e(ub))),

and by b = D(u,a) the function given implicitly in the form

b+o(p,a+ f(u,a)) =a+ f(u,b+@(p,a+ f(i,a))).

Theorem 6. Suppose that for g > 0 either a(u) > 0, b(u) > 0, ¢-(0,0) <
—1, and one of the conditions is fulfilled: 1) —1 < f.(0,0) < 0, b > a —
olp,a), a < C(u,d); 2) 0 < f2(0,0) <1, a <b<a—ppa), a>C(pb);
or a(p) <0, b(p) <0, f(0,0) < —1, and one of the conditions is fulfilled: 3)
—1<¢(0,0) <0, a>b— f(u,b), b<D(p,a);4) 0< ¢,(0,0) <1, b<a<
b*f(/‘ab)a b> D(‘LL,G,).

Then there exists a p5 > 0 such that, for all 4 € (0, p5), the transformation T°
can have no more than two stable cycles. These are the cycles C o,,,C 9,42
when condition 1) is fulfilled; the cycles Cy,, 1,Cy, 51 When condition 2) is
fulfilled; the cycles C 5,,_1,C4 2,41 When condition 3) is fulfilled; and the cycles
Cs-1.1> Copy1,1 When condition 4) is fulfilled (n =0,1,2,...).

Theorem 7. Suppose that for g > 0 either a(u) > 0, b(u) >0, 0 < £.(0,0) <
1, ¢,(0,0) < —1, and one of the conditions is fulfilled: 1) a > b, a < —f(u, b+
plpsa)); 2) a <b <a—ppa), a<—f(ub+ e a)); or a(p) <0, b(p) <
0, f2(0,0) < —1, 0 < ¢%(0,0) < 1, and one of the conditions is fulfilled: 3)
b> a, b< _@(ﬂva+f(uvb>>; 4) b<a< b—f(ﬂ,b), b< _¢(uva+f<ﬂaa))'

Then there exists a pg > 0 such that, for all u € (0, pg), the transformation T

can have a unique stable cycle. In the first two cases this is C,,;, and in the
remaining cases Cy,, (m =1,2,...).
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3. In the general case, the transformation T of the line into the line depends
on the parameters o, 0,,...,0,,. Bifurcations of fixed points of a suffi-
ciently smooth transformation of the line into the line have been studied
in (') and occur when passing through the bifurcation surfaces N, N_,
and also through the surfaces corresponding to the arrival of a fixed point
of the transformation T at the boundary of the domain of definition of
this transformation.

In the case of a discontinuous transformation of the line into the line with a
single discontinuity, new types of bifurcation surfaces have been found. Among
them, we first point out those bifurcation surfaces on one side of each of which
there is a domain of existence of a unique cycle of stable fixed points of the
transformation 7', while on the other side, in an arbitrarily thin layer, there is a
countable set of pairwise nonintersecting domains of existence of various stable
cycles of this transformation and an uncountable set of domains of existence of
the corresponding domains G.

For other types of bifurcation surfaces the following is characteristic: on one
side of each of them there is a domain of existence of a unique cycle of stable
fixed points of the transformation T', while on the other side there is located: 1)
either a domain of existence of two different stable cycles of the transformation
T; 2) or a domain of existence of the domain G; 3) or a domain for which the
transformation 7" has neither stable cycles nor a domain G. Bifurcation surfaces
have also been found which separate the domain of existence of the domain G
from the domain of absence, for the transformation T, of both stable cycles and
a domain G.

In conclusion, I take this opportunity to express my gratitude to Yu. I. Neimark
for supervising the work.
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