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While there has been much work analyzing the efects of urban exodus on rural areas' development, particularly in improving
these localities' access to better services and decent quality of life, models to date lacked important features such as adaptation time
efect on ongoing agricultural projects of new settlers refecting real difculties related to individuals abilities. In this article, we
show that newcomers individual abilities, educational backgrounds, motivation, and so forth are crucial to promote the de-
velopment of rural areas and facilitate the relocation or return of a certain group of people in their region of interest. Using a
systemic approach, we present a model of urban exodus based on constant delay diferential equations considering the local
authority and population support and the time needed before the successful settlement of newcomers in the region. Furthermore,
we estimate that adaptation time was responsible both for successful settlement increase and failure decrease. To refect this, we
incorporate delay terms in both the successful settlement and failure diferential equations. We performed a qualitative analysis of
the proposed system and show in numerical simulation that newcomers should be selected in function of their skills and
experiences to accelerate their successful settlement, achieve overall socioeconomic development and improve the quality of life
and well-being of the inhabitants.

1. Introduction

In a fast-changing world, reinforcing rural areas’ inhabitants
and promoting the development of local economies are
important for national economies and the overall well-being
of the inhabitants of all regions. Te disparity between
economically well-developed urban and adjacent regions has
been evoked to explain continuous rural exodus, the
weakening of rural localities, and the lagging of their
economies despite governments’ eforts and support. Some
research conducted around the world has pointed out that
regional economies should have development strategies that
take into account the characteristics of each region [1–4].

According to many reports and published research ar-
ticles, promoting agricultural projects in rural areas may
have many advantages such as improving health problems
and sustaining food systems, which are critical to achieve in
the world’s development goals. Agricultural development is

indeed one of the most powerful tools to end extreme
poverty, boost shared prosperity, and feed projected millions
of people for the next generation to come. It leads to social
life growth, poverty reduction in the area, and reduced food
security which is always at risk whenever any natural ca-
tastrophe occurs (Climate change, pandemic: COVID-19,
pests, and conficts: war), impacting food systems.Te result
might be higher food prices and growing hunger (infation
and famine) [5–7].

One of the reasons that are associated with the fact that
many people leave rural areas is food insecurity in some
regions of the world. Research has found that an estimated 3
billion people in the world cannot aford a healthy diet and
poor diets are the leading cause of death everywhere in the
world. Millions of people are either not eating enough or
eating the wrong food due to poor agricultural systems or
else, which results in a double burden of malnutrition that
can lead to illnesses in many cases and health crises (FAO
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reports 2021 and 2022). More than 10% of the world’s
population is afected. To solve part of this problem, en-
trepreneurs should get involved in agricultural projects in
rural areas for the beneft of not only the population live-
stock but also to decrease the various forms of disparities and
economic laggings [8, 9]. Livestock is the most valuable
household asset and an irreplaceable source of a nutritious
diet for hundreds of millions of families across the globe,
especially for children. Te beneft of people moving or
returning back to rural areas to invest in agriculture and
other related industries would be the regional demand for
livestock products that are rapidly growing in these areas
[10, 11].

Tis might also bring to rural areas crop science programs
that will work in close consultation with local farmers, and
work hand in hand with the populations in order to pursue
targeted innovation that can be adopted on the feld. Tese
innovations will provide local farmers with many options for
adapting to the numerous challenges that climate change and
many other natural crises can bring (fooding, high tem-
peratures, an array of crop pests, and diseases). People going
or returning back to rural areas for agricultural projects and
other related activities usually focus on maintaining and
expanding crop diversity in the area, developing related in-
dustries, and small businesses. Tey try to ensure that farmers
have what they need to provide consumers with a wider menu
of options for eating a healthy meal or a sustainable diet.Teir
bold new eforts in agriculture bring a dramatic improvement
in the production of crops to the market place; build sus-
tainable and resilient food systems. Teir projects might also
support local actors including farmers, processors, traders,
food companies from big cities, and retailers [12, 13].

In order to succeed in agricultural projects in rural areas,
the local authority’s support is needed by entrepreneurs. Te
local authority should get involved and support the diferent
eforts to develop good policies and practices that more
efciently connect local farmers to their markets, to ensure
that consumers have consistent access to an assortment of
healthy and afordable food.Tey have to work hand in hand
to ensure that public and private-sector agricultural devel-
opment eforts are well supported by diferent targeted re-
sources and that are aligned with the goals of local and/or
international institutions [14–16].

Local authority plays a crucial role in agricultural
projects, they support eforts in key areas to develop di-
versifed farming and food systems that can improve access
to afordable prices and strengthen the market for small-
holder producers. Furthermore, by doing so, the regional
authority not only strengthens the central government ca-
pacity in diferent states or provinces but also helps in
implementing agricultural development programs that serve
the needs of smallholder producers. Tis might include
helping government ofcials generate evidence to guide
policy development, resource allocation, and strategies that
expand opportunities for all involved actors. Tey should
support partners in the public and private sectors across the
countries that are committed to transforming smallholder
agriculture into a sustainable and inclusive foundation of
economic opportunities [17–26].

In this article, to give a systemic view of the development
of rural areas based on the trending urban exodus and re-
gional agricultural projects, we consider three species
delayed diferential equation system in which successfully
settled people are interacting both with the authority and
newcomers (particularly those who are failing to adapt to
their new life conditions). In this approach, the local au-
thority is playing a key role by setting a threshold repre-
senting the carrying capacity of the area of interest and is
supporting newcomers to adapt and help in developing the
locality. Te inhabitants are also assisting newcomers in
many ways, such as helping them in everyday life and
immersing them into the local culture for better integration.
We assume those who are talented and well prepared for
their new life are more likely to adapt, settle and beneft the
region after a certain time (delay) by starting new projects or
bringing their contributions to ongoing agricultural and
other projects. Tose who are less talented and poorly
prepared or who have difculties adapting are somehow
afecting both the inhabitants and the new settlers, and this
will end up impacting the overall regional development.
Based on individuals’ motivation, ability to adapt, local
authority, and populations help and support, the impact of
those who are holding the regional development back could
be minimized by organizing outdoor activities, special
training, and fnancial support [27, 28].

Te proposed dynamical system is proven to be stable
locally around the coexistence equilibrium point at certain
conditions, both for the delayed and autonomous version of
the system. Numeral results pointed out that selecting
newcomers in function of their adaptation ability and
professional skills is a key to accelerating a successful set-
tlement and creating business opportunities as well as
strengthening the overall regional economic development.

2. The Mathematical Model

In this section, we formulate the proposed model diferential
equations and describe the model coefcients, mathematical
implications, and assumptions.

Letting x(t) be the total number of newcomers, sup-
posed to arrive from big or middle size cities around the
rural area of interest, y(t) be the number of individuals who
have succeeded to settle and who have benefted from the
local authority and inhabitants’ support, and z(t) be the size
of individuals, at time t, who failed to adapt and settle in the
new locality. In this analysis, we assume x(t), y(t), and z(t)

could be increasing or decreasing size depending on regional
policies and regulations, the social status of respective in-
dividuals, the efectiveness of social and fnancial support,
and other interventions of all participating groups. Tis
dynamic is submitted to each group of individuals’ capacity
of adaptation, professional skills, educational background,
and willingness to experience and learn new things.

Furthermore, it is logical to assume that some of the
unsuccessful newcomers could afect the harmony of the
community and thus, have a negative impact on x(t) and
y(t), depending on the situation at hand. In highly sensitive
cases, for example, cases that could lead to the disturbance of
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the social tranquility of the locality, the local authority
should take control of the ongoing crisis and fnd reasonable
solutions such as monitoring respective individuals, pro-
viding them with assistance, and training. We design a
control parameter to account for this efect of the authority
actions on the social life of the inhabitants in the diferential
equations of the model. Let the model system be formulated
as follows:

dx
dt

� ax(t) 1 −
x(t)

K
  − by(t)x(t − τ) + nz(t)x(t − τ),

dy
dt

� by(t)x(t − τ) − my(t)z(t),

dz

dt
� my(t)z(t) − nz(t)x(t − τ),

t ∈ t0 − τ, t0 , τ > 0, a, b, m, n, K> 0,

x(t) � Φ(t)> 0; x(0)> 0, y(0)> 0, z(0)> 0,

(1)

where a is the rate of the urban exodus in a given rural region
representing the per capita x(t) population growth per unit
time, b is the rate at which newcomers are successfully
settling after τ time of adaptation by(t)x(t − τ). n accounts
for the efect of the authority intervention in assisting those
who face difculties to settle nz(t)x(t − τ). m represents the
interaction efect of z(t) or those who are having a hard time
adapting and settling for various reasons. We consider that
their bad experiences are afecting negatively the tranquility
and harmony of the community in the short-term run as
mentioned earlier, and could be refected in the overall
economic and social development of the region in the long-
term run.

3. The Steady State Equilibrium for τ = 0

In this section, we solve the diferential equations of the
system when a delay is not applied or τ � 0, and discuss the
existence of the steady-state equilibrium.

If we suppose the adaptation time is negligent or zero for
analysis purposes, then system (1) would become

dx
dt

� ax(t) 1 −
x(t)

K
  − by(t)x(t) + nz(t)x(t),

dy
dt

� by(t)x(t) − my(t)z(t),

dz

dt
� my(t)z(t) − nz(t)x(t).

(2)

Solving the equations using a standard method, we
found that (2) admits a unique equilibrium point.

x
∗
; y
∗
; z
∗

(  � K;
nK

m
;
bK

m
 ;∀b, K, m, n> 0. (3)

We can deduct that, to ensure continuous successful
settlement of skilled migrant individuals and mitigate the
impact of failure by maintaining lower the maximum to
reach for z, n<m< b must hold. Tis means there should be
more newcomers succeeding to settle than failing for the
local authority to reach its economic development goal.
Furthermore, the growth rate of y must be maintained
relatively higher, implying faster acculturation and/or as-
similation (adaptation).

Setting

dx
dt

� h1(x, y, z),

dy
dt

� h2(x, y, z),

dz

dt
� h3(x, y, z),

h1, h2, h3 ∈ C
1∀(x, y, z)> 0, t⟶∞.

(4)

Te divergence and Laplacian of the system are com-
puted as

∇ h1, h2, h3(  � a + nz(t) + bx(t) + my(t) −
2ax(t)

K
+ by(t) + nx(t) + mz(t) ≠ 0,

∇2 h1, h2, h3(  � −
2a

K
< 0,

∇ h1, h2, h3( 


x∗;y∗;z∗( )
� − a.

(5)

Te divergence is the measure of howmuch the vectors
feld diverge from each point of the phase space of a
system, we have three possibilities. If ∇(h1, h2, h3)> 0, then
the vectors are diverging from respective points of the
phase space, and the system would be unstable. If
∇(h1, h2, h3)< 0, then the vectors will be converging to

respective points of the phase space, indicating local
stability at the vicinity of the given point of the trajec-
tories. And for ∇(h1, h2, h3) � 0, we will have a zero di-
vergence case, which could indicate that the system is
conservative. Te Laplacian ∇2(h1, h2, h3) being negative
defnite indicates that the gradient of the system is con-
verging on average at each point of the phase space.
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4. Stability Analysis When τ = 0

Based on the determinant equation, the characteristic
polynomial equation of (2) is computed as follows:

λ − a − bK nK

bnK

m
λ − nK

−
bnK

m
bK λ





� 0. (6)

It follows

λ3 − Tλ2 +Ωλ − D � 0, (7)

where

T � − a,

Ω � bnK
2 1 +

b + n

m
 ,

D � − abnK
2
.

(8)

Routh–Hurwitz stability criteria says the system is locally
asymptotically stable if

T< 0,Ω> 0, D< 0,Ω|T|> |D|. (9)

Tis is satisfed as

abnK
2 1 +

b + n

m
 > abnK

2
,∀a, b, m, K> 0. (10)

Tis will ensure that all traveling trajectories converge to
(x∗; y∗; z∗). Te physical interpretation would be, as long as
the urban exodus is going on in respective regions, a portion
of newcomers will join the settlers group y and the rest of the
people will remain at their current status or join z at relative

speed, depending on parameters value and the efectiveness
of the local authority support and control. Te ideal scenario
would be to have less and less people failing and a large
portion of newcomers succeeding in integrating the local
communities’ social and economic life.

5. Stability Analysis When τ > 0

In this section, we perform a stability analysis of the model
when the adaptation time before settling is taken into ac-
count using the exponential solutions method. Te tran-
scendental characteristic equation is determined and given
by

λ3 + s0λ
2

+ (a − b)λ2 + s1λ − s3 − ρ1 e
− λτ

+ s2λ + s3K

+ bn + ρ0 + n
2

 λ + n ab + ρ0(  + ρ1 e
− 2λτ

− bn
2
e

− 3λτ
� 0,

(11)

where

s0 � (b − n)K + a,

s1 � a(1 − b) − 2nbK,

s2 � aK(b − n) + 2nbK
2
,

s3 � 2abnK,

ρ0 � b
2
n

K

m
,

ρ1 � b
2
n
2K

2

m
.

(12)

If we take λ � iμ, μ ∈ R∗ to have periodic curves orbiting
around the steady state equilibrium, then substituting in (11)
we will get

P(λ): − iμ3 − s0μ
2

+ − (a − b)μ2 + is1μ − s3 − ρ1 e
− iμτ

− is2μτ + s3K

+ bn + ρ0 + n
2

 iμτ + n ab + ρ0(  + ρ1 e
− 2iμτ

− bn
2
e

− 3iμτ
� 0,

(13)

After transformation and simplifcation using trigono-
metric formulas, and after separating real and imaginary
parts, we obtain

Re(λ) � − s0μ
2

− (1 − b)μ2 + s3 + ρ1 cos μτ + s3K + abn + ρ0n + ρ1( cos 2μτ − bnμ + μρ0 + μn
2

 sin 2μτ − bn
2 cos 3μτ � 0,

Im(λ) � − μ3 − (1 − b)μ2 + s3 + ρ1 sin μτ + s2μ − abn + ρ0n + ρ1( sin 2μτ − bnμ + μρ0 + μn
2

 cos 2μτ − bn
2 sin 3μτ � 0.

(14)

Setting X � cos μτ, Y � sin μτ gives
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− 4bn
2
X

3
+ ε0X

2
+ 3bn

2
− ε1 X − ε0Y

2
+ s1μY − 2ε2XY + s3K − s0μ

2
� 0,

kY
2

+ ε1Y − 2ε2XY − ε2X
2

+ s1μX + μ s2 − μ2  � 0,

⎧⎪⎨

⎪⎩
(15)

where

ε0 � abn + ρ0n + ρ1,

ε1 � (1 − b)μ2 + s3 + ρ1,

ε2 � μ bn + ρ0 + n
2

 ,

k � 3bn
2

− ε2.

(16)

Applying the Newton–Raphson iterative method with a
globally convergent strategy to bound the progress toward
the solution at each iteration

We have

F(X, Y) � − 4bn
2
X

3
+ ε0X

2
+ 3bn

2
− ε1 X − ε0Y

2
+ s1μY − 2ε2XY + s3K − s0μ

2
,

G(X, Y) � kY
2

+ ε1Y − 2ε2XY − ε2X
2

+ s1μX + μ s2 − μ2 ,

J �
− 12bn

2
X

2
+ 2ε0X + 3bn

2
− ε1 − 2ε2Y − 2ε0Y + s1μ − 2ε2X

− 2ε2Y − 2ε2X + s1μ 2kY + ε1 − 2ε2X
⎛⎝ ⎞⎠

X
(0)

� X(0)> 0, Y
(0)

� Y(0)> 0, j � 1, 2, 3, ...

δX � − J
− 1

.F,

X
(j+1)

� X
(j)

+ δX,

δY � − J
− 1

.G,

Y
(j+1)

� Y
(j)

+ δY,

(17)

where X(0) and Y(0) are initial guesses of the iteration.

Case 1. For X∗ � cos μτ > 0, Y∗ � sin μτ > 0,

τ∗ <
π
2μ

+ 2kπ, k � 1, 2, 3. (18)

Case 2. For X∗ � cos μτ > 0, Y∗ � sin μτ < 0,

3π
2μ
< τ∗ <

2π
μ

+ 2kπ, k � 1, 2, 3. (19)

Case 3. For X∗ � cos μτ < 0, Y∗ � sin μτ > 0,

π
2μ
< τ∗ <

π
μ

+ 2kπ, k � 1, 2, 3. (20)

Case 4. For X∗ � cos μτ < 0, Y∗ � sin μτ < 0,

π
μ
< τ∗ <

3π
2μ

+ 2kπ, k � 1, 2, 3. (21)

We can conclude that the population growth of the rural
region submitted to continuous urban exodus and the de-
velopment goal of respective local authority could be sus-
tained and reached as long as the carrying capacity of the
region is not saturated and the local authority, with the help

of the inhabitants are assisting newcomers to settle down
and to start new activities as fast and efective as possible.
Teir success would have a positive impact on the locality’s
economic and social development plan. Tis outcome is
highly sensitive to the adaptation time of the settlers as the
equations (18)–(21) suggest it.

6. Numerical Results and Discussion

In this section, we present the result of a computer simulation
carried out to test the proposed system behavior for diferent
parameters value representing diferent urban exodus de-
terminants and regional development scenarios. As described
earlier, all model parameters are positive constant numbers to
refect a continuous exodus and constant efort of both the
local authority and the inhabitants to assist and facilitate the
settlement of those who are motivated enough to adapt to
their new life. Te outcome of the interaction occurring is
submitted to initial conditions or the size of each group at the
start of the experimentation, to a, formalizing how many
newcomers are joining the community in terms of ratio or
proportion per unit of time. Te dynamic of the interaction
between x(t), y(t), and z(t) is also submitted to b, for-
malizing the rate of x(t) individuals turning into y(t), to n,
representing the fraction of x(t) individuals joining z(t) after
τ time (here nondimensional unit of time for analysis pur-
poses). y(t) and z(t) evolution over time is submitted to m,
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related to the percentage of failure and negative impact on the
local community social and economic development plan. In
each simulation scenario, the initial condition x(0) will be
considered as a historic function.

Figures 1 and 2 illustrate two urban exodus scenarios
where more newcomers are having a hard time adapting and
settling. Te cumulative efort of the authority and the in-
habitants in assisting newcomers is not helping very much as
n<m< b condition is not fulflled with m> b.

In Figure 2, it is shown the efect of adaptation time on
the system behavior when trajectories approach the steady
state equilibrium for τ � 10.28. Te strong presence of
newcomers does not have expected efects as x(t) and z(t)

dominate the debate and y(t) remains lower in the long run.
In case of longer adaptation time, when an important
fraction of the population is failing to settle, this group of
individuals will infuence signifcantly the dynamic of those
who have the potential to settle and to accelerate the overall
development of respective rural regions.

More efort should be dedicated to assist, accompany,
train, and help z(t) individuals in achieving their immersion
into the local community society. Tis would be refected
directly in the adaptation time τ by boosting the adaptation
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Figure 3: Dynamic of interaction when the settler individuals reach
saturation earlier for x (0)� 0.42; y (0)� 0.6; z (0)� 0.21; a� 1.41;
K� 15; b� 0.23; n� 0.15; m� 0.03; τ � 0.04.
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Figure 1: Dynamic of interaction when more people are failing to
settle for x (0)� 0.3; y (0)� 0.03; z (0)� 0.01; a� 1.681; b� 0.3; K� 5;
n� 0.083; m� 0.73; τ � 0.3.
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Figure 2: Dynamic of interaction when the adaptation time is
relatively longer for x (0)� 0.5; y (0)� 0.16; z (0)� 0.03; a� 1.681;
K� 5; b� 0.3; n� 0.083; m� 0.73; τ � 10.28.
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Figure 4: Time series of interactions showing a desirable outcome
where the settlers adapt very rapidly for x (0)� 0.42; y (0)� 0.9;
z (0)� 0.21; a� 1.01; K� 4; b� 0.23; n� 0.283; m� 0.0373; τ � 0.01.
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Figure 5: Time series of interactions showing a rapid adaptation
for the settlers and closed curves around the steady state equi-
librium for x (0)� 0.42; y (0)� 0.9; z (0)� 0.21; a� 1.01; K� 7;
b� 0.13; n� 0.283; m� 0.0373; τ � 0.08.
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of those who are struggling to settle. y(t) reaches saturation
level faster than z(t) in the early stages in Figure 1 compared
to Figure 2. Tis indicates that the faster people adapt and
settle, the more likely the region will develop for the beneft
of the inhabitants’ social well-being.

In Figure 3, n<m< b being satisfed, with a strong
presence of successful settlers y(0) � 0.6; z(0) � 0.21, and
benefting frommore people joining y(t), the settlers growth
is sustained at the early stages. In the long run, however, due
to the negative efect of z(t) individuals (having a relatively
large population size) on the local community’s overall
social and economic development, more and more people
are afected as illustrated in the late stages in Figure 3. To
reduce the negative efect of people who are failing to adapt,
the local authority and inhabitants should collaborate with
y(t) individuals in training, hiring or helping z(t) indi-
viduals to solve their problem and adapt to the local culture
and conditions.

By reducing the speed of the exodus with a= 1.01 vs. a

= 1.41, and accelerating the adaptation process with τ = 0.01
vs. τ = 0.04, clearly, the efects of failure have been relatively
mitigated, and y(t) dominates the competition and par-
ticipates, for example, more actively in promoting local
businesses in Figures 4 and 5. Te activities of early settlers
on the economic performance of respective rural regions are
highly important for achieving higher development goals in
rural regions. Teir positive experiences could be emulated
by those who are willing to adapt and settle. Te outcome of

the interaction will be submitted to initial conditions, the
adaptation time, and the nature and sign of the eigenvalues
of the Jacobian matrix; whether they are real or imaginary
numbers as in Figure 5 at late stages where we have periodic
motion around the steady state equilibrium point.

Tis result confrms the complexity of adopting new
ideas and a new way of life for most people. Te process of
adaptation could be extremely complex for some individ-
uals, especially those coming from diferent cultural back-
grounds, those who have not experienced that type of
challenges before, or those who are slow in assimilating
gradual changes in social class relations. For these indi-
viduals, local authorities of hosting regions could adopt
diferent acculturation or integration strategies to optimize
their adaptation process as stated in much earlier and recent
related literature [29–33].

For example, in many cases, those who fail to adapt are
coming from strongly stressed urban life. Most of them wish
to drop their burden and start a new life in remote areas, but
they are not very well prepared for that challenge. Te re-
gional authority could apply an acculturation strategy based
on J. Berry model by concentrating eforts towards rein-
forcing the integration of y individuals or assimilation of
newcomers. Careful attention should be given to individuals
who have the ability to integrate new cultures or values by
maintaining their original culture or habits [34].

Another possible solution would be to apply TPB
(Teory of Planned Behavior) with the ultimate goal of

Immigration Plan/Policies

Immigrant Application Submission

Reject (if not ft or
does not meet
requirements)

Accept new comers

Supports from local authority and
inhabitants

Very skilled
individuals join Y

afer τ time of
adaptation

If Z>Y then minimize
adaptation and adjust

plan to satisfy
n<m<b

Less skilled individuals join Z
afer τ time, fail/slow to adapt

If Z<Y then apply
diferent strategies to

increase self
confdence…

Involvement in local
agricultural projects

Overall success of
socioeconomic plan

Figure 6: Urban exodus diagram for reaching the overall socioeconomic goal.
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increasing the perceived confdence of newcomers such that
they would have enough mental resources to engage in
personal sacrifce, as they would gradually feel that they are
needed and are at their place in the respective community.
Figure 6 summarizes the process of successfully controlled
continuous exodus for a region of interest.

7. Conclusion

In this article, an interactive delay diferential equations
system is proposed to analyze the underlying urban exodus
dynamics in rural areas, considering the efects of adaptation
and constant support of the local authority with the ultimate
goal of socioeconomic long-term development goal. Te
model positive solutions exhibit complex dynamical be-
havior as traveling curves could be periodic and the steady
state equilibrium point could be the center of some nearby
orbiting trajectories, depending on control parameters and
initial conditions. We showed that optimizing the integra-
tion of newcomers by accelerating their adaptation time
through training, support, and implication of the inhabitants
would reduce the rate of failure, enhance the economic,
social, and environmental competitiveness of the region and
beneft the locality in achieving decent quality of life and
global economy goal. Te results suggest adjusting the ex-
odus determinants by selecting newcomers in function of
their motivation, skills, and other related factors such as
adaptation to change infuencing respective individuals’
integration in their new community.
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