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Abstract

This paper will consider the demographic trend of Bangladesh using population
data from 1975 to 2020 in 5-year blocks and annual immigration data from 2000 to
2020, and extrapolating the data to 2100. Several growth models were used to
represent nonlinear growth trends and measure the extent to which the post-2000
immigration has changed the demographic momentum. The findings indicate that there
is a long-term population growth moving to a slower yet consistent increase with
immigration as a secondary source of acceleration, especially in urban areas. It is
estimated that with the combined effect of natural growth and ongoing immigration,
Bangladesh may be at the borderline of having a much higher population density by
the year 2100, with the strain on urban infrastructure, labor markets, and resource
systems. The combined view gives a better glimpse of the relationship between internal
growth and external inflows in the development of future demographics in the country.

Keywords: Demographic trend; Immigration data;, Growth models; Long-term
population; Future demographics.

I. Introduction

The global trajectory of population growth and the accompanying
demographic transformations have become defining issues for contemporary policy
agendas, shaping debates on resource scarcity, food security, climate vulnerability, and
sustainable development pathways. Nations with high population density face
particularly acute challenges, and Bangladesh—ranked among the densest countries in
the world—stands at a strategic demographic crossroads where internal and external
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forces are simultaneously reshaping its long-term future. countries harvest decades, the
country has achieved notable success in reducing fertility rates through comprehensive
family-planning efforts, resulting in a gradual stabilization of natural population
growth. Yet this deceleration has been counterbalanced by persistent international
migration dynamics, including both return migration and ongoing cross-border inflows,
which collectively reinforce population momentum and intensify the pressures on
already fragile urban infrastructure, labor markets, and resource systems. Although
they are the focus of the current academic literature, most of the available literature is
based on simplified forecasting models, usually linear or exponential models, which do
not represent the nonlinear, capacity-limited nature of demographic dynamics and
which systematically neglect net immigration as a measurable cause of population
transformation [I-V]. This omission not only results in an underestimation of long-run
population size, but it also undermines the analytical roots that need to be established
to settle evidence-based policymaking. To fill in these shortcomings, the current paper
establishes a coherent mathematical model incorporating nonlinear growth dynamics
and empirically observed immigration rates to scale to produce a highly accurate
demographic forecast of Bangladesh up to the year 2100. Based on 45 years of
population data and 21 years of immigration data, four candidate models are
Malthusian, hyperbolic, logistic, and linear regression, which are strictly tested using
several statistical performance measures (SSE, MAPE, MSE, and RMSE) [VI-VIII].
The logistic model provides a better fit in both historical data sets, which is evidence
of its ability to capture saturation effects, environmental constraints, and the greater
idea of carrying capacity [IX-XI]. The decades-long forecast, rooted in the success of
this best-performing model and directly implemented as stabilized annual patterns of
immigration inflows in the forecasting framework, yields a high-quality, high-fidelity
view of the world that is much closer to the actual demographic processes [ XII-XVIII].
In addition to methodological polishing, the findings provide substantive information
on the future population density patterns, the possible limiting capacities of the national
carrying capacity, and the growing pressure on infrastructure, energy, the food nexus,
and environmental sustainability. Together, these contributions offer a robust,
statistically grounded foundation for policymakers, enabling them to improve planning
in urban development, resource distribution, labor policies, and long-term national
development strategies.

II. Methods and materials

This study is based on secondary demographics and projection analysis to
predict population trends. The main data on which the modeling is conducted is the
historical population data of Bangladesh between the years 1975 and 2020 at an interval
of every five years (similar to the data in Table 1). The data obtained was based on the
internationally established demographic organizations (e.g., United Nations Population
Division, World Bank, or Bangladesh Bureau of Statistics (BBS)).

The basic methodology will be to employ and contrast four different mathematical
models of growth, which are necessary tools in predictive demographic analysis
[XVIIL]:

1. The Malthusian (Exponential) Growth Model: This model is based on
unrestrained exponential growth.
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2. Hyperbolic Growth Model: This model describes growth where the rate of
increase is proportional to the population size and can be affected by socio-
economic factors.

3. Logistic Growth Model: It is more of an integration of the concept of carrying
capacity (K), where it is anticipated that, eventually, the growth will begin
slowing down and stabilizing.

4. Simple Linear Model (Linear Regression): This forms a simple linear
regression between time and population.

The accuracy of each of the models was strictly evaluated with the help of the four
common goodness-of-fit measures of historical data (1975-2020): Sum of Squared
Errors (SSE), Mean Absolute Percentage Error (MAPE), Mean Squared Error (MSE),
and Root Mean Squared Error (RMSE). The model with the most minimal error values
was chosen to be part of the final, long-term projection (until 2100).

III. Implementation
II1.i. Model Variables and Time Frame

The independent variable, Time (t), was standardized using the baseline year
of 1975 as the origin (to), such that the input variable X is defined as X = (Year- 1975).
The dependent variable, Y or P(t), represents the population in millions.

III. ii. Parameter Estimation and Model Forms

The research utilized the following continuous mathematical formulations to fit the
historical population data:

Malthusian Model or Exponential Model:

Exponential growth describes a rapid, unchecked population increase, rare in nature.
Proposed by E. Cocks, this model, reviewed in [II]. Assuming the population N at time
t, from an initial population P, at t, , use an inherent growth rate 1. The Malthusian
growth model is articulated as follows:

P(t) = Pyert=to) (1)

Malthusian Growth Model: P(t) = P, e~ %)

800

70O |

Population P(t

o 5 10 15 20 25 30 35 40 45 50
Time (t)

Fig. 1. Exponential growth model.
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Hyperbolic Growth Model

A dramatic model, which is sometimes known as the hyperbolic growth model,
assumes that k is proportional to P. This equation is an indication of situations where
the increased population portends positive economic or social factors leading to
increased birth rates and population growth. The hyperbolic growth model is presented
as follows:

_ Po
P(®) = s @)

where P, is the initial population and ¢, is the reference time, capturing the dynamic
interplay between population size and growth rate.

It is mathematically observed that the hyperbolic growth model possesses a
fundamental property known as a finite-time singularity or 'blow-up' behavior. Based
on the fitted parameters, the singularity time ¢ is calculated to be approximately 2024,
which explains why the projections in Table 10 become undefined (‘'nan') beyond this
point. This inherent mathematical pathology suggests that the model is ill-posed for
century-long projections, as it predicts an infinite population within a finite timeframe.

Hyperbolic Growth Model

1100

1000

Population (P(t))

Time (1)

Fig. 2. Hyperbolic growth model.
Logistic Growth Model

In 1838, Pierre Verhulst, a Belgian mathematician, was the first to discover the logistic
model, which illustrates how population growth depends on its size and its distance
from an uncertain carrying capacity in a fluid environment. The sigmoid logistic curve
depicts growth as initially exponential, then tapering off as it approaches an
environmentally imposed ceiling, expressed as:

KN,

N(@) = No+(K—Ng)e*to=0) 3)

Where the carrying capacity is

K=%= N1(NoN1—2NoNp+N;Np) 4)
B N1?=NoN,

and the population coefficient is

—_1 No(Ny—Ny)
« to—t1  Nz(N1—Ng) (5)
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Logistic Growth Model
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Fig. 3. Logistic growth model
Least Square Model

Linear regression forecasts a linear relationship between Y (dependent variable) and X
(independent variable). The least squares model predicts values of time-series data
based on the previous trends, which aligns past historical data with a straight line. The
regression equation is:

Y =a+ bX, (6)
where a is the interception and b is the slope(gradient). The parameters are calculated

as:
a=2~ &bzz—)iy
N X

with equations:

Y2Y=Na+b)X 7N

YXY=aYX+bY X? (8)
Where

Y. X = The total of all X observation

Y = Total Y observations

Y. XY = The total of all X and Y products

N = The number of observations

By solving equations (7) and (8), the values for a and b may be inserted into equation
(6) to create a regression line that predicts Y values for any X value.
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Fig. 5. Least Square Models
I1Liii. Accuracy Assessment

The accuracy of each model in predicting the historical population was
quantified using the following error metrics:

Sum of Squared Errors (SSE): SSE = Y, sum (P{actual} — P{model})?.

Mean Squared Error (MSE): MSE = >~

Root Mean Squared Error (RMSE): RMSE = +MSE.

Mean Absolute Percentage Error (MAPE): MAPE =
100% (Pactual_Pmodel)
>

Pactual

The model that had the least possible values of SSE and MAPE was considered to be
the best-fit model that would supply reliable long-term population estimates after
2020.

IILiv. Estimation of Parameters and Mathematical Formulation of Population
Growth Models

We examined the population and crime statistics of Bangladesh utilizing exponential
growth, hyperbolic, and logistic growth, and least squares models, in conjunction with
a demographic adaptation. Our research concentrated on census data spanning from
1975 to 2020 for the nation.

Table 1: Population and Five-Year Growth Rate of Bangladesh (1975-2020)

Nasrin Nahar Rimu et al.

146



J. Mech. Cont. & Math. Sci., Vol.-21, No.-05, May(2026) pp 141-161

Source: https://Bangladesh Bureau of Statistics - Population and Migration Section

Exponential Growth Model

Parameter Value (Approximate) Calculation

Initial Population (Po) 74.70 P at t=0 (1975)

Intrinsic Growth Rate 0.018534 Estimated via
1) Linearization of In(P) vs.
t

Mathematical Formula:
P(t) =74.70 e0.018534(t—1975) (9)
Hyperbolic Growth Model

Parameter Value (Approximate) Calculation

Inverse Initial Population 1

~at t=0 (1975)

(Po) 74.70
Hyperbolic Constant (K) 0.000022389 Estimated via Linearization
of Zvst
P
Mathematical Formula:
74.70
p() = 1-0.000022389 (t—1975) (10)

Logistic Growth Model

Parameter Value (Approximate) Calculation

Carrying Capacity (K) 246.782 Non-linear Regression
(Curve Fit)

Initial Population (No) 74.70 P at t=0 (1975)

Expansion Rate (@) 0.03425209792 Non-linear Regression
(Curve Fit)
Mathematical Formula:
246.782+74.70
N(@) = 74.70+(246.782—74.70)0-03425209792(1975-1) (an

Least Squares

Parameter Value (Approximate) Calculation

Intercept (a) 93.67 Least Squares Estimation

Slope (b) 1.276889 Least Squares Estimation
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Mathematical Formula:
Y =93.67 + 1.276889X (12)
Using equations 11, 12, 13, & 14 to calculate table 2.
Table 2: Comparison of Actual Population with Model Estimates (1975-2020)

180 | —®— Actual Population -
-m- Logistic Model (Best Fit)

--&- Exponential Model

—<¢=  Linear Regression Model o
160 { —#— Hyperbolic Model s g

Population (Millions)

© & & o

Year

Fig. 1. Bangladesh Population Growth (1975-2020) & Model Fit

Figure 1, based on the provided data Table 2 comparing the Actual Population of
Bangladesh (1975-2020) with the estimates from four mathematical models, visualizes
each model's historical goodness-of-fit. The graph shows that the Exponential Model
(PE, blue dotted line) and the Logistic Model (PL, green dashed line) provide the best
fit to the actual population trend, as they closely track the actual data points (black
markers), particularly the accelerating growth observed between 1975 and 2020.
Conversely, the Least Squares (Linear) Model (PLS, red dash-dot line) consistently
underestimates the actual population growth after 1975, while the Hyperbolic Model
(PH, grey solid line) demonstrates a remarkably poor fit, predicting virtually no change
in population over the 45 years before abruptly attempting to match the final data point
(which is visually suppressed on this scale), confirming its unsuitability for analyzing
this population dataset.
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Table 3: Annual Distribution of Squared Error (E?) for Population Forecasting
Models (1975-2020)

27871.7

20000 -

15000 -

10000

Total Sum of Squared Errors (SSE) (Milions?)

5000

1394.7

383.26 572.77

Logistic Exponential Linear Regression Hyperbolic
Forecasting Model

Fig. 2. Comparative Analysis of Population Forecasting Model Accuracy (1975-
2020)

Figure 2, comparing the Total Sum of Squared Errors (SSE), provides a direct and
quantitative assessment of each model's historical fit to the population data in Table 3
from 1975 to 2020. The results clearly establish the Logistic Model (SSE: 383.25
Million?) as the most statistically superior model, demonstrating the lowest
accumulated error and thereby the best goodness-of-fit to the actual population trend.
The Exponential Model (SSE: 572.77 Million?) performs as the second best, with a
relatively low error, while the Linear Regression Model (SSE: 1,394.70 Million?)
exhibits significantly higher error, confirming its inadequacy in capturing the non-
linear acceleration phase of population growth. Crucially, the Hyperbolic Model is
rendered entirely unsuitable by its disproportionately massive SSE value of 27,871.70
Million?, which visually dominates the bar chart and indicates an egregious lack of fit
to the historical data.
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Table 4: Model Accuracy Assessment for Population Data

To rigorously evaluate the predictive power of the models, the dataset was bifurcated
into a training set (1975-2010) and a testing set (2015-2020). The parameters (r and
K) were estimated to use the training data only, and the resulting models were then
used to project the population for the years 2015 and 2020. The forecasting error
(MAPE) was calculated by comparing these projections with the actual census data.
This out-of-sample validation demonstrates that the Logistic Model provides the most
reliable projections, maintaining low error rates even for data points not used during
the fitting process. Unlike previous studies that rely solely on in-sample fitting, this
research incorporates a rolling-origin-like evaluation to assess forecasting skill. The
transition of the Logistic model from training to testing showed minimal error variance,
confirming its robustness against non-stationary demographic shifts in Bangladesh.

Table 5: Model Validation and Predictive Performance

—m- Logistic Model (E2)

--&- Exponential Model (EZ)

—- Linear Regression Model (E2)
—4— Hyperbolic Model (E2)

Squared Error (E?) (Milions?)

100 A

Fig. 3. Squared Error (E?) for Bangladesh Population Models (1975-2020)

The SSE of the four population models fitted to the historical data (1975-2020) is
presented in Figure 3 to comparatively evaluate their goodness of fit; the lower the
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SSE, the better the fit. It is evident that the logistic model is the most statistically stable
with the lowest SSE of 383.25 million? and hence capable of the highest representation
of the growth trend. The exponential model is second with the SSE of 572.77 million.
Conversely, the error of the linear regression model is significantly larger at 1,394.70
million?, which means that it can hardly explain accelerating and non-linear growth.
The hyperbolic model is not accepted as being completely insufficient to the data, with
an overwhelming SSE of 27,871.70 million?. This obvious difference in SSE values
indicates the necessity to choose the correct model to be used in the analysis of data. In
this respect, not only does the accuracy of prediction depend on the model chosen, but
strategic decision-making is also based on these findings.

Table 6: Projected Population Growth by Mathematical Model (2025-2100)

—e— Actual Population (1975-2020)
——- Logistic Projection (PL}

700 4 oo Expor on (PM)
ajection (PLS)
—— Hyperbalic Projection (PH)

Population (Millicns)
B
<]
<]

1975 2000 2025 2050 2075 2100

Fig. 4. Bangladesh Population Projection (1975-2100)

Based on the data in Table 6 provided, the population projection figure 4 illustrates the
dramatic long-term divergence among the forecasting models derived from the
historical data. The Exponential Model (PE) assumes a fantastic, explosive growth
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curve, reaching over 757 million by the year 2100, and this is regardless of the fact of
physical or resource constraints. The Hyperbolic Model (PH), in its turn, is an
instrument predicting near stagnation and a population that will barely reach 94 million
by 2100, which is demographically unrealistic, considering the historical development
of the region. The Least Squares (Linear) Model (PLS) projections are stable,
continuous growth to about 253 million by the end of the century, without considering
any further decrease in the fertility rates. Crucially, the Logistic Model (PL), which
demonstrated the best historical fit (lowest SSE), forecasts the most plausible scenario:
a stabilization of the population near its carrying capacity, converging just above 212
million by 2100.

Table 7: Comparison of Actual Annual Net Immigration with Model Estimates
(2000-2020)

Source: https://World Bank Data - Net Migration (Bangladesh)
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160 | —®— Actual Immigration
—m- Logistic Model (Best Fit)

--&- Exponential Madel -
140 { —- Linear Regression Model e

—#— Hyperbolic Model g

Net Immigration (Thousands)
3

40 4

Vear

Fig. 5. Bangladesh Annual Net Immigration (2000-2020) & Model Fit

The provided Figure 5 compares Actual Annual Net Immigration Data Table 7 with
forecasts from four mathematical models (2000-2020). It indicates that the logistic
model (green dashed line) is the one that fits the actual data (black markers) best, being
able to effectively describe the slow early growth, its acceleration, and reaching its peak
towards 2020. Conversely, the Linear Regression Model (red dash-dot line) has always
underfitted the increasing trend, especially after the midpoint. The Exponential Model
(blue dotted line) underestimates the growth in the beginning and increases at a very
high rate in the end. Lastly, the Hyperbolic Model (grey solid line) also shows the
poorest fit, as it follows the actual trend but only coincides at the 2020 data point
because of the fitting threshold, which is not suitable in this demographic analysis.

Table 8: Annual Squared Residuals (E?) by Forecasting Method
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Fig. 6. Model Performance Assessment using Total Sum of Squared Errors (SSE)

This figure, which plots the Squared Error (E?) for each year of the historical net
immigration data (2000-2020), is crucial as it demonstrates the local fit quality and
error distribution of the four competing models over time. The graph clearly indicates
that the logistic model (green line) is the strongest predictor with the lowest and most
consistent level of error throughout the whole 20-year interval, which gives a strong
visual testament to its low Total Sum of Squared Errors (SSE). By comparison, the
Linear Regression Model (red line) exhibits a typical U-shaped curve in its errors, with
squared errors higher at both the initial years (when the growth was slow) and the final
years (when the growth was faster), showing its intrinsic inability to effectively
characterize the S-shaped, non-linear pattern of the data. In addition, the Exponential
Model (blue line) is more accurate than the linear model, although its error is inclined
to increase during the latter years (2015-2020) as the data is approaching stabilization,
and the Hyperbolic Model (grey line) is visually established to be the most unstable
and least fitting model, despite the limitation of the Y-axis.

Table 9: Model Accuracy Assessment for Net Immigration Data
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Fig. 7. Squared Error (E?) for Annual Net Immigration Models (2000-2020)

Figure 7 shows the squared error (E?) of historical net immigration data (2000-2020),
which indicates the model's performance. The best predictor (with the least and most
stable error) in terms of the Total Sum of Squared Errors (SSE) is the Logistic Model
(green line). The pattern of errors in the linear regression model (red line) is a U-shaped
one, and it does not represent a non-linear trend. The Exponential Model (blue line) is
also better than the linear, though its errors are increasing in later ages, whereas the
Hyperbolic Model (grey line) is the most volatile and ill-fitting.

Table 10: Long-Term Annual Net Immigration Projection under Different
Models for Bangladesh (2021-2100)
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Fig. 8. Model-Based Forecast of Annual Net Immigration (2000—2100)

Figure 8 shows the drastic departure of four mathematical models of projecting the
Annual Net Immigration (in thousands) in Bangladesh, comparing the past data (2000-
2020) with the long-term projections (2021-2100). The actual immigration data shows
a strong upward movement until 2020; however, the projections yield drastically
different results: the hyperbolic model is unstable, with a predicted blow-up occurring
in 2024 that could have disastrous implications, indicating that it is not an effective
predictive tool. In dramatic contrast, the most reasonable long-term prediction is the
logistic model (green dashed line), which is theoretically based on the idea of carrying
capacity (K), stating that the net immigration flow on an annual basis will stabilize at
approximately 262 thousand by the middle of the century. This result is strongly
opposite to the unbounded projections: the linear regression model is aimed at a steady
increase to about 730 thousand in 2100, whereas the exponential model promises a
bombardier and unsustainable growth pattern, surpassing 800 thousand at the turn of
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the century. Finally, the graph validates the excellence of the logistic framework of
sustainable demographic projection, as it shows that using unlimited models would
result in extreme, ineffective overestimations of the stress of immigration in the future.

IV. Results
IV.i. Model Goodness-of-Fit and Accuracy Assessment

To identify the most statistically suitable model to use in population forecasting,
the four mathematical models (logistic, exponential, least squares, and hyperbolic)
were stringently evaluated and tested, with the accuracy of each based on four
important statistical measures (Table 4). The logistic model had the smallest error by
all measures (SSE: 383.25; MAPE: 6.61), meaning that it best fits the historical trend
of the population. On the other hand, the hyperbolic model had the greatest error (SSE:
27,871.67; MAPE: 37.15), which makes it statistically inappropriate for the present
demographic analysis.

To ensure the predictive robustness of the selected models and to address the risks of
overfitting associated with small-sample nonlinear regression, in-sample error metrics
(SSE and MAPE) were complemented with a predictive assessment. While the logistic
model shows the best interpolation capability, its superiority is also evaluated based on
its alignment with non-stationary demographic trends, capturing the transition from
high growth to deceleration more realistically than constant-parameter alternatives.

IV.ii. Long-Term Population Projection

The models were utilized to extrapolate the population until the year 2100 based on the
parameters obtained from the historical fit (Table: Long-Term Population Projection).
The estimates indicate that there are vast dissimilarities in projected long-term
population trends (Figure 5):

1. Logistic Model (PL): This model forecasts the most sustainable future, where
the growth rate of the population slows down and stagnates at 212.22 million
by 2100, and the idea of carrying capacity is followed.

2.  Exponential Model (PE): This model is unrealistic, exhibiting hyperbolic
growth that reaches 757.66 million by the year 2100, because it fails to account
for resource limitations.

3. Least Squares Model (PLS): This is a linear projection of a population of
253.28 million by 2100, which exceeds the stabilizing prediction of the logistic
model.

V. Discussion

The historical data from 1975 to 2020 indicates a clear demographic transition,
with the 5-year growth rate declining from approximately 10.83% to 4.67%. Although
the models assume stationary parameters for simplified projection, the logistic model’s
structure inherently accounts for this deceleration as the population approaches its
carrying capacity (K), making it a more reliable framework for representing
Bangladesh's evolving demographic regime. The relative comparison of the model's
performance shows that the logistic model is the most credible for predicting the
population trend in Bangladesh. The key reason behind this excellent performance is
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the main assumption of the model that growth is not indefinite but will eventually level
off and reach a carrying capacity (K) through the constraint of the environment and
resources, as well as the socio-economic factors. The historical data is verified by the
evident demographic trend: the 5-year growth rate was the highest in 1990-2000, and
it has been continuously reduced after that. This observed deceleration is well
represented by the S-shaped curve of the logistic model, and its long-term and short-
term projections are, therefore, the most realistic. On the contrary, the Exponential
Model estimates (757.66 million by 2100) are not merely statistically insignificant but
also ecologically and socio-economically unsustainable in terms of a densely populated
country. On the same note, the large error values of the linear regression and the
catastrophic result of the hyperbolic model confirm that these equations cannot be used
to examine the non-linear, density-dependent population dynamics. Thus, the
projection made by the logistic model, according to which the population will reach the
stabilization of 212.22 million at the end of the century, is the most consistent with the
global tendency toward demographic transition. The discovery provides a crucial and
credible foundation for policymakers who are focused on long-term infrastructure
development, resource management, and climate change adaptation.

VI. Conclusion

This paper evaluated four mathematical models of the population change in
Bangladesh, namely the logistic, exponential, hyperbolic, and linear regression, to
obtain the most suitable long-run population forecast. The relative comparison of the
model accuracy measures determined the logistic model as the statistically better fit to
the historical data (1975-2020) and with the lowest sum of squared errors (SSE: 383.25
million?). The Hyperbolic Model was, on the other hand, rejected due to the fact that
the fit was so poor (SSE: 27,871.70 million?). The long-run projection created as a
result is that the population will stabilize according to the logistic model that inherently
considers the environmental and resource limitations (carrying capacity). According to
this model, the number of people in Bangladesh will stabilize and reach 212.22 million
by the end of the century (2100). The most demographically realistic forecast is this
one, which is consistent with the slowdown in the historical growth rate. Thus, the
research is able to conclude that, although such simple growth models as the
exponential and the linear regression greatly overestimate the population in the future,
the logistic model is a reliable and important baseline of governmental and policy
planning, which ensures the proper distribution of the resources and sustainable growth
in case of the demographic shifts in the future.
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