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Abstract. We consider a piecewise linear two-dimensional dynamical system that couples a linear equation
with the so-called a hysteresis stop operator. Global dynamics and bifurcations of this system are
studied depending on two parameters. More complicated systems involving stop operators may
have potential applications in the economic modeling of agents that display frictions and memory
dependence.
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1. Introduction. The stop operator was proposed by Prandtl as an elementary model
of quasi-static elastoplasticity [49]; see Figure 1(a). It presents a simple example of a rate-
independent operator with local memory [59] and, as such, is used as an elementary building
block for important models of hysteresis phenomena such as the Prandtl-Ishlinskii operator
[35], the Preisach operator [34], and their generalizations [46]. Applications of these nonsmooth
operators include modeling friction [52], elastoplastic materials [38], magnetic hysteresis [46],
fatigue and damage counting [21,53], constitutive laws of smart materials [18,29,30], sorption
hysteresis [2,10,37,48], and phase transitions [12]. More recent applications range from biology
and medicine [23,27] to economics and finance [14,16,36]. On the other hand, a stop can also
be viewed as a solution operator of a simple variational inequality describing the Moreau
sweeping process with rigid characteristic in one dimension [47]; see Figure 1(b).

Modeling of closed systems that exhibit hysteresis typically leads to differential equations
which include the above nonsmooth operators. Dynamics of these systems have been ana-
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Figure 1. Interpretations of the stop operator. (a) Schematic of Prandtl’s model of quasi-static elastoplas-
ticity: the box is not moving unless the absolute value of the force s of the ideal spring reaches the mazimal
value p of friction. (b) Schematic of the Moreau sweeping process with rigid characteristic in one dimension.
The position x of the center of the outer frame is the input; the relative position s of the center of the frame
with respect to the center of the box is the output. The frame moves and drags the box.

lyzed with various techniques including topological degree methods [3,5,11,33], differential
inclusions [40], switched systems [4], and energy considerations using the dissipative prop-
erty of hysteresis [31]. As most of these models are motivated by engineering and physics
applications, they are naturally formulated in a continuous time setting. Discrete time sys-
tems with hysteresis operators have received little attention and were studied mostly in the
context of numerical discretizations of continuous systems. However, the discrete time mod-
eling is typical for certain applications, e.g., in economics, and one can expect that discrete
time models motivated by such applications can exhibit interesting dynamical scenarios when
nonsmooth hysteresis terms are included.

In this paper, we consider an example of a simple discrete time system which consists of
a linear scalar equation coupled with the one-dimensional stop operator. This system can be
equivalently written as a two-dimensional piecewise linear map. It has multiple equilibrium
points which form a segment in the phase space. We present analysis of global dynamics
and bifurcations depending on two parameters. In particular, the global attractor can consist
of two semistable equilibrium points, a segment of stable equilibrium points, a segment of
unstable equilibrium points, a 2-periodic orbit, a 2-periodic orbit together with two semistable
equilibrium points, or, in a critical case, a two-dimensional set of equilibrium and 2-periodic
points. For a certain open set of parameter values, the system possesses infinitely many
unstable periodic orbits.

The paper is organized as follows. The next section contains the main result. In section 3,
we present a motivating discussion including continuous time mechanical systems and discrete
time economic models. In particular, in a standard setting of a general equilibrium macroeco-
nomic model, we propose modeling stickiness in an agent’s expectations by the play operator
dual to the stop. This leads us to a four-dimensional system containing the stop operator, and
we present a few numerical examples of its dynamics. The two-dimensional system discussed
in section 2 can be considered as a simple prototypical counterpart of this higher-dimensional
economic model. Section 4 contains the proofs. Conclusions are presented in the last section.

2. Main results. Let sgp € [—1,1] and let {x,}, n € Ny, be a real-valued sequence. The
stop operator S maps a pair sg, {z,} to a sequence defined by the formula

Sn+1 = (I>(5n + Tpi1 — xn)a n e NOa
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Figure 2. Interpretations of the stop and play operators. (a) An example of the input-output sequence of the
stop operator: (0,0) = (zo, s0), (z1,51), (z2,1), (x3,s3), (x4, —1), (x5,55). (b) An example of the input-output
sequence of the play operator: (0,0) = (zo,po), (x1,p0), (T2,p2), (x3,p2), (T4,p4), (5,p4).

where the piecewise linear saturation function @ is defined by

1 < 1,
(2.1) O(1) = T if |7 <1,
1 if 7> 1;

see Figure 2(a). Here sq is called the initial state, {x,} is called the input, and {s,} is called
the output (or the variable state) of the stop operator. The operator that maps the pair sg,
{z,} to the sequence {p,} with p, = z,, — s, is called the play operator (see Figure 2(b)).

Coupling the output of the stop operator with the input sequence via a linear transfor-
mation with real-valued coefficients A and a, we consider the dynamical system

(2.2)

Tpt1 = ATp + ASp,
Sp+1 = (I)(Sn + Tpy1 — xn)

with n € Ny on the strip

(2.3) L={(z,s):zeR,se[-11]}.

From here on we assume that |[A| < 1. This inequality ensures that all the trajectories of
system (2.2) are bounded.
It is easy to see that the equilibrium points of system (2.2) form the segment

(2.4) EF:{(x,s): x=—2 ,—13531}

1-A

with the end points

(2.5) E=(z%1) = (&1) F=(-2"-1)= (—&,—1).

We use the standard notion of stability and instability (in the Lyapunov sense) for equi-
libria and periodic orbits. We will also say that an equilibrium point (ze, s.) of system (2.2) is
semistable if there are open sets Uy, Uz C {(z,s) : |s| < 1} such that (z., s.) belongs to their
boundaries and simultaneously
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Figure 3. Bifurcation diagram. The segment EF of the fized points is shown by a blue line. Stable fired
points are denoted by a solid line; unstable fixed points are shown by a dashed line. Stable end points of EF are
shown as filled blue discs; semistable points are denoted by empty blue discs; in the unstable case, no special
notation is used. The dotted line in case (b) corresponds to the set of parameters leading to the infinite slope
of the line EF. Periodic points are shown in red. Filled red discs in cases (¢) and (d) correspond to the stable
2-periodic orbit £Q; the red parallelogram X in case (g) consists of stable 2-periodic orbits. Case (e) corresponds
to complex dynamics when the system has periodic orbits with arbitrary large periods (see Theorem 2.2). One
such orbit is sketched on the diagram. In the critical case (f), the segment EF attracts all the trajectories.

e for every € > 0 there is a § > 0 such that any trajectory starting from the J-
neighborhood of the equilibrium point (z¢,se) in the set U; belongs to the
e-neighborhood of (z., s¢) for all positive n;

e there is an g > 0 such that any trajectory starting in Us leaves the gg-neighborhood
of the equilibrium (z., s.) after a finite number of iterations.

Our main result consists in the classification of the long time behavior for the orbits of
system (2.2). The dynamics of system (2.2) depends on the values of the parameters A\ and
B = A+ a as described in the Theorem 2.1 (see also Figure 3).

Theorem 2.1. Let S =A+a and |\ < 1.

(a) If A\ >0, 8 > 1, then the equilibrium points E and F are semistable and all the other
equilibrium points are unstable. FEach nonequilibrium trajectory converges either to
E orto F.

(b) If |B] < 1, then all the equilibrium points are stable and each trajectory of system
(2.2) converges to an equilibrium point.

(¢) If A >0, B < —1, then the points E and F are semistable, all the other equilibrium
points are unstable, and there exists a stable 2-periodic orbit

(2.6) +Q= <¢11A j:l) .
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Each nonequilibrium trajectory converges either to E or to F or to the orbit (2.6).

(d) If A <0, B < —1, then all the equilibrium points are unstable. Fach nonequilibrium
trajectory converges to the stable 2-periodic orbit (2.6).

(e) If A\ <0, B > 1, then all the equilibrium points are unstable. System (2.2) has periodic
orbits of all sufficiently large periods. At most one periodic orbit is stable.

(f) If A < 0, B =1, then all the equilibrium points are unstable. Fach trajectory either
ends up at B or at F' or converges to the segment E'F.

(g) If B =—1, then all the equilibrium points are stable. The parallelogram

(I-XNz—a 1<8§2(1—)\)(x—1)

2. Y= 22
27) {(x,s) 1-X+a - 1-X+a

1, Jsl < 1}

with the vertices E,F, @Q = (1,1) and —Q = (—1,—1) consists of stable 2-periodic
orbits and the diagonal EF of fived points. Fvery nonequilibrium trajectory con-
verges either to one of the equilibrium points E or F or to a 2-periodic orbit in the
parallelogram 3.

The existence of infinitely many periodic orbits in case (¢) may indicate the presence of a
global strange attractor or a chaotic attractor coexisting with the stable periodic orbit. More
detailed analysis of this case will be a subject of future work.

Theorem 2.1 describes several bifurcation scenarios. In particular, the period doubling
scenario (see case (g)) is a type of a border-collision degenerate flip bifurcation, which is
typical for piecewise linear systems [22,24,43,55,56,57]. Specifics of the realization of this
scenario in system (2.2) are dictated by the fact that 2-periodic orbits bifurcate from an
interval of fixed points.

Let us consider 5 as a decreasing bifurcation parameter. When this parameter crosses the
value —1, the equilibrium points of the segment FF', which are stable for 5 € (—1,1) (see case
(b)), destabilize and the 2-periodic orbit (2.6) appears away from the segment EF' (see cases
(c) and (d)). This transition is accompanied by the creation of the parallelogram ¥ filled with
2-periodic orbits at the critical value f = —1 (case (g)). This parallelogram is spanned by the
2-periodic orbit £Q) = (£1,+1) and the equilibrium points E, F.

Assume that A < 0. When the parameter § increases and crosses the value 1, the equilib-
rium points destabilize and infinitely many periodic orbits appear (see case (e)). Dynamics
for the critical value 5 = 1 is described by case (f). The following theorem complements case
(e) of Theorem 2.1.

Theorem 2.2. Assume that the conditions of case (e) of Theorem 2.1 hold and hence system
(2.2) has infinitely many periodic orbits, of which at most one is stable. Then the relation
(A, B) € Qi with

gk —1 1 k 1
—— 1,—=>1
5.1 = A<ﬂ,ﬁ>,A> ;

(2.8) Q) = {(m) :

where k € N, ensures that system (2.2) has a unique stable (2k + 2)-periodic orbit. If (\, ) &
Uiozl Qp, then all the periodic orbits are unstable.
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Figure 4. Domains Qi of existence of a (unique) stable periodic orbit of period 2k + 2 in the coordinates
B=A+a>1and —1/X > 1 for case (e) of Theorem 2.1.

>

Remark 1. The domains € of existence of stable periodic orbits with different periods
do not intersect (see Figure 4).

Remark 2. It will follow from the proof of Theorem 2.2 that if (A, 3) belongs to the interior
of  for some k, then the corresponding stable periodic orbit is asymptotically stable.

3. Discussion. The model (2.2) is of independent mathematical interest as a simply de-
fined discrete time piecewise linear dynamical system. However, in this section we briefly
describe its potential relevance to the rigorous modeling of hysteresis in important real-world
applications such as mechanical systems and economics. The section can safely be omitted if
desired.

3.1. Mechanical systems. Differential equations involving the stop operator, or multiple
stop operators, have been used for modeling mechanical systems with plastic elements or
dry friction (see, for example, [1,28,39,51,60]). The simplest example is an oscillator on an
elastic-ideal plastic spring,

(3.1) B(t) + ki(t) +s(t) =0,  s(t) = S[z](t),

where S is the extension of the stop operator from the space of discrete time inputs {z,} and
outputs {s,} to the space of continuous time inputs z(t) : R — R and outputs s(¢t) : Ry — R
[34,59]. Using the more complex Prandtl-Ishlinskii model for the stress-strain law of the
elasto-plastic spring, or the Maxwell-slip friction model for the dry friction, results in replacing
the stop operator in this equation by a weighted sum of multiple stop operators [51,60]:

(3-2) (1) + k() +3(0) =0, 5(t) =) miSlo; a](t),
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where p;, p; > 0. In a more general setting, (3.1) and (3.2) represent a wider class of mechanical
models, which involve multiple coupled linear and dry friction elements and can be written in
the form

(3.3) i) = Az(t) + Z Msi(t),  si(t) = S[i(t), u'=Qrz,

where z € R, A is an ¢ x ¢ matrix, and M;, Q; € R
System (3.3) motivates our interest in dynamics of its discrete time counterpart

m
(3.4) Zn+1 = Nzp + Z M;s' shir = (sh + QF (2041 — 2n)) -
i=1

In particular, (2.2) is the simplest system of type (3.4). Of course, one might expect that some
dynamics of systems (3.3) and (3.4) are similar, while others may be different (specifically, if
(3.4) is not a discretization of (3.3)).

3.2. Models of economics. In economics, hysteresis has been well-documented in the
relationship between the output of the economy and unemployment rate [6]. Hysteresis is also
closely associated with other widely observed phenomena such as path dependence [9,25],
stickiness of prices and information [7,20,45], and heterostasis (multiplicity of equilibria)
[15] that describe empirical economic data. To explain such empirical observations within,
for example, a linear, unique equlibrium, economic model often involves adding a posteriori
assumptions such as the existence of an eigenvalue with largest modulus close to, but inside,
the unit circle (the unit root hypothesis).

Obtaining quantitative models of these empirical observations naturally motivates the
use of the play operator and more complex models of hysteresis developed in physics in the
economic context. For example, the play operator was shown to produce a good model of the
dependence of supply and demand on the price [8,26]. This model was fitted to microeconomic
data based on a survey of German beer exports. It replaced the demand and supply curves
by play operators and predicted well the observed price rigidity. Similarly, the Preisach
operator has been applied to modeling hysteresis in unemployment [17]. Furthermore, the
phenomenology of these hysteresis models is compatible with multiagent modeling frameworks
for economic models (for example, [14,41,42]).

A next natural step toward modeling the above effects in economics consists of the for-
mulation and analysis of closed models. With this in mind, consider the following example of
a (toy) dynamic stochastic general equilibrium (DSGE) model from macroeconomics (see, for
example, [13,32,50,58] for different DSGE models):

Ynt1 = Yn — 01 (Vny1 — Ont1) + En,
(3'5) Un+1 = b10n+1 + (1 - bl)un + b2yn+1 + M,
Un+1 = C1 (unJrl - U*) + coYynt1 + Cc3vn + fnv

where y,, is the output gap (or employment rate, or another measure of activity of the econ-
omy), uy is the rate of inflation, v, is the interest rate, o, is the aggregate of the economic
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agents’ expectation of the future inflation rate, and e,, n,, & are exogenous noise terms;
see [19] for a very similar toy model. All the parameters are nonnegative, by < 1, and the
parameter u*, the inflation target, is for convenience set to zero. More complicated variants,
employing many more variables to represent different sectors of the economy, are still widely
used by central banks to help determine interest rate policy.

In order to close the model, (3.5) must be complemented with an equation defining how the
economic agents’ expectation of the future inflation rate o, is related to the actual inflation
rate u,. In most standard DSGE models the agents are, put very simply, assumed to have
rational expectations about the future. However, there is empirical evidence that, in practice,
the process of forming inflation expectations displays hysteresis and in particular stickiness in
the sense that many agents will update their expectations only infrequently [44]. Evidence such
as this has led to the development of a number of simple ad hoc models throughout economics
that attempt to account for “boundedly rational” behavior of economic agents caused by their
limited access to information, limited cognitive abilities, emotional behavior, and other human
factors. One commonly used modeling heuristic is based around the concept of a threshold—it
is postulated that an agent changes its behavior (strategy, opinion) when a variable reaches a
certain threshold value (see [54], for example). Play operators may provide a useful alternative
to such models because they also incorporate threshold effects and are capable of accounting
for the path dependence, hysteresis, and multiplicity of equilibrium states in an economic
model. At the same time they possess a set of useful and well-understood mathematical
properties which facilitate the modeling and analysis.

If we therefore suppose that the expectation of the future inflation rate o? by an agent 4
is related to the actual inflation rate u via a play operator, then

(3.6) Ufwl = Un+1 — pi331+1a wal = (32 + Pi_l(un—I—l - UN)) )

where @ is function (2.1) (see Figure 2(b)), p; is a positive threshold parameter, and the
sequence {s%} (for fixed i) is the output of the stop operator with input {p; ‘u,} (see Figure
2(a)). According to this definition, the expectation of the future inflation rate remains un-
changed as long as the actual current inflation rate deviates from the expected value by less
than the value p;. In other words, the agent is not responsive to such variations of the inflation
rate. However, once the absolute value of the difference between the expected and the actual
rates exceeds the threshold p;, that is, |0t ;| — u,| > p; at some time n, the agent corrects
its expectation of the future rate making sure that |0 — u,| < p; at all times. It may be
considered as a technical assumption of the model that the agent makes the minimal possible
correction which ensures that the error between the expectation and the actual inflation rate
never exceeds the threshold p;, that is, Ufl = up — p; if up, > 02_1 + p; and afL = Uy + P;
if u, < o' | — p;. This rule is similar to some trading strategies based on draw-up and
draw-down indicators that are used by momentum traders in financial markets [36].

The aggregate of economic agents’ expectation of future inflation rate o, in the macroe-
conomic model (3.5) can be naturally defined as

(3.7) On = iumfl
i=1
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Figure 5. Projections of various trajectories of system (3.5)—(3.7) onto the (u,y) plane. The noise terms in
(3.5) are zero. The system contains one stop operator (one representative agent), thatis, m =1, pr =1, u1 = 1.
Parameters of (3.5) are given in the format a1, b = (b1,b2), ¢ = (c1,¢2,c¢3). (a) 2-periodic orbit for ax = 0.99,
b = (0.76,0.9), ¢ = (1.4,9.7,0.025). (b) 4-periodic orbit for a1 = 0.7, b = (0.75,0.5), ¢ = (4.8,3.6, 3.45).
(¢) 8-periodic orbit for a1 = 0.9, b = (0.73,0.9), ¢ = (1.2,3.15,1.3). (d) Quasi-periodic orbit for a1 = 0.7,
b= (0.7,0.55), ¢ = (4.8,4.15,3.8). (e) Trajectories converging to different points of the segment of equilibrium
points for a1 = 0.01, b = (0.01,0.03), ¢ = (1,6,0.54). Similar results have been obtained in the model with
multiple stop operators representing agents with different thresholds.

in a model with m agents, which have different thresholds p; and contribute to the aggregate
with weights p1, ..., ftm > 0. Equations (3.5) complemented by relations (3.6) and (3.7) form
a closed economic model with m stop operators.

If we set the noise terms ep, 7, &, in (3.5)—(3.7) to zero, then the resulting autonomous
system can be rewritten in the explicit form (3.4) with z = (y,u,v)” € R® and a 3 x 3
matrix A. Figure 5 presents various attractors of this model obtained numerically for different
parameter regimes. In particular, trajectories can converge to stable equilibrium points that
form a segment in the phase space; see Figure 5(e). Alternatively, one can observe convergence
to a 2-periodic orbit, or to a periodic orbit of a higher period, which coexists with the set of
unstable equilibrium points (see Figures 5(a)—(c)). Figure 5(d) demonstrates the possibility
of quasi-periodic dynamics. Comparing these scenarios with different cases of Theorem 2.1
suggests that the prototype model (2.2) can help us understand some features of dynamics of
higher-dimensional models (3.4) (although it should be pointed out that many of the parameter
regimes we shall study will not be economically plausible).

4. Proofs. We will prove statements of Theorem 2.1 in the counterclockwise order along
the bifurcation diagram in Figure 3. Thus, we prove case (a) in section 4.1, then case (b) for
nonnegative A in section 4.2. Proofs for cases (¢) and (d) are presented in sections 4.3 and
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section 4.4, respectively. In section 4.5, we present the proof of the remaining part of case (b)
for negative A. Proofs of case (¢) and of Theorem 2.2 are presented in section 4.6. Finally,
sections 4.7 and 4.8 contain the proofs for critical cases (f) and (g), respectively.

We use the following notation: A, and A, will denote the z and s coordinates of a point A
in the (z, s)-plane. Transformation (2.2) of strip L C R? (see (2.3)) into itself will be denoted
by f. Throughout the proofs, we will use the variable p = = — s (output of the play operator;
see Figure 2(b)). We will denote by A, = A, — A the p-coordinate of a point A.

Let us start with a few auxiliary lemmas. Due to the fact that

(41) f(_$a _8) = _f(x’ 8)7
it is sufficient to present the proofs for only half of the phase space.

Lemma 4.1. For any point A to the left of the segment EF, one has [f(A)], > Az. For
any point B to the right of the segment EF, one has [f(B)]: < By.

Proof. Since A lies to the left of the segment EF, one has (1 — \)A, < aA,. Thus
[f(A)]z = Mg +ads > NAy + (1 — X\) Ay = A;. The second statement follows from (4.1). W

Lemma 4.2. Let B > 0. Then for any two points A and B with the same p-coordinate
A, = By, from Ay > By it follows [f(A)]z > [f(B)]s-
Proof. It suffices to note that [f(A)], = Az + ads = BA, — aAp. [ ]

Denote by II C L the parallelogram with the diagonal FF', two sides on the lines s = +1,
and two sides with slope 1 (see Figure 7 later):
, ls] < 1} .

Lemma 4.3. Let (x0, s0) € Il and pg = xo—so. If either —1 < 3 < 0 and |Bxo—(a+1)pg| <
1 or0 < B < 1, then the trajectory with the initial point (xg, so) satisfies p, = po for alln >0
and (Tp, Sn) = (Tx, Sx) as n — oo, where

(4.3) (22,5.) = (_ 1af)05’ B (11—_>\;p0)

(4.2) H:{(:v,s): ]w—s|§’1ﬁ)\—l

s a fized point of f with x. — s, = pg.
Proof. Consider a sequence (z, s,) defined by
(4.4) Tnt1 = BTy + a(sp — Ty), Sp+1 = Tnt1 — Tp + Sy

and suppose that |s,| < 1 for all n. Then, according to (2.1), this sequence is a trajectory of
(2.2). Equations (4.4) are equivalent to the relations =, — s, = po, Tn+1 = By — app, which
results in the explicit formulas

(4.5) Ty — Ty = Sp — S = B (10 — %) = 5" (S0 — Sx),

where we use the notation (4.3). Since sg, s« € [—1,1], (4.5) implies |s,| < 1 for all n if
0 < B < 1. Similarly, if =1 < 8 < 0 and, in addition, |s. + 8(sp — s«)| < 1, then (4.5) also
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implies |s,| < 1 for all n. By the definition of s,, we have s, + 3(so — s+) = Bxo — (a + 1)po,
hence under the assumptions of the lemma, the sequence s,, defined by (4.5) satisfies |s,| < 1,
and therefore formulas (4.5) explicitly define a trajectory of (2.2). It remains to note that
from (4.5), it follows that x,, — s, = s — $x = po and x,, — x4, s, — S, for |G| < 1. [ |

Lemma 4.4 For0< A <1,8<0andfor—1<A<0, —1<p <0 the parallelogram I1
is invariant under the map (2.2).

Proof. Let (xy,sy) € 11, i.e., |pn] < % Ifo<A<1,8<0, then

1-p a
<AN—Z _p=_
el SATZR ===y
hence
a
(4.6) |Tnt1] < T + 2.
If-1<A<0,-1<8<0, then
1-p
<A ——

which, again, yields (4.6) because A < 1 and Af < 1.
Using the definition (2.1) of the saturation function ®, from the second equation of system
(2.2) one can see that

Prntr =pn i |snp1| <1 pppa 2 pn if spp1 =1 pppa Spn if spp = -1
Combining these relations with (4.6), we obtain

1-7 . -1 .
1_f if spp1 =1 %Spn-‘rl <pn if spp1=-1.

Pnt1 =D if [Spy1| < 1; pp < ppg1 <

1—

Hence, the relation |p,| < % always implies |[pp+1]| < %, which is equivalent to the

implication (z,$,) € Il = (zp+1,Sn+1) € 1L [ |

Lemma 4.5. System (2.2) has a 2-periodic orbit if and only if 5 < —1. If B < —1, then a
2-periodic orbit is unique and consists of the point +Q defined by (2.6).

Proof. A 2-periodic orbit A; = (z7,s7), A2 = f(A41) = (25, s3) of (2.2) satisfies
(4.7 x] = A3 + as;, x5 = A\x] + as],

where we assume without loss of generality that s7 < s3. It follows from the definition of the
stop operator that if the input sequence x,, and the output sequences s,, of this operator are 2-
periodic, then either x,, — s, = const or s, alternates between the values £1. Hence, the same
is true for a 2-periodic orbit, i.e., either ] —z5 = s7 —s3 or s] = —s5 = —1. In the former case,
dividing the difference of (4.7) by z} — x5 gives 8 = —1, and conversely, it is straightforward
to check that if 8 = —1, then all points of the parallelogram (2.7) except for the diagonal EF'
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SA

Figure 6. A > 0, 8 > 1. A trajectory starting at a point B to the right of the segment EF converges to the
fized point F'. Dotted lines have slope 1.

are 2-periodic (see case (g) of Theorem 2.1). In the latter case sj = —s = —1, formulas (4.7)
imply
a
ok
E TR Iy

i.e., points Ay, Ay coincide with (2.6). The equality As = f(A;) is ensured by formulas (4.7)
and, additionally, the relations s§ = ®(z5 — 2] + s7), s7 = ®(z] — 25 + s5), which due to
A1 =Q, Ay = —Q are equivalent to

This last equation is equivalent to g < —1. |

4.1. Case (a). In this case, A > 0 and 8 > 1. Therefore a > 0 and the slope of the
segment EF of equilibrium points is positive and less than or equal to 1 as shown in Figure 6.

Consider a point B which lies to the right of the segment E'F. Denote by A the intersection
point of the lines p = B, and s = —1. Let B’ denote the point at which the trajectory { f"(B)}
hits the line s = —1 for the first time. From Lemma 4.1 it follows that [f~1(B)], > A., and
[f(A)]z > Fy since A > 0. Thus, from Lemma 4.2 we obtain B, > F,. Since B, = Fs; = —1,
and F is a fixed point, it follows that

[f(B/)]x —F, = (AB;; - a) - (/\Fx - a) - )\(B; - Fa:)

Hence, due to A € [0,1), the trajectory converges to the equilibrium F' along the line s = —1
(see Figure 6). We conclude that every trajectory that starts to the right of the segment
EF of equilibrium points, converges to F'. Every trajectory which starts to the left of EF
converges to E due to (4.1).

4.2. Case (b), A > 0.

4.2.1. 0 < B < 1. In this case, the segment EF has a positive slope greater than 1 if
a > 0 and nonpositive if a < 0.

1. First, let us consider the trajectory of a point A that belongs to the parallelogram II
defined by (4.2); see Figure 7. Then, by Lemma 4.3, this trajectory converges to the fixed
point P*, which lies at the intersection of the line p = A, with the segment FF.
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5y E sA P E'
s=1
I:
p* ) [ s—_1
F’ F P, B F
(a) 0 < B <1 (b)y -1 < g <o.

Figure 7. Theorem 2.1(b). Case A > 0. Dotted lines have slope 1. The shaded area is the parallelogram
I1=EE'FF'.

2. Thanks to Lemma 4.2, all the other trajectories that start to the right of the par-
allelogram Il move down along the line p = const until they hit the line s = —1 and
then monotonically converge to the equilibrium point F' along this line from the right; see
Figure 7(a).

4.2.2. —1 < B < 0. In this case, a < 0 and the segment E'F has a negative slope as in
Figure 7(b).

1. If a trajectory starts to the right of the parallelogram II, then, since 5 < 0, it hits the
line s = —1 after one iteration. If it hits the line to the right of the equilibrium F', then the
trajectory converges to this equilibrium along the line s = —1 from the right due to A > 0. On
the other hand, if this trajectory hits the line s = —1 at a point B to the left of the point F,
then B belongs to the parallelogram II. In order to show this, we note that for the previous
point f~Y(B) = (x,, s,), we have

Ty — Sp > — +1,

a
1—A
because the point (z,, s,,) lies to the right of the parallelogram II. Therefore,

Tptl = ATy + aSy > A (—1_a)\+1+sn> + as,

a
> - +1 )
_A( 1_A+ >+A+a

This last expression is greater than F), = 1=x — 2, which is the x-coordinate of the lower left
vertex of the parallelogram II.

2. Consider points on the horizontal sides of II. To be definite, assume that s, = —1.
Denote by P, = (1,1) and P, = (—1,—1) the middle points of EE" and FF’, respectively. If
(Tn, sn) € PoF, then the conditions of Lemma 4.3 are satisfied, and the trajectory converges
to the equilibrium along the line p = const. Let (xy,, s,) € F'Py. If 5,41 < 1, then, again using
Lemma 4.3, the trajectory converges to the equilibrium along the line p = const. If s,11 =1,
then (241, Sn+1) € EP) because zp41 = Azy, —a < —X —a < 1. Since the segments EP; and
Py F are centrally symmetric, and the function f is odd, this trajectory also converges to the
equilibrium along the line p = const.
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It remains to consider points in II that belong to the open band |s| < 1. A trajectory
starting from such a point either converges to an equilibrium along the line p = const without
hitting the lines s = £1 or hits one of these lines and then converges to an equilibrium as
discussed above.

4.3. Case (c). As in the previous case, a < 0 and the segment EF' has a negative slope
(see Figure 8). In this case, by Lemma 4.5, there is a unique 2-periodic orbit consisting of the
points +@Q defined by (2.6).

Now we consider dynamics of trajectories starting in different parts of the phase space.

4.3.1. Invariant segment AB for f2. Denote

(4.8) A_<?jiJ>,B_<i<—?ji—a>J>.

If A = 0, we formally set B, = oo and replace the segment AB below by the corresponding
half-line. Note that B, > A, and Q € AB.

The following lemma ensures that if the point B lies to the right of the point E’, then any
trajectory starting from the segment AE’ converges to a 2-periodic orbit.

Lemma 4.6. Under the hypothesis of Theorem 2.1(c), the segment AB is invariant under
the second iteration f% of the map f and f? is a contraction on AB.

Proof. First, we note that if a point (x,,s,) lies on the line s = 1 to the right of the
point A, then the image (n+1, Snt+1) = f(Zn, Sn) of this point under the map (2.2) belongs
to the line s = —1. Indeed,

Tngl —Tn =Atp+a—x, < (A—1)A, +a= -2,

which implies s,+1 = —1. By (4.1), the points of the line s = —1 lying to the left of —A are
mapped to the line s = 1. Furthermore, if a point (x,, s,) lies on the line s = 1 between the
points A and B, then its image f(xn,s,) = (Ax, + a,Sp41) lies on the line s = —1 to the
left of the point —A, and therefore the second iteration f2(x,,s,) belongs to the line s = 1.
Hence, the segment AB is mapped by the second iteration f? to the line s = 1. Therefore,
it remains to show that the scalar function ¢(y) = [f%(y, 1)], maps the interval [A,, B;] 3 y
into itself and is a contraction on this interval. To this end, note that ¢(y) = A%y + Aa — a
on [Ag, B], that is, ¢ is a linear function with the positive coefficient A> < 1. Thus, we just
need to check that A, < ¢(A,) and ¢(B,) < B,. Indeed, since

—a+ 222 + 2a)\
11— ’

qb(Am) =

the inequality
—a+2)\2+2a\  a+2

T—x 1
which is equivalent to (A—1)(5+1) > 0, ensures that A; < ¢(A;). To show that ¢(B,) < By,
it is sufficient to establish the following inequality:

32 —2a — 2+ a\
A1 —=N)

—2a — 2+ a\

>+a()\—1)< YTESY
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/!

F B =0 -4

Figure 8. Case A >0, 8 < —1. Each of the red segments AB and —AB is mapped into itself by f2.

After a simple manipulation, this inequality follows from 8+ 1 < 0. [ |

4.3.2. Trajectories starting at the segment BE’. Next, we consider the situation when

B lies between the points A and E’. Let a trajectory start on the upper side of the paral-
lelogram II to the right of the point B at a point D = (zp,1); see Figure 8. The image
f(D) = (xp41,—1) of this point lies on the line s = —1 to the right of the point —A.
Therefore, f?(D) belong to the interior of the strip L. Since 3 < —1, further iterations
f7T*(D) belong to the line s = —1 for odd k and to the interior of L for even k, and the
z-coordinate of the odd iterations monotonically decreases until the trajectory reaches the
half-line {(x,s) : x < —A;, s = —1}. Without loss of generality, we can assume that f(D) is
the last point of the trajectory, which is still to the right of the point —A on the line s = —1.
Let us show that the point (25,43, —1) lies to the right of the point (13, —1). To this end, we
note that

(Tnt2, Snt2) = (ATng1 — @, =1 + ATnp1 — @ — Tpgr),

Tpts = NZpp1 — Aa + a(—14+ Atpy1 — a — Tpy1).

Thus, we need to show that z,41 > —%2 implies
a
(4.9) Nzpi1 — Na+ a(—14+ Xepi1 —a—xpiq) > ,
1+ A
ie.,
02+ aX — a)znis —a(f+1) > 1iA
Since A2 + a\ — a > 1, it suffices to show (4.9) for z,11 = —%, ie.,
Wrar—a)(-22) a1y > 2
a\—a) | — —a )
1—AX 1+ A
But this is equivalent to
M(B+1) <0,

which is true in the case we are considering. We see that the point (z,43,—1) belongs to
the segment connecting the points —A and —B, which is invariant for the map f? thanks to
Lemma 4.6. Hence the trajectory converges to the 2-periodic orbit.
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E  SA A

_Q / \ O

-A F

Figure 9. Case A < 0, 8 < —1. Red half-lines are mapped to themselves by f2.

4.3.3. Trajectories starting at the segment EA. Now, we consider a trajectory which
starts at a point D’ on the line s = 1 to the left of the point A in the parallelogram II. For
this trajectory, further odd iterations f¥(D’) lie in the interior of L, while the even iterations
f¥(D’) belong to the line s = 1, and the z-coordinate of the even iterations monotonically
increases until the trajectory reaches the segment AB. (This is similar to the behavior that
we considered in paragraph 2 in section 4.2.2). Hence, such a trajectory also converges to the
2-periodic orbit.

The above cases cover all the initial conditions from the upper side EE’ of II. Since the
map [ is odd, trajectories starting at the lower side F’F have similar behavior.

4.3.4. Trajectories starting inside II. Any trajectory that starts in the parallelogram II,
but not on the lines s = +1 and not on the segment of equilibrium points, thanks to Lemma
4.4 will stay inside II. It reaches one of the lines s = +1 in several iterations due to the
condition 8 < —1. Thus, we see that all the trajectories that start in the parallelogram II
except for the segment of equilibrium points, converge to the 2-periodic orbit.

4.3.5. Trajectories starting outside II. Finally, let us consider a trajectory that starts to
the right of the parallelogram II. Since S < —1, this trajectory reaches the line s = —1 after
one iteration. If it reaches this line to the right of the equilibrium point F', then it will move
to the left along the line s = —1 and converge to the equilibrium point F' from the right. On
the other hand, if a trajectory reaches the line s = —1 at a point which lies to the left of the
point F', then this point belongs to II. This can be shown exactly in the same way as we did in
section 4.2.2. Therefore, such a trajectory converges to the 2-periodic orbit. We conclude that
the 2-periodic orbit is stable and its basin of attraction contains the parallelogram IT with the
exception of equilibrium points. However, some trajectories from outside the parallelogram IT
are attracted to the semistable equilibrium points £ and F'.

4.4. Case (d). In this case, @ < 0 and the segment E'F has a negative slope (see Figure 9).
As in section 4.3, there exists a 2-periodic orbit +@) defined by (2.6). Let A be as in (4.8).

First, we note that if a point (z,,—1) satisfies x,, < —A,, then z,41 > %, Spt+1 = 1.
Hence the half-line {(z,s) : # < —A,, s = —1} is mapped to itself under f2. Since z,42 =
A2z, — Aa+a and A\? < 1, any trajectory starting at this half-line converges to the 2-periodic
orbit +Q).

If a point belongs to the open segment {(z,s) : —A, < # < =%, s = —1}, then its
trajectory enters the half-line {(x,s) : * < —A,, s = —1} after finitely many iterations
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because 3 < —1 (as in section 4.3). Hence, the half-line {(z,s) : < =%, s = —1} belongs to
the basin of attraction of the 2-periodic orbit. If a point belongs to the half-line {(z,s) : = >
1%, 8 = —1}, then its first iteration is in the half-line {(z,s) : * < =%, s = —1} because
A < 0. Hence, we conclude that the lines s = —1 and s = 1 (except for the equilibria F' and
E, respectively) belong to the basin of attraction of the 2-periodic orbit.

Finally, all trajectories that start inside the strip —1 < s < 1, except for the equilibrium
points, will reach one of the lines s = +1 after finitely many iterations because § < —1.
Therefore, the 2-periodic orbit attracts all the trajectories except for the equilibrium points

and their preimages under the iterations f* of the map f.

4.5. Case (b), A < 0.
4.5.1. —1 < 3 < 0. For the point (z,, s,) to the right of the parallelogram II, one has

a

Tp—Sp>p =1—a"=1———,

and so Tp41 < Ap* — = —z*, hence the point (2,41, Sp+1) lies to the left of the equilibrium
F on the line s = —1; see Figure 10(a). Due to (4.1), for the point (z,,s,) to the left of II,
its image will lie on the line s = 1 to the right of the point E.

Now, we prove that every trajectory enters II. Arguing by contradiction, let us show that
if a trajectory never entered II, then the distance from the trajectory to II would exponentially
decrease. This would imply that such a trajectory converges to a 2-periodic orbit, because, as
we have seen, its points belong to the union of the lines s = £1 and the sign of s,, alternates
at every iteration. However, this is impossible as a 2-periodic orbit does not exist in the case
we are considering due to Lemma 4.5.

In order to see that the distance from a trajectory to II exponentially decreases, it is
sufficient to establish the inequality

a a
—2—zp | > AEp—a+ —— —2
q<1_)\ x>> x a 1

for 2, < %5 — 2 and some ¢ € (=, 1) independent of n. This inequality can be written as

o= (5 -2 -0)

<
n g+
Thus we need to show that
a— (% —2)(1—
a _9c (17)\ )( Q)7
1—A g+ A

which is equivalent to (1 + A)(1%5 — 2) < @ and, further, to S\ < 1. Since the last inequality
is true in the case being considered, we can use any ¢ € (—\,1). The above argument shows
that every trajectory enters the parallelogram II.

Since € (—1,0) and A € (—1,0), it follows from Lemma 4.4 that II is invariant for the
map f. Further, we note that if some iteration of a point from II is mapped in the interior of
L, then the trajectory converges to an equilibrium due to || < 1; see Figure 10(a).
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(a) -1 < g <0. (byo< g <1.
Figure 10. Theorem 2.1(b). Case X < 0.

Finally, let us show that a trajectory cannot jump from the line s = 1 to the line s = —1
and back indefinitely. Indeed, if this was the case, then a point (z,,1) from this trajectory
would satisfy x,, > 1 and the point (z,41,—1) would satisfy z,4+1 = Az, +a < —1. But
inequalities —1 < 8 and z, > 1 imply that —1 — (Az, + a) < x, — 1. In other words,
0<—1—2p41 <2, —1 and, similarly, 0 < 49 — 1 < —1 — x,,41. Therefore, this trajectory
would converge to the 2-periodic orbit, which does not exist in this case due to Lemma 4.5.
This contradiction implies that every trajectory converges to an equilibrium point.

45.2. 0 < B < 1. In this case, a > 0 and so the slope of the segment EF is greater
than 1 (see Figure 10b). If a trajectory starts in II, then it converges to an equilibrium point
P* € EF along the line p = const.

A trajectory starting to the right of the parallelogram II moves along the line p = const
down and left until it reaches the line s = —1. At this point, or at the next iteration step,
the trajectory reaches a point (z,,—1) that lies to the left of the equilibrium point F' because
A < 0. If (z,,,—1) € II, then the trajectory converges to an equilibrium due to Lemma 4.3. If
the point (x,, —1) lies to the left of the parallelogram II, then let us show that the absolute
value |z, — s,| = —1 — x,, of the p-coordinate of this point is less than the absolute value
|€n—1 — Sp—1| = Tp—1 — Sp—1 of the p-coordinate of its preimage (,—1,S,—1). Moreover, we
want to show that |z, — s,| < q|Tp—1 — Sp—1] with some ¢ € (=), 1) independent of the point

(n—1,8n—1). In other words, since z, = Axy,—1 + as,—1 and s, = —1, we want to establish
that
(4.10) — (A1 +asp—1+1) < (Tp-1— Sn-1)q,
which is equivalent to
o e s P11
n—1 n—1 q+ 2 .

Indeed, since the point (z,-1,5,-1) lies to the right of II, we have z, 1 —s,-1 > =5 +1
and it remains to show that

This inequality is equivalent to

(4.11) 14+q>—Bsp_1(1 =X +8(qg+N).
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fk+1 (Ek)

Figure 11. The segment Zy and its images f*(Ex) and f*1(2).

If we set ¢ = —\ 4 ¢ with a sufficiently small ¢ > 0, then ¢ € (0,1) and the inequalities
|sn—1] <1 and 0 < < 1 imply that

—Bsp—1(L =) <1—=A, Blg+ ) =e(A+a)<e,

hence the relation (4.11) holds.

Since ¢ in (4.10) does not depend on (z,_1, s,—1) and the segment connecting the points
Py = (1,1) and P» = (—1,—1) belongs to the interior of II, all trajectories that start outside
the parallelogram II will eventually enter II and converge to one of the equilibrium points.

4.6. Case (e). In this case, a > 0 and the slope of the segment E'F is positive and less
than 1 (see Figure 11). We divide the proof of this case into five parts.

1. We begin the proof of case (e¢) with a few definitions. Denote by l; and Il the open
half-lines starting at the point £ on the upper boundary of the strip L,

a a
l1—{($,s).x>1_)\,s—l}, lg—{(x,s).x<1_)\,s—1},

and by l3 and I4 the half-lines starting from the point F' on the lower boundary of the strip L,

a

a
ng{({E,S).QZ<—1_>\,S=—1}, l4:{(x,3).x>—l_)\,s:—1}.

From the condition A < 0 it follows that f(l2) C l; and f(l4) C l3. Also from Lemma 4.1 it

follows that for any point (zy, s,) such that x,, > {*% one has 11 < x,,. Thus, starting from

l1, any trajectory arrives after finitely many iterations to the closed half-line I3. Hence, we can
define the first-hitting map P : I; — I3 as P(A) = f¥(A), where f*(A) € I3 and f*(A) & I3 for
i=0,...,k—1. This map can be represented by the scalar function T": (7%, 00) — [1%5,00)
defined by the formula

(4.12) (—-T(x),—-1) = P(z,1), az¢€ (1:\00) .

It is convenient to set T'(1%y) = 1% and consider T" as a map of the half-line [%, cc) into

Y
itself.
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2. In this part, we describe the structure of the function T'(x). We first make the following
observation.

Lemma 4.7. Let (z9,1) € l1 be a point such that the first n — 1 iterations of it under the
map f belong to the line p = const. Then for any m < n we have

m—1

(4.13) T = B"xg —a(xg — 1) Z B

1=0

Proof. For m =1, (4.13) is obvious. Suppose that (4.13) holds for m < n. Then

m
Tmg1 = AT + a(l + xp — x0) = ™2y — a(zg — 1) Zﬁi- u
i=0
Let us show that for any k& € N there exists a unique point (rg,1) € I3 such that its
first £ — 1 iterations under the map f belong to the line p = const and its kth iteration is
(rg —2,—1). Setting m = k, o = 1y, and x,, = 1, — 2 in (4.13), we obtain

(4.14) 2+a %
1 T =
— Bk 4 1
1— 8%+ ﬂ

(it is easy to see that the denominator does not vanish as long as f?(r4,1) belongs to the
interior of L for i =1,...,k —1).

Next we show that for any k € N there exists a unique point Qr = (g, 1) € l; such that
its first k — 1 iterations under the map f belong to the line p = const and its kth iteration
is F.

Obviously, ¢1 = 3(—a — 125). Set R; = (r;,1) and consider the kth iteration of the
segment =y = Rp1Ry. The point Ry is mapped to the point (ry — 2, —1), and the image of
the point Ry.; belongs to the interior of L. Hence, f*(Z;) is a segment which lies entirely
to the right of the segment EF and all its points except f*(Ry) belong to the interior of L.
Consider the (k + 1)st iteration of =j. The point f*+1(Ry) lies on the line s = —1 to the
left of the point F, while f**1(Rj,1) = (rg11 — 2, —1). Hence, f**1(Z;) is a segment on the
line s = —1 and F € f*1(Z;,); see Figure 11. Hence, there exists a point qur1 € (rpi1,7%)
for each k£ € N. Now ¢; can be found in a unique way using Lemma 4.7 by setting m = k,

o = qk, and T, = 75

_.a__ al—ﬁﬁk
- -

(4.15) Gh=——"""""7"—
pr — allf%

Since A < 0 and 8 > 1, the denominator does not vanish. Note that

as k — oo.

(4.16) Q>ri>q>r2> > Qs Tk —

e
1—X
It follows from the relation (rp — 2, —1) = f*(Ry) that fFT1(Ry) = (\(ry — 2) — a, —1), i.e.,

1—

(4.17) T(rg) =a— Xy — 2).
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Figure 12. Graph of the map T(x) for x € (7%, 00).

Combining (4.16) and (4.17), we see that

T(’I“l) > T(’r‘g) > T(’r‘g) > ...,

4.18
(4.18) T(rk)—%—)T*>O as k — oo,
where
2AX(1—a—A)
4.1 Ty= —7—7-——.
(4.19) Tx

Furthermore, let us show that the function 7'(x) is linear for = € [q1,0), = € [qx+1, 7], and
x € [rg.qr], k = 1,2,.... This will imply that T'(z) is continuous for z € (a/(1 — \), 00).
Indeed, consider = € [ggi1,7%], 1€, (z,1) € Qrr1Rr C Zp (see Figure 11). By (4.12) it
suffices to show that P is affine linear on Q1 Ri. But P is a composition of k maps each of
which is given by

(4.20) {wn—&-l = Az, + asp,

Sn+1 = Sn + Tp4+l — Tn

(see (2.2) with ®(7) = 7) with the map

(4.21) {xN—H = Az, + asy,

Spy1 = —1

(see (2.2) with ®(7) = —1). Since (4.20) and (4.21) are affine linear, so is P. The cases
x € [q1,00) and x € [rg, qx] can be treated analogously.

Using (4.14), (4.15), and (4.17), we see that T'(z) increases on the intervals (g1, 00) and
(qk,kal), k= 2,3, ey with

1—p*
1-p

(4.22) T'(z) =-\ z € (q1,00), T'(z)=-— <Bk —a > , T € (QryTh—1),
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Figure 13. Segment ©,, is covered by its image T?(0.,) under the second iteration of map T.

respectively, and decreases on the intervals (rg, gx), k € N, with

1-— gk
1-p

(4.23) T'(x) = =\ (ﬂ’“ —a ) ;2 € (T, q);

see Figure 12. Every point = € [q1,00) possesses the property that f(x,1) € 3. Every point
x € [qr+1, k), k € N, possesses the property that the (k+1)th iteration of the point (z,1) € I3
under the map f reaches the half-line I3 for the first time.

3. Now we show that system (2.2) has periodic orbits of all sufficiently large periods. Fix
k1 € N such that

a
1-A

(4.24) G, — <T,
where T, > 0 is given by (4.19).
Note that T'([rk,, qr,]) = [1%5, T(rk,)]- Fix k2 € N such that

Qry < T(7hy)-

For any m > ks, denote by ©,, the subsegment of [ry,, qx,| such that T(©,,) = [rm, gm]. It
follows from (4.18) and (4.24) that

a a
— W ——+ T :
D 1_)\,1_)\+ D 6O,

T%(Om)
see Figure 13.

Hence, the map 7?2 has a fixed point in ©,,,. Due to the argument in part 2 of this section,
the corresponding periodic solution of the system (2.2) will be of period k1 + m + 2. Hence,
for any k > ki + ko + 2, system (2.2) has a k-periodic orbit.

4. To complete the proof of statement (e), it remains to show that system (2.2) has no
more than one stable periodic orbit. In this part, we find a necessary and sufficient condition
for the map T'(x) to have fixed points in the interval (gx+1,qx) (obviously, T'(z) has no fixed
points for > ¢; because T'(z) = —\ € (0,1) for all z > ¢1). Then we show that at most one
fixed point of T'(x) can be stable. Finally, in part 5, we prove that all the periodic orbits of
T'(z) with period greater than 1 are unstable.
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Lemma 4.8. The map T(z) has a fized point in the interval (qx+1,qx) if and only if
(4.25) 14+ 8% <o.
The period of the corresponding orbit of system (2.2) equals (2k + 2).
Proof. The interval (gx+1,qr) contains a fixed point if and only if
(4.26) T(r) > 7i;
see Figure 12. Using formulas (4.14) and (4.17), we see that (4.26) is equivalent to
a+ 2\ - 2+ a%

1+X — 1 _ gk 1-gk”
+ 1ﬁ+a_6

which can be rewritten as (4.25). [ |

Note that, given a and A, inequality (4.25) holds for all sufficiently large k. We denote by
ko = ko(\, a) the smallest & with this property.

Now we fix @ and A and an arbitrary k > ko(\,a) and study the stability of the fixed
points of T'(z) in the interval (gxt1,qx). First, note that if (4.25) holds as an equality, then
the interval (gx41,qx) contains a unique fixed point r. It is unstable because the slope of the
graph of T'(z), € (qx+1,7%) is positive and greater than one. Assume that (4.25) holds as a
strict inequality, i.e.,

(4.27) 14+ 8% <.

Then there are two fixed points on the interval (g1, qr). The left one belongs to the interval
x € (qr+1,7%) and is unstable (as in the previous case). The right one belongs to the interval
(rk, qx). It is stable if and only if

(4.28) T'(x) € [-1,0), z € (v, qr)-

Combining (4.28) and (4.23), we conclude that the fixed point from the interval (rg,qg) is
stable if and only if

(4.29) AF+a—1>0.

Lemma 4.9. Inequalities (4.27) and (4.29) are either incompatible for all k > ko or they
hold for k = ko only.

Proof. In the parameter plane (A, 3), we introduce the regions Q. (see (2.8)). We proceed
by contradiction. Assume that for given (X, ), inequalities (4.27) and (4.29) hold for k; and
ka, k1 # ka2. Then, (\,5) € Qi N Q,. But Q, and Q, do not intersect for ki # ko.
Hence, there exists no more than one k > ko for which inequalities (4.27) and (4.29) hold
simultaneously. Now we again proceed by contradiction and assume that both inequalities
hold for some k > kg. Then inequality (4.27) holds also for ko by definition of kg, while
inequality (4.29) holds for kg due to the monotonicity of its left-hand side with respect to k.
However, as we have just seen, both inequalities (4.27) and (4.29) cannot hold for two different
values k and kg simultaneously. |
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5. We denote by r, the (unique) fixed point of the map T'(x) in the interval [rk,, gk, ),
where ko = ko(A,a) was introduced in part 4. In this last part of the proof of case (e), it
remains to show that all the fixed points of any iteration of T'(x), except for the possibly
stable fixed point r,, are unstable. Recall that the map 7'(z) has no fixed points for = > r,
(see Figure 12), which implies in particular

(4.30) T(x) <z forall z>r,.

Now, let us show that the segment [%,T(ry,)] is mapped onto itself under T'(z). In-
deedv [Qko-l—hrko] C [ﬁ’T(mﬂo)} and T([ +1 Tko]) = [ﬁvT(rko)]' Hence’ [ﬁvT(Tko)] C
T([+%,T(rk)])- On the other hand, T'(x S (rko) for z < r, due to the monotonicity of
T(r) (see (4.18)) and T'(x) < x < T'(rk,) for x € [ry, T(ry,)] due to (4.30). Thus,

(i) - [

Further, we note that the fixed points of any iteration belong to the segment [1%, T (rg,)].
Indeed, assume to the contrary that a fixed point x of some iteration of T'(x) satisfies = >
T(rky) = re. If T9(2) € [1%,T(rk,)] for some j, then all the subsequent iterations of T7(z)
remain in the segment [1%5, T (ry,)] due to the invariance of this segment. If T7(x) > T(ry,)
for all j, then (4.30) implies that T7F!(z) < T9(z) for all j. In both cases, we obtain a
contradiction with the fact that x is a fixed point of some iteration of T'(z).

We consider two cases: the fixed point r, is stable or unstable.

5.1. Assume that the fixed point r, is stable. Let us show that

(4.31) T(rky) € [T Qiy)-
Obviously T'(rg,) > r«. On the other hand, since

ot
)

(4.32) IT'(z)] <1 for all & € (Tky, qky)s

it follows that

a
o = Tho 2 Trig) = 77— > Trko) = ko

e, T(rk,) < qkp-
Next, we show that the segment [ry,, T(ry,)] is invariant under T, i.e.,

(4.33) T([rko, T(rro)) C [rrgs T(7io )]-

Since T(z) is linear on this segment, we need to check the images T'(ry,) and T?(r, ) of the end
points only. Obviously, T'(ry,) belongs to this segment. Moreover, relations (4.31) and (4.32)
show that all the iterations of 7, under the map T belong to the segment [ry,, T(ry,)] (and
converge to 7). In particular, T2(ry,) belongs to this interval.

Now we are ready to prove that the fixed points of any iteration of T'(x), except for s,
are unstable. Assume, to the contrary, that z, € (1%, T (rk,)] is a stable fixed point of T9+(z)
for some j, > 2 and z, # .. We have seen in part 4 of this section that |T'(z)| > 1 for
all z € (Tk+1, k1) U (qe+1,7x), k > ko. Therefore, the only possibility for z, to be stable is
that TV (z.) € [rk,, T(7k,)] for some j € N. However, all the trajectories entering this segment
converge to r, due to (4.32) and (4.33).
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7
N

Figure 14. Case B =1, A < 0. The parallelogram II degenerates to the segment EF with slope 1.

5.2. Assume that the fixed point 7, is unstable. Then kg > 1 (otherwise, |T"(r,)| = A? <
1). It follows from the monotonicity of T'(ry) (see (4.18)) and (4.30) that T'(rg,) < T(rg,—1) <
Tho—1, 1.€.,

(4.34) [&\,T(rko)} c [1&\,7”;%1] .

But |T(z)| > 1 for all z € (qr+1,76) U (1, qx), k > ko, due to part 4 of this section, and
|T"(z)| = [A"YT"(rs)| > 1 for all @ € (qxy,Tky—1) due to (4.22) and (4.23). This and (4.34)
imply that the absolute values of all the slopes of the graph of T'(z) on the interval [1%, T'(rx,)]
are greater than 1. Hence, the same is true for any iteration of 7'(x) on this interval. Therefore,
all the fixed points of any iteration of T are unstable. This completes the proof of statement (e)

of Theorem 2.1.

4.7. Case (f). In this case, the parallelogram II degenerates into the segment of the
equilibrium points EF with the slope 1 (see Figure 14).

Let us consider a point (z,,s,) ¢ EF. To be definite, assume that p, = x, — s, > 0.
Denote by (21, Sn+k) the first iteration that reaches the line s = —1 after the moment n, i.e.,
Spyi > —1fori=0,....,k—1and s,y = —1 (if s, = —1 we agree that k = 0). If p,1r =0,
then the trajectory ends at the point F. If p,1p > 0, then 0 < py1k < ppak_1 =+ = pp and

(435) Pn+k+1 = )\xn+k + ASp+k — Sn+k+1 = )\$n+k —a+1= A.’L’n+k + A= )\pn+k,

where we use a =1 — A. If pqx <0, then ppir <0 < ppig—1 =--- = pp and

Pn+k = )‘$n+k—1 + aSptk—1 — Sp+k = )\pn—l—k—l + Sntk—1 — Sntk = )‘pn+k—17

hence

(4.36) Prtk| < [MPptk—1]-

Relations (4.35) and (4.36) and similar relations that hold for ascending parts of trajectories,
due to (4.1), show that the trajectory either ends up at F or F' or converges to the segment
EF. In the latter case, the distance from the point (z,, s,) to the segment EF tends to zero
as n — 0o.
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Figure 15. Parallelograms ¥ and I1 for g = —1.

4.8. Case (g). For g = —1 it is straightforward to see that the parallelogram X, which is
contained in II, consists of 2-periodic orbits and the segment EF' of equilibrium points.

If A > 0 (see Figure 15(a)), then from Lemma 4.4 it follows that the parallelogram II is
invariant under the map f, and if (x,, s,) € II\ X, then either (z,,11, Sp+1) € ¥ or xpy1 < —1,
Sp+1 = —1 or xp1 > 1, spp1 = 1. But, since A > 0, relations z,11 < —1, $p41 = —1, and
f(=1,-1) = (1,1) imply xpt2 < 1, spy2 = 1 and, similarly, relations z,+1 > 1, sp41 = 1,
and f(1,1) = (—=1,—1) imply 412 > —1, sp42 = —1. In both cases, (Z,+2, Spt2) € 3. Thus,
f? maps II into X. On the other hand, the same argument as the one presented in section
4.3.5 shows that a trajectory starting outside II either converges to the point F' along the
line s = —1 from the right or to the point E along the line s = 1 from the left or meets the
boundary of the strip L inside II.

If A < 0 (see Figure 15(b)), then the argument used in section 4.4 shows that the set
M ={(z,s) : v < —-1,s = =1} U{(x,s) : © > 1, s = 1} is invariant under the map f
and all the trajectories starting in M converge to the 2-periodic orbit (—1,—1), (1,1). If
(Tn, $n) € IT\ Z, then (Tp41, Sn+1) € M U X because f = —1. Finally, if (z,,s,) € II, then
(Tnak, Snik) € MUY for some k € N. This completes the proof of Theorem 2.1.

Proof of Theorem 2.2. We use the notation of section 4.6. If (A, 8) € Q for some k € N,
then, according to Lemmas 4.8 and 4.9, the map 7" has a stable fixed point in the interval
[Tk, qx) and k = ko(A, a). It corresponds to the stable (2k + 2)-periodic orbit of system (2.2).
According to part 5.1 of this section, all the other periodic orbits are unstable.

If (X, a) ¢ Upen Q. then, according to Lemma 4.9, the map T has no stable fixed points.
Therefore, due to part 5.2 of this section, all the periodic orbits are unstable.

5. Conclusions. We have studied the discrete time dynamics of the simplest closed loop
system that includes a linear unit and a stop operator. This system can be equivalently
represented as a two-dimensional piecewise linear map involving a scalar-valued saturation
function. We have obtained a two-dimensional bifurcation diagram, which describes global
dynamics depending on two parameters. It should be noted that the system has a segment of
equilibrium points for every set of parameter values. The global attractor of the system may
have different forms: the segment of equilibrium points; the two equilibrium points at the ends
of this segment; a 2-periodic orbit; a 2-periodic orbit together with two equilibrium points.
The 2-periodic orbit is generated via a type of border-collision degenerate flip bifurcation. For
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certain parameter values the system has either a global chaotic attractor or a locally stable
periodic orbit coexisting with a chaotic set. We have also shown numerically that higher-
dimensional systems with a stop operator can demonstrate similar dynamics. Such systems
may be motivated by mechanical and economic applications.
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