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Abstract: Second-order Ordinary Differential Equations (ODEs) with discontinuous forcing have
numerous applications in engineering and computational sciences. The analysis of the solution spaces
of non-homogeneous ODE:s is difficult due to the complexities in multidimensional systems, with
multiple discontinuous variables present in forcing functions. Numerical solutions are often prone to
failures in the presence of discontinuities. Algebraic decompositions are employed for analysis in such
cases, assuming that regularities exist, operators are present in Banach (solution) spaces, and there
is finite measurability. This paper proposes a generalized, finite-dimensional algebraic analysis of
the solution spaces of second-order ODEs equipped with periodic Dirac delta forcing. The proposed
algebraic analysis establishes the conditions for the convergence of responses within the solution
spaces without requiring relative smoothness of the forcing functions. The Lipschitz regularizations
and Lebesgue measurability are not considered as preconditions maintaining generality. The analysis
shows that smooth and locally finite responses can be admitted in an exponentially stable solution
space. The numerical analysis of the solution spaces is computed based on combinatorial changes
in coefficients. It exhibits a set of locally uniform responses in the solution spaces. In contrast, the
global response profiles show localized as well as oriented instabilities at specific neighborhoods in
the solution spaces. Furthermore, the bands of the expansions—contractions of the stable response
profiles are observable within the solution spaces depending upon the values of the coefficients and
time intervals. The application aspects and distinguishing properties of the proposed approaches are
outlined in brief.

Keywords: ODE; convergence; sequence; algebraic decomposition; numerical solution
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1. Introduction

Ordinary differential equations (ODEs) have a wide array of applications with respect
to modeling engineering systems and performing numerical (computational) analyses of
data. The systems of differential equations often contain discontinuous forcing functions
(or forcing factors) with applications in physics, engineering, data science, biology, and ge-
ology [1-3]. The comprehensive treatments concerning the solving of differential equations
with discontinuous and periodic forcing functions stem from Filippov [4]. The generalized
form of such equations (termed feedback equations) with single-variable discontinuity can

be represented as X = Ax — BF (x), where F(x) is a discontinuous forcing function and
A, B are the constant matrices of finite dimensions [5]. However, if a differential equation
contains multi-variable discontinuous forcing, then the corresponding two-variable forcing
can be represented as F,(x, t), which has numerous applications in physical systems mod-
eling [1]. It has been noted that the determination of classical solutions to such an equation
is both difficult and insufficient [5,6]. Furthermore, the numerical solution techniques
using software solvers are often prone to failures due to the presence of discontinuous
forcing functions [7]. In order to simplify the equation for the determination of an analytical
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solution, it is often assumed that the single-variable discontinuous function F(x) is finitely
Lebesgue-measurable and linear. Similar problems arise regarding differential equations
in the four-dimensional numerical analysis of meteorological data, which are equipped
with the discontinuous forcing function given in the form G(u(x, t), x,t), where (x,t) is a
pair of space-time variables and the first variable is a function represented as u = f(x, )|,
at a critical state c representing the state of discontinuity [8]. In this particular case, the
analytic evaluation of the term 0G/0du is not straightforward; as a consequence, a differ-
ent functional form is formulated, which is given as F>(x,t) = G(u(x,t), x,t). However,
such a function does not greatly reduce analytical complexity. Thus, the discontinuous
forcing function F,(x, t) is further algebraically decomposed as F,(x,t) = S(x)D(t), where
S(x) € C* and the function D(t) constitutes a discontinuous function [8].

1.1. Motivations

The presence of (discontinuous) Dirac delta functions in the forcing factor is often
considered as multiplicative variety. These types of differential equations with Dirac delta
discontinuity have numerous applications in non-smooth mechanics [9-12]. In general,
the multiplicative variety of a differential equation with Dirac delta forcing is given as
dy/dt = u(t,y) + v(y)é(t), where 6(t) is the Dirac function. In general, the solution is
formulated by incorporating regularizations, wherein the continuous function u(.,.) should
be locally Lipschitz with respect to y and it should be compact in terms of its time interval
within the solution space [12]. Moreover, the additionally required condition is that the
function v(.) should have the following property: v € C!(R), where R is the set of real
numbers. It is known that if u(.,.) and v(.) are globally Lipschitz, then the solution is a
convergent (limiting) function [12]. In this case, the restriction is that regularization is
mandatory to find a solution if the singularity is superimposed at the initial condition. This
motivated us to ask a general question: How do we algebraically analyze a second-order
differential equation with periodic Dirac delta forcing given in general form? Moreover, our
corollary question is as follows: what are the behaviors of such equations under additive
as well as discontinuous and impulsive forcing factors? We address these questions
comprehensively in this paper.

1.2. Contributions

The contributions made in this paper can be summarized as follows: We present the
generalized algebraic analysis and numerical simulations of the behavior of solution spaces
of non-homogeneous ODEs endowed with Dirac delta periodic forcing (refer to Equation
(1)). Our algebraic analysis considers the combinatorial changes in the set of coefficients
of the ODE. The algebraic analysis of the convergence of solution within an exponentially
stable solution space is presented by employing the polynomial expansions of functions.
The proposed algebraic analysis of the solution space does not employ any external function
decomposition or Lipschitz regularizations as preconditions. It is shown that discontinuous
periodic forcing can be regularized within a smooth, exponential solution space admitting
locally finite responses. This results in the formation of sharp boundaries of stable responses
and occasional appearances of instabilities at specific neighborhoods within the solution
spaces, mostly at sharp boundaries. We present the numerical analysis of local and global
response profiles in-detail under varying coefficients and time intervals within the solution
spaces, while considering different algebraic relations between the constant factors of the
governing equation. The results of the numerical analysis are presented as a set of surface
maps exposing the interrelationships between the ranges of constant factors, the algebraic
relations between them, and the degree of non-linearity covering negative and positive
domains. In this paper, DD stands for Dirac Delta, which generates a periodic forcing factor
of the non-homogeneous ODE. The sets of real numbers and integers are denoted by R, Z
respectively, where R = (—o0, +00).
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The rest of the paper is organized as follows. The algebraic analysis is presented in
Section 2. Section 3 presents the numerical simulations in detail. Section 4 presents the
application aspects of the proposed analysis. Finally, Section 5 concludes the paper.

2. Analysis of ODE with Periodic DD Forcing

The general form of a second-order non-homogeneous ODE with a periodic DD forcing
factor can be represented as given in the following equation (note that D is a differentiation
operator and the product f(¢)J(t) constitutes forcing):

D2k = 3 F(B)3(E),
=0 1)
k € R\{0}.

Note that the forcing factor is of the discrete (discontinuous) variety, controlling the
dynamic behavior of the equation in the solution space. Moreover, it is considered that the
sequence generated by the periodic DD forcing factor must be convergent for the solution
to exist. Note that in almost all practical application cases, the finite subsequences are
considered due to computational limitations (i.e., practical cases consider the presence of
convergence within bounded solution spaces). The corresponding finite form of the general
equation for the terms N € Z* can be formulated as:

t=N
D?x +kx" = ¥ f(t)s(t),
t=0

= @)
1 <N < +o0.

Let us consider the corresponding homogeneous equation with an exponentially
smooth variety of solutions in the solution spaces for the ODE under investigation. Let
x = ae®,{a,b} C R be a solution of a homogenized form of Equation (2). This leads to the
following algebraic conditions to be satisfied:

ab? + kae(r=10t —
and, 3)
X =— (ka”/b2)e”bt.

It is important to note that the solution of x given in Equation (3) is applicable only for
the homogenized form of Equation (2). However, as Equation (2) is not in a homogeneous
form, we need to resolve the degree of discrete forcing by using the corresponding series
within the solution spaces. Let us consider that there is a sequence in time <st)fj{ “ata
finite interval such that s; € [—aq, +ay), where a; € R,i € {1,2} are the boundaries. As
a subsequence of a bounded sequence is convergent following the Cauchy criteria, the
periodic DD forcing factor can be represented as:

(o1)j=0 C (s)i=g ™,
N toN @
L f0s(t) = ¥ o

t=0

This leads to the following result in view of the algebraic expansion of Equation (3),
while considering the preservation of the conditions given in Equation (4):

t=N
ab? + ka" + (n — 1)ka"bt + ((n — 1)?/20ka" (bt)* +...... =Y u. (5)
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In order to resolve the finite series at multiple time instants, we need a set of varying
sums of sequences satisfying Equation (5). Let us consider a discrete and convergent
sequence space; then, we construct a set of series at different time instants, as given below:

[t=0] = [e; =0],
=[er=m—-1)b+((n—1)>2/2)b>+ ((n —1)3/3)3 +...... 1,
[t=2]=[er=2(n—1)b+2(n—1)2b> + (4/3)(n —1)3° +...... ], (6)

[t=N]=[e =bN((n—1)+(1/2)(n —1)2bN + (1/3")(n — 1)3(bN)> +...... ).

~~

Note that Equation (5) is of a discrete variety, and it needs to satisfy the following
algebraic conditions by considering Equation (6):

v = ab® + ka (1 +¢;),
& < €p41.

@)

This immediately leads to the following set of results, which are presented as a set of
theorems that consider the degree of non-linearity (1) as a constant, while the other set of
constants {a, b, k} is considered to constitute finite-valued elements. We present the first
result in the following theorem considering Equation (7).

Theorem 1. If <£t>2§) is a Cauchy sequence with b > 0, then L, = lim;— 4 <Z vt> is not
t
convergent if ka # 0.

Proof. Let us consider a Cauchy sequence (¢;); - such that b > 0. Note that in this case the
condition of Vt € (0,400], & > 01is preserved, and the sequence (st>t+:°§ is not considered
to be bounded as a precondition. Thus, if the corresponding sum of the series is computed as

I =Y (1+ ¢:), then we can conclude that I — +o0 as t — +oc0. As a consequence, the sum
t

of the limiting value, computed as L, = lim;_ 4 oo (Z vt> , is not convergent if ka # 0. O
t

This leads to the following lemma representing the strict boundedness condition of

Lyony = limsn <; vt) within the local space of responses.

Lemmal. If b € [0,1) and N < +oo, then L,y is strictly convergent.

Proof. If we consider that b € [0,1), we obtain the condition given as b™ > pmtl Ag
a result, we can conclude that ¢; € (0, M), where M < +oco and ¢ € (0, N]. Hence,
if we consider an exponentially stable and finite solution space with N < +oo, then
—00 < Kj < Lyny < Kp < +o9, depending on the values of the set of constants {a,n},
and as a result L,y is strictly convergent. Note that the finite boundaries K), K}, are real
numbers. [J

On the other hand, if we impose an additional condition on Equation (7) such that
b < 0,&; < 0, we obtain the corresponding convergence criteria presented in the following
theorem as a result.

Theorem 2. If the sequence (g;);; maintains the conditions that b < 0, & < e;,1 < 0 and
et — —1, then lim;_, o v; is convergent.

Proof. The proof is relatively straightforward. In this case, the sequence (g;),-% is a
monotone sequence if we consider that &; < &;,1; moreover, it is possible that ¢; — —1 if we
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impose the following restriction: &; € (—oo, —1]. As a result, the limit (lim;—, yo0v¢) — ab?
is convergent, wherein the set of constants {a, b} is finite-valued. (]

Remark 1. It is important to note in Theorem 2 that lim;_, 1« vy is finite even if k % 0. In other
words, in this case, the convergence of v; is independent of the vanishing k . Moreover, we can
generalize the observation by the condition as Vt € [0, +o0|, & € R indicating that € is finite at

every time instant if the sequence (e;);'% is a finitely bounded Cauchy sequence.

Note that we have mentioned earlier that the complete solution of a non-homogeneous
ODE with periodic DD forcing needs to be convergent within the solution spaces. The
representation of Equation (7) and the aforesaid theorems illustrate that convergence
analysis is necessary within the solution space to maintain the finiteness of the responses
of the ODE under periodic DD forcing at different time instants. The detailed algebraic
analyses of the sequential convergence of the terms within the solution space are presented
in the following subsection.

Convergence Analysis

These algebraic convergence analyses consider the complete solution of a generalized
non-homogeneous ODE along with the incorporated periodic DD forcing factor. The
following identity must be satisfied by the complete solution space of the non-homogeneous
ODE with discontinuities:

t=N
ab? + ka"e" VY = ab?N + ka" Y (1 +¢p). (8)
t=0

This leads to the following conclusion considering the condition that ka" € R\{0},
where an exponential function is strictly convergent (because the solution space is finite):

t=N

—00 < Z (]. + St) < +OO,
VN ©)
L (14e) = etV 4 (LN a2

t=0

The above algebraic condition controlling the proposed exponential type of response is
of a smooth variety and is convergent, thereby resolving the non-homogeneities generated
by the periodic DD forcing factor. The solution space is termed a locally stable space if we
consider a finite time interval [0, N|, where the responses are also finite. We can derive an
interesting observation, as presented in the following theorem, before proceeding to the
numerical simulations.

Theorem 3. If the solution space is locally stable in the finite time interval [0, N|, then it preserves
the condition —oo < &y < 400 and ka # 0.

t=N
Proof. Let us consider Equation (9) such that ¥ (1 +¢;) — ("~ Vbt = g(1=mf=1p2(1 — N).
t=0
Note that the right side of the expression is a constant and finite if ka # 0. Hence, the
t=N
expression Y (1+¢;) —e(" "Vt is convergent at the time interval [0, N], indicating that
t=0
—00 < g < +o0 at the local responses within the locally stable solution space. [
It can be observed from Theorem 3 that the finiteness of ¢; can be admitted under the

convergence conditions. The local and global behaviors of the response profiles of the ODE
within the solution space are numerically analyzed in-detail in the following section.
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3. Numerical Analysis

The simulations are performed through numerical computation, where time (¢) is
varied in the two different half-open intervals. In one set of simulations, the time interval
is kept very short within the solution space to evaluate the local response profiles. In
another set of simulations, the time interval is comparatively larger (the supremum is
more than 10 times larger) to evaluate the global response profiles of the ODE under
consideration. As a result, if the time, ¢, is fixed in the interval (0, 11), then the generated
responses are called local responses of the ODE. On the other hand, if time ¢ is varied in the
interval (0,400), then the generated responses of the ODE are called global responses. The
simulations are performed in three categories based on the values of the constant factor
k€ {1,h,w}, where h € R\[0, +c0) and w € (1,+o0). The other constants, such as a, b, are
varied as a relationally ordered pair (aAb) considering various ordering relations, such as
A € {#,<,>,=}. In all the cases, the degree of non-linearity (1) of variable x is varied
in the interval [—100, 100], covering a wide range in both positive and negative domains.
The response profiles of x(t) are presented for various numerical values of the constants
and the mutual algebraic relations between them considering the homogeneous form,
where the response of ODE at t = 0 is trivially computable and is not emphasized in the
corresponding response profiles. The response profiles are presented as 3D surface maps,
where the X-axis represents time, the Y-axis represents the degree of non-linearity, and the
variations in the responses of x(t) are given by the Z-axis. The computable regions are
presented as surface maps, where the instabilities or singularities in responses are visible at
specific neighborhoods within the solution spaces at boundary regions.

3.1. Response Profiles fork =1anda # b

In the first set of simulations, we consider that k = 1, while the other constant factors
are kept finite but unequal within the solution space. The generated 3D response profile is
presented in Figure 1 as a surface map for the varying degrees of non-linearity.

Surface of response for short time interval (0 <t < 11)

-2e+304
-4e+304
-66+304
-8e4304
-1e+305

-1.2e+305

100 =—___

P Unstable boundary

—5

Degree of non-lmeanty"(n) 5.," 7- Time interval (t)
10000

Figure 1. Surface map of local response fork =1, a =1, b = 10.

The surface map illustrates that the local response is uniformly flat in the interior of the
solution space, thus signifying extreme smoothness for the negative values of non-linearity.
However, there are several neighborhoods wherein the local responses attain instabilities in
the solution space when the degree of non-linearity is increased more towards the positive
domain. The corresponding global response profile is presented in Figure 2.
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o Unstable
i neighborhoods

150 Time interval (t)
%/m

T
Figure 2. Surface map of global response fork =1, a =1, b = 10.

It is observable that the global response profile preserves the local response due to
the fixed values of the constants and their mutual algebraic relation (an inequality relation
in this case). Note that the simulations in these cases consider a = k, and the algebraic
ordering is b > a. If we relax the restriction on one of the constants such that 2 > 1 while
enhancing the values of another constant 10 times compared to the earlier case, then the
generated local response profile retains smoothness, as presented in Figure 3. Interestingly,

in this case, the local response profile is comparable to the global response with constrained
values of the constants, as given in Figure 2.

Surface of response for short time interval (O <t<11)fora>1andb>a

LegV
\r -y
QT -~
o |
=10
6
Time interval (t) Unstable
neighborhood

Figure 3. Surface map of local response fork =1, a = 7, b = 100.
The surface map of the global response profile with a > 1 and b > 4 is illustrated in

Figure 4. The global response profile retains local smoothness, and the boundary of the
solution space is sharp near the origin, which contrasts with the earlier 3D surface maps.

Surface of response for long time interval (0 <t < 400)fora> 1and b > a

a55 0

/25/0/56

—— L —T50 Time interval (t)
g ————— O
Degree of non-linearity (n) 50 »“_“Eodf

Figure 4. Surface map of global response fork =1, a =7, b = 100.
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Interestingly, if we reverse the combinatorial selection of the constants such that
k=1, a =10, b = 1, then the 3D surface map of local response profile is extended
into the positive domain of non-linearity, as presented in Figure 5. Note that in this case,
the smoothness is preserved for an extended interval within the solution space and the
neighborhood of instability is confined within a narrow zone at a comparatively higher
time interval.

Surface of response for short time interval (0 <t<11)fora>1anda>b

-4.5¢+307

TS0

- -
Degree of non-linearity (n) W — =l

Degree of non-linearity (n) 50T o

Unstable
neighborhoods

22gF Time interval (t)

=S -

Figure 5. Surface map of local response fork =1, a =10, b = 1.

The corresponding global response profile is illustrated as the surface map given
in Figure 6. The pronounced effect of non-linearity is observable in the global response
profile as compared to the local response profile, wherein the values of the constants remain
unaltered. The location of the neighborhood of instability is also shifted closer to the origin,
where the boundary of the solution space is sharp.

w |
T =0
_—350

00

750

% Unstable

nen 10’(7/1‘)6 Time interval (t) )
S 5 neighborhood

Figure 6. Surface map of global response fork =1, 2 =10, b = 1.

However, the local response profile of the ODE is moderately altered if we increase
one of the constants as b > 1 while keeping k = 1. The corresponding 3D surface map is
shown in Figure 7. It is relatively clear to see that smoothness is retained mostly in the
negative index of non-linearity and that there are instabilities at the boundary region for
the increased degree of non-linearity in the positive domain.

On the contrary, the global response profile exhibits a retraction mode if we increase
the time interval while keeping all other parameters unaltered. This observation is depicted
in Figure 8. The neighborhood of instability is present in the surface map very close
to origin.
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Surface of response for short time interval (0 <t<11)fora>1,a>bandb> 1

] —— Time interval (t) Unstable

Degree of non-linearity (n) neighborhoods
Figure 7. Surface map of local response fork =1, a =100, b = 7.
Surface of response for long time interval (0 <t <400)fora>1,a>bandb > 1
i = S
— ’7’:—;;7__( —"
= et
. - __;
,;:3:; T ‘
264293 1
—
g 0 Unstable
—— 150 Time interval (t) iohborl 1
Degree of non-linearity (n) T **~-10(ﬁ"”’(mo I'lt"‘lg Nborhooc

Figure 8. Surface map of global response fork =1, a =100, b =7.

The comparisons of the surface maps illustrate that the response profiles of the ODE in
Figure 3, Figure 6, and Figure 8 are nearly comparable. This indicates that the effects of the
combinatorial choices of the constants 4, b determine the dynamics of the local and global
responses for the fixed value of k = 1 (i.e., in the positive domain closer to the origin).

3.2. Response Profiles fork > 1and a # b

The simulation results presented in this section illustrate the effects of increasing
the value of k in the positive domain away from origin. The 3D surface map of the local
response profile for k = 40, a = 1, b = 10 is given in Figure 9. The comparisons of the
response profiles given in Figures 1 and 9 show that the increasing value of k reduces the
neighborhoods of instabilities within the solution space.

Surface of response for short time interval (0 <t<11)fora=1,b>a

f
/
|
/
|
|
|
|
\
m
=5}

_~%

5 Unstable
il T e neighborhoods

T
Degree of non-linearity (n) 0T

Figure 9. Surface map of local response for k =40, a =1, b = 10.
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Interestingly, the comparisons of the global response profiles given in Figures 2 and 10
show that the surface maps are nearly similar in both cases. This indicates that at longer
time intervals, the effect of the moderately increased value of k is negligible.

Surface of response for long time interval (0 <t <400)fora=1,b>a

—
o e
=
————

350
P Unstable
Time interval (t)

neighborhood

rTl
v
»7--‘-A-.7-~ - ; ]
e |
—— I
Degree of non-linearity (n) ? 0&/50

Figure 10. Surface map of global response for k = 40, a = 1, b = 10.

Likewise, if the values of constants a, b are increased while maintaining the algebraic
ordering relation b > g, then the surface map of the local response profile, represented in
Figure 11, remains nearly identical to that of Figure 10. This indicates that the values of
the respective constants do not heavily influence the response when the corresponding
algebraic ordering relation is maintained.

Surface of response for short time interval (0 <t<11)fora>1,b > a

T~
\ )
-
|
——»"’”";,710 w
e 5 Unstable
— T .
i T i Taneinersali: neighborhood
Degree of non-linearity (n) 0T

Figure 11. Surface map of local response for k =40, a =7, b = 100.

The global response profile of the ODE under consideration is largely similar to those
of Figures 10 and 11, except for the elimination of instabilities at the boundary regions, as
shown in Figure 12.

Surface of response for long time interval (0 <t <400)fora>1,b>a

|
TTm B
e TTTTT—— L m/fﬁ Time interval (t)
Degree of non-linearity (n) e 5

Figure 12. Surface map of global response for k = 40, a = 7, b = 100.
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Surface of response for short time interval (0 <t<11)fora>1andb

0 . e —E——
Degree of non-linearity (n) S T

The similarity between Figures 4 and 12 suggests that the global response of the ODE
is stable under the corresponding choices of the constants a, b and the algebraic ordering
b > a and that it is not sensitive to the values of k.

The noticeable shift in the local response profile of the ODE is observable if the
algebraic ordering relation between constants is changed to a > b. The corresponding 3D
surface map of the response profile is shown in Figure 13. Note that the response surface
largely covers both positive and negative domains of varying degrees of non-linearity
(i.e., an expansion of a uniformly stable solution space emerges). The neighborhood of
instability is locally restricted at the sharp boundary region.

1]
-

v
el
__\ 4
: 10 w
e Unstable
i ,,,.,«-'/"'“’ Time interval (t) neighborhood

Figure 13. Surface map of local response for k = 40, a =10, b = 1.

The global response profile of the ODE with an algebraic ordering of constants of
a > b and a value of k = 40 is given in Figure 14. Interestingly, it is nearly identical to the
responses shown in Figure 3, Figure 6, Figure 8, and Figure 11. This observation illustrates
that both the local and global dynamics of the ODE under consideration are highly stable
irrespective of the combinatorial effects exerted by the set of constants {a, b, k}.

Surface of response for long time interval (0 <t <400)fora>1,a>b

Degree of non-linearity (n) E o0

T Unstable
N 0 o
TS0 Time interval (t) neighborhood

Figure 14. Surface map of global response for k = 40, a = 100, b = 7.

3.3. Response Profiles fork > 1and a = b

The results of the numerical simulation presented in this section compute the global
and local response profiles of the ODE under periodic DD forcing, while the parameters are
setasa, b,k € (1,400) and the algebraic restriction is enforced as a = b. The corresponding
local response profile is presented in Figure 15.
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Surface of response for short time interval (0 <t<11)forab>1anda=b

-164297
264297

34297
464207
524207

624297 = T —

Unstable

e neighborhood

,1(-:-""77-»__,_‘_ "
»:u:”'“fwf“,{_” _——4 Time interval (t)
Degree of non-linearity (n) 50 — o0

Figure 15. Surface map of local response for k = 40, a = b = 100.

The surface map of the local response of the ODE appears to be fairly smooth and
uniform with a varying degree of non-linearity. However, the neighborhood of instability
is observable within the solution space. Interestingly, if we compute the global response of
the ODE in a relatively longer time interval, then the uniformity and smoothness of the
surfaces are retained within the sharp boundary, as presented in Figure 16.

Surface of response for long time interval (0 <t <400)fora,b>1anda=b

=

100
350
300
0

20— _—760 .
S0 T _—T150 ime interval (t
e % e interval (t)

Degree of non-lineanty (n)

Figure 16. Surface map of global response for k = 40, a = b = 100.

Notably, the response surfaces are not computable when covering the entire region of
the varying degree of non-linearity. In other words, the global and local response profiles
appear to be incompletely identical across the large solution space under the parameters
applied in this case.

However, if we reverse the sign of k into the negative domain, then the influence of
the degree of varying non-linearity is reduced and the response surfaces are extended, as
presented in the following section.

3.4. Local Response Profiles for k < 0

In this section, we present the local response profiles of the ODE, while reversing the
sign of k into the negative domain away from the origin and fixing the constant b = 1.
However, the other constant is changed to a € (1, +-c0). The corresponding local response
profile is presented in Figure 17, where a = 10. It is easily observable that the uniform
solution space free of instability is expanded. The oriented instabilities appear in multiple
local neighborhoods at sharp boundary regions.
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Surface of response for short time interval (0 <t<11)fork<0,a>1and b =1
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Figure 17. Surface map of local response for k = —40, a = 10.

Next, we increase the value of constant b such that b = 30 (i.e., three times greater
than the earlier value of constant a), and we reduce the value of constant a such that an
algebraic relation wherein a < b is enforced. As a result, the effect of the varying degree of
non-linearity is observable in the local response profile, as presented in Figure 18. Note
that the space of uniformity and smoothness of the surface has contracted. This indicates
that the choices of the values of the constants and the algebraic ordering have effects on the
local response of the ODE under periodic DD forcing.

Surface of response for short time interval (0 <t<11)fork<0,a<b

A =

—x Unstable

. neighborhood
P Time interval (t)

0
Degree of non-linearity (n) 50 ""*w-i@"

Figure 18. Surface map of local response for k = —40, a = 4, b = 30.

Finally, we reverse the algebraic ordering relation of constants {a, b} again and we
keep the value of constant k unaltered in the negative domain. The corresponding local
response profile is presented in Figure 19.

Surface of response for short time interval (0 <t<11)fork <0,a>Db

_—% Unstable

~=— _—% )
N TTT—— o Time interval (t) neighborhoods
Degree of non-linearity (n) E B gt

Figure 19. Surface map of local response for k = —40, a = 10, b = 2.

Observe that the space with a stable response is expanded, covering widely varying
degrees of non-linearity unlike the earlier case. However, the neighborhoods of instabilities
at the boundary within the solution space are observable in the response profile.
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3.5. Evaluations of Variations of Sum of Series

In this section, we present the variations of the sum of series Y ; (1 + ¢;) as given
in Equation (9) with respect to the variations of ¢, N and the degree of non-linearity (n).
The variations of the sum of series are presented on the Z-axis. First, we show that the
sum of series is bounded for the second degree of non-linearity, the short range of series
N = [0,100], and the positive values of the elements of the set {a = 10, b =1, k = 100}.
The resulting response profile is given in Figure 20.

Surface of vanations of series for short time interval (0 <t < 11) for b=1, a=10, k=100

——

——
T

Figure 20. Surface map of local variations of }; (1 + ¢;) (on Z-axis) for n = 2.

Next, we increase the range of series to a relatively large value such that N = [0, 1000]
while keeping the other parameters unchanged. The resulting response profile is presented
in Figure 21. It is interesting to note that the enhancement of the range of series does not
have any large influence on the response profile.

Surface of vanations of senes for short time interval (0 <t < 11) forb=1, a=10, k=100

60000
50000
40000
30000
20000
10000

-10000

Figure 21. Surface map of local variations of }; (1 + &) (on Z-axis) for N = [0,1000].

In the next experiment, we reduced the range of the series and computed the global
response profile, and the results are given in Figure 22. The rapid increase in the values of
the sum of the series is observable at the sharp boundary.
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Surface of vanations of series for long time interval (0 <t <400) for b=1, a=10, k=100
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0

Figure 22. Surface map of global variations of ) ; (1 + ¢;) for N = [0,100], n = 2.

A similar effect is sustained in the global response profile if we enhance the range of
the series by ten-fold, as presented in Figure 23.

Surface of variations of series for long time interval (0 <t < 400) for b=1, a=10, k=100
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-1le+173

Figure 23. Surface map of global variations of ) ; (1 + ¢;) for N = [0,1000], n = 2.

However, the increase in the values of the sum of the series becomes relatively gradual
if we rearrange the combinatorial values of constants such that {a = 1, b = 10, k = 100}.
The resulting response profile is given in Figure 24.

Surface of variations of series for short time interval (0 < t < 11) for b=10, a=1, k=100
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Figure 24. Surface map of local variations of Y ; (1 + ¢;) for N = [0,100] and n = 2.
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An observable shift in the variations in the sum of the series appears if the global
response profile is computed for a relatively short range of the series, i.e., N = [0,100]. The
resulting response profile is presented in Figure 25.

Surface of variations of series for long time interval (0 < t < 400) for b=10, a=1, k=100
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2e+298
1.5e+298
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Figure 25. Surface map of global variations of } ; (1 + ¢;) for N = [0,100] and n = 2.

Interestingly, the aforesaid shift in the response is retained, as presented in Figure 26.,
even if we increase the range of the series to ten times that of the earlier experiment. Note
that the degree of non-linearity remains unchanged.

Surface of variations of series for long time interval (0 <t < 400) for b=10, a=1, k=100

10000

Figure 26. Surface map of global variations of } ; (1 + ¢;) for N = [0,1000] and n = 2.

In the next experiment, we make combinatorial changes to the set of constants such
that {# = —10,b = —1,k = —100}. This reverses the domain of the set of constants from
positive to negative. The resulting response profile is presented in Figure 27. Interestingly,
the influence of the domain of the set of constants is visible in the response profile, where
the sum of series shows a gradual decline to a stable surface.

Surface of variations of series for short time interval (0 <t < 11) for b=-1, a=-10, k=100

O 0000 HEpe
[ SR S

Figure 27. Surface map of local variations of }; (1 + &) (on Z-axis) for N = [0,100], n = 2.
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The slope of the reduction in the values of the sum of series becomes steeper than that
of the previous response if we increase the degree of non-linearity five times in the positive
domain. The resulting response profile is shown in Figure 28.

Surface of variations of series for short time interval (0 <t < 11) for b=-1, a=-10, k=-100

12
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0.2 f\
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Figure 28. Surface map of local variations of }; (1+ ¢;) for N = [0,100] and n = 10.

The effect of the degree of non-linearity on the series is observable (Figure 29) when
we change the degree of non-linearity from the positive domain to the negative domain.

Surface of variations of series for short time interval (0 <t < 11) for b=-1, a=-10, k=-100
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Figure 29. Surface map of local variations of }; (1 + ¢;) for N = [0,100] and n = —10.

On the other hand, the response profile of the sum of series shows sensitivity with
respect to the range of the series. This effect is visible in Figure 30.

Surface of variations of series for long time interval (0 <t < 400) for b=-1, a=-10, k=-100

Figure 30. Surface map of global variations of }; (1 + ¢;) for N = [0,1000] and n = —10.
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Evidently, the overall effects of the domain of non-linearity and the domains of the
constants on the variations of the sum of series are significantly different. However, in
all cases, the variations are finite. Moreover, the mutual variations of the domain of
non-linearity and the range of the series have greater effects on the response profiles.

4. Applicational Prospects

In this section, the applicational prospects of the differential equations with discontin-
uous forcing are presented, and the distinguishing properties of the proposed approach
are outlined comprehensively. In general, the ODEs involving sporadic disturbances have
applications in fluid-flow modeling, wherein the uncertainties are considered to be the
governing factors of the respective dynamics [13]. ODEs and PDEs (Partial Differential
Equations) with Dirac delta forcing have a wide array of applications in physical sciences
and engineering [14]. For example, the one-dimensional and two-dimensional differential
equations equipped with Dirac-type discrete forcing are given as —uyx = 6(x —a), a € R
and —V?uy, = 6(x,y), respectively, with applications in geology and hydrology [14,15].
On the other hand, the non-homogeneous ODE in the form given in Equation (1) has
potential applications in the jitter modeling of networked systems [16-18]. Specifically, in
computer network modeling involving sporadic jitters, the constant factor is considered
to be positive (i.e., k > 0). The main focus of the analysis of such differential equations
with discontinuous forcing is to ascertain the convergence in the solution spaces and the
rapidity of such convergence [19]. In general, the ODEs of perturbed systems consider
uniform convergence of solutions within [a, b], where the solution intervals are finite in the
set of reals R. Let us consider that the forcing factor f/(.) is restricted to relative smoothness
(i-e., the forcing f € C3([a, b)) for a singularly perturbed system [19]. This indicates that the
governing equations of such systems do not consider discontinuities in the forcing factors.
As a distinction, the analyses presented in this paper consider periodic discontinuities in
the forcing function f(.). Furthermore, the positions of the roots of characteristic equations
do not play any significant role with respect to maintaining generality, as proposed in this
paper. The modeling of systems with input disturbances considers cascaded PDE-ODE
formulation given by DX = AX(t) + Bu(0, t) with the condition uy(1,t) = U(t) + w(t),
where U(t) is the control input, w(t) is the disturbance within input, A is an n x n constant
matrix, and B is an n x 1 constant matrix [20]. It is important to note that the elements of
constant matrices A, B are real numbers such that the ordered pair (A, B) is stabilizable. The
formulation depends on the precondition that w(t) can be resolved as w(t) = Y_ f;(t), where

1

every f;(t) is periodicand i € [1,m], m < +oo. Furthermore, it is required that | f; (f)|< +oo
in the system under consideration. The distinctive property of the algebraic analyses pro-
posed in this paper is that the forcing factor is periodic as well as discontinuous and does
not specially distinguish any control input U(t) separately. Moreover, the resolution of
periodic forcing does not require the convergent finite sum of other periodic functions
within a finite interval (i.e., we are not decomposing Dirac forcing into external function
forms). In other words, our proposed algebraic analyses consider a generalized analytical
formulation. Note that numerical solution approaches are frequently employed rather than
complete analytical methods in order to avoid complexities. It has been observed that
numerical solution approaches are prone to the effects of varying dimensionalities [14,19].
In such cases, the convergence analyses deal with the limiting value property 6. — J,& > 0
through the regularization of the discrete delta function J, towards the Dirac delta forcing.
However, the algebraic and numerical analyses presented in this paper are in a general
form that does not require any specific regularization.

5. Conclusions

Second-order, non-homogeneous ODEs with both discontinuous and periodic forcing
have numerous applications in engineering sciences as well as computational sciences.
Second-order ODEs equipped with Dirac delta forcing comprise a variety of this class of
equations. Analyses of such equations are difficult in multi-dimensional cases and the
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complexities are increased if the number of variables with discontinuities is increased. In
order to analyze such equations, Lipschitz regularizations and Lebesgue measurability
conditions are often employed. The generalized analytical approach presented in this
paper was conducted with two directions: conducting algebraic analyses of convergence
in lower-dimensional cases in simple forms under Dirac delta forcing and determining
the corresponding numerical simulations of the behaviors of the solution spaces. The
algebraic analyses proposed in this paper do not assume any specific preconditions or pre-
regularizations. It has been shown that locally finite and smooth responses are admissible
within exponential solution spaces and that discontinuous forcing can be resolved. Numer-
ical simulations exhibit a set of consistent local uniformities in solution spaces. However,
the global response profiles show occasional appearances of oriented discontinuities at
specific local neighborhoods in the solution spaces with sharp boundaries. The expansion—
contraction of smooth and uniformly stable response profiles is observable depending on
the chosen sets of parameters and time intervals influencing the governing equation. The
analyses proposed in this paper consider the sequential convergence property within the
solution spaces, without requiring any relative smoothness of the forcing function.
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