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Recidivism-Driven Persistence in Crime Dynamics: A Comparative
S—C'-P-R Compartmental Model for Kupang City, Indonesia

Yohanes Yordente Wete!*, Maria Lobo!, Maria Agustina Kleden', Albert Mario Kumanireng!

! Department of Mathematics, Universitas Nusa Cendana, Kupang 85111, Indonesia

ARTICLE HISTORY ABSTRACT. Crime remains a significant social problem in Kupang City, which recorded 2,173 criminal
Received 21 April 2026 cases in the first half of 2024, necessitating a quantitative approach to understand its dynamics. This study
Revised 15 June 2026 aims to construct and analyze mathematical models of crime dynamics in Kupang City by considering the
Accepted 1 July 2026 role of recidivism. Two compartmental models (S-C-P-R) are developed: a model with recidivism and
Published 15 July 2026 a model without recidivism, each formulated as a system of ordinary differential equations. The analysis
includes the determination of equilibrium points, the basic reproduction number (Ro) using the Next Gen-

KEYCWQR?S eration Matrix method, stability analysis via the Jacobian matrix and Routh—Hurwitz criterion, sensitivity
Mathematical I\r/;:)nc:;lﬁilnt;' analysis, and numerical simulation using a Nonstandard Finite Difference (NSFD) scheme. Parameter esti-
Recidivism mation is performed through exponential regression based on crime data from Kupang City for the period

Stability 2013-2024. The results show that the model without recidivism yields Ro = 2.3525, indicating that
Basic Reproduction Number criminal activity will persist and grow over time. The crime-free equilibrium point is locally asymptotically
stable when Ro < 1, and sensitivity analysis identifies the transmission rate [3 as the most influential
parameter affecting Ro. In the model with recidivism, the feedback loop from the recovered compartment
to the criminal compartment causes the crime-free equilibrium point to become unstable, and Ry is not
well-defined due to the absence of a clear generational structure. These findings suggest that recidivism
significantly complicates crime control and that strategies focused on reducing the transmission rate [3
are essential for suppressing criminal activity in Kupang City.

This article is an open access article distributed under the terms and conditions of the Creative

@ @ @ Commons Attribution-NonComercial 4.0 International License. Editorial of EULER: Depart-
I ment of Mathematics, Universitas Negeri Gorontalo, JIn. Prof. Dr. Ing. B. J. Habibie, Bone

Bolango 96554, Indonesia.

1. Introduction

Criminal behavior can be viewed as actions that conflict with established legal rules and
socially accepted standards, which in turn may jeopardize personal security and disturb the
balance of social life [1]. Crime not only has physical impacts but also affects economic and
psychological aspects [2]. Globally, the dynamics of crime continue to evolve, influenced by
social inequality, urbanization, and technological development (3, 4]. In Indonesia, the num-
ber of criminal cases reached 434,768 in 2024 [5], while Kupang City recorded 2,173 cases
from January to June 2024 alone [6], making it one of the highest crime areas in East Nusa
Tenggara province.

One of the critical factors in crime dynamics is recidivism, which refers to the tendency of
offenders to re-engage in criminal activities after release from prison [7, 8]. Limited rehabili-
tation programs, overcrowding in correctional facilities, social stigma, restricted employment
opportunities, and economic hardship contribute to high recidivism rates [9, 10]. Conse-
quently, former offenders may return to criminal behavior, creating a continuous cycle that
sustains and even increases crime prevalence within a community [8]. Therefore, incorporat-
ing recidivism into mathematical models is essential for quantitatively analyzing its impact
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on crime dynamics and for providing a more realistic representation of criminal behavior in
society [11, 12].

Beyond individual reoffending, recidivism also affects crime dynamics through social in-
teraction mechanisms. Former offenders who return to society often maintain connections
with previous criminal networks, peer groups, or environments associated with criminal ac-
tivities. These interactions may facilitate the transmission of criminal knowledge, criminal
opportunities, and deviant behavioral norms to susceptible individuals, particularly among
unemployed youth and socially vulnerable groups. As a result, recidivists not only contribute
directly to the number of active offenders through repeated criminal acts but may also indi-
rectly increase crime incidence by influencing others to engage in criminal behavior. Con-
sequently, high recidivism rates can strengthen the persistence of criminal activities within
communities and accelerate the propagation of crime over time.

Although criminal behavior is not a biological disease, its spread exhibits characteristics
analogous to the transmission of infectious diseases. Criminal behavior can be influenced by
social interactions, peer pressure, imitation, and environmental exposure, whereby individu-
als may adopt criminal activities after repeated contact with active offenders [13, 14]. Sim-
ilar to the transmission process of infectious diseases, susceptible members of society may
become involved in criminal activities through continuous interaction with criminals. Fur-
thermore, the spread of criminal behavior often occurs within social networks, families, peer
groups, and communities, creating a contagion-like effect that facilitates crime propagation
[11, 15]. From a mathematical perspective, the analogy between crime transmission and infec-
tious disease transmission arises from the similarity of their underlying population dynamics.
In epidemiological models, individuals are typically classified into compartments such as sus-
ceptible, infected, and recovered, with transitions occurring through contact and behavioral
change. A similar framework can be applied to crime dynamics, where law-abiding individuals
may be regarded as susceptible, active offenders as infectious individuals, and rehabilitated
or imprisoned individuals as removed or recovered classes. The transition from lawful behav-
ior to criminal involvement is often influenced by exposure to criminal peers, social learning,
imitation, and environmental pressures, analogous to infection through contact. Moreover,
intervention measures such as rehabilitation programs, law enforcement, imprisonment, and
social reintegration can be interpreted as control mechanisms that reduce the transmission
of criminal behavior. Therefore, epidemiological compartmental models provide a systematic
framework for quantifying crime propagation, identifying key transmission pathways, eval-
uating threshold conditions for crime persistence, and assessing the effectiveness of crime
prevention strategies.

In this context, recidivists can be viewed as a persistent source of criminal influence
within the population because their repeated involvement in criminal activities increases the
frequency of contact between criminals and susceptible individuals, thereby enhancing the
potential transmission of criminal behavior. Therefore, ignoring recidivism may underestimate
the long-term persistence and growth of crime in society.

In recent years, the application of epidemiological compartmental models to criminal be-
havior has gained significant attention, treating crime as a socially contagious phenomenon
[13, 14]. Sooknanan and Seemungal [11] provided a comprehensive review confirming the
effectiveness of this approach across various crime types. Several notable studies have ad-
vanced this field: Kwofie et al. [4] incorporated education programs and derived the repro-
duction number using the next-generation matrix (NGM) method; Mataru et al. [16] modeled
unemployment-driven crime with vocational training as control measures; Ibrahim et al. [17]
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developed an age-structured criminal gang model showing backward and Hopf bifurcation,
and later applied optimal control theory in a limited-resource setting [12]. More recently,
Idisi et al. [18] analyzed crime—corruption interdependence across three countries, Correa-
Flérez et al. [19] fitted a compartmental system to Spanish imprisonment data, and Nyaberi
and Mushanyu [15] modeled the role of imitation in crime propagation. The field has also
been extended to fractional-order models [20-22] and co-dynamics of crime with drug abuse
incorporating cross-recidivism [23]. Ayoade et al. [24] further analyzed the influence of family
background on crime spread, while Aguadze et al. [25] and Mebratie and Dawed [26] explored
the roles of latent criminal stages and media coverage, respectively.

Despite the substantial development of mathematical models for crime dynamics, sev-
eral important gaps remain in the existing literature. Previous studies have examined vari-
ous determinants of crime propagation, including education programs, unemployment, fam-
ily background, media influence, criminal gangs, corruption, drug abuse, and imitation effects
[4, 15-18, 23-26]. While some studies incorporated recidivism as one of the model compo-
nents [23].recidivism has generally been treated as an auxiliary mechanism rather than the
primary focus of investigation. To date, few studies have explicitly quantified the impact
of recidivism by systematically comparing crime models with and without recidivism under
the same modeling framework. As a result, the extent to which recidivism influences crime
persistence, transmission intensity, and long-term equilibrium behavior remains insufficiently
understood.

Furthermore, most existing studies have focused on theoretical model development,
qualitative analysis, or numerical simulations using hypothetical parameter values. Empirical
studies based on observed crime data are relatively limited, particularly in developing coun-
tries. To the best of our knowledge, empirical studies investigating the influence of recidivism
on crime dynamics using crime data from Indonesian cities remain very limited, and evidence
from Southeast Asia is still scarce. This limitation reduces the applicability of existing findings
to regions with different social, economic, and criminal justice characteristics.

This study contributes to the literature in three important ways. First, it develops and
compares two epidemiological compartmental crime models, namely a model with recidivism
and a model without recidivism, to explicitly quantify the role of recidivism in crime transmis-
sion dynamics. Second, unlike many previous studies that rely on hypothetical parameter val-
ues, the proposed models are calibrated using actual crime data from Kupang City during the
period 2013-2024, providing an empirical assessment of crime dynamics in an Indonesian ur-
ban setting. Third, the study provides quantitative evidence of how recidivism influences the
basic reproduction number, equilibrium stability, and long-term crime prevalence through pa-
rameter estimation, stability analysis, sensitivity analysis, and numerical simulations, thereby
offering deeper insights into the mechanisms through which recidivism sustains crime dynam-
ics. These contributions provide a more comprehensive understanding of crime dynamics and
offer evidence-based insights for the design of crime prevention and rehabilitation policies.

Based on the above, this study aims to construct and analyze two compartmental models
(S-C-P-R) of crime dynamics in Kupang City: a model with recidivism and a model without
recidivism. The study involves identifying equilibrium states and calculating the basic repro-
duction number (R) through the Next Generation Matrix approach [27, 28], stability analysis,
sensitivity analysis, and numerical simulations using a Nonstandard Finite Difference (NSFD)
scheme. Parameter estimation is performed through exponential regression based on crime
data from Kupang City for the period 2013-2024 [6].
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2. Model
2.1. Data Sources

This study uses secondary data obtained from the BPS (Badan Pusat Statistik) of Kupang
City [6]. The data consist of annual reported criminal cases in Kupang City from 2013 to 2024,
which serve as the basis for parameter estimation via exponential regression. Additionally,
population data and life expectancy statistics from BPS are used to estimate demographic
parameters such as the recruitment rate A and the natural death rate .

2.2. Model Assumptions and Compartment Description

The population is divided into four compartments:

* S(t): Susceptible — individuals who have not engaged in criminal activity but are at risk
of becoming criminals through social interaction with active criminals.

* (C(t): Criminal — individuals who are actively engaged in criminal activity.

* P(t): Prison — individuals who have been arrested and incarcerated.

* R(t): Recovered — individuals who have been released from prison and have stopped
engaging in criminal activity.

The total population at time ¢ is N(t) = S(t) + C(t) + P(t) + R(t).
Two models are formulated based on the following common assumptions:

1. New individuals enter the susceptible compartment at a constant recruitment rate A,
accounting for births, immigration, and individuals reaching the age of criminal respon-
sibility.

2. Susceptible individuals become criminals through social interaction with active crimi-
nals. The transmission follows a standard incidence rate 5SC /N, where [ is the effective
contact rate. The standard incidence formulation is chosen because the probability of
criminal influence depends on the proportion of criminals in the population rather than
the absolute number, which is appropriate for socially transmitted behaviors [4, 11].

. Criminals are arrested and sent to prison at a rate .

. Imprisoned individuals are released from prison at a rate 9.

. Each individual in every compartment experiences natural death at a rate p.

. The total population is not assumed to be constant; it varies depending on the balance
between recruitment and natural death.
The two models differ in a single assumption regarding the recovered compartment:

1. Model without recidivism: Individuals released from prison permanently exit the crimi-

nal system and remain in the recovered compartment R.

2. Model with recidivism: Recovered individuals may return to criminal activity at a rate w,
representing the recidivism phenomenon.

The descriptions of all parameters are summarized in Table 1.

A Ul B~ W

Table 1. Description of model parameters.

Symbol  Description Unit
A Recruitment rate into the susceptible population  individuals-day '
I Natural death rate day~?
153 Transmission rate from susceptible to criminal day~!
vy Incarceration rate of criminals day™*
4 Release rate from prison day~?
w Recidivism rate (model with recidivism only) day~!
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2.3. Model with Recidivism
In the model with recidivism, individuals released from prison may return to criminal
behavior. The transfer diagram is shown in Figure 1.

us uc upP UR
Bsc T
N C SP
A C &
A
wR

Figure 1. Transfer diagram of the criminal dynamics model with recidivism.

The flow between compartments is governed by the following system of ordinary differ-
ential equations:

%ng—%?— s, (1)
%gzg%lqc—uo+wa )
O =90~ 6P P, )
%zdp—uR—wR. (4)

In eq. (1), the term A represents the inflow of new susceptible individuals, 5SC/N
represents the outflow due to criminal transmission, and ;S represents natural death. In
eq. (2), the term wR represents the inflow from the recovered compartment due to recidivism,
which is the distinguishing feature of this model. In eq. (3), the term vC represents new
incarcerations and (9 + ) P represents outflows due to release and natural death. In eq. (4),
the term § P represents individuals released from prison, while (1 + w) R represents outflows
due to natural death and recidivism.

2.4. Model without Recidivism

In the model without recidivism, individuals who are released from prison do not return
to criminal activity. The transfer diagram is shown in Figure 2. The system is governed by:

us uc uP UR

e

e

Figure 2. Transfer diagram of the criminal dynamics model without recidivism.
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dP
E—WC—(SP—MR (7)
dR

This model is identical to the model with recidivism except that the recidivism term wR
in eq. (2) is absent, and the outflow from the recovered compartment in eq. (4) only includes
natural death pR. The model without recidivism thus represents an optimistic scenario where
the correctional system is fully effective in rehabilitating offenders.

2.5. Analytical Methods
2.5.1. Equilibrium Analysis

Equilibrium states are determined by assigning all time derivatives to zero. Two equilib-
rium conditions are considered: (i) the crime-free state (Fy), characterized by C' = P = R = 0,
which indicates the absence of criminal activity and (ii) the endemic state (E*), where C' > 0,
reflecting the persistence of crime within the population [29].

2.5.2. Basic Reproduction Number

The basic reproduction number, denoted by R is evaluated using the Next Generation
Matrix (NGM) approach [27, 28]. In this method, the system at the crime-free equilibrium is
separated into two matrices: matrix F', which accounts for the generation of new criminal
cases, and matrix V', which represents the transfer of individuals across compartments. The

value of (Rg) is expressed as:
Ro = p(FV_1)7

where p(-) denotes the spectral radius, corresponding to the dominant eigenvalue of the
matrix F'V 1.

2.5.3. Stability Analysis

The asses local stability, the Jacobian matrix is evaluated at each equilibrium point, and
its eigenvalues are analyzed. An equilibrium is regarded as locally asymptotically stable if all
eigenvalues have negative real components. Furthermore, stability conditions may also be
verified using the Routh-Hurwitz criterion applied to the characteristic polynomial, eliminat-
ing the need for explicit eigenvalue computation [29].

2.5.4. Sensitivity Analysis

The sensitivity of R, with respect to a parameter p is quantified using a normalized
sensitivity index [9, 30| defined by :

cro— IR b
P Ip Ro
A positive value of this index that increasing the parameter will raise the value of R, whereas

a negative value indicates a decreasing effect. Parameters with the highest absolute sensitivity
values are identified as the most significant contributors to the dynamics of criminal activity.

2.5.5. Numerical Simulation

Numerical simulations are performed using the Nonstandard Finite Difference (NSFD)
scheme. Unlike standard methods such as Euler or Runge—Kutta, the NSFD scheme is designed
to preserve essential qualitative properties of the continuous system, including positivity and
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boundedness of solutions [29]. The discretization uses the nonstandard denominator func-

tion:
1 — e HAL

P(At) = Y

which replaces the standard step size At in the finite difference approximation. This ensures
unconditional stability of the numerical scheme regardless of the step size chosen.

3. Results and Discussion
3.1. Equilibrium Points of The Model

The equilibrium points of the model represent the steady-state condition where the sys-
tem no longer changes over time. They are obtained by setting

dS_dC_dP_dR_O
dt  dt dt  dt
This condition indicates that all compartments remain constant, meaning the inflow and
outflow in each class are balanced. Determining the equilibrium points helps to understand
whether criminal activity will disappear or persist in the population. In this study, two types of

equilibrium points are considered, namely the crime-free equilibrium and the endemic equi-
librium.

3.1.1. Crime-Free Equilibrium Point

The crime-free equilibrium point, both with and without recidivism, occurs when there
are no criminals in the population, that is:

c*=0, P*=0, R"=0.
By substituting into the first equation, we obtain:
0=A—usS.

Thus:
St =—.
0
Thus, the crime-free equilibrium point for both the model with and without recidivism is:

A
Ey = (—,0,0,0).
W

3.1.2. Endemic Equilibrium Point of Criminality

: ey o : o .. dS dC
The endemic equilibrium point is obtained by substituting the condition — = =

dP  dR : ... . : o .d? d% .
F iy 0, with the condition C* > 0. This condition indicates that criminal activity
persists and remains in the population.
Based on the results of the model calculations, the endemic equilibrium point is obtained
as:
E* = (S*,C*, P*,R").
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Model with Recidivism

In the model with recidivism, the endemic equilibrium point is influenced by the presence
of the recidivism parameter, which allows individuals who have stopped engaging in criminal
activity to return to being criminals. This makes the structure of the equilibrium point more
complex. The endemic equilibrium point of the model with recidivism is as follows:

UN (8 + S+ dw + v + p? + pw)

St = ,
B (dp + 0w + p? + pw)
—N,u2<(5’7+5u—|-5w+’7M+’YOJ+,U2+[LW)+A6(5u+5w+,u2+,uw)
cr = ,
B (6y 4+ 0p + dw + Y + yw + p? + pw)
(=N p? <57 +0p 4 0w + Y+ yw + p? + pw) + AB(Su + dw + p? + pw))
P = :
0 + p(Bu (07 + S + dw + v + yw + p2 + pw))
5ﬂ-NﬁQw+ﬁu+@Hﬁm+qw+u?+m@+Aﬂwﬂ+mfuﬂ+ﬂm)
R = .

(14 W) (6 + ) (B (67 + 0 + 0w + yp + yw + pi? + pw))

Model without Recidivism

In the model without recidivism, there is no flow of individuals from the recovered com-
partment back to the criminal compartment. The resulting endemic equilibrium point has a
simpler form compared to the model with recidivism. The endemic equilibrium point of the
model without recidivism is as follows:

G N(vy+ p)

/B 9
C — )
By + n)
pre _ 1Ny = Np? + Ap)
B(6y + 0p+yp+p?)
e — OV (ENyu = Np® + AP)
Bu (0 + op + yp + pi?)

3.2. Basic Reproduction Number of the Model with Recidivism

In the model with recidivism, individuals who have left the criminal compartment can
return to being criminals through the recidivism rate w. This increases the potential spread
of criminal activity.

Using the Next Generation Matrix method, it is obtained that the infected compartment
remains the criminal compartment C'; however, the effective rate at which individuals leave
this compartment is influenced by the presence of recidivism. The resulting matrix is:

800 —(v+n) 0 w
F=|0o00]|, V= 5 —(6+ p) 0
00 0 0 5 — (4 w)
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Then,
5+ + w —wo —w(0 +
Vil=— (i+“)(“+w) 5 ( V(Z)Eruw) | (v + ) (p +w) Ewﬂ)
O F ) =y 1 S+ (e m)0+ )
Thus,
Blu+w)

o= oY) = ) =

Thus, the basic reproduction number for the criminal dynamics model with recidivism is given
by:

Blp+w)
(v + 1) (p + w) = wyd

0:

3.3. Basic Reproduction Number of the Model without Recidivism

The basic reproduction number R, for the model without recidivism is determined using
the Next Generation Matrix method . The infected compartment in this model is the criminal
compartment C'. The transmission and transition matrices are given by:

S CRIE S G}

1 1 o+p 0
v _(v+u>(6+u>( v 7+u)'

_ s
Ro=p(FV) = 2
o= p( ) ——

Thus, the basic reproduction number for the criminal dynamics model without recidivism is
given by:
B

Ry=—"—.
Y+ n

Then,

Thus, we obtain:

3.4. Stability of the Crime-Free Equilibrium Point
3.4.1. Model with Recidivism

The stability of the crime-free equilibrium point is analyzed using the Jacobian matrix
evaluated at Ej. The characteristic equation yields the following eigenvalues:

M=, A=pF—v—p

Since A\; > O when 3 > =+ p, the system has at least one positive eigenvalue. Therefore, the
crime-free equilibrium point is unstable. This condition is equivalent to:

Ry > 1.
3.4.2. Model without Recidivism
For the model without recidivism, the eigenvalues of the Jacobian matrix at F are:
/\1:—(5+M), /\2:—/1.

Both eigenvalues are negative, indicating that the crime-free equilibrium point is locally asymp-
totically stable.
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Using the Routh-Hurwitz criterion, the stability condition is satisfied when:

N (y+2u =B+ (v +p = B)p > 0.

This is equivalent to:
Ry < 1.

The results indicate that the presence of recidivism affects the stability of the system.
In the model with recidivism, the crime-free equilibrium becomes unstable when Ry > 1,
meaning that criminal activity persists in the population. In contrast, the model without
recidivism tends to be stable when Ry < 1, indicating that criminal activity can be eliminated
over time.

3.5. Estimation Construction

To estimate the transmission parameter of the crime dynamics model, the annual crime
data were approximated using an exponential regression approach. Let X (¢) represent the
number of reported criminal cases at time ¢. Assuming that the crime cases exhibit an expo-
nential trend during the observation period, the data can be expressed as

X(t) = Xoe/\t,

where X denotes the initial number of criminal cases and X is the exponential growth rate.
In this study, A is not an eigenvalue associated with the stability analysis of the system, but
rather a parameter obtained from the regression process that describes the growth trend of
criminal cases. The estimated growth rate is then utilized in the construction and estimation
of the transmission parameter of the proposed crime dynamics model.

Model with Recidivism
Substituting the exponential form into the system yields:

A+B+v+up)Co = why,
A+d+p)Py = ~Cy,
(/\—f—u—f—w)Ro = (SPO

From these equations, the relationships between compartments are obtained as:
Ry A+B+v+mp
CO w ’
Model without Recidivism
Using the same approach, we obtain:

A+v+p)Cy = B,

The estimation construction shows that the growth rate A is influenced by the transition
rates between compartments. In the model with recidivism, the presence of the parameter
w introduces feedback from the recovered compartment to the criminal compartment, which
increases the persistence of criminal activity. In contrast, the model without recidivism does
not include this feedback mechanism, resulting in a simpler dynamic structure.
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3.5.1. Construction of the Estimation of I?y and Parameter /3
Model with Recidivism
Based on the estimation construction, the basic reproduction number is obtained as:
wdy — (A+v+p)
— B + (6 + p)))-
(v + ) (1 +w) —wyd
Furthermore, the estimated value of parameter (5 is given by:
woy

b= A+ 04+ A+ o+ w)
From the calculation results, the value of g is § = —8.91387208.

RUI

— A+ +p).

Model without Recidivism
For the model without recidivism, the basic reproduction number is obtained as:

R0:—+1
Y+

The estimated value of parameter 5 is 5 = A + v + u. Thus, the numerical value of 5 is
B = 0.336385714.

The results show a significant difference between the two models. In the model with
recidivism, the estimated value of 3 is negative, which indicates that the model may not be
biologically or socially feasible under the given parameter assumptions. In contrast, the model
without recidivism produces a positive value of 3, indicating a more realistic representation of
criminal dynamics. This suggests that the inclusion of recidivism introduces additional com-
plexity that strongly affects parameter estimation and system behavior. It should be noted
that the crime transmission parameter $ was not estimated directly through a parameter fit-
ting procedure. Instead, the value of 5 was obtained through the estimation construction
derived from the exponential growth assumption, as presented in Equation (31), where A rep-
resents the growth rate of crime cases observed from the data. Consequently, the estimated
value of § depends on the value of \ as well as the analytical relationships among the model
parameters. Therefore, the negative value of S obtained in this study is a mathematical conse-
quence of the estimation construction rather than an assumption that the crime transmission
rate itself is negative. From a social perspective, [ is still interpreted as a transmission param-
eter that is theoretically expected to be non-negative. Hence, the negative estimate should
be viewed as an indication of limitations in the estimation framework employed and the com-
plexity introduced by the recidivism mechanism in the model, rather than as evidence of a
negative crime transmission process.

3.5.2. Curve Fitting of Cumulative Criminal Data

The estimation of the growth parameter was performed using exponential regression
based on annual crime data in Kupang City from 2013-2024. The results show that the take-
off rate is:

A = 1.93199.

This value represents the growth rate of criminal cases over time. The parameter )\ was esti-
mated using the least-squares method by minimizing the sum of squared errors (SSE) between
the observed data and the fitted values. The objective function is defined as

n

SSE=Y (XZ- —Xi)Q,

i=1
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where X; and X; represent the observed and fitted crime cases, respectively.

%104 Cumulative Crime Data Curve Fitting
3.5 T T T I I I

O Observed Cumulative Crime Data
= Fitted Cumulative Crime Curve

Cumulative Crime

0 2 4 6 8 10 12
Time (Years)

Figure 3. Curve fitting of cumulative criminal data.

The goodness-of-fit of the exponential regression model was evaluated using the coeffi-
cient of determination (2?), which measures the proportion of variation in the observed data
explained by the fitted model. The obtained value of R? = 0.7826 indicates that approxi-
mately 78.26% of the variation in the observed crime data can be explained by the exponen-
tial regression model. This result suggests that the exponential growth assumption provides
areasonably good representation of the observed crime trend in Kupang City and is therefore
suitable for estimating the growth parameter .

The estimated value of \ was subsequently used in the parameter construction process
to determine the crime transmission parameter 3. Therefore, the estimation procedure con-
sisted of two stages: first, estimating the exponential growth rate from crime data through
exponential regression, and second, using the obtained growth rate in the analytical parame-
ter construction derived from the mathematical model. Similar approaches have been widely
used in compartmental modeling studies when direct estimation of transmission parameters
from available data is not feasible [27, 28, 30].

3.5.3. Estimation of the Basic Reproduction Number R
Model with Recidivism

In the model with recidivism, the basic reproduction number R is not well-defined.
This occurs because individuals in the recovered compartment (RR) can return to the criminal
compartment (C'), creating a feedback loop in the system. As a result, the transmission process
does not follow a clear generational structure, which is a key requirement in defining the basic
reproduction number. Therefore, R, cannot be properly determined for this model.
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Model without Recidivism
The estimated value of the basic reproduction number is:

Ry = 2.3525.

Since Ry > 1, this indicates that each criminal individual can generate more than two new
criminal individuals. Consequently, the number of criminal cases in Kupang City is expected
to increase over time. The results highlight a fundamental difference between the two mod-
els. The absence of recidivism allows for a clear interpretation of R, showing that criminal
activity will grow when Ry > 1. In contrast, the presence of recidivism introduces a feedback
mechanism that complicates the system dynamics and prevents the proper definition of R,.
This suggests that recidivism plays a significant role in sustaining criminal behavior within the
population.

3.6. Sensitivity Analysis

Sensitivity analysis is conducted to assess how variations in model parameters influence
the basic reproduction number Rj. This approach enables the determination of parameters
that play a dominant role in shaping the dynamics of the system.

Model with Recidivism

In the model with recidivism, sensitivity indices are formally derived for each parame-
ter. However, since the model does not possess a stable equilibrium point and the basic
reproduction number Ry is not well-defined, the sensitivity analysis cannot be meaningfully
interpreted. The presence of recidivism introduces a feedback loop from the recovered com-
partment to the criminal compartment, which leads to an unstable system. As a result, small
changes in parameter values do not reflect a consistent or controlled system response. There-
fore, numerical sensitivity evaluation is not performed for this model.

Model without Recidivism
For the model without recidivism, sensitivity analysis can be carried out since the system
is stable and R is well-defined. The normalized sensitivity indices of R, with respect to each
parameter are given by:
Cgo =1, C,I;LO — _L) Cffo — _L_
v+ v+
Based on the parameter values, the sensitivity indices are:

Civ =1, Cf=-02667, Cr°=-0.999.

The results indicate that parameter § is the most influential parameter affecting the
value of Ry. A positive sensitivity index of (jgo = 1 means that Ry changes proportionally
with (. Specifically, a 5% increase (or decrease) in J will result in a 5% increase (or decrease)
in Ry. On the other hand, parameters v and p have negative sensitivity indices, indicating
that increasing these parameters will reduce the value of R,. This suggests that increasing
recovery and natural removal rates can help suppress criminal activity.

3.7. Nonstandard Finite Difference Scheme
The nonstandard finite difference (NSFD) scheme is constructed using the general form:
dX o Xn-i—l + Xn

F ey = X,(1— X,,).
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The function ¢(t) is a nonstandard time discretization function defined as:

1 — e—#®)
where 1 > 0 is a constant parameter. This scheme is applied to each compartment S, C, P,
and R for both the model with recidivism and the model without recidivism.

The Nonstandard Finite Difference (NSFD) scheme was employed in this study because
it preserves important qualitative properties of the original continuous system. In compart-
mental crime models, all state variables represent population groups and therefore must re-
main non-negative for all time [16, 31, 32]. Standard numerical methods, such as the classical
Runge—Kutta method, may generate negative solutions or fail to preserve the dynamical prop-
erties of the system when relatively large time steps are used. In contrast, the NSFD approach
is specifically designed to maintain positivity, boundedness, and stability characteristics of
the underlying model. Consequently, NSFD provides a more reliable numerical framework for
simulating crime dynamics and ensuring that the numerical solutions remain socially mean-
ingful throughout the simulation period [32].

3.8. Parameter Values and Initial Conditions

The parameter values used in this study are presented in Table 2. All parameters are
expressed in units of per day (day ).

Table 2. Parameter values of the criminal dynamics model.

Symbol Value Unit

A AT day !

B (with recidivism) ~ —8.91387208 day~!
B (without recidivism) ~ 0.336385714  day ™!
p e Gy

g 7 day™!

o 15 ><1365 day™ :

w TExaeE day™"

The parameter values are used in all calculations, particularly in the numerical simulations
of the criminal dynamics model. The initial conditions used in the simulations are given as:

5(0) = 471,883, C(0) =2,318, P(0) =500, R(0) = 100.

These initial values are chosen to represent approximate real conditions in Kupang City, al-
though they are not exact measured data.

3.9. Numerical Simulation

Numerical simulations were conducted to illustrate the dynamic behavior of the pro-
posed crime models and to verify the analytical results obtained from the equilibrium and
stability analyses. The simulations were implemented using the Nonstandard Finite Differ-
ence (NSFD) scheme described in Section 3.7 because this method preserves the positivity,
boundedness, and stability properties of the compartmental system. The parameter values
and initial conditions used in the simulations are presented in Table 2 and Section 3.8.

Two simulation scenarios were considered. The first scenario corresponds to the crime
dynamics model with recidivism, in which individuals released from prison are allowed to re-
turn to criminal activity through the recidivism mechanism. This scenario was selected to in-
vestigate the influence of repeated offending on the long-term dynamics of crime. The second
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scenario represents the crime dynamics model without recidivism, assuming that individuals
who leave criminal activity do not return to criminal behavior. This comparison enables the
impact of recidivism on crime persistence and system stability to be clearly demonstrated.

The simulation results are presented in Figure 4 and Figure 5. The behavior of each
compartment is interpreted by relating the numerical trajectories to the analytical findings,
including the existence and stability of equilibrium points and the characteristics of the basic
reproduction number (Ry).

Model with Recidivism

The susceptible population (S) gradually decreases over time because susceptible indi-
viduals continuously move into the criminal compartment through the crime transmission pro-
cess. Although new individuals enter the susceptible compartment through the recruitment
rate, the transition into criminal behavior dominates during the simulation period, causing the
susceptible population to decline before eventually approaching an equilibrium level. This be-
havior indicates that the crime transmission process plays a significant role in determining the
size of the susceptible population. Furthermore, it is consistent with the sensitivity analysis,
which identifies the crime transmission rate as one of the parameters that strongly influences
the system dynamics.

x 10

14 T T T T T T T T

12 - =

10 - -

S = § (Susceptible)
E == C (Criminal)
2 Ce —— P (Prison) &l
[9)
o = R (Recovered)
4 4
2 - 4
: {__//_’_—' |
2 | | 1 | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (days)

Figure 4. Criminal dynamics model with recidivism.

The criminal population (C') gradually decreases as offenders are transferred to the im-
prisoned compartment. However, the criminal population persists because individuals re-
leased from prison may return to criminal activity through the recidivism mechanism. This
behavior is consistent with the equilibrium and stability analyses, indicating that the crime-
free equilibrium is unstable when recidivism is incorporated into the model. Furthermore,
the simulation supports the analytical finding that the persistence of crime is primarily driven
by recidivism, making the basic reproduction number unsuitable as a meaningful threshold
parameter in the recidivism model.

The imprisoned population (P) increases as more criminal individuals are transferred
into prison. After a certain period, the imprisonment rate becomes balanced with the prisoner
release rate, causing the imprisoned population to approach a relatively stable level. Although
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the imprisoned compartment reaches a steady state, the presence of recidivism prevents the
overall system from eliminating criminal activity.

The recovered population (R) continuously increases as more prisoners complete their
sentences and are released from prison. However, unlike the model without recidivism, in-
dividuals in this compartment may return to criminal activity through the recidivism mecha-
nism. Consequently, the recovered compartment not only represents individuals who have
completed their imprisonment but also serves as a source of new criminal individuals. This
behavior reinforces the analytical findings, demonstrating that recidivism creates a feedback
mechanism that sustains criminal activity over the long term.

Model without Recidivism

The susceptible population (5) initially decreases because susceptible individuals tran-
sition into the criminal compartment. As the criminal population gradually declines, fewer
susceptible individuals become involved in criminal activity. Together with the continuous re-
cruitment of new individuals, the susceptible population eventually increases and approaches
its equilibrium level. This result indicates that reducing crime transmission contributes to the
stabilization of the system. Furthermore, this behavior is consistent with the sensitivity anal-
ysis, which identifies the crime transmission rate as the parameter with the greatest influence
on the system dynamics.

x10°
5 T I T T T T T
= S (Susceptible)
45 i
=== C (Criminal)
4l === P (Prison) i
=== R (Recovered)
3.5 T

w
L
1

Population
N
(3,1
T
1

N
T
1

|

-
1

0.5 i

b 0 500 1000 1500 2000 2500 3000 3500

Time (days)

Figure 5. Criminal dynamics model without recidivism.

The criminal population (C) initially increases due to the transition of susceptible indi-
viduals into criminal activity. As the simulation progresses, the criminal population gradually
decreases because offenders are transferred to the imprisoned compartment and do not re-
turn to criminal behavior after completing their prison sentences. Consequently, the criminal
population approaches its equilibrium level over time. This behavior is consistent with the
analytical findings, indicating that eliminating recidivism results in a more stable long-term
system compared with the model that incorporates recidivism. In addition, the sensitivity
analysis shows that changes in the crime transmission rate have the greatest impact on the
criminal population dynamics. Therefore, reducing the crime transmission rate is one of the
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most effective strategies for suppressing criminal activity.

The imprisoned population (P) increases during the early stage of the simulation as more
criminal individuals are incarcerated. As the criminal population decreases, fewer offenders
enter prison, while prisoners who complete their sentences are transferred to the recovered
compartment. Consequently, the imprisoned population gradually declines and eventually
reaches a relatively stable level. This behavior reflects the balance between the imprisonment
and prisoner release processes.

The recovered population (R) continuously increases because individuals who complete
their prison sentences remain in the recovered compartment and do not return to criminal
activity. In the absence of recidivism, the recovered compartment functions as a terminal
compartment and no longer contributes to the generation of new criminal individuals. This
behavior supports the analytical findings that eliminating recidivism leads to a more stable
long-term system.

3.10. Discussion

The comparative analysis of the two models reveals several important insights.

The model without recidivism yields Ry = 2.3525, confirming that crime in Kupang City
is in an endemic state under current conditions. This value is comparable to reproduction
numbers reported in other crime modeling studies; for instance, Kwofie et al. [4] obtained
R, values greater than unity for crime dynamics in the state of Illinois, USA, and Mataru
et al. [16] found similar endemic conditions in developing-country settings. The consistent
finding of Ry > 1 across different contexts reinforces the notion that crime, like infectious
diseases, exhibits self-sustaining transmission dynamics when social conditions are favorable
7, 11, 27, 33].

The model with recidivism captures a more realistic aspect of criminal dynamics by al-
lowing recovered individuals to return to criminal behavior [2, 8]. However, the inclusion
of recidivism as a feedback mechanism in the model introduces several analytical challenges.
While the basic reproduction number R can be formally derived through the Next Generation
Matrix (NGM) method, the negative estimated transmission parameter prevents a meaning-
ful epidemiological interpretation of R as a threshold quantity. In addition, the crime-free
equilibrium is found to be unstable, indicating that recidivism continuously reintroduces crim-
inal individuals into the system and may contribute to the persistence of criminal activities
within the population. These findings highlight the significant role of recidivism in shap-
ing crime dynamics and emphasize the need for effective rehabilitation strategies to reduce
repeated criminal behavior. [12, 18, 31]. These findings suggest that the standard epidemio-
logical framework may need to be extended [24, 34] when modeling recidivism, for example
by incorporating stochastic elements [19, 35] or fractional-order derivatives that account for
memory effects in criminal behavior [20, 22].

The sensitivity analysis identifies the transmission rate 3 as the most critical parameter
affecting Ry (4, 16, 26]. This implies that prevention strategies should prioritize reducing
the social transmission of criminal behavior |9, 36] — for instance, through community-based
intervention programs, educational initiatives, and economic empowerment — rather than
relying solely on increasing incarceration rates. This recommendation is consistent with the
findings of Mataru et al. [16], who demonstrated that vocational training and employment
strategies are more effective than law enforcement alone in combating unemployment-related
crime. Additionally, the qualitative analysis of the recidivism model suggests that investment
in post-release rehabilitation programs (reducing w) is essential for long-term crime control.
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Several limitations should be acknowledged. First, the exponential regression approach
for parameter estimation, while straightforward, may not capture the full complexity of the
transmission dynamics [18, 23], particularly for the recidivism model. More sophisticated
techniques such as Markov Chain Monte Carlo (MCMC) methods or least-squares fitting of the
full ODE system could improve parameter estimates [31]. Second, the initial conditions used
in the simulations are approximate values, as exact compartmental data for Kupang City are
not available. Third, the model assumes homogeneous mixing within the population, which
may not reflect [15, 17| the spatial and social heterogeneity of crime in Kupang City [37].
Future studies could address these limitations by incorporating age-structured populations
[17, 18], spatial heterogeneity, and time-varying parameters to better capture the complex
dynamics of crime.

4. Conclusion

The criminal dynamics model with recidivism results in individuals who have stopped
engaging in criminal behavior returning to criminal activity. This creates a feedback loop in
the system, which leads to the instability of the crime-free equilibrium point. In this case, the
basic reproduction number Ry is not well-defined, and consequently, the sensitivity analysis
parameters cannot be properly determined. In contrast, the criminal dynamics model without
recidivism assumes that individuals who have exited criminal behavior do not re-enter the
criminal system. As a result, the system is stable at the crime-free equilibrium point, Ry > 1,
and the parameters influencing the system can be identified through sensitivity analysis. The
most influential parameter affecting the value of Ry in the criminal dynamics model without
recidivism is the transmission rate (3, which has a positive relationship with R,. This implies
that every 5% increase in the value of (5 leads to a 5% increase in R, and conversely, every 5%
decrease in (3 results in a 5% decrease in R.
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