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STABILITY PROPERTIES OF A DISCRETIZED
NEUTRAL DELAY DIFFERENTIAL EQUATION

JANA HRABALOVA

ABSTRACT. The paper discusses the asymptotic stability region of a discretiza-
tion of a linear neutral delay differential equation
2'(t) = ax(t — 7) + b’ (t — 7).

We present necessary and sufficient conditions specifying this region and describe
some of its properties.

1. Introduction and preliminaries

In this paper, we discuss the asymptotic stability region of the Euler dis-
cretization applied to the test delay differential equation of the neutral type

() =az(t—7)+ba'(t —71), t >0, (1)

where a, b are real scalars and the delay 7 is a positive real scalar. The problem
of asymptotic stability of (1] is equivalent to a problem whether its corresponding
characteristic equation

A—ae M T—breTr =0

has roots only with negative real parts and whether all its roots are uniformly
negatively bounded away from the imaginary axis (see, e.g., [I] or [7]). This task
has been studied in [4] for a more general neutral equation

P(t)=ax(t—71)+ba'(t —7) + cx(t)

via analyzing the location of a pair of pure imaginary roots of its character-
istic equation. Using the relevant result from [4] we may conclude that () is
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asymptotically stable if and only if
b <1, —(1- b2)1/2 arccos b < at < 0.

These inequalities set up the asymptotic stability region of (), i.e., the set
of all real couples (a, b) such that any solution of (1] is tending to zero as t — oo.
We denote this region by S* and depict it on Figure[I

FIGURE 1. The asymptotic stability region S¥ for 7 = 1.

The goal of this paper is to describe the asymptotic stability region for the
basic (Euler) discretization of (Il) and investigate some of its properties (for
other related qualitative investigations of discretized delay differential equations
we refer, e.g., to [§]).

The paper is organized as follows. In Section 2 we provide the forward Euler
discretization of ([Il) and derive the necessary and sufficient conditions for its
asymptotic stability. In Section 3 we discuss some properties of the derived
asymptotic stability region and perform some comparisons with respect to S*.

2. The forward Euler discretization

Let us consider a mesh ¢, =nh, n=20,1,..., where h > 0 is a stepsize of the
method. To avoid the interpolation in a replacement of delayed terms we impose
h=r7/k, k € Z*. The forward Euler method for a delay differential equation

2 (t) = ft,a(t), x(t — 7))

is a formula of the form

Yn+1 :yn'i_hf(tnayn;ynfk); n:07152-'-a
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where y,, is an approximate value of z(t,,). The application of the forward Euler
method to () yields a four-term linear difference equation

Ayp = bYn—g+1 + (ah — b)yp—, n=0,1,2..., (2)
where Ay, = yn+1 — Yn is the forward difference operator.

In order to analyze its asymptotic stability we utilize the explicit necessary
and sufficient conditions for a more general four-term linear difference equation

Ynt1 + QWn + BYn—kt1 + VYn—k = 0, n=0,1,2..., (3)
which have been recently derived in [2]. For other approaches in determining
asymptotic stability of [B) we refer to [5] or [9].

We recall that (8] is asymptotically stable if lim,, o, y, = 0 for any solution
of @). It is well known that asymptotic stability of this linear difference equation
depends on the location of the roots of its characteristic polynomial with respect
to the unit disk (see, e.g., [3]). If the characteristic polynomial associated to (3))

M4 ol + A+ =0 (4)

is of the Shur type, i.e., all its roots are located inside the open unit disk, then (3]
is asymptotically stable (and conversely).

The following proposition, which is due to [2], gives the necessary and suffi-

cient conditions guaranteeing that all the roots of (@) lie within the open unit
disk.

PROPOSITION 2.1. Let «, B and v be real constants and k be a positive integer.

Then all the roots of [@) lie inside the unit disk if and only if one of the following

conditions holds:

(C) 1+a+B+v>0, 1+a-B—-7>0, 1l—a+B8-7>0, 1—-a—B+v>0,
and k is any positive integer.

(C2) 1+a+p+7>0, 1+a-F-7y=0, 1-a+B-7>0, 1—a—-B+7>0,
and k is any positive integer.

(C3) 1+a+B+7>0 14a—-pB—7>0, 1—a+B—-7=0, 1—a—F+7>0,
and k is any positive odd integer.

(C4H) 1+a+B+7v>0, 1+4a—-B—v>0, 1—a+B8—-7>0, 1—a—F+7=0,
and k is any positive even integer.

(C5) 1+a+B+v>0, 1+a-B—-v<0, 1—a+B8-7>0, 1—-a—B+v>0,
and k is any positive integer such that

2 2 2 2 p2 2

w/m)gw (5)

2oy — B 2la — Bl

(C6) 1+a+pB+~v>0, 1+a—-F—7>0, 1—a+p—-7y<0, 1—a—F+~v>0,
and k is any positive odd integer such that (B holds.

CH 1+a+pB+~v>0, 14a—-F—-—v>0, 1—a+p—-7y>0, 1-a—B+~v<0,
and k is any positive even integer such that (B) holds.

k < arccos
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Let us note that (2)) has a fixed parameter & = —1 which allows us to simplify
Proposition 2.1l in the following way.

COROLLARY 2.2. Let B and v be real constants and k be a positive integer.
Then all the roots of the polynomial

ML X4 BA+y =0

lie inside the unit disk if and only if

v—8 23—~
+v >0, — 9| <2, k < arccos /arccos _
B+ 18 =1 5 50+ 57)

Proof. Substituting o = —1 into (C1)—(C7), the first two inequalities lead
to a contradiction in all conditions except for (C5), where they become

B+v>0.
Further, the third and fourth inequalities of (C5) can be read as
8-l <2
Setting & = —1 in () we arrive at
2-p2 -9
2|1+ B

Since 8 + v > 0, the remaining issue is to determine the sign of 1 + [~.
Let us consider S > 0 and v < 0. Then

B—v=8—-v<2,

k < arccos ———— ] / arccos ————

which implies
146y >14+72+7)=(1+7)*>0.

The case § < 0 and v > 0 is analogous. If 8 and ~ are of the same sign,
then the positivity of 1 4+ 8+ is obvious. O

THEOREM 2.3. The discretization ([2)) is asymptotically stable if and only if

2(1 — b2 2 — a?h? 2b —
a<0, |ah—2b| <2, Tarccos ( 2((1:_—stlbe2)ah < harccos b ah.

Proof. Theorem is a direct consequence of the Corollary O

Remark 2.4. The conditions of Theorem define the asymptotic stability
region of (2). We denote it by S;(h) to emphasise its dependence on the step-
size h.
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3. Some properties of S’ and S;(h)

The aim of this section is to analyze mutual relationships between S, (h) with
various h, as well as their comparisons with S*.

This task has been studied in [6] for the equation (I]) without a neutral term,
that is,

' (t) = az(t — 1), t > 0. (6)

It was shown that the corresponding stability intervals I, (h), i.e., sets of all
parameters a such that any solution of the discretization ([2]) with b = 0 tends
to zero as n — 0o, are enlarging with decreasing stepsize h. This corresponds to
the well known behavior of the forward Euler discretization applied to (@) with
7 = 0. Moreover, when h is tending to zero, I.(h) is approaching the asymptotic
stability interval of (6)). Here, we show that in the case of the neutral equation ()
the situation is more difficult.

THEOREM 3.1. Let ki < ko be arbitrary positive integers and let hy = 7/k; >
T/ka = ha be corresponding stepsizes. Then there exist real couples (ai,b1),
(az,b2), (as,bs) such that

(i) (a1,b1) ¢ Sr(h1) and (a1,b1) € S-(ha),
(11) (CLQ,bQ) 7—( 1) and (CLQ,bQ) c ST(hQ),
)

€S
(111) (a3,b3 € ST( 1) and (a3,b3) ¢ ST(hQ)

Proof. First, we consider b = 0, i.e., (Il takes the form of (@). Via its dis-
cretization we get the difference equation

h
h

Z/n+1—yn—ahyn—k:0; n:07172
with the stability interval
2 wh
IT h - R . ——sin ——— .
(h) {ae 0>a> hSln4T+2h}
It was proved in [6] that the function defining the left endpoint of I,(h) is

increasing which implies I (h1) C I-(h2) C IF. Moreover, both the inclusions
are sharp. Let a be the left endpoint of I (hy), i.e.,

— sin 77rh1
h1 4t + 2h1 ’
Then a € I,(hy) and @ ¢ I (h;). Consequently,
(@,0) ¢ S;(h1) and (a,0)€ S;(h2).

Thus, we have proved (i), where

a=—

2 . 7Th1

— T d b =0.
hlsm47'—|—2h1 an 1 =0

ay = —
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Setting h = 7 we get
1
L—(T)—{CLGR:O>Q>—;}.

Because of the monotony property of I.(h), it holds
(@,0) € S;(h1) and (a,0) € S;(he) foreach ae€ I.(7).

Consequently, it proves (ii) where ag € (—1/7,0) and by = 0.
Further, let us consider b = —1. The inequality

arccos 2(1 - bQ) + 2abh — a*h < harccos 2b— ah
-
2(1 + abh — b?)

can be then simplify into

h " 2(r+h)
We define A L
— _Fg2 T
f(h) = 7, Sin i) (7)

In order to analyze the monotony of f(h), we drop the constraint h = 7/k,
k € Z* and consider f(h) to be a function of a continuous argument. Then

f’(h):—g (—gsin2 mh 1 T E sin " )

h\ h  20t+h) (t+h T+h
Obviously, f'(h) < 0 when
h wTh wh
—2sin® = i 0
sin 2(r 1+ h) + CEWAE sm7_+h > 0,
or equivalently,
¢ wh < nTh b0
an .
2(r+h) (t+h)?’
Let L L
T T
h) =tan ——— h)=——.
gl( ) an 2(T+h)7 g2( ) (T+h)2

We show that g1(h) < g2(h) for some h > 0. Doing this, we investigate their
derivatives

_ h wT(T — h)
e T e T ‘
gl( ) 2(T+h)2COS 2(7’+h>7 gQ( ) (T+h)3
It holds
2rT T
= d ¢ (h) < —47— h ).
91(0) = g2(0) and gj(h) < TEArE e <0,2)

It implies that
g1(h) < g5(h) for all h < 7/5.
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Hence, f(h) is decreasing for h € (0,7/5). The remaining issue is to investigate
the behavior of f(h) for h = 7/k, k = 1,2,3,4,5. The values of f(h) for such h
are computed in the following table.

TABLE 1. The values of function f(h) for some particular h.

h T T/2 T/3 T/4 7/5
F(h) | -2/ | —2/7 | —1.757/7 | —1.528/7 | —1.400/7

We may conclude that, with the exception of h = 7 and h = 7/2, f(h)
is decreasing in h = 7/k, k € Z". Therefore, by setting
R 4 5 The T
a:—h—Qsmm, kQZh—2>2
we get (a,—1) € S;(h1) and (G,—1) ¢ S (ha) for ky > 2.

To complete the proof we have to find a couple (a, b) such that (a,b) € S,(7)
and (a,b) ¢ S;(7/2). To this purpose we investigate the stability boundary
given by

arecos 20— b%) + 2abh — a®h® _  arecos 22—
2(1 + abh — b?)
in the neighborhood of (—2/7, —1), because this point is a common boundary
point for both S;(7) and S;(7/2). Using the implicit differentiation formula

we get

h — 2b) + 2(1 — b%) + 2abh

/()= —Take 4~ (2b—ah)2#£0, 1+abh— b #0.

SO = 5T =07 + abh] + h(1 + abh — 07" (2b—ah)"#0,1+a 7

Setting h = 7 we obtain a’(—1) = 1/7, while for h = 7/2 it holds a’(—1) = 0.
Hence, there exists a pointvlv) in a left neighborhood of b = —1 such that

(=2/71,b) € S;(7) and (—2/7,b) ¢ S;(7/2). Thus, we have proved (iii), where

for ko > 2,

4 ) 7Th2
=—— — d b3=-1
as hg Sin 2(T+h2) an 3

while for ks = 2, we have
a3 =—2/7 and b3 =-1—¢,
where € is a sufficiently small positive number. O

Remark 3.2. In order to study S, (7) it is convenient to rewrite the last relation
in Theorem 2.3] as follows. Employing the formula
— 2 1
2 arctan x = arccos —— = 2 arccot —, x> 0,
1+ 22 x

89



JANA HRABALOVA

we can convert the left-hand side of the relation into

a2h2 1/2
(2(1 =b) +ah) (2(1 +b) — ah)) '
On the right-hand side, we apply the formula

N
arccos x = 2 arctan fx’ —-1<z<1 (8)
x

2T arctan (

and we get
2(1
2h arctan < 5

Hence, we arrive at

a’h?

1/2
2(1—b) +ah) 2(L +b) — ah)>

2(1—b) + ah>1/2

< harctan <2(1—|—b) —

T arctan <

which can be simplified for h = 7 as

b—1
a > .
T

Considering also the remaining conditions of Theorem we get the following
necessary and sufficient asymptotic stability condition describing S, ()

b—1<ar <min(0,2(1+0b)).

The behaviour of S; (h) is illustrated in Figure 2. The depicted curves are the
asymptotic stability boundaries for different values of the stepsize h. In all the
cases is the stability area bounded from above by the b-axis.

Remark 3.3. In order to investigate the behavior of S;(h) as h — 0, we rewrite
the last inequality in Theorem 23] as
2b—ah/ 2(1 — b%) + 2abh — a®h?
arccos
2(1 + abh — b?)

T < harccos

9)

We are interested in the limit
2b—ah/ 2(1 — b?) + 2abh — a?h?
T
MOS0 + abh — 12)

h—0

L = lim <h arccos
Using the L’Hospital rule we get

_ 1 2b—ah ah —a(2(1—b%)+abh)
L= llmhﬁo [(arccos 2 + (4—(26—ah)2)1/2) /(4—(2b—ah)2)1/2(1+abh—b2):| .

Hence,

(1 _ b2)1/2

L=— arccos b.
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FIGURE 2. The asymptotic stability regions Si(h).

Therefore, (@) becomes
at > —(1 - b2)1/2 arccos b,

which, taking into account also the first two inequalities from Theorem 2.3
with A = 0, is equivalent to the necessary and sufficient conditions on S%.

Remark 3.4. Let h = 7/k where k is an arbitrary positive integer. Then there
exist real couples (a1, b1), (ag,bs), (as,bs) such that

(i) (a1,b1) ¢ S;(h) and (a1,b1) € S%,
(ii) (a2,b2) € Sy(h) and (a2, b2) € S*,
(iii) (as,bs) € S;y(h) and (ag,bs) ¢ SE.
The existence of (a1,b1), (az,b2) and (as,bs3) can be proved using a similar
approach as in Theorem 3.1l
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