A Physics-Based

Approach to Nonlinear
Human Population

Growth Modeling

Cole Prather & Chris Fickess



Data Compilation

& Using available census data from the USCB, UN, and other
sources, a “total” was established and deemed the
“canonical” dataset.

& This canonical set was compared to known historical events
that significantly reduced the population:

¢ Antonine Plague (165 -180 AD)
& Plague of Justinian (500 — 700 AD)
¢ The Bubonic Plague (1350 AD)

& Black Death (1350 AD)

& Plague of Justinian  (541-542 AD)

& WWI (1914-1918 AD)
&

WWII (1939-1945 AD)



Creating A Population Data Bias

¢ The main issue with creating a Durand 1967
bias was finding realistic data.

& The Durand 1967 data was a
perfect exponential fit, which is
impossible.




Formation of the
Upper and Lower Bias

¢ From the comparison of canonical data to the aforementioned
events, some data sets were eliminated accordingly and the
remaining were deemed the “bias”.
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Models

¢ In order to derive a functional model of the human population over
time, the Law of Mass Action and Chemical Kinetics are used to
develop a relationship from known models:

& Power
& Logistic

& Exponential



Power Model

& Considering the growth of population as a function of the
interaction of its members leads to proportionality of the
population growth to the square of the population:

dN s
i
© Which has the solution:
Ny
N(t) =

(to LR t)a



Exponential Model

¢ Another known model that represents the population growth as
proportional to an exponential function:

N(t) = Noe®t=to)



Logistic Model

¢ Developed by Lotka and Voltera, the Logistic model represents the
populations growth rate as proportional to the population, but
assuming that the growth rate is also a function of the carrying

capacity:
dN | N "
T N,

© Which has the solution:

N
1 + e—a(t-to)

N =
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Power Model Comparison

Complete Power Fit Model Upper Bias Power Model Forecast

Ny = 2945.373 + 2334.05
ty = 2082.093 + 10.25466
a = 1.418606 + 0.13906
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Transition/Extinction Models

& The Power, Logistic, and Exponential models of the population
were then compared to other models:

& Stabilization
¢ Lambda
& Dielectric

& Extinction



Dielectric Model Forecast

Dielectric Model Upper Bias Dielectric Model Forecast

_ No(to —t)
-0+ 7

—8— g &

No = 231.1735 + 4.87628
to = 2030.604 + 0.859463
T = 1559999 & 0.362554
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[Lambda & Extinction Model Forecast

Lambda Model Upper Bias Extinction Model Forecast

N, = 212.004 + 3.765783
ty = 2017 + 0.00097
T = 43.29145 + 1.058455
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Comparison of the Three Best Models

Comparison of Upper Bias Forec ast Model
Lambda, Dielectric &
Power Fit Models
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Parameter Optimization

& Using Excel’s Solver tool, the parameters of each model were
optimized by a minimization routine on the sum of squares.

& Error estimates for each parameter were also calculated.



Model Comparison

& After completing the optimization for both a full data set (408
entries) and a recapitulated data set (41 entries), the sum of squares
and R-squared values were compared for each of the models.
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Optimization Conclusions

& Generally, the R-squared value improved for the recapitulated data.

& The Power model was a better fit than both the Logistic and
Exponential models.

& The Dielectric and Extinction models had consistently high R-
squared values for both data sets.



Forecasting Conclusions

& The power model has a large error associated with one of its
parameters, and although having a high R-squared value, it is
unlikely that the population will continue increasing indefinitely.

¢ The Extinction model reaches a critical point at the last known
input (2017) thus is not likely an accurate prediction.

& The Dielectric model remains the most likely description of human
population growth.



Timeframe Extrapolation

¢ So if parameter optimization works for the total timeframe does it
work well looking at a differential time segments.

& Therefore, to test this take only data from time A-B and do the
optimization processes done in the prior slides.

& So does this work well?
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Logistic Model from 1900 — 1950 Vs. 1950 — Present
Constraint Models
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Power Model from 1900 — 1950 Vs. 1950 — Present
Constraint Models
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Lambda Model from 1900 — 1950 Vs. 1950 — Present
Constraint Models
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Dielectric Model from 1900 — 1950 Vs. 1950 — Present
Constraint Models

1900 - 1950 1950 - Present

Dielectric Model ode - ielectric Model: s,
1900 - 1950 : ' ' ' '

= .
c g
o =)
@ Pra]
‘E’ —
S 5
3 2
= ©
2 3
o <]
o o

e
3 Sonn
.8 b o agun g sots

1000 1200 1400 1600 8 2000 1800

Year Year




Comparison of the 3 best models

from 1900 — 1950 Vs. 1950 — Present
Constraint Models

1900 - 1950 1950 - Present

Comparison of Comparison of
Lambda, Dielectric & Lambda, Dielectric &
Power Fit Models Power Fit Models
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Trend? (Or Lack There Of?)

& From the previous slides we saw that there 1s definitely

a downward trend in the optimization for the 1950 —
Present Vs. 1900 — 1950 curves.

& Does this trend continue to decline 1f we got to lower
dates?

& To test this we will look at the 1200 -1300 and 1200 -
1500 timeframe optimization.
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Exponential Model from

1200 — 1300 Vs. 1200 — 1500

Constraint Models
1200 - 1300 1200 - 1500
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Logistic Model from 1200 — 1300 Vs. 1200 — 1500
Constraint Models
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Lambda Model from 1200 — 1300 Vs. 1200 — 1500
Constraint Models
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Dielectric Model from 1200 — 1300 Vs. 1200 — 1500
Constraint Models
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Comparison of the 3 best models

from 1200 — 1300 Vs. 1200 — 1500
Constraint Models
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Results of

. 1900 - 1950 1950 - 2017 1650- 1850 1200- 1300 1200 - 1500
Curve Fit Parameters . - -
Fickess Prather Fickess Fickess Prather Prather
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n 8 7

1.846210288| 2945.3570. 1.916379] 1.13087939| 2624.60807| 2386.1975
EYAclY| 2123.82857| 1.43643114f 2114.91916| 2039.79772| 1.27913002| 1.0360904

!I

Ul
D |O N

!!

EYEY] 0.977318176 | 0.99764438 | 0.98313358 0.41148331

o 0.099760737| 0.00947458 2.7853422 0.0032877

Exponential 1 5.902966158] 2017.00001] 10.753537 2017.0000
| 0.009389757| 4.79719318] 0.0156086 0.4775988

il 2038.036407] 0.00922119| 2037.7066 0.0002370

EYEY] 0.977301484 | 0.99582793 | 0.98314022 0.40879965

35 0.099808405| 0.0167885| 2.8333159 0.0033026

Logistic 4 1463.199792] 2017.00001| 1416.4834 2017.00001| 2017.0000
| 0.009403647] 8.42518064] 0.01566636] 0.00416367] 1.09696464] 0.9455180

il 2623.974362] 0.01226355] 2348.83072] 2958.28227] 0.00072275| 0.0004145

EYELY] 0.982839427 | 0.99883225 | 0.98282686 | 0.99771876 | 0.98648521 | 0.41545656

0| 0.088269344] 0.00470153| 0.46042124] 0.00191277| 5.9498E-06| 0.0032731

Lambda 1 186.7982124] 2017.00001] 202.396946] 197.040663| 3329.09956| 5335.2402
| 47.34639327] 205.501564] 27.914234 832.072075| 1625.0822

il 2003.866883] 41.065036 2010.99159| 34.627743| 110.14640

o)
=

l
I

00
Ul

I!
IU'1

9]
(93]

5|9 I!w

(o))

= | | W= = |0 0 (|| O |00 | |W

!

~

2017.4527

W
=

(ELIENE] 0082895145 | 0.99850575 | 0.98232245 [ 0.99771925 [ 0.98650913

0 0.088088758| 0.0060085| 12.9550099| 0.00191278| 5.5399E-06| 0.00328174

Dielectric ] 190.6362732| 2032.06737| 337.854543] 197.03419| 3354.98302] 5223.91274
i| 2028641366] 222.17166] 6.256-08]  0.00151| 842428365 1580.50597]

w
(o))

2058.6115

w

2010.98287| 23.6758004| 119.12249

EYAlY] 2008.612683| 14.669626



Timeframe Extrapolation Conclusion

¢ This confirms that this method 1sn’t a good way to test the curve
fitting optimization.

& For the most recent time frames there is a good trend in the population
which makes that set fit like the total populations set optimization.

& For the other sets like the 1200 - 1300 the population growth is either
too small or inaccurate give this unexpected parameterization model.



New Power Model

& Rather than assuming,

Uk

wse
AT s

& Let the exponent be given by the variable y, and the constant by «,

dN

S, — o NI
TEen
® Which, if we let, 1
i e
B

® Yields the solution,

B
N = [% (G to)]



Comparison to Original Power Model

¢ To check this model with the original, we let y = 2,s0 f = -1,

W= —(t—to)]

N = ___1(t_to)]

Tk 1
Ca(ty—1t)

¢ Which is the result we derived previously, only, we assumed that

the exponent could be something other than 1. It cannot be if

AR
T

2

¢ is confined to have y = 2.



Beta Optimization

{8 Optimization Curve B Optimization Curve
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Optimization Results for Beta Model

¢ For the optimal values in both the differential form and the
functional form are:

o B = —28.8206
& y =1.0347
¢ Comparing the data itself, a surprising yet expected result occurs:

& Their fits are nearly 1dentical!

New Power Model



Creating Population Model
Using Law of Mass Action

Chris



Model of the Reproductive Cycle

Reproduction Cycle
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Properties of the reactions

Constants Properties

k1l Percent of Pregnancies

k2 Abortions

k3 Birth Rates

k4 Children turn into Man

k5 Children turn into
Woman

k6 Children Death Rate

k7 Male Death Rate

k8 Women Death Rate

k9 Men becoming Gay

k10 Women Becoming Gay

k11 Sterile Male

k12 Sterile Women

To fully model these reactions would
be next to impossible.

The reason for this is that each of
these constants would be a function
that would also change with time.

For simplicity in this reaction we will
treat these like constants.



Modeling Differential Equations

The differential equation for the total population will be

dp" dFt
at% =it
Reproductive Cycle Differentials

® dd—T=k1*M*F—k2*F5—k3*F5

® §=k3*F5+k2*F5—k1*M*F

o S B
dt

Children Turning to Adults Differentials

am
E—k4*C

— =kheC
dt

+_+_+E__+

a¥  daw) | daw)
qe it dt

Death Rate Differential

‘;—‘t’zk6*c+k7*M+k8*F

Gay Population Differentials

d(Tw)

=k9+M
dat

d(T®)

- =k10* F

Sterile Population Differentials

aw
E—kll*F

LR SRR
dt



Reproductive Differential Equation

Combining this entire set of reactions together, we get the total population reaction to be:

dp  dw  d¥ daw)  dT¥)

SRS A e G i M
—=—d4—+—+ —
T2 LoV dt dt dt dt dt

dt dt

Z—i= [(k1%M «F — k2« F® — k3« F&)]
+[(k3* FE + k2« FE — k1% M * F)]
+[(k1 % M % F)]
+[(k4 * O)]
+[(k5 * C)]

—[(k6 % C + k7 * M + k8 * F)]
+[(k10 * F)] + [(k9 * M)]

+[(k12 «)IM + [(k11 = F)]



Future Work & Summary

® Future work

&

&

&

Find a way to model the new differential population model, either by looking at the total
population or by evaluating sections of the differential model, like the function for
pregnant women.

Find other differential population models of the other previous models.

Do a more thorough investigation of the constraint populations.

¢ Summary

&

OSSO ROT O 1 /C;

Collect population data

Optimize models

Make forecasts

Compare result

Constraint population extrapolation

Investigate differential forms
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