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Abstract

We discuss a general growth curve including several parameters, whose choice
leads to a variety of models including the classical cases of Malthusian, Richards,
Gompertz, Logistic and some their generalizations. The advantage is to obtain
a single mathematically tractable equation from which the main characteristics
of the considered curves can be deduced. We focus on the effects of the involved
parameters through both analytical results and computational evaluations.
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1. Introduction

The need to describe and explain the evolution of many phenomena asso-
ciated with growth curves has led to multiple efforts to study these types of
functions. This need is more accentuated if we take into account the applica-
tion of these curves in a wide variety of fields of application in branches of the
physical, biological and social sciences, as well as in various areas of agriculture,
business, education, engineering, medicine and public health (see, for example,
Banks [I] where much of the traditional growth curves are presented together
with real examples of application).

Within the family of growth curves, those of the sigmoidal type deserve a
special section. The first to appear in the literature is the logistic curve, intro-
duced by Verhulst in the context of Demography and the study of population
dynamics, although it took until the second decade of the 20th century for it
to be retaken. Today it is one of the most widely used models in areas such as
innovation diffusion modeling (Giovannis and Skiadas [2]) or the exploitation of
energy resources (Giovannis and Skiadas [3]). Together with the logistic curve,
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the Gompertz one is perhaps the most widely discussed in the literature on mod-
eling growth phenomena. Introduced by Benjamin Gompertz to model the law
of human mortality, currently the study of it has become very important, espe-
cially since its usefulness was demonstrated in the description of tumor growths
(see for example, Ferrante et al. [4]), which has given rise to a great boom in
the study of it.

However, these curves cannot always adequately represent various real sig-
moidal behavior patterns, mainly due to their stiffness in some of their charac-
teristics such as the inflection points. This led to the appearance of new curves,
among which we highlight the one introduced by Von Bertalanffy or the later
extension due to Richards (see Romédn-Romadn et al. [5] and Romén-Romén and
Torres-Ruiz [6], and references therein). Later generalizations gave rise to more
general expressions such as the Hyperlogistic and Blumberg curves.

The search for greater flexibility in the curves that allows dealing with com-
plex real situations has led many authors to develop a generalization methodol-
ogy starting from a simple equation to understand the growth mechanism of a
specific phenomenon. Then, and with the aim of generating more flexible forms,
and thereby increasing the applications to a wider range of research areas, more
parameters, or functions, are incorporated into the model. One of the precursors
of this type of study was Turner et al. [7] who propose a general theory of growth
based on quite general postulates. Subsequent analyzes in this regard have been
developed by Tsoularis and Wallace [§] and by Koya and Goshu [9]. Although
generalized equations offer greater flexibility, the complexity of the model in-
creases. For this reason, within this line, in recent years the idea of adding new
parameters has been combined with that of introducing functions with very flex-
ible behaviors. Tabatabai et al. [I0] construct the so-called hyperbolastic curves
that allow the adjustment of data showing different types of sigmoidal behavior,
applying them to the study of tumor evolution and stem cell growth (Tabatabai
et al. [II]). These models are the starting point for the development of others,
such as the oscillabolastic one, which aim is to model oscillatory growths (Eby
and Tabatabai [12]) and the T-type model (Tabatabai et al. [I3]), capable of
represent biphasic sigmoidal growths. Following this line, Erto and Lepore [14]
have introduced a new type of sigmoidal curve that can, under certain condi-
tions, present more than one inflection point. With regard to multisigmoidal
curves, recently the works of Di Crescenzo et al. [15] and Roman-Roman et al.
[16] have introduced multisigmoidal logistic and Gompertz models modifying
the original ordinary differential equations by introducing polynomial functions
in their expression. This is one of the procedures followed by various authors
for the generalization of certain growth curves. For example, the hyperbolastic
model H1 arises from the modification of the logistic equation, while the curve
H3 appears as the solution of a modification of the Weibull differential equation.
In both cases, the introduced functions are of the hyperbolic type. Another way
of introducing generalizations is from the alteration of stochastic models asso-
ciated with the curves. Along these lines, we can highlight the introduction
of temporal functions to model the incorporation of therapies in the evolution
of tumor growths, giving rise to modifications of the Gompertz curve (see for



example Albano et al. [I7, [I8] 19, 20]).

A fundamental aspect to take into account is that all these modifications are
due to the need to have the broadest possible knowledge of the curves considered.
An example of great relevance today is the study of the evolution of epidemics
such as Covid19, where it is of fundamental interest to determine the instants of
contagion peaks, the moments of inflection of the evolution, duration times and
of the appearance of successive waves. In this sense, the objective of this article
is to analyze in depth a general deterministic model of growth that includes and
generalizes the most widely used models. Specifically, we consider the generazed
form of the logistic curve introduced in Tsoularis and Wallace [§]. Such growth
form incorporates also growth models different from the logistic growth and its
generalizations, making it able to fit population dynamics in a very wide range
of behaviors. This is essentially the reason why in this paper we investigate
the role of some relevant parameters in the equation governing the growth in
Tsoularis and Wallace [8] and we analitycaly investigate the behavior of the
curve in different scenarios.

The plan of the paper is the following. In Section [2| starting from Tsoularis
and Wallace [§], a general ordinary differential equation to describe the evolu-
tion of a population size is considered and the solution is determined. We also
show that choosing appropriately the parameters one can derive the more used
models; specifically we show that the Malthus, Hyper-logistic, logistic, Hyper-
Gompertz, Gompertz, Bertalanffy-Richards models can be obtained from the
general curve. In Section [3| an analytical study of the considered curve is per-
formed and we analyze the various behaviors that the curve can exhibit. In
Section [4] we provide a detailed numeric analysis apt to show the flexibility of
the model based on the choice of parameters. Some concluding remarks close
the paper.

2. The model

We denote by x = z(t) the population size or the dimension of an organism at
time ¢t. We assume that x(t) is the solution of the following ordinary differential
equation (ODE)

dx x\"P

= = ) pl4n(1-p) [1 - (f) ] z(tg) =z 1

dt Y A ) (to) 05 (1)
where xy denotes the population size at the initial time ¢g, v, n and p are shape-
parameters subject to being positive with 0 < p < 1+ 1/n and k > 0. As we
will see later, this last parameter, usually interpreted as the carrying capacity
of the system in the classical sigmoidal curves, here has different interpretations
depending on the other parameteres.

Remark 2.1. The most used ODE’s considered as growth equations can be ex-
pressed in the form given in . In particular, the following cases are included
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e Bertalanffy-Richards: For p — 1, Fq. reduces to

ol @] e

e Logistic: Fq. becomes the classical logistic equation when n — 1:

Cc% =z (1 — %) . x(to) = wo. (3)

e Malthus: For k — oo, Eq. leads to Malthus equation:

dr _ x, x(tp) ==z
dt_v’ 0) = Zo-

e Hyper-Logistic: When n — 1, from we obtain:

dx 1 9 T\P
prial L ta? p@*g) ;- a(to) = o,

that includes the Logistic ODE obtainable when p — 1.
e Hyper-Gompertz: From Eq. we derive the Hyper-Gompertz equa-
n_ pn

k k
tion for n — 0. Indeed, since lim ——— = In <>, assuming that
x

n—0 n

71111)% ynP =~', from we obtain

dx , ENT?

— = In( — . 4

i (2) 2
e Gompertz: Considering the limit p — 1, Fq. becomes the simplest

Gompertz growth curve:
dx 1ol k
— =~'zln| —|.
dt K x

Discussion of Remark is summarized in the scheme in Figure
Lemma 1. The solution of Fq. 18

z(t) = i (5)

{1 + {vn(p— 1)(t — to) +A},P}1ip}1/”’

k n
where A, = () — 1 depends on the shape parameter n and on the ratio
o

between the carrying capacity k and the initial population size xg.
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Figure 1: Scheme summarizing the results of Remark @
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Proof. Integrating both the members in we obtain:

/ Lm0 [ (5Y] 7 e = gt

n—1 p—1

Logistic equation

T =y (1-F)

k — oo

(6)

where C' is a constant of integration. We consider the integral on the left hand
size of @ Carrying out the change of the variable of integration x in

so that

de = —

U=<k> -1,
x

k 1

we obtain the solution of the integral in @:

/x_l_"(l_p) {1 - (%)n} - dx = —k_n?(;_p)/v_pdv =

From , by making use of the inverse transformation, it follows:

(/I—Lmu—m[l_(

)] -

J—n(1—p)

n (v + 1)~ (Fn)/n’

f—n(1-p)
n(p—1)

k™ — g™

ﬂ@l)( zn

)1_p . (8)



The constant C' in Eq. @ can be obtained by using the initial condition z(tg) =
xo resulting in

kn(p—l) kn — pn 1-p B
C:n@—1>< "(0 e )

To
Therefore, making use of and @ in @, we obtain

En(p—1) Eno— ph 1-p En— xg 1-p
_ — ~fn(e=1) 1 _
n@D[( =) () | ewee-o

or, equivalently,

<k>n =1+ [W’n(p— 1)(t—t0) _~_A711—p]ﬁ’

T

from which follows. O

On the line with the Remark in the following remark we show that the
solution in includes the most used growth curves.

Remark 2.2. The equation includes the most used equations in literature.
In particular, the following cases are included.

e Bertalanffy-Richards: When p — 1, Eq. reduces to Bertalanffy-
Richards curve. Indeed, since

lim {1 + ['yn(p —1)(t—to) + A}:P] ﬁ} _ Anefvn(tfto),
P

—1

from one has:

k
x(t) = . 10
“ [1+ Ape—rn(t—to)] L/n (10)

e Logistic: Forn — 1, Eq. becomes the classical logistic curve:

k

x(t) - [1 + A1€_’Y(t—t0)] ' (11)

e Malthus: We point out that, for k — oo, Eq. (L1) reduces to Malthus
curve, i.e.
z(t) = zoe?(tt0),

e Hyper-Logistic: When n — 1, from we obtain the hyper-logistic

curve:

k
Lt -1 1)+ 41777

that for p — 1 becomes the logistic growth.

z(t) =



e Hyper-Gompertz: From we derive the Hyper-Gompertz equation.
Indeed, since

) [vn(p — 1)t —to) + A}fp} 1-p
lim
n—0 n

yn(p — 1)(t — to) + ALP] T
nl-p

lim[

n—0

~ i [mp@ )t t) + (H)] "

n—0 nxg

s0, assuming yn? — ~', we have:

lim |:ynp(p —1)(t —to) + (My_p] ﬁ

n—0 nxg

= l’y'(p —1)(t —to) + {ln (:0)} 11 - :

Therefore, we conclude that

lim z(t) = kexp | — [ﬂp —1)(t—to) + <1n <k>>1p1 - (12)

n—0 Zo

corresponding to the Hyper-Gompertz curve.

e Gompertz: Toking the limit for p — 1 in Eq. we obtain the Gom-
pertz curve. Indeed, since

k 1-p]| T-» i
lim ['(p = 1)(t — to) + <ln <>) —In <> ¢ (i—t0)
p—1 Zo o

we conclude
. k —~(t—to)
lim x(t) = kexp | —In | — |e 7% ),
n—1 'TO

p—1
that is the Gompertz curve.

In the following section we will study the growth curve in , analyzing the
domain, the monotonicity and the potential inflection points and the role of the
parameters on such issues. In particular, we consider the parameters =, xo and
k as fixed and we explore the role of n and p in .



3. Analysis of the growth curve
We rewrite Eq. in the following general form:
k
z(t) = 7 (13)
{1 + go(t) ﬁ}

where
go(t) == yn(p — 1)(t — to) + AL7P. (14)

It is interesting to evaluate the time point tg in which the population size reaches
a fixed value S < k. Such value can be a proportion of the the carrying capacity
k or a multiplier of the initial size zo. In particular, from and , it is
easy to see that

k\" lfp_ 1—p
ts =to+ [(5)" 1 4

(p—1)
To analyze the monotonicity of the function z(t), we evaluate the first derivative
of Eq. :
dx
— =z(t)he(t 1
= 2(t)ho(), (15)
where .
=
o(t) = 2T (16)

1+ [g(t)] ™7

In order to determine the potential inflection points of x(t), we consider the
second derivative:

T = 0+ ®e —at | Do | an
From , we have
dho(t)  n~2[ge(t)] T n n
= . lgo()] ™= —p (1 +[90(D)]T7 ) ;,
" <1+[90(f)]1”)2{ ( )
so that
Pot) + thoto)?
Vlge(8)] = i N 1
= nlgo ()] ™7 —np (1 + [96(8)] 77 ) + [go (D] 77
(1 +loo()™5) { ( ) }
g (8)]) T7 L




In our analysis, we focus also on the proportion of the population in the point
in which the growth velocity is maximum and its carrying capacity. Such pro-
portion mathematically is the ratio m, := w, where t;,f represents the
inflection point of the curve z(t). We will see that 7, depends only on the
parameters n and p.

In the following we distinguish three cases:
l.1<p<1l+ %;
2. p=1;
3. 0<p<1.

8.1. Analysis of the curve in the Case 1: 1 <p <1+ %

Since in such case gyp(t) > 0 for all ¢ € [tg, 00), the function z(t) is defined
in [tg,00). Further, being lim; ., go(t) = +00, the denominator of Eq.
tends to 1, so lim; 4 x(t) = k. To study the monotonicity of the function
x(t), we analyze the first derivative in . In particular, from , due to the
sign of the function g¢(t), we have that xz(¢) is monotonically increasing.

d
The inflection points are obtained by setting ﬁ‘: =0in . Since 1 < p <

14 1/n, we have n(1 — p) +1 > 0, hence from , an inflection point t7,¢
exists if and only if
np ] 1=p
) )

1+n(l-p
from which, recalling 7 we obtain the following inflection point:
1-p
" — Al-r
1+n(l—p) "
ny(p—1)

9o(ting) = [

(19)

trnf =to +

We note that, since p > 1, the inflection point is visible, i.e. t;ny > to, if and
only if

np
" s A,
1+n(l-—p) —

e (0B e (e2) B (2]

Moreover, from and , we obtain:

i.e.

w(trng) = k :k{lJrIL_(:np)]

1
{1 + 1+nn(€fp)}

Sl
>~
1
—
|
3
=
—_
3=

We note that the proportion between x(t7,,¢) and the carrying capacity k is

1 _ 1
np n np n
g [ 1+n] {+n(1p)+l]




8.2. Analysis of the curve in the Case 2: p =1

Since )
lim gp(¢)T-7 = Ane_w(t_t”),
p—1

taking the limit of z(¢) for p — 1 in the Eq. , we obtain the well known
Richards equation:
k

{1+ Agemml—t)}
In such case z(t) is defined in [tg, 00); the carrying capacity is lim;_, oo 2(t) = k.

The function z(t) is stricty monotonically increasing, as it is evident from

and . Further, from and ,

b {25 s )

x(t)

Ane'yntg 72 [Ane'ynto _ e'yntn]

(e'ynt _ Ane’ynto)z

from which we derive that an inflection point exists if and only if A,e"™% —
emin =0, i.e.

t to + 1 1 An (20)
nf = — o .
Inf 0 n g "
From (20) it is clear that tr,5 > to if and only if A,, > n, i.e.

k> zo(n+1)n.

In such case, from and , we obtain:

1
1 n
sltinn) =k (113 )

The proportion between x(t7,f) and the carrying capacity k is

Mo =(1+n)".

3.3. Analysis of the curve in the Case 3: 0 <p <1
When 0 < p < 1 we distinguish three different cases:

a. —— =m € N, with m even.
L-p
1
b. —— =m € N, with m odd.
L-p
1 ¢N
c. —— =m .
L=p
1 .
Case 3a: f:meN, with m even.

In such case the function z(t) is defined in [ty, +00), being [ga()]™ > 0 for all
t > to. Further, since the denominator of Eq. diverges as t goes to 0o, one

10



has lim;_, o (t) = 0, hence the population is doomed to extinction. The sign
of the first derivative depends on Eq. , that we rewrite as

h@ (t) [90 (t)]m_l

T g0

Being m — 1 odd, the sign of hy(t) is the same of the function gy(t); hence
recalling Eq. , one has that the ‘fl—f > 0 if and only if

1
mA»
t<t,=to+ .

Therefore, in such case a maximum point presents coordinates (¢, k).
Concerning the convexity, Eq. becomes

dho(t) oy = P loo(O

! ™ —n(m—
dt WE {(m +mn)[gs(t)] ( 1} (22

so, the second derivative vanishes if and only if either gg(t) = 0 or
{(m +n)lge ()™ —n(m 1)} = 0.

Recalling and that gp(t) vanishes in the maximum point of the function
x(t), we have that % = 0 if and only if {(m +n)[ge(t)]™ —n(m —1)} = 0.
This last one admits two solutions being m even. The two inflection points,

ting, and tr,y, are:

n+m

1 1
Anﬁ + [n(m—l):| m
trnf,ting, =to +m o .
We note that tr,s, < trny,, whereas the value of z(t) in such inflection points
is the same, concretely

|~

n-+m n
T(trng, ) = 2(tmyg,) =k [m(n—&-l)}
We also note that when .
k> [mm“)} " (23)
n+m

both the inflection points are in [ty, 00), otherwise ¢y, < to.
Finally, the proportion between x (¢, ) := x(trnys, ) = *(trnys,) and the carrying
capacity k is

11



Case 3b: % =m € N, with m odd.

In such case the denominator of is equal to zero for

m (1 + A% )
=ty + ——=, (25)
n

so the function z(¢) is defined in [tg,?1) and a vertical asymptote is present in
t1. In particular lim;_;, £(¢) = +00, hence the population explodes at the finite
time ¢;. Further, looking at , being m = ﬁ odd, [gg(t)]m_1 > 0. Still, the
denominator of is positive in the interval [tg,t1). Hence the function z(t)
is monotonically increasing in [tg, t1).
Finally, from Eq. we conclude that d;—tz = 0 admits two solutions; the first
one obtained by setting {(m + n)[go(t)]™ — n(m — 1)} = 0 and the second one
is the solution of gg(t) = 0, i.e.

; (m—1)] ™
T n(m—=1)| ™ 1
trng, = to+m - ) trng, = to+ P ting <trnf,. (26)

We note that tg < trns, < trng, <t if and only if holds.
Further,

1

n+m
] L altmmn) =k (27)

z(trng) =k [m(n+1)

and 7, is given in ([24)).
1
Case 3c: T—,=" ¢ N.

In this case the function z(t) is defined in [to, t2), with

mAn%
ty =to + . (28)
’yn

Further, lim;_,;, () = k, hence the population reaches its carrying capacity at
the finite time t5. From and we observe that z(t) is monotonically
increasing since h(t) > 0 in [to,t2). Finally, since Eq. vanishes in t7,; =
trng, asin 7 we find an inflection point in

. 1
A"E_{n(ri_l)}m n+m w

ting =t MR B tinf) =k | ———— |,

g =tom n #ltrms) [m(nJrl)]

while 7, is given in .

4. Numerical analysis

In this section we perform a numerical analysis of the curve , by consid-
ering the cases identified in Section [3] For each case, we analyze the behavior

12



of the curve as function of the time, for different choices of the parameter p by
fixing n and for several choices of n by fixing p. The other parameters are fixed
for all the study as: tg = 0,29 = 1,7 = 0.5 and k = 400.

In Figure |2 the general curve in the case 1 < p < 1+ % is compared with
the Richards curve (black line), fixed n = 0.4,0.6,0.8 and n = 1 and for several
choices of the parameter p ranging from 1.1 to 1.9. We point out that Richards
curve is obtained from when p tends to 1. We can see that, by controlling n,
the carrying capacity k = 400 is reached in a time interval that is increasing as
p increases, remarking that the parameter p has the role of proliferation rate for
the population x. Further, by increasing n for each curve the carrying capacity
is reached faster. This is also clear in Figure [3[in which we plot the curve (13)
in the Case 1 for several choice of n ranging from 0.4 to 1.2 and for p = 1.5
and p = 1.9. From Figures [2| and [3|it is also clear that the inflection point ¢,
calculated in decreases as p and n increase. In order to give a quantitative
evaluation of how the inflection point ¢7,,5 and (¢, ) change as p and n change,
in Table I such values are shown for n = 0.4,0.6,0.8 and 1 from left to right and
for several choices of p ranging from 1.1 to 1.9. Clearly, since the curve presents
a unique inflection point, we set ¢r,¢, := t;,¢. The proportion 7, between the
value z(tr, s, ) and the carrying capacity of curve is also listed in order to give
a measure of the curve in which the growth velocity is maximum.

Case 2 in which p = 1 is shown in Figure [4| where the the general curve z(t)
in is compared with the logistic curve, obtained by setting p=1and n =1
as established in the Remark [2.2] for several choices of n < 1 (on the left) and of
n > 1 (on the right). In both the cases, when n increases, the curve z(t) reaches
its carrying capacity in a smaller time interval, so in the first plot the logic curve
presents a growth velocity that is higher with respect to the others, while in the
second plot, it is the curve milder. Further we note that for n > 1 the curves
seem closer to each ones, showing that the dependence on n is not linear and
it is more evident in the case n < 1. In Table [1] the information related to the
inflection point t;,f, := t;nr in the Case 2 is listed for n = 0.4,0.6,0.8 and 1,
showing that also in this case t,f, decreases as n increases, while the values of
z(trnys, ) and m, increase.

Let us consider now the Case 3 in which 0 < p < 1. As pointed out in
Section 3, in this case we need to consider three subcases:

1
a. —— =m € N, with m even.
IL-p
1
b. —— =m € N, with m odd.
IL—p
1 ¢ N
c. —— =m .
l-p

In the Case 3a the curve z(t) presents a maximum and it tends to 0 for t — oc.
Such case is illustrated in Figures [5] and [6} In Figure [f] the general curve is
illustrated for m = 2,4, 6 and 8 (from the top to the bottom), i.e. p = 1,3, %, %,
respectively. In each plot several choices of the parameter n are considered
ranking from 0.5 to 1. The behavior of the curve is quite unexpected, since in

13
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Figure 2: Case 1: for several choices of the parameter p with 1 < p < 1+ %, the general curve
is compared with the Richard curve (black line), fixed n = 0.4, n = 0.6, n = 0.8 and
n = 1. In the last case the Richard curve becomes the logistic curve.
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Figure 3: Case 1: for p = 1.5 (on the left) and p = 1.9 (on the right), the general curve

is plotted for several choices of n with n < ﬁ.
s s
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Figure 4: Case 2: general curve in the case p = 1 compared with the Logistic curve (black
line), for several choices of n (< 1 on the left and > 1 on the right).
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the case p = % it seems that the role of n is to translate ahead the curve as
n increases. In the other cases, i.e. for p = % %, %, we observe a “plateau”
that is wider as p increases. Anyway we point out that the maximum of the
curve z(t) in is always unique and with coordinates (t*,k) with ¢* in (21)),
contrary to what it seems from the plots. Figure [6] shows the behavior of the
curve z(t) for n = 0.4,0.6,0.8 and 1 (from the top to the bottom). Here it is
evident the peculiar behavior of the curve in which m = 2, i.e. p = % that
is translated with respect to the other curves, while the main change for the
cases m = 4,6,8 is the decrease of the width of the plateau as the parameter
n increases. Clearly, in this case the inflection points are two and the results
related to them are illustrated in[I} in which @(t1nf,) = #(t1ns,). The inflection
point ¢7,y, decreases as p increases, while ¢, 5, increases. A less regular behavior
is observed for ¢y, s, and tr,s, as n changes. Further, z(¢s, s, ) decreases as p
increases, while it increases as n increases.
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Figure 5: Case 3a: general curve for several choices of n and for m = 11}) = 2,4,6 and 8
(from left to right and from top to bottom)
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n=0.4 n=0.6
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300

X(t)
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Figure 6: Case 3a: general curve for n = 0.4,0.6,0.8,1 for several choices of the parameter
m= - =24,6and 8.

1-p —

In the Case 3b the curve z(t) is defined in [to,t1) with #; given in
and lim;,;, ©(t) = oo, so the population explodes in a finite time interval.
The results of this case are shown in Figures [7] and [§] In Figure [7] the curve
x(t) is plotted for m = 3,5,7 and 9 (from the top to the bottom) and for
n = 0.4,0.6,0.8 and 1. In all the plots the curves present a growth velocity
depending on the parameter n, in particular in the first subinterval in which
x(t) < k. Further, x(t) presents a plateau near k£ = 400, which width increases
as p increases. In this case the value k doesn’t correspond to the maximum of
the function x(t), since after the plateau the curve increases indefinitely. Indeed,
as pointed in , k = 400 is the value of the function in t7,y,. Figure [8} in
which z(t) is plotted for n = 0.4,0.6,0.8 and 1 (from the top to the bottom)
and for m = 3,5,7 and 9, confirms the results observed in Figure[7] In Table
the values of ty,p, and t1yr,, ©(tinys, ) and the proportion 7, = k/x(ti. s, ) are
shown. Clearly the proportion k/z(tr,ys,) = 1 since (tr,y5,) = k. We observe
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that t1, 5, decreases as p increases and it increases as n increases; tr,f, presents
a more irregular behavior. The values of z(tr, f1) and 7, decrease as p increases
and increase for increasing n.
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Figure 7: Case 3b: general curve for several choices of n and for m = ﬁ = 3,5,7 and 9

(from left to right and from top to bottom).

In the Case 3c the curve x(t) is defined in [tg, t2) with ¢5 given in and
lims_,+, z(t) = k, so the population reaches its carrying capacity at a finite time
interval. In Figure [9] the curve z(t) is plotted for p = 1/6,1/5,1/4 and 1/3
(from the top to the bottom) and for n = 0.4,0.6,0.8 and 1. In all the plots it
is evident that the population size remains near to 0 for a time interval which
amplitude increases as n increases depends increases as p increases. In Figure
x(t) is plotted for n = 0.4,0.6,0.8 and 1 (from the top to the bottom) and
for p=1/6,1/5,1/4 and 1/3; we note that in this case z(¢) is near 0 for a time
interval that is smaller as p increases. Table [I] confirms the results of Figures
|§| and showing that the values of tr,f, = trny and z(trny, ) decrease for
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Figure 8: Case 3b: general curve for n = 0.4,0.6,0.8,1 for several choices of the parameter
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increasing p, while they increase as n increases; the proportion 7, = k/2(trny, )
follows the same behavior of z(tryf, ).
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Figure 9: Case 3c: general curve for several choices of n and for p = %, %, % and % (from left
to right and from top to bottom).
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5. Conclusions and future works

In this work we have considered a growth model described by means of an
ODE, able to include the most used growth curves, such as Gompertzian, Lo-
gistic, Bertalanffy-Richards and Malthus. The analytical solution x(¢) has been
provided and a study of this solution has been made. The considered growth
curve is characterized by the presence of several shape parameters and we fo-
cused on two of them, p and n, with 0 < p < 1+ 1/n in and in . In
particular, by considering three cases for the parameter p, different behaviors
of the growth curve have been highlight in terms of domain, monotonicity, con-
vexity and asymptotic behavior. The three considered cases are:

L1l<p<l+y
2. p=1;
3.0<p<1.

In the Cases 1 and 2 the curve is defined in [tg, 00), it is monotonically strictly
increasing, showing a sigmoidal behavior and it tends to its carrying capacity k
for t — oo. Further, there exists a unique inflection point at (t Inf, Z(tm f)); the
values of tr,y and x(t7nr) decrease as p increases, whereas for increasing values
of n, trny decreases while z(tr,¢) increases.

More interesting is the Case 3, in which z(t) exhibits different behaviors
depending on the value of the parameter p. In particular, we considered three
subcases of the Case 3:

3a. —— =m € N, with m even;

1—p
1

3b. —— =m € N, with m odd,
L-p

30, ¢ N

c. —— =m .
1—p

In the Case 3a the curve z(t) is defined in [tg,00) and it has a bell shape, so
it vanishes for ¢ — oo. Near the maximum, corresponding to k, a plateau is
highlighted whose amplitude increases as p increases. In the case p = % it
seems that the role of n is to translate ahead the curve as n increases. In the
Case 3b the curve z(t) is defined in a finite time interval and it explodes in a
finite time. Further, x(¢) presents a plateau near the parameter k, which width
increases as p increases, then x(t) presents an exponential behavior. Finally,
in the Case 3c the curve z(t) is defined in a finite time interval [tg,t2), whose
amplitude increases as n increases and decreases for increasing p; moreover,
lim; 4, (t) = k, so the population reaches its carrying capacity in a finite time
interval.

The study carried out in this paper lays the foundations for a generalization
to growth in a stochastic environment, capable of putting in a single framework
even very different behaviors of the growth phenomenon and thus providing for
them a single mathematical tool for probabilistic-statistical analysis.
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