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ABSTRACT: Streptococcus suis (S. suis) is a major disease impacting pig farming globally. It can also be transferred to
humans by eating raw pork. A comprehensive study was recently carried out to determine the indices through multiple
geographic regions in China. Methods: The well-posed theorems were employed to conduct a thorough analysis of the
model’s feasible features, including positivity, boundedness equilibria, reproduction number, and parameter sensitivity.
Stochastic Euler, Runge Kutta, and Euler Maruyama are some of the numerical techniques used to replicate the behavior
of the streptococcus suis infection in the pig population. However, the dynamic qualities of the suggested model
cannot be restored using these techniques. Results: For the stochastic delay differential equations of the model, the
non-standard finite difference approach in the sense of stochasticity is developed to avoid several problems such as
negativity, unboundedness, inconsistency, and instability of the findings. Results from traditional stochastic methods
either converge conditionally or diverge over time. The stochastic non-negative step size convergence nonstandard finite
difference (NSFD) method unconditionally converges to the model’s true states. Conclusions: This study improves our
understanding of the dynamics of streptococcus suis infection using versions of stochastic with delay approaches and
opens up new avenues for the study of cognitive processes and neuronal analysis. The plotted interaction behaviour and
new solution comparison profiles.

KEYWORDS: Streptococcus suis disease model; stochastic delay differential equations (SDDEs); existence and unique-
ness; Lyapunov function; stability results; reproduction number; computational methods

1 Introduction

In [1], the authors provide a mathematical model for streptococcus suis infection in the pig population.
The technique used to evaluate the model is beneficial for overcoming the disease. In [2], the authors
constructed a factual model to regulate model specifications in several antibiotic ramifications various
perceptions, and instructions of infection to resist streptococcus suis. In [3], the authors studied separately
from recently discovered streptococcus suis species. In [4], the author’s presence of streptococcus suis
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illness in seedling pigs was linked to pigs that performed averagely and had a sow effect rather than any
notable disease traits. In [5], the authors’ enhanced infection was only seen in the upper respiratory tract
in this investigation. We used two separate models to assess the variations in streptococcus suis disease.
In [6], the authors provide more convincing evidence for the beneficial effects of the drug vs. streptococcus
suis disease by elucidating the underlying molecular process. In [7], the authors evaluate the effect of
implementing an autogenous vaccination program on the emergence of illnesses linked to streptococcus
suis in natural environments as a challenging undertaking. In [8], the authors illustrate that the survival of
other streptococcus suis pathotypes in porcine blood is also restricted by antibody-mediated, as evidenced
by the fact that the bacterial surface was usually substantially greater following development in standard
piglets’ plasma than following incubation in serum obtained before any colostrum adoption. In [9], the
authors are shown to be the most effective solvent for a substance called separation by ultrasound-assisted
extraction (UAE), and the response surface methodology (RSM) framework accurately represented the
anticipated optimization of Emirati. In [10], the authors discovered during the streptococcus suis-2 disease,
vimentin increased lung damage, neutrophil counts, and the production of proinflammatory cytokines and
chemokines in the lungs of pigs and swine tracheal epithelial cells (STEC). In [11], the authors illustrate
how the host-defense peptide cathelicidins are avoided by the Streptococcus suis pepo protease, which
affects the pathophysiology of Streptococcus suis. It was discovered that Pepo cleaves the anti-Streptococcus
suis cathelicidins, mouse cathelicidin mouse and human cathelicidin. In [12], the authors present the
mathematical framework of climate influence on Streptococcus suis infection in pig-human populations
generally. In [13], the authors developed a fractional-order mathematical framework relying on fractional
derivative concepts. In [14], the authors’ investigation is based on the hypotheses of further studies in this
domain, especially utilizing both experimental and real-world data. The model suggested that batch-level
isolation might cause a likelihood of Streptococcus suis incidence in the facility. In [15], the authors studied
that Streptococcus suis is a human pathogen that is frequently responsible for meningitis in Asian nations
that consume pork. In [16], the authors provide an exclusive preventative option accessible to pig breeders
as a possibility to medicines for controlling the Streptococcus suis infection. In [17], the authors determine
that Streptococcus suis strain extracted from an appropriate pig tonsil is aggressive and possesses multiple
mechanisms that encourage niche conflict in pig tonsil. In [18], the authors create a computational model
of Streptococcus suis infection in a pig community. The approach employed to analyze the model is useful
in conquering the illness. In [19], the authors examine blood cortisol levels as a distress readout metric
and buprenorphine therapy as a refining measure in a novel pig Streptococcus suis disease model. In [20],
the authors created a scientific simulation to control model parameters in several antibiotic implications,
different perspectives on infection, and guidelines for resisting Streptococcus suis. In [21], the author explores
the use of Stochastic Differential Equations (SDEs) in applications of sciences and many more. In [22],
the authors studied the existence and approximate controllability of the Hilfer fractional neutral stochastic
hemivariational inequality with the Rosenblatt process. Stochastic or probabilistic components are included
in a mathematical model of Streptococcus suis infection dissemination by numerical simulation and analysis,
with an emphasis on accounting for uncertainty in disease transmission. Public health efforts for disease
control and prevention are informed by this kind of modeling, which provides insights into how the illness
could spread under various circumstances.

The main key point to study is the structure-preserving and dynamical analysis of the Streptococcus suis
disease model. The fundamental properties of the model like positivity, boundedness, and local and global
stabilities are studied rigorously. The authors used well-known methods like Euler Maruyama, stochastic
Euler, and stochastic Runge Kutta for the computational analysis and made a comparison analysis with
the proposed method like nonstandard finite difference in the sense of stochastic. The Nonstandard Finite
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Difference (NSFD) method gives a guarantee of Structure-preserving properties of the model like positivity,
boundedness, and dynamical consistency of the solution instead of other standard methods.

The paper is organized as follows: An overview of Streptococcus suis infection-like conditions and
a thorough assessment of the literature is provided in Section I. Building the delayed model and the
ensuing mathematical analysis are the focus of Section 2. In Section 3, the local and global levels of the
model’s stability, reproduction number, and equilibria are examined. The sensitivity analysis of the model’s
parameters is covered in Section 4. The stochastic conceptualization phase is presented in Section 5. The
numerical approach of the NSFD technique and numerical simulations and the presentation of the results
are the explicit focus of Section 6. Final opinions provide a conclusive overview of the work under Section 7.

2 Model Formulation

This section presents the delay model formulation of infection spread by pigs and humans. Four
classifications were used to categorize the pig population: susceptible class S, (t), infectious class I, (t),
quarantine class Qg (), and recovered class R, (t). Because Streptococcus Suis may spread from pig to
people, the model includes the susceptible human class Sy, (t), infectious human class I, (t), and recovered
class Ry, (t). System (1)-(7) defines the SIQR-SIR model diagram for people and pigs, as shown in Fig. 1.

dSZ—t(t)=Ap—Mﬁsﬂ(t—r)lﬁ(t—r)e‘l”—bsﬁ(t) t>0,7<t 1)
dl’;—t(t):Mﬁsp(t—r)lﬂ(t—r)e‘“—((s+m+ b) I, (1) t>0,7<t )
W) oty (- (ermen)Qu(t) 120 ®
dRZt(t) =eQp (t) — bR, (1) t>0 (4)
dSZ—t(t):Ah—ySh(t—T)Iﬂ(t—T)e’”—//tS/L(t) t>0,7<t (5)
dlz—t(t)=ySh(t—‘r)Iﬂ(t—T)e_”T—(oc+[,t+/32)Ih(t) t>0,7<t (6)
BRilD) Bty ()~ () 120 7)
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Figure 1: SIQR-SIR model diagram for people and pigs [13]
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By S, (0) 2 0,1, (0) 2 0,Qp (0) 2 0,R, (0) 20,84 (0) 20,1 (0) 2 0, Ry, (0) > 0 initial conditions.

The pig model attribute can be expressed as follows: f is the rate of transmission, M is the relative
humidity; m is the disease-induced pig death rate; § is the rate from infectious class to quarantine class in
pigs; ¢ is the pig recovered rate; y is the human natural death rate, y is the transmission rate from infected
pig to human, « is the disease death rate, and f3, is the human recovery rate.

3 Model Analysis

This section examines the delay model feasible region, which carries biological significance as the sug-
gested model takes into account. Consider every parameter and variable in the delay model is non-negative.
Next, the model’s equilibria and the fundamental reproduction number are determined. Furthermore, we
investigate each equilibrium at locally and globally stable.

3.1 Feasible Region

The feasible region of the system (1)-(7) is shown

Ay +A
"E = {(Sﬂ)-[ﬁ) Qp,Rﬂ, S/L’I/L’R/L) € R+7;N S ﬂTh}

Theorem 1: The solution of the system (1)-(7) is positive in the feasible region.

Proof: Consider the system (1)-(7), we have

dSp _ dlp _ —b dQp _ dR, _
—e 500" Ap>0, SE o™ MBSy (t)In (t) e’ >0, £ ot~ 0l (t) >0, =~ R
dsy _ dly, _ - dRy, _
SQﬂ (t) >0, d_: 5,0 = A/L >0, d_lf Iy=0 = )/Sh (t) Iﬂ (t) e HT >0, d_th R,=0 = ﬁzlﬁ (t) > 0.

Hence, system (1)-(7) has a positi\}e solution with the initial condition in the feasible region. O
Theorem 2: The solution of the model (1)-(7) is bounded in the feasible region.

Proof: The total number of people and pigs may be written as

N (1) =Sp () +Ip (t) + Qn (t) + Ra (£) + S (£) + I (t) + Ry, (1)
dN(t) _dSp  dlp dQu dRx dS, dly dRy

dt dt dt dt dt dt dt dt

dl\;f” < Ap+ Mg BN (1)
dN (t)

dt

+ BN (t) < Ap + Ay
Which is a linear differential equation

Ap + A Mg+ A
N(t)é%wL(N(O)—u)eBt

Using Growns’s inequality
hm SupN (t) < Aﬂ+ “ as desired. O

3.2 Model Equilibria and Reproduction Number

This section includes two types of model equilibria for Streptococcus Suis Equilibrium.
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Streptococcus Suis Free Equilibrium = SSFE = D0 = (S;,I%, Q;, R%, 82, I%, R(;L) = (Al,O, 0,0, An

b u’
0,0)
Streptococcus Suis Endemic Equilibrium = SSEE = D" = (S;l, I ;, Q;;, R;, S;L, I;L, R;L)
+ _ (0+m+b) 1+ _ ApMPe ' "—b(8+m+b) % 5 " % 9 " % Ay .
Sﬂ T MBebr Iﬂ ~ (8+m+b)MBett Qﬂ - (s+m+b)lﬂ’ Rﬂ T b(etm+b) R’ S/L T oyLhetHT-p I/L -
yARI, e " * BayAp Iy e "

(yIpe#r—p)(a+pu+pa)’ Rj = p(yTpetr—p)(a+pu+pa)”

The reproduction number is vastly essential in epidemiology. This determines the probability that the
illness exists in the community or not. If the reproduction is less than one, disease can be prevented in the
community; if the reproduction number is larger than one, disease exists in the community. Use the next-
generation approach to calculate the reproduction number. Thus, # is the transmission matrix, while V is
the transition matrix.

F - MﬁS,_zeT_hT 0 - (6 +m+Db) 0
ySpe 0 0 (a+p+p2)
1
r bt r7 SR 0
Fpl - MBSpe 01 (6 +m+ D)
| ySpe®T 0 0 1
(a+u+p2)
[ MBSpe™’"
-1_| (6§ +m+b)
FV = ySpe
| (a+p+ )
The largest eigenvalue of the matrix called the spectral radius or reproduction number at Streptococcus
. el _ MBApe™T
suis free equilibrium, follows as R, = Do rmib)”

3.3 Stability Analysis

We will demonstrate the following well-known result about local and global stability in both model
equilibrium points. Consider the function as follows:

A=Ay — MBS, ()1, () e "™ = bS, (1)
B=MBS, (t)Ip (t)e™™ = (8 +m+ b) I, (t)
C=0I,(t)-(e+m+0b)Qp(t)

D =¢€Qp (t) - bR, (1)
E=Np—ySp(t)Ip(t) ™" = uSy (1)
F=ySy () I (t)e " —(a+u+p2)I; (1)

G = Balp (1) — uRy (1)

The Jacobian matrix has the following elements:

%:—Mﬁlﬂe—‘”—b, ;T;:—Mﬁsﬂe—bf, %:0, %:0, a=0, S0, =0, %z
MPBIpe™, 55 = MBSpe™ = (8 +m+ b), 55 =0, 53 =0, 575 =0, 57 =0, - =0, 7= =0, 3£ =4,
s = (ermab), =056 20,50 =0, 720,52 =0, 3P =0, 72 =, 5 = —n, 50 =0, 5P =
0, 5 =0, 5= =0, 5F = —pSpe ™™, 2= =0, ZF- =0, 5& = —ylpeT, SE =0, =0, 5 =0, 77 =
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—ut OF _ OF _ OF _ —ut 9F _ OF _n 9G _n 9G _q 3G _ 0G
ySne W,@—O,m—o,m—ylﬂe ”2@—_(“"‘/f“"ﬁz),m—O,E—O,E—O,W—O,m—
0. 26 — . 96 _ B 96 _ _

208, o, Prar, T
]:
[ —MPBI,e " b ~MpSzet" 0 0 0 0 0 ]

MBI,e™"™  MpBSpe ™~ (8§ +m+ b) 0 0 0 0 0

0 ) -(e+m+Db) 0 0 0 0
0 0 £ -b 0 0 0
0 —pSpet" 0 0 —yplpe#" —u 0 0
0 ySpe T 0 0 ylpe t7 —(a+pu+pB) O

i 0 0 0 0 0 B> —

Theorem 3: The Streptococcus Suis Free Equilibrium = SSFE = D0 = (S%,I;, Q%,R%,S%,I%,R%) =

(%, 0,0,0, %, 0, 0) is locally asymptotical stable (LAS) if Ry < 1. Otherwise, the system is unstable at DO if
Ry > 1.

Proof: For stability at D0 = (S;, I%, Q;’z, R%, S(;L, I(;L, R% ), the Jacobian matrix (8) becomes

B ~MpSY et 0 0 0 0 0 ]
0 MBShe "= (8 +m+ b) 0 0 0 0 0
0 ) -(e+m+b) 0 O 0 0
J(@%)=] 0 0 e -b 0 0 0
0 —yS) et 0 0 -u 0 0
0 ySye tt 0 0 0 —(a+pu+pBy) O
K 0 0 0 0 B2 ~u |
(%) -2 =
~b-1 ~MpBSYe"" 0 0 0 0 0
0 MBShe ™~ (8 +m+b)-2 0 0 0 0 0
0 ) -(e+m+b)-12 0 0 0 0
0 0 £ -b-1 0 0 0
0 —ySpe ¥’ 0 0 -u-A 0 0
0 ySpe 0 0 0 —(a+u+B)-A 0
0 0 0 0 0 B, )

/\12115:—b,/\221142—[4,A3=—(06+‘14+ﬁz),A6:—(€+m+b),l7=MﬁS;€_bT—(5 +m + b)
Ay==(8 +m+ b)(1-Ry)

Hence the streptococcus Suis free equilibrium of the given system (1)-(7) is stable in the sense of local
if Ry < 1. Else, if Ry > 1, then, D° is unstable in the sense of local. O

Theorem 4: The Streptococcus Suis Endemic Equilibrium = SSEE = D" = (S;l, I;l, Q;’l, R;, S;;’ IZ, RZ)
is Locally Asymptotical Stable (LAS) if Ry > L.

Proof: Letting from (8), we get

J (%) =
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[ -MpIe™" - b ~MpS;e 0 0 0 0 0
MBILe™"™  MBShe '™ — (8 +m+ b) 0 0 0 0 0
0 ) —-(e+m+b) 0 0 0 0
0 0 € -b 0 0 0
0 —yS,e " 0 0 —ylhe#" —u 0 0
0 yS,e tT 0 0 ylne ™t —(a+u+pB) 0
i 0 0 0 0 0 B —u |

For eigenvalue, consider |J — AI| = 0

M=—p Ay=—(a+p+pPa), As=—ple " —pu, Ay =-b, As =~ (e+ m+b)
~MBILe™ - b- ) ~MBS;e™"" B
Mﬁl;e_l” M/)’S;e_l”—(& +m+b)-A |
[-MBLLe™ —b—A][MBSe ™" = (8 + m+ b) = A] + [MBS,e " | [MBI;e*"] =0
N+ [MBLLe " +b—MBSLe "™+ (8 +m+ b)| A+ [MBS,e | [MBILe "] =0

M+ar+a,=0

0

a; >0, IfMﬁI;e_bT+ b+ (6 +m+b)> MﬂS;e‘bf. So, aj, ag > 0

So, by the Routh-Hurwitz Criterion for a 2nd-degree polynomial, the coefficient of the characteristic
equation is positive with the constraint R, > 1. Hence the endemic equilibria (EE) of the given system (1)-(7)
are stable in the sense of locally. Else, if Ry < 1, then Routh Hurwitz’s condition for stability is violated. Thus,
EE is unstable in the sense of local. O

3.4 Global Stability Analysis

The stability of the Streptococcus Suis infection model is demonstrated by well-known outcomes in
following global sense.

Theorem 5: The Streptococcus Suis Free Equilibrium = SSFE =D° = (S%,I;, Q;,R?p, S%,I?L,R%) =
(ATﬂ, 0,0,0, %, 0, O) is globally asymptotical stable (GAS) if Ry < 1. Otherwise, the system (1)-(7) is unstable
at ©° if Ry > 1.

Proof: Define the Volterra Lyapunov function A: £ — R defined as

S
L:[sﬂ—sg—sglogs;f]uﬂ+Qﬂ+Rﬁ+sh+1h+R,,
r

dL—I:l %:Id&+dﬁ+_dQﬁ+_dRﬂ+|:l ﬁ:ldﬁ dﬁ dﬁ

dt | Sp| dt  dr  dt  dt TS, | ar Tar T ar
dr S _SO -br -br
— =[ ”Sﬂ ﬂ][Ap—MﬁSﬂ(t)Iﬂ(t)e P08, ()] + [MBSa (1) I (1) €™ = (8 +m+ b) I, (1)]

+[0I, (t) —(e+m+b) Qpu (t)] + [eQp (t) — bR, (t)]
; [1— i—j] A~ Sn (8) T () ™ — S ()] + [y (8) I () e — (ar pu+ Bo) I (8)]

+ [Baly (t) — uRy (t)]



456 Comput Model Eng Sci. 2025;143(1)

dL (S - )° MBSpe™"" (S -55)°
7 <-Ap Sp50 —(m+b)I,|1- (m+ D) - (m+b)Qp—bRy — Ay $aS0
_ _ySa(Be Tl

(e 1y ()| 1- 2] 0

This implies that % <0if Ry <1and % =0ifSp =8%,8y = S%,Iﬂ = Qp = Rp =1 = Ry, = 0. There-
fore, " is globally asymptotically stable. 0

Theorem 6: The Streptococcus suis Endemic Equilibrium = SSEE = D" = (S;, I;;, Q;;, R;, S;;’ I;fl, R;L)
is Globally Asymptotical Stable (GAS) if Ry > 1.

Proof: Define the Volterra Lyapunov function Z: £ — R defined as
* * Sﬁ * * Iﬂ
Z=k1 Sﬂ—Sﬂ—Sﬂln S_* +k2 Ip—Iﬂ—Iﬂln I_*
P P
* * Qﬂ * * Rﬂ
+k3 (Qﬂ - Qﬂ - Qﬂln(Q_;l)) +k4 (R]o, _Rﬂ _Rﬂln(g

S I R
+ks(Sp—S;-SpIn( 22 ) )+ ke |1 -1 -I5In[ 2 )) + ks | Ry - R — R} In| =2
Sy I; R

Given positive constants k; (i = 1,2,3,4,5,6,7), we can express the following equation:

az —kl[sﬂ_s;] dSp +k2[IﬂI_I;]dﬁ+k3[Qﬂ_Q;] dQp +k4[RﬂR_R;] dRp
r

dr S | dt dt Qg dt a | dt
Sp— S Iy - I Ry - R},
+k5 h L —dSﬁ +k6 h L &4‘]{7 h L —dRh
Ss dt I, dt Ry, dt
2 2 2
dz (82— S2) ; : (Qe - Q;) (Ra-R;)
— =k Ay~ MBS, (I, - 1) = k30l — T — k
ar T e s, M Poac (I = 1) = adl Q0 TR R,
2 2 2
Sp—S: Iy - I} Ry - R},
S e el ) (Ra R
SkS;, I} R4R;
If we choose k;, where (i =1,2,3,4,5,6,7)

%\ 2 % \2 1\ 2 )2
dz _ (S’“’_Sﬂ) -bt +\2 (Qﬂ_Qﬂ) (Rﬂ_Rﬂ) (Sﬁ_sh)
— =-Ap B MBSpe T (Ip—1,) =0l —F — QP - Ay

2 2
o Un =1, Ry - R},
—ySulpe™ ( i) —/321&( i)

14T, R4R

4Z < 0 for Ry >1and 42 = 0 if and only if S, = S5, I = I, Qp = Q5. R = R%, Sy, = S;, 1y = I, Ry,
= R} . Hence by Lasalle’s invariance principle " is globally asymptotical stable. O

Theorem 7. The Streptococcus suis Free Equilibrium = SSFE =D° = (S%,I?l, Q%,R%,S%,I%,R%) =
(%, 0,0,0, ATh, 0, 0) is globally asymptotical stable (GAS) if Ry < 1. Otherwise, the system (1)-(7) is unstable
at @O lfRO > 1.



Comput Model Eng Sci. 2025;143(1) 457

Proof: Define the Volterra Lyapunov function ®: £ — R defined as

1 dl,
CD (Iﬂ) - Iﬂ dt

1 d?I dl,
¢ (1) = I_ dtf __( dt )

O (Ip) = - (MBSpe™™ — (8 +m+ b)) I - Iiz (MBSalpe™ = (8 +m+ b)1,)’
ﬂ r

D" (Ip) = (MBSpe™ ™= (6 +m+ b))2 ~ (MBSpe™ ™~ (8 +m+ b))2
@ (Ip) <0if Ry <1.

Thus, the system (1)-(7) is globally asymptotically stable at Streptococcus Suis Free Equilibrium. O

Theorem 8. The Streptococcus Suis Endemic Equilibrium = SSEE = " = (S;l, I;, Q;, R;, S;L, I;u RZ)
is Globally Asymptotical Stable (GAS) if Ry > 1.

Proof: Define the Volterra Lyapunov function V: £ — R defined as
; S
av 1S dsﬂ+1 d1+1—% 9Qu |y RaldRa |} Si|dSh
1—— dln 1y Ra dRa
dt R/L dt
dz_Vzﬁ(dﬁ)er L Se\ 48 Tn (dzﬂ) R\l Qﬂ(dQﬂ) N
ez S\ dt Sﬂ dr? dt I, ) dt? Q2 Qp ) dt?
+§(dRﬂ)2+ 1_% dzRﬂ+§<dﬁ)2+ 1_% d23h+ (dlh) N 1_2 d*1,
RZ \ dt R,e ez S, \ dt Sy ] dt? dt I, ) dt?
R_Z(dﬁ)z+ 1~ Ri) 4R
R2 \ dt Rh dre
d2

Oy (8 + (MBS, (1 (€™ b5, (1)) L&~ (2(An) (MBS (1) 1 (1) ™ + b5, (1)) o2
r r

*
Sﬂ
2

(0 (081 (0067 +8)) 5~ (0810 7)) 5 4 (81, (0705,

~ ((8p) (MBIa (£) ™+ b)) + (MBS () Tp (1) €77) 4 (8 + m + b) I (1))?) I%“ -
(2(Mﬁsﬂ (t) I, (1) e"”)(a +m+b)I, (t))i ( (Mﬁsﬂ (t) I, (1) e’bT) (0 +m+Db)I, (t)) Iﬁ
r

*

~((MBSp ()1 () e™™) + (8 +m+ b)’ 1 (1)) % +((MBSp (D10 (1)) + (8 +m+ b)’
Ta (1)) = (2(MBSa (t) I (1) €77) (8 + m+ b) I (1)) + (810 (1)) + (e + m+ b) Qu (1))°)
o = (01 (D) (e m+) @ (1)) o

2
Qﬂ r

(0I, (1)) (e+m+b)) g:
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~((e+m+b)’ Qe (t)) Q—; +((e+m+D)2Qp (1)) = ((O1p (1)) (e +m + b))

+((£Qa (1) + (bR, (1)) )——<z<eep(t>><bRp<r>>) T (beQu (1))

ﬂ ﬂ
~b (bR, (t))iw(bR (1)) - ((beQp (1)))
+((AR)7 + (9Sa (D) Lo (1) €77 + 1Sy (1)) )——<2<Ah><ysh<t>1ﬁ(t>e msﬁ(t)))
h h

+ (M) (V1 (1) e-”w))é—((wﬂm e+ i) sha))#(wﬂ(r)e-f*wm Sa (1))

= ((An) (I () e+ 1)) + ((rSa () T (8) 7Y+ (a4 s+ B2) 14 (1)) % )

h
(274 (8) In () €7 (o + e+ B2) I (1)) % +((Sh (1) I () €7) (w+u+ﬁz))%

—(<a+u+/sz)21h<t>)2 H((ar e+ B) 1i () = ((rSa (6) T (£) €77) (e 4 B))
+((Baln (£))*+ () Ra (1)) )——<z</321h<r>><<mRh<t>>>—+<<yﬁz>1h<r>>
() Ra (1)) % () Ra (5) = ((u2) In (1))

For simplification, we choose

a*v
an v

¥ = ((Aﬂ)2 + (MBS (1) In (t) €77 +bS, (t))z) %f +((Ag) (MBI, (1) e + 1)) if
r

+ (MBI, (1) e+ b)zS,@) + (MBS, (D) 1a (1) eV 1 (6 +m+ D), (t))z)%
r

+ (2(MBS, (1) I (1) e_bT)(5+m+b)Iﬂ(t))%

+ (MBS ()Ia(t)e™ ™) + (8 +m+ b)*In(1)) + ((81 (1))’

F((erme b)Qﬂ(mz)g? . <<81ﬁ<t>><e+m+b>>g—:
r

2 2 2 R;
+((e+m+b)Qa (1) +((2Qa (1)) + (bR (1)) )—
(06 () 22 6 (6Re (1) (A0)"+ (5 (1) 1 ()77 4 (1) )%

+ (M) (T (1) € “’+M))§+((ﬂp(f)e M) Sy (1))
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* ((YS”L () Lo (£) e ) + ((a+p + B2) I (t))z) %

(8 () (0 #7) (a4 ) 1

+ ((0‘ T+ /52)2 Iy, (t)) + ((ﬂzlh (t))2 +(() Ry (t))z) Ili_i;
h

() 10 (0) 22+ (07 R (1),

v2 = (2(Ap) (MBSE (1) I (t) e’ +bSp (1)) g;?
r
o (MBI (1™ b)) 32

g

S
() (MBI (1 + ) (2 (MBS, (6) T (1) 77) 8+ ) I (1)) =

+ ((MﬁSﬂ () I (£) ™) + (8 +m+ b)’ 1, (t)) %’:
Q

+ (2 (MﬂSﬂ(t) I, (1) e‘bT) (6 +m+b)I, (t)) +(2(8I, (1)) (e+m+b)Qp(t)) Q

+((e+m+b)’Qq (1)) S—Z +((8I, (1)) (e +m+b))

Ry, R;,
+(2(2Qa (1)) (bRp (1)) 17 + b (bRa (1)) R
r

(00Qn (9)) + (2 (40) (50 (1) ()7 4 154 (0)) G

(O (01084 (1) S+ ((A) O () 7))

F R OSH O T (1)) (@ s ) Iy <r>>>%

(v p+Bo)’ 1 (1)) % +((ySh () T () e7) (a+p+ B2))
2 (Bela () () Ra (1)) g+ ()" R () 2

h
+ ((uB2) I (1)) -

It can see that

> dZ—V >0
V1> ¥, a5

2

\%
l//1<1//2,ﬁ<0
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d’v 0.0
l// ‘/’2’ d tz - Y
4 Sensitivity Analysis

This section examined the streptococcus suis model’s sensitivity. Sensity analysis is a study of how
various factors related to input uncertainty may be attributed to the inconsistency of a mathematical model’s
output outcomes. We calculate the sensitivity of the reproduction number concerning the model’s parameter.
This technique provided the most sensitive measure for the reproduction number, which helped the infection
spread. The basic format for sensitivity is as follows:

n_p OR
PR op
where R depict the reproduction number while the g present the parameter of the reproduction.
Un, = B X Fhe =150, Uy =g x Fh=1>0,Up =g x G =150, Uy =g x T =~ <
o,ﬂb=%x%= %NW gx%: ~eny <0

The values of sensitivity and signs of the model’s parameters are presented in Table 1

Table 1: Sensitivity indices

Parameter Sensitivity indices  Signs

Ap 1 Positive
M 1 Positive
B 1 Positive
0 -0.714285 Negative
b -0.714285 Negative
m -1.357 Negative

The most significant contributing aspect to the viral transmission phenomenon is human morality (b),
as seen in Fig. 2, which has a negative connection with the fundamental reproduction number (R,). With an
increase in the pig mortality rate, the fundamental reproduction number ratio loses value. It suggests that as
the number of afflicted pigs rises, so does the systemic infection level. This means that more research on the
pig’s natural mortality rate analysis can be done, and it will become clearer why fewer pigs need to be infected.
In pigs who have it, the most recent infectious virus is prevalent. “6” represents the rate from infectious
class to quarantine class in pigs, also “m” is the disease-induced pig death rate has negative effects on the
reproduction number. On the other hand, there is a positive correlation between reproduction number and
recruitment rate “A,”, the relative humidity rate “M” and transmission rate “B”. The positive relationship
shows that when the value of the parameter rises, so does the reproduction number. Consequently, it implies
that decreasing the value of “A,”, “M”, and “f”, can reduce the possibility of losing transmitted yield.
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Figure 2: Analysis of the sensitive indices of reproduction number

5 Stochastic Formulation Phase 1

461

The Stochastic delayed differential equations (SDDEs) of the streptococcus suis model (1)-(7) may be
represented by the vector A =[Sy (1), I, (1), Qp (1), Rp (1), Sp (t), 11 (t), Ry, (£)]". We wish to compute
the variance E* [Aﬂ (Aﬂ)T] and the expectation E* [AA]. Table 2 lists the probable changes together with
the associated transition probability.

Expectetions = E* [AA] = Ziil P (AA), =

Variance = Zil P; (AA), [(Aﬂ)i]T'

[P +P,+P; -P,
-b, P, + Py + Ps
0 -P,
= 0 0
0 0
0 0
I 0 0

0
-P,
Py+Pg+ P
—Ps
0
0
0

Ap = MBSp () In (1) €77 = bS, (1)
MBS, (1) I, (t) e = (8 + m+ b) I, (t)
Ol (t) — (e+ m+Db) Qp (1)

€Qp (t) — bR, (1) At
Ap = ySn (1) In () e — uSp (t)
ySa (t) In (t) e7#7 = (o + p+ B2) I (1)
Balp (t) — uRy (t)
0 0 0 0 |
0 0 0 0
-Pg 0 0 0
P, + Py 0 0 0 |At
0 Py + Py + Py 0 0
0 =Py Po+Pp+P3 P
0 0 Py Py + Py |
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Ap = MBS, (1) I (1) €77 = bS, (1)
MBS, (1) I, (t) e "= (8 +m+ b) I, (1)
0, (1) —(e+m+b)Qp (1)

Comput Model Eng Sci. 2025;143(1)

Drifi = G (1) = =2 £Qp () - bRy, (1) At
Ap = ySu (t) In () €77 — uSy (1)
ySu () Ip () €747 = (o + p + B2) I (1)
i Bals (t) — Ry (t)
\J £ [AA(AA)']
Diffusion = H (A, t) = =
At
[P +P,+Ps -P, 0 0 0 0 0
-P, Py + P, +Ps -P, 0 0 0 0
0 P, P, +Ps+P;,  —P 0 0 0
0 0 ~Ds Ps+ Py 0 0 0
0 0 0 0  Py+Pyo+Py 0 0
0 0 0 0 -Py Py + Py + Pi3 -P3
\ I 0 0 0 0 0 P Pi3 + Py |

Table 2: Potential modifications to the model’s procedure

Transition Probabilities
(AA),=[1 0 0 0 0 0 o] Py = (Ag) At
(AA),=[-1 10 0 0 0 0] P,= (MBS, (t)I,(t)e)At
(AA);=[-1 0 0 0 0 0 o] Ps = (bS, (1)) At
(AA),=[0 -1 1 0 0 0 0] P, = (81, (1)) At
(AA);=[0 -1 0 0 0 0 0] Ps = ((m+b) I, (t)) At
(AA),=[0 0 -1 1 0 0 0] P = (eQp (1)) At
(AA),=[0 0 -1 0 0 0 0] P,=((m+b)Qu(t))At
(AA)s=[0 0 0 -1 0 0 o]: Pg = (bR, (1)) At
(AA),=[0 0 0 0 1 0 0] Py = (Ay) At
(AR, =[0 0 0 0 -1 1 0] Pig=(ySp () Ia (£) e™#) At
(AA),=[0 0 0 0 -1 0 0] Py = (uSy (1)) At
(AA),=[0 0 0 0 0 -1 0] Pu=((a+u)l,(t)At
(AA),=[0 0 0 0 0 -1 1] Pis = (Baly (1)) At
(AA),,=[0 0 0 0 0 0 1] Pu = (uRy (1)) At

(8)

)
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Therefore, dA (t) = G (A, t) + H(A, t)dB (t).

Sp [ Ap—MBSp (1) I, (1) €™ = bSp (1)
I, MBS, (1) I, (1) e™™ = (8 + m+ b) I, (t)
Qp 0L, (t) —(e+m+b)Qp (1)
dl Rp | = €Qp (1) — bR, (1) dt+
Sk Ap = ySp () In () €747 = uSy ()
I YSa () In (t) e#" = (o + p+ B2) I (t)
| Ru ] | BaIp (t) — pRy (t)
[P, + P, + P; -P, 0 0 0 0 0 |
-P, P, + Py + Ps -P, 0 0 0 0
0 -P, Py+Ps+P  —Ps 0 0 0
0 0 —Ps P + Py 0 0 0 |dB(¢)
0 0 0 0 Py+Pg+Py 0 0
0 0 0 0 -P Py + P + Pi3 -Pj3
N[ o 0 0 0 0 ~P;s Pis + Py |
(10)

By studying the relevant academic literature, the Euler Maruyama approach is employed to simulate the
results of Eq. (10). Following is an outline of the data that is shown in Table 2.

A1 = Ap + G (A, t) At + H(A,, t)dB(t) .

ST [sn] [ Ap—MBSp(t)In(t) e —bS, (1)
I I MBS, (t) I (1) e™P™ = (8 + m+ b) I, (t)
Q! Q 815 (t) - (e+m+b) Qp (t)
Ry I=| Ry [+ €Qp (t) — bR, (1) At +
sit || sy Ap = ySu (£) Ia (£) €™ = Sy (1)
I+ I; ySa () In () €7 = (a+ p + B2) I (1)
| RO RE ]| Baly (t) — uRy (t) |
[[ P+ P, + P P, 0 0 0 0 o | 1
-P, P)+Py+ D5 —Py 0 0 0 0
0 —Py Py+ P+ Py —Ps 0 0 0
0 0 —Ps Ps + Pg 0 0 0 At |AB,
0 0 0 0 Py + Py + Py 0 0
0 0 0 0 —Py P+ Py + Pi3 -Pi3
\ L 0 0 0 0 0 —P13 P13 + P14 ] )

where the discretization parameter is denoted by At.

5.1 Stochastic Formulation Phase 2
Create an uncertainty parameter for the dynamical system (1)-(7) by including Brownian motion.

dSp (t)
dt

dB(t)
dt

= Ay — MBS, ()1, (£) e = bS, (1) + 1S, (1) t>0,7<t (1)
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Bl papsn ()1 (1)) (6 +m+ b) I () +oal (0 2 pn02c 2)
Qo) _ 51, (1)~ (e m+ ) 0 (1) + 0504 (1) 221 20 13)
B D) - cQu (1)~ bRy (1) + R (1) 10 20 14)
D) _ S (1) (1) e = i (6) a5, (1) L2 >0t 05)
M 0) s (010 (1)~ (B 14 () + 06l () 20 0,7 (16
B oty (1) - i () 07y (1) 2150 )

where 0; =1,2,3,4,5,6,7 denote the randomness of each compartment and B (t) indicates the Brown-
ian motion.

5.2 Fundamental Properties of the Stochastic Model
This part covers the analysis of the positivity and boundedness properties of the system (11)-(17).

Let us consider the vector as follows:

U (t) = (S (1), I (1), Qa (1), Ra (1)) and V () = (S (£), L4 (1), Ry (1))

and norm

U ()] = /S5 (6) + I3 (1) + Q3 () + R, (1) (18)
And

V(D] =[S} (1) + I () + R} (t) (19)

Furthermore, let M;"! (R4x (0,00): R+) and M;"! (]R3 x(0,00): R+) represent the collection of all non-
negative functions V; (U, t) and V, (U, t) that are defined on R*x (0, c0) consequently. Additionally, the
function is twice differentiable in U and V and once differentiable in it. We have established the differentiable
operator Tj and T that is linked to seven-dimensional stochastic delay differential equations (SDDEs).

dU (t) =H, (U, t)dt + k; (U, t)dB (t) (20)
dV (t)=H, (V,t)dt+k, (V,t)dB(t) (21)
As
0 4 0 1 0?
T =— _Hu (U, t) — + = k" (U, t) ki (U, ¢t
1 8t+z’=l 1i ( )an+2 ,]1 1 ( )k ( )anan
And
T—3+ | H (Vt) S+ Z k' (Vo) ky (V1) ——— o
2_8t 2i i,j=1 "2 2 av,-avj
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If Ty and T, acts on function U*, V* € M13’1 (R4x (0,00): R+) then we denote
1
LU* (U 1) = U (U,1) + Ufy (U, 1) My (U, 1) + S Trace (k" (U 1) Uy (U, 1) K (U, 1))
1
LV (V,) = V) (V,1) + Vi (V, 1) My (V1) + S Trace (k" (V. Viy (VD) ko (V1))

where T is Transportation.

Theorem 9 Shows that for the system (11)-(17) and any given initial conditions
(S£(0),1,(0),Qp (0),R, (0)) e R}, and (S, (0),15(0),R, (0)) € RS there are unique solutions
(Sp (1),15 (1), Qp (t),Ry (t)) and (S, (t),14 (t), Ry (t)) t > 0. Furthermore, these solutions will always
remain in R”. with a probability of one.

Proof. Given that all model parameters satisfy the local Lipschitz limitations. Thus, according to Ito’s
formula, the provided model has a positive solution locally on the interval [0, 7. ], and the time of explosion
is represented by 7. The model can be proven to have a global solution when 7, is equal to infinity.

Let ny=0 be a sufficiently big value such that (S (0),I(0),Qp (0),Rs(0)) and
(S4 (0),1,(0),R;, (0)) are all inside the interval {nio, no}. Let’s define a series for every non-negative
integer n as follows:

te[0,7.]:Sp ()€ (%,n),orlp (t) € (%, n),or Qp (t) € (%,n),orRﬂ ()€ (l, n),

Ty = lnf 1 1 1 n (22)
orSy (t) € (—,n) orly (t) e (—,n),orRh (t) € (—,n)
n n n
where we set inf¢ = oo (@ isemptyset). Since 7, is non-decreasing as n — oo,
T = lim 7, (23)

n—oo

The inequality states that 7. is less than or equal to 7,. Now, we aim to demonstrate that 7., is equal to
infinity, as intended.

If this condition fails to be satisfied, then there exist values T > 0 and b; € (0, 1) that satisfy the statement.
U{t, <T}>bVn>n (24)
Define a C*—function f:R? - R, by

S (S (1), 1n (1), Qu (1), Rp (1)) = (Sp —1-InSp) + (Ip —1-1Inlp) + (Qe —~1-1nQp)
+(Rz —1-1nRy,) (25)

Define a C*~function g:R? — R, by
g(Sn ()1 (t);Rp () =(Sp—1-InSp) + (Ip —1-Inly) + (R —1-1InRy) (26)

By using Itos formula (25), we calculate

T e o e

P P 2 2
2 2 2 2
o; + 05, + 057 + O,
+ L 22 3 4 dt.
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df (S (1), 1n (1), Qu (), Ra (1))

=[1- i) ((Ap = MBSp (t) I, () e " =Sy (1)) dt + 01S, (t) dB (1))

+|1- Ii) (MBSz () In (t) e = (8 + m+ b) I, (1)) dt + o2l (t) dB(t))
r

. 1-QL)((Mﬂ(t)-(g+m+b)Qp(t))dt+03Qp(t)dB(t))
r

; 1-Ri)((sQﬁ(t)—bRﬂ(t))dt+a4Rp(t)dB(t))
r

2 2 2 2
df (Sp (£),1n (£), Qa (), Rp (1)) = (Aﬂ+4b+2m+8+s+ 9T ;"3 “’4)dt

+ 018, (1) d(B(t) + 021, (t) d(B(t) + 05Qp (t) d(B(t) + 4R, (t) d(B(t) (27)

2 2 2 2
(41 +02 +(73 -l-l)'4

For simplify, we assume M; = (Aﬂ +4b+2m+ 0 +e+ >

). Then Eq. (27) could be written as

df (S (1) I (), Qg (1), R (1)) < Mydt + (01Ss (1) + 021, (1) + 03Qp (1) + 01Rp (D)) d(B(1)).  (28)

where M, is a positive constant, after that integrating from 0 to 7, A 7, we get

ATNATdf(Sp (1), 1, (1), Qp (1), Rp (1)) < [Orn/\TMldt
. /(;T“AT((IlSp (t) 4 GZIp (t) + 0'3Qp (t) O'4Rﬂ (t)) d(B(t)) (29)

where 7, A T = min (7,, T'), the taking the expectations lead to

EU* (Sp (14 A7), L (T A7), Qa (Tn A7), Rp (75 AT)) < U (Sp (0), I (0), Qp (0), Ry (0)) + M T.
(30)

Set Q, = {1, < T} for n > n; and from (18), we have X (Q, > b).

For each element a; in the set (), there exist certain indices i such that U;(7,, a;) is equal to either n
or %, where i takes on the values 1, 2, 3, 4.

Hence, U* ((Sp (> @1)s I (Tns @1)s Qpp (Tus @1)> Ry (T4, a1))) is less than min{n -1-Inn, % -1
—lnl}.

n

Next, we obtain

U* (S (0), 15 (0), Qp (0), Rp (0)) + M T 2 E (Ia,(a)) U (Sa (70): L (70), Qa (), R (7))

Zmin{n—l—lnn,l—l—lnl} (31)
n n

The indicator function is denoted as I, (4,) within the set ),,. As n approaches infinity, we get there
to the contradiction that infinity is equal to the value of U™ (S, (0),1, (0), Qp (0), R, (0)) + M, T, which
is finite.
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As desired.

Again, by using Ito’s formula (26), we calculate

1 1 1 2, -2, 2
dg (Sp (£),14 (£), Ry, (1)) = (1- —)dsh " (1_ —)dI,L . (1_ —)dR;L 2 B0

g (5 (61 (. Ra (1)) = (1= 5= ) (A = ¥4 (1) L (1) €7 = S (8)) dt + 0584 (1) dB (1))

1
1__

Sh
+ (1 - i) ((ySa () In(t) e = (a+u+Ba) I (t))dt + o5y (t)dB (1))

(1= o) (el (6 - R (1) d + Ry (1) dB ()
)

dg (Sy (£), 14 (1), Ry () = (Ah F3ut ot ot o ; Gﬁz)dt+ 058y, (t) dB (t) + 06l (1) dB (1)

+07Ry, (t)dB(t) (32)

2 2 2
O5+0g+0;

For simplify, we assume M, = (Ah +3pt+a+ P+ =

), Then Eq. (32) could be written as

dg (Sy (£),14 (1), Ry (t)) < Madt + (05Sy, (t) + 061y, (t) + 07Ry, (2)) d(B(1)) (33)

where M, is a positive constant, after that integrating from 0 to 7, A 7, we get

TaN\T Ty AT Ty AT
/0 dg (Sp (£), 14 (1), Ry (1)) < fo Mydt + fo (058 (£) + 06T4 (£) + 0 Ry (1)) d(B(£)) (34)
where 7, A T = min (7,, T), the taking the expectations lead to
EV*(Sy (tu A1), Ip (1o AT), Ry (T, AT)) < V(84 (0),14 (0),Rp, (0)) + My T (35)

Hence, V* ((Sy, (71> V1), Ip (10, V1), Ry, (74, V1))) is less than min{n —-1-1In n,% -1 —ln%} .

Next, we obtain

V* (84 (0),14 (0), Ry (0)) + MoT 2 E(Ing, vy V" (Sh (u)> In (T0)> Ry (14)))

1 1
Zmin{n—l—lnn,——l—ln—} (36)
n n

The indicator function is denoted as I, (,,) within the set Q),,. As n approaches infinity, we get there
to the contradiction that infinity is equal to the value of V* (S, (0),1, (0), Ry, (0)) + M, T, which is finite.

As desired. O

—br
Theorem 10. If the spectral radius v and the variance o3 < éw(gﬁ—;ib),

population in the system (11)-(17) will exponentially approach zero.

Proof: Let’s examine the initial data (S, (0),1 (0), Qp (0), R, (0),S4 (0),14 (0), R4 (0)) € R7 and
the system (11)-(17) has a solution (Sz (t),15 (), Qp (), Rp (t), Sk (2),Ip (1), Ry (t)) if it satisfies the
stochastic delayed differential equation, where o represents randomness and c represents drift.

then the number of infected pig

Al (t) = (MBSp (1) In (t) e " = (8 + m+ b) I, (t))dt +corl, (t) dB(t)
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Applying Ito’s lemma to the function f(I,) = In(I ), we obtain

din (T () = ¢ (T, (1)) 4P + 3" (I,) I o3k

1 1
dIn(Ip (t)) = ——dI, + I, 03 dt.
(1 (1) - o ()

1

2
o, dt.
52

dln (I, (£)) = ——dI, -

Ia (f)

din (I, (t)) = [(MBSa () I () €™ = (8 +m+ b) I (1)) dt + corl, (1) dB(t)] oZdt.

I (1)

din (I (£)) = (MBSa (1) " — (8 + m+ b)) di + cordB (t) - %azzdt.

In(I, (£)) = In I, (0) + (M/ssﬂ () e = (8 +m+ b)- %ag)du [Otcade(t),

Notice that, N () = [, ca,dB () with N (0) = 0.

If o3 > év(lgtfni_b)
MBApe™ " 1 MBApe™”
ln(Iﬁ(t))>(b(5+m+b) (8 +m+ b) - 256+ D) t+N(t) +In1, (0),

-(6+m+ b))+N(t) +1n1ﬂ(0),

t t

InI, (t) S MBApe™"T
t 2b(6 +m+ D)

lim e ( MEAge ! -(6+m+ b)) > 0, with hm (t) =

{00 t 2b(8+m+D)
Ifo%<%,then
MPBA e b7
ln(Iﬁ (t))<(%-(6+m+ b) —02)t+N(t)+lnIﬁ (0)
-bt
InI, (t) < Brms b)( MpBAge : _l_lcg)JrN(t) +1n1ﬂ(0)’
t b(8+m+b) 2 t t

lim sup —2—= 1n1ﬁ(t) <(6+m+Db) (Ro - 1) when Ry® < 1, we get hm sup Inlf(t) <0,

t—o0

thm I, (t) = 0, as desired.

RS:Rd 02
T T G mrb) " F
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6 Stochastic Nonstandard Finite Difference Scheme

n+1 —

r

Il’l+1 _

r

469

The NSFD method is used in this analysis to address the stochastic delay differential equations regulating
Streptococcus suis dynamics. The discrete approximations are very carefully selected to keep stability and
be able to precisely model the turbulent behavior of the system. This ensures that the theoretical analysis
is kept consistent and that the numerical solutions stay physically significant. For (11)-(17), the stochastic
non-standard finite difference scheme has the following equation:

S%+h(Ap+01ShAB,)
1+ h (MpIpe b7 +b)

I+ h (MBShIne ™ + 0,15 AB,)
1+h(6 +m+ b)

p Quth (0I5 + 03Q4 AB,,)

Qe =
n+l _
Ry =

n+l _

h

n+l _

h

n+l _
R, =

1+h(e+m+Db)

R, +h (sQ; + 04R;AB,,)
1+ hb

St +h(Ap+0sS)AB,)
1+ h(yIhe# +p)

I} + h(ySpIhe ™ + oI} AB,,)
1+h(a+p+pB2)
R} +h(B.I} + o7REAB,)
1+hy

where h represents a discretization parameter and # is a non-negative integer.

6.1 Stability Analysis

Assuming AB,, = 0, the system (37)-(43) consists of functions A, B, C, D, and E.

-b

A= Seth(An) _ Tath(MBSaTae™) C o Quth(ly) ) Rath(eQu) - Suth(As)

1+h(MBI,et7+b)’ 1+h(8+m+b) > 1+h(e+m+b)’ 1+hb > 1+h(ylpe #+u)’
F- In+h(ySplpe™) _ Ru+h(Bals)

l+h(a+p+pz) 1+hy
The Jacobian matrix consists of the following elements:
9A _ 1 9A _ __ MBIpe™'"(hAp) 04 0 24 _(g A _( A _( 9A _
9Sp ~ +h(MBIpe b+b)’ oI, — (1+h(MPlpe-t™+b))>’> 0Qp > 0Rp 23S, ~ >0, — 2 9R;
—b -b

op _ M(MBLee™) g 1+h(MBSpeT) g _0 2B 0. 2B _g 2B _g 2B _g
39S,  1+h(6+m+b)’ 9,  1+h(d+m+b) *> 0Qum _ > 9Rp, _ > 3S, _ 03I, ~ 3R,
9C _y 9C _ h(8) oC  _ 1 IC _ g 9C _(y I _y 2C _
0Sp ~ 2 0lp ~ 1+h(e+m+b)’ 0Qp  l+h(e+tm+b)’ 0Rp ~ 23S, ~ 2 dl, ~ T’ ORy,
9D _ 9D _ o oD _h(e) oD _ 1 9D _g 9D _ 9D _
3S, ~ 2 9l, _ > 9Qm _ 1+hb’ 9R, _ 1+hb’ 3S, _ "> dl, _ 3R,
OE _ (g 9E _ _ yhe * (hAg) OE _ (. 9E _ 9E _ 1 JE _ E _(
0Sp — 7 0lp — (l+h(ylpe#T+p))?’ 9Qp ~ T’ 0Rp ~ T2 9Sp — l+h(ylpe™#T+u)> 0l, 7 ORy T
oOF _ o oF _ hSue™) or _ g or _ g oF _ h0lee™) or _ 1 9F _

9S, > 9l, — 1+h(a+pu+B2)’ 9Qp > R, > 9S;, ~ 1+h(a+u+p2)’ oI,  1+h(a+u+pB2)’ OR;

(37)

(38)

(39)

(40)

(41)

(42)

(43)
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9G _ 998G _ 9G _n 9G _ 3G _ 9G _ h(pB) 9G _ _1
a5, =051, =050, =0, 5%, =0

> 9S, ~ 09I, ~ 1+hu’ 9R, ~ l+hu

Theorem 11. For all values of n > 0, the eigenvalues of the Jacobian matrix at the streptococcus suis-free
equilibrium for the system (37)-(43) are located within the unit circle if the value of Ry < 1.

Proof. The Jacobian matrix at the streptococcus suis-free equilibrium, denoted as
(S;, I%, Q;, R%, S%, 12, R(;L), can be expressed as (%, 0,0,0, %, 0, 0).

J(9°) =
— 1 -
0 0 0 0 0 0
1+ hb h( o —br
1+ h (MBS, e
0 FSpe™) 0 0 0 0 0
1+h(6 +m+ b)
0 h(8) 1 0 0 0 0
l+h(e+m+b) 1+h(e+m+b)
0 0 h(e) ! 0 0 0
1+ hb 1+ hb
yhe #" (hAs)
o 0" 0 0 0 0
(1+ hy) 1+ hu
h(ySYe ¥t 1
0 (rShe™) 0 0 0 0
l+h(a+u+ps) l+h(a+u+ps)
h 1
0 0 0 0 0 h(B:) -
i 1+ hu 1+ hy |
J(D°) -2l =
1
1+hb_A h(M’B;)O . 0 0 0 0 0
1+ pe "
”h(‘”(’”)*b)_A 0 0 0 0 0
h(é 1
0 1+h(e+m+Db) 1+h(s+m+b)7)L 0 0 0 0
h(e) 1
0 i jf A 1+ hb YT 0 0 0
0 _yhe ™ (hAs) 0 0 R 0 0
(1+h;4)) 1+hy
h(ySy et 1
BRI CETEYS) " " RGO R
h (B2 1
0 0 0 0 0 Tt e 1+hy_)t
Therefore,
o _1+h(M/35°,e*‘") ~ . a1 ~ )
AI_A4_W<1’A2_W<1’A3_W<I’AS_A7_W<1’A6_W.

Using the definition of Ry, we can show that if R, < 1, then A, < 1, and D%is L.A.S. on the contrary, it is
obviously to verify that A, > 1, if Ry > 1, which shows that DY is unstable. O

Theorem 12. For all values of n >0, the eigenvalues of the Jacobian matrix at the streptococcus suis-
endemic equilibrium for the system (37)-(43) are located within the unit circle if the value of Ry > 1.
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Proof. The Jacobian matrix at the streptococcus suis- endemic equilibrium, denoted as
* * * * * * *
(Sﬂ) Iﬂ’ Qﬂa Rﬁ’ Sh’ Ih’ Rh)

*
J (D7) =
— 1 M I*e—hr hA -
o MPlpe " (hhe) - 0 0 0 0 0
1+ h (MBI et +b) (1+ h (MBI% et + b))
h (MBI e™"" 1+h (MBS: e
( Ble ) ( BSye ) 0 0 0 0 0
1+h(6 +m+ b) 1+h(8 +m+ b)
h
0 (%) ! 0 0 0 0
1+h(e+m+b) 1+h(e+m+Db)
h(e) 1
0 0 0 0 0
heH* (hA 1+ hb 1+ hb .
0 _ yne ( /L) . 0 0 s 0 0
(1+h(y];e*.‘”+ﬂ)) 1+h(yl;e‘/”+,u)
0 h(ySje™) 0 0 h(yI;e™ ") 1
1+h(a+p+p2) 1+h(a+p+pB2) 1+h(a+p+pB2)
h
0 0 0 0 0 hB) !
L 1+ hy 1+hyd

So, the eigenvalues of the Jacobian at D™ as follows:

A= ﬁ <11, = l+h(0Hl-/4+ﬁz)’ A, = 1+h(y1;lle’?”+[4)’ Ay =57, As = m provided that Ry > 1.
1 Mﬂ[;e‘bT (hAp)
1+ h(MPLie b7 +b) (1+h(MBILe b + b)) | _
h(MPI,e™tT) 1+h(MBS;e™"T)
1+h(6 +m+ b) 1+h(6 +m+b)
1 1+h(MﬂS;e‘b7)

AZT * = +
1= Treeof Jo L+ h (MBIt +b)  1+h(8 +m+b)

e 1 b (e
» = Determinent of Jo« = 1+ h (MBIhetr +b) J\ 1+ (8 +m+ b)

. ( MBI%e ™ (hA,) )( h(MﬁI;e-bT))
(1+h(MﬂI/;;e—bTﬁLb))2 1+h (8 +m+b)

Lemma. For the quadratic equation 1> — A;1 + A, =0, |A;] <1, i = 1,2. if and only if the following
conditions are satisfied:

i)1+A;+A,>0.
(ii)l—A1+A2>O.
(iii) A, <1.O

6.2 Comparison Section

This section examines the characteristics of the graphs representing the number of infected pig
population using the Euler Maruyama, stochastic Euler, and stochastic Runge Kutta schemes, in comparison
to the NSFD scheme, across various step sizes and parameters values (See Table 3).
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Table 3: Values of parameter

Parameters Values Source [13]
Ap 0.5 Fitted
Ay 5 Fitted

B 2.3 (SSEE) 1.3 (SSFE)  Estimated
B2 0.1 Estimated
7 0.01 Estimated
M 1 Fitted
y 0.1 Fitted
£ 0.3 Fitted
b 0.5 Estimated
m 0.3 Fitted
é 0.6 Estimated
a 0.1 Estimated

6.3 Discussion

Fig. 3a,b provides a comparison between the infected class of the Stochastic NSFD and the Euler
Maryama Method. Fig. 3a shows convergence for both approaches at h = 0.01. When the step size was raised
to h = 1.0, the Euler Maryama Method diverged whereas the Stochastic NSFD Method remained convergent,
as shown in Fig. 3b. Similarly, Fig. 3¢,d compares the infected class of the Stochastic NSFD and the Stochastic
Euler Method. At & = 0.01, both techniques converged in Fig. 3c. However, when the step size was increased to
h = 1.0, the Stochastic Euler Method diverged, while the Stochastic NSFD method-maintained convergence,
as shown in Fig. 3d. Similarly, Fig. 3¢,f compares the infected class of the Stochastic NSFD and Stochastic RK
Method. At h = 0.01, both methods converged, as shown in Fig. 3c. However, when the step size increased to
h = 2.0, the Stochastic RK Method diverged, while the Stochastic NSFD method continued to converge, as
shown in Fig. 3f. Fig. 4a shows how delay affects the model’s susceptible class at different 7 values (0.1, 0.2,
0.3, 0.4, 0.5). Fig. 4b shows the effect of delay on the infected class of the model at various values 7 = 0.1,
0.2, 0.3, 0.4, and 0.5, indicating a gradual decline in disease from the infected class over time. Finally, Fig. 5
shows the behavior of delay on the reproduction number of the model.
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Figure 3: Comparison graph of computational methods at the Streptococcus Suis endemic equilibrium of the model
(a) The comparison behavior of the infected pig population through Euler Maruyama and stochastic NSFD methods
at h = 0.01 (convergent) (b) The comparison behavior of the infected pig population through Euler Maruyama and
stochastic NSFD methods at i =1 (divergent) (c) The comparison behavior of the infected pig population through
stochastic Euler and stochastic NSFD methods at & = 0.01 (convergent) (d) The comparison behavior of the infected pig
population through stochastic Euler and stochastic NSFD methods at h = 1 (divergent) (e) The comparison behavior of
the infected pig population through stochastic Runge Kutta and stochastic NSFD methods at 4 = 0.01 (convergent) (f)
The comparison behavior of the infected pig population through stochastic Runge Kutta and stochastic NSFD methods

at h = 2 (diverge
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7 Conclusion

This paper provides a comprehensive assessment of the mathematical analysis, including trustworthy
delay techniques, of the delayed model for streptococcus suis infection. Subpopulations are classified by
the model into four categories: susceptible class S, (), infectious class I (t), quarantine class Qg (t),
and recovered class R, (t). Because Streptococcus Suis may spread from pig to people, the model includes
the susceptible human class Sy, (), infectious human class I, (), and recovered class Ry, (t). The model’s
dynamic analysis examines positivity, boundedness, equilibria, and the threshold parameter. The sensitivity
of the parameters is revealed by the outcomes of the model. The linearization of the model is based on
existing concepts such as the Routh-Hurwitz criteria and the Jacobian. The focus of the research is on the
use of Lassalle’s invariance principle and Lyapunov’s theory to ensure the global stability of the model. It is
discovered that the Stochastic delayed NSFD method is the most accurate, successful, and efficient method.
In these models, stability is necessary to avoid unpredictable behavior and incorrect results in terms of
stability, optimism, and staying within normal bounds even with enormous time increments. Stochastic
delayed NFSD performs exceptionally well. Other methods such as Stochastic delayed NFSD Euler Maryama,
Stochastic Euler, and Stochastic RK-4 are considered valuable tools in our toolbox, however, at high time
scales, they break down, leading to a loss of stability and consistency. After a great deal of testing and
comparison, Stochastic delayed NFSD has emerged as the champion in stability and reliability, passing
important tests like “local stability” and the Routh-Hurwitz criterion in the study of accurate predictions. This
model can be taken forward by adding some dynamism in terms of space to real-world data for parameter
estimation, thereby making it more applicable. It could also be taken up in terms of other diseases so that
the applicability of the model further validates its relevance.

To fully capture the real-world complexities, there is a need to develop a model without the assumption
of disease transmissibility and parameter estimation. Moreover, validation based on data is needed to
enhance the reliability of the model.
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