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Abstract

In this paper, we generalize and compare Gompertz and Logistic dynamic equations in
order to describe the growth patterns of bacteria and tumor. First of all, we introduce two
types of Gompertz equations, where the first type 4-paramater and 3-parameter Gompertz
curves do not include the logarithm of the number of individuals, and then we derive 4-
parameter and 3-parameter Logistic equations. We notice that Logistic curves are better in
modeling bacteria whereas the growth pattern of tumor is described better by Gompertz
curves. Increasing the number of parameters of Logistic curves give favorable results for
bacteria while decreasing the number of parameters of Gompertz curves for tumor improves
the curve fitting. Moreover, our results overshadow some of the existing results in the
literature.

Introduction

Most of the growth curves are described by linear, power, parabolic, power-exponential, logis-
tic, log-logistic, von Bertalanffy, Gompertz, and Richards curves; see [1], [2], [3], [4], [5], and
[6] for the tumor, [7] for the human fetus, [8] for the human life. A recent research article [8]
related with a human life modeled by Gompertz and Mirror Gompertz differential equations
are

(lnx)’ = —flnx, (1)
and
¥ = —p(1—)In (1 - ), )

respectively, where S is a positive parameter. The well-known logistic equation in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0230582  April 9, 2020 1/21


http://orcid.org/0000-0002-7301-891X
https://doi.org/10.1371/journal.pone.0230582
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230582&domain=pdf&date_stamp=2020-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230582&domain=pdf&date_stamp=2020-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230582&domain=pdf&date_stamp=2020-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230582&domain=pdf&date_stamp=2020-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230582&domain=pdf&date_stamp=2020-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230582&domain=pdf&date_stamp=2020-04-09
https://doi.org/10.1371/journal.pone.0230582
https://doi.org/10.1371/journal.pone.0230582
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://digitalcommons.wku.edu/theses/161
https://digitalcommons.wku.edu/theses/161

PLOS ONE

Gompertz and logistic dynamic equations

literature, see [9] is given by
, X
x = kx(l —), (3)

where k is the proportionality constant and K is the carrying capacity.

In this study, mathematical modeling is applied to the Pseudomonas putida and mammary
tumor datas given in [10, 11], respectively. Note that Pseudomonas putida is a bacterium
found in most soil and water habitats, and is significant to the environment due to its complex
metabolism and ability to control pollution, [12] and [13]. We model their growth patterns by
continuous and discrete Gompertz and Logistic curves. To achieve our goal, we derive
4-parameter and 3-parameter Gompertz and Logistic dynamic equations. We first propose
two types of Gompertz dynamic equations: The first type Gompertz dynamic equations are
motivated by [14]. We contribute two first type continuous Gompertz curves to the literature.
All of the discrete Gompertz curves in this type are new. 4-parameter second type Gompertz
dynamic equations are motivated by [2] in which only 3-parameter discrete Gompertz curves
are considered. 3-parameter second type continuous Gompertz are investigated earlier in [10].
Inspired by [15], we come up with 4-parameter Logistic dynamic equations while 3-parameter
Logistic dynamic equations are constructed earlier in [16]. 4-parameter Logistic discrete
curves are new. To establish both dynamic equations, we use the variation of constant formulas
together with the circle dot multiplication and the circle minus substraction on time scales.
We refer readers to [17] and [18] by Bohner and Peterson for the theory of time scales
calculus.

The parameters of these models are estimated by NonlinearModelFit function of Wolfram
Mathematica 11.0 applying Monte Carlo simulation and our comparison is based on outputs
following from the p-values of parameters, adjusted R-squared, and RMSE (root mean square
error), RRMSE (Relative Root Mean Square Error), MAPE (Mean Absolute Percent Error),
MAE (mean absolute error), U1 (Theil inequality coefficient, Theil’s U1), and U2 (Theil
inequality coefficient, Theil’s U2). We use the Mathematica 11 program for the goodness of fit
test of the models. Having at least three small values of each determined statistical criterion,
the p value less than 0.05 for each parameter, and adjusted R-squared value close to 1 show bet-
ter performance in terms of goodness of fit.

Outline of this paper is as follows: In Section 2, we introduce the time scales calculus
together with some preliminary results. Sections 3 and 4 are related with first and second type
Gompertz dynamic equations. In each section we obtain 4-parameter and 3-parameter contin-
uous and discrete Gompertz curves. In Section 6, Logistic dynamic equations are introduced
and we explicitly calculate 4-parameter and 3-parameter continuous and discrete Logistic
curves. In the last section, we discuss how Gompertz and Logistic curves fit the growth of Pseu-
domonas putida and mammary tumor and include our conclusion.

Preliminary results

A time scale, T, is an arbitrary nonempty closed subset of the real numbers R. The theory of
time scales is to introduce a new calculus so that we can unify the continuous and discrete
analysis. Here, we give basic definitions and some essential results without proofs. Neverthe-
less, we mainly refer readers two books [17] and [18] by Bohner and Peterson and the manu-
script [16] by Akin-Bohner and Bohner.

The forward jump operator 0 on T is defined as o (¢):=inf{s >t : s € T} € T, forallt € T.
For this definition we also have o((})) = sup T. The backward jump operator p on T is defined
by p(t):=sup{s < t:s€ T} € T,forallt € T. Here, we have p(f)) = inf T. If o(¢) > t, we say
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tis right-scattered, while if p(t) < t we say t is left-scattered. If o(t) = t, we say t is right-dense,
while if p(f) = t we say ¢ is left-dense. The graininess function y : T—|0, 00) is defined by u(#):
=o(t) — t. Itis apparent thatfor T = Z, o(t) =t + 1, p(f) =t — l and for T = R, o(t) = t, p(t) = .
The set T" is derived from T. If T has left-scattered maximum m, then T* = T — {m}.
Otherwise, T" = T. The following notations are also useful: f°(¢) = f(o(#)). Note that
t € [t,,00); = [t,,00) N'T.

Assume f : T+—R and let t € T, then we define f*(t) to be the number (provided it exists)
with the property that given any € > 0, there is a neighborhood U of ¢ such that

| [F(a(8)) =f()] = f2(D)lo(t) —s] [< e[ a(t) = 5],

foralls e U. f(t) is called the delta derivative of f(t) at t. Note that the delta-derivative turns
out to be the usual derivative when T = R while it is the forward difference operator when

T = Z. If fis differentiable at ¢, then fis continuous at ¢. If fis continuous at ¢ and ¢ is right-
scattered, then fis differentiable at # with

If fis differentiable at ¢, then
f7() = f() + u(@)f*(2)- (4)

Iff,g : T—R are differentiable at t € T", then the product fg : TR is also differentiable at ¢
with

(fe)" (1) = f*(1)g(t) + f(a(1))g" (1)

If fis continuous at each right-dense point ¢t € T and whenever ¢ € T is left-dense lim f(s)

st
exists as a finite number, then we say that f : T—R is rd-continuous. A function F : T*—R is
called an antiderivative of f : TR provided F*(¢) = f(t) holds for all t € T*. In this case, we
define the integral of f by

/[f(s)As = F(t) — F(a) for t € T. (5)

If1+u()p(t) #0forallt € T, p : T"—R is called regressive. The set of all regressive and rd-
continuous functions is denoted by R. If 1 + u(t)p(t) > 0 for all t € T, p : T*—R is called posi-
tively regressive. The set of all positively regressive and rd-continuous functions is denoted by
R".

If p, g € Rand a is a constant, then we define

p(t) —q(t)

"I (p) ! ©)

and
(p®q)(t) = p(t) +q(t) + u(t)p(t)q(t)

for all t € T". Finding a simple formula of the derivative of any power of a function yields to
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the introduction of a circle dot multiplication. A circle dot multiplication ® is defined in [16]
as

(2 © p)(t) = op(t) / (1 -+ hu(0)p())"dh.

0

Note that ©p = —p,p B g=p +qand a ® p = ap for the continuous case. If p is regressive,
then we define the exponential function by

(.9 =ep ([ &lpnac) forseer, )

where &,(z) = ; Log(1 + hz),h > 0 is the cylinder transformation such that §y(z) = z. If p :
T*—R is rd-continuous and regressive, then the exponential function e,(t, t,) is the unique
solution of the IVP

X =p(t)x, x(t) =1
on T for each fixed t, € T". For data analysis we need to calculate exponential functions

ey(t,ty) = e e y(t,t,) = e when T =R (8)

e/f(tv to) = (1 + ﬁ)t7t07 ee[f(t7 to) = (1 =+ ﬁ)i(tim when T =7 (9)

for a regressive constant f3, see Table 2.4 in [17].
We use the following properties of the exponential function e,(t, s), ¢, s € T.
Theorem 0.1. If p, q are regressive and t, € T, then

L. ey(t, t) = and ey(t,s) = 1;

2. ep(a(t), 5) = (1 + p(t)p(t))ep(t, 5);

1
3. =e (t = t);
eP(t7s) e()p( 75) ep(s, )
e (t,s)
4. —C=e _ (t5);
eq(t, s) b

5. ep(ta S)Eq(t’ S) = ep@q(t> S);
6. ifp>0forallt € T, theneyt, to) > 0 forallt € T;
7. ifp € R', then ey(t, to) > 0 forall t € T.

In addition, two of the useful formulas for a circle dot are
eop(tit)) = (,(t: 1)), (10)
and
1+ 12 © p) = (1+ pp)’, (11)

where p is a regressive function and « is a constant, see [16].
The followings are the variation of constants formulas, see Theorems 2.74 and 2.77 in [17].
The equation

Xt =p(t)x+ (1) (12)
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is called regressive if x* = p(t)x is regressive (i.e., p is regressive) and f : T — R is rd-
continuous.

Theorem 0.2. Suppose (12) is regressive. Let t, € T and x, € R. The unique solution of the
IVP

xt = p()x +£(), x(t) = x,

is given by
x(t) = e,(t, t,)x, +/ e,(t,0(7))f(v)Ar.

Theorem 0.3. Suppose (12) is regressive. Let t, € T and x, € R. The unique solution of the
VP

xt = —p()x" +£(1), x(t)) = x,

is given by

x(t) = e, (t,1)% + / e, (.0 (DAt

0

First type gompertz dynamic equations

In this section, we will introduce Gompertz dynamic curves motivated by the 4-parameter
Gompertz curve

o(t) =B+ Aexp (—exp(—K(t —t,)),t € R (13)

given in [19] for the growth curve analyses of bacterial counts. Here, K can be found as the
growth rate coefficient, ¢, is the initial time, A + B is the carrying capacity of the environment
for the population. To explain the carrying capacity notion we can say that every environment
has its own limits, therefore it is impossible for species to grow up infinitely. Thus, the number
of the population should be finite.

In order to obtain the Gompertz model in the continuous case, we differentiate Eq (13) and
obtain

o = AKexp{—exp{—K(t — 1,)}} exp{~K(t — #,)}
= J|o(t) — B[K exp{—K(t — t,)}.

In addition, note that we have

K
(t.1,) 1 1
€o(kooecg) \b = =
SRR 0 €ko @egK(tv ty) e%eﬁK(tv ty) (14)
= (ee&K (t’ tU))K = eK{De%K (t7 t())

on [t,,00), where we use Theorem 0.1 and (10). Since ec(t, to) = e <o) for t € R, and (14)
holds, then we obtain

exp (=K(t—t,)) 11°F
eo(K@o%K)(tv to) = exp{#o K

= eexp{—exp{—-K(t—1t)}},t €R.

(15)
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Motivated by the calculation above, we have the following initial value problem modeling
4-parameter Gompertz curve on time scales.
Theorem 0.4. The initial value problem

ot = —(K© Ce(t, )0 + B(K © Se_(t, 1))
(16)

w(ty) = o,
has the solution of the form

o =B+ (600 - B)ekee%(ta to)

t € [t,, 00)g, where K is the growth rate and t, is the initial time, w, is the value of the function
at the initial time and B is the coefficient that has an impact on carrying capacity.

Proof. We notice that the positivity of K implies the positivity of e, by Theorem 0.1. Since
1+ u(Sek
=1+ y(@eeK))K > 0 by (11), the dynamic equation in the IVP (16) is regressive. Therefore,
we apply Theorem 0.3 and obtain the unique solution for t € [t,, c0)

)= HH]W{ > 0, we have the positively regressivity of Se. Since 1 + u(KOSeok)

t
w = ee(K@eeHK)(tv ty)ew, + B/ e@(K@@eﬁK)(ta T)(K © Se (7, 1)) At
fo
= eK@egK(ta tU)wU

t
+BeK@eeoK(tou ) / Croce (1, 1) (K © Se g (1, 1)) At
. (17)

t
A
= ep (6 1), + Bego, (1 1) / (e (0,1) A
fy

= oy (t, to)wo + BeK@eeQK (t, to)[eK@eeoK (t, t()) - 1]
= B+ (0, — Bleg.,, (t,1,),

where we use (14) and Theorem 0.1.
Example 0.5. Let T = R. Then the continuous Gompertz curve

® = B+ e(w, — B) exp{—exp{—K(t —t,)}} (18)

is obtained from (17) for ¢ € [t,, 00), by using Eqs (8) and (15). This is compatible with the
continuous Gompertz growth curve (13) by taking A = e(wo — B) in (13).
Example 0.6. Let T = Z. Since e (¢, t;) = (1 + K)y ) fort € [t,, 00), by (9), (14) yields

_ K
K®oesk eE.;:,K »f0
Croey(Bly) = le (£:1)]

= [or (zim (1))
~ Jew (i (I 55) )| K

i s=ty (1 +K)$—t0

K
]v te[to,oo)z
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and so

t—1 1+K a0} B
II (1+K)

e. oo t7t = —
ekoce) (B o) I1+(1+K)"

T=to

for t € [t,,00),. Thus, the discrete Gompertz growth curve

K
ﬁ 1+ (1+K)"

w =B+ ((JJO —B) (1_|_K)T*f0

(20)

=l

again follows from (17) for t € [t,, c0),.

Motivated by the first variation of constant formula, Theorem 0.2, we derive another Gom-
pertz curve on time scales.

Theorem 0.7. The initial value problem

o = S(K ©ex(t 1)) + B(S(K © ex(t,1,)))
w(ty) = o,
has the solution of the form

w = (wo + B)eO(KGEHK)(t7 tU) —B (22)

fort € [t,,00),, where K is the decay rate coefficient and regeressive, t, is the initial time, w, is
the value of the function at the initial time and B is the coefficient that has an impact on carrying
capacity.

Proof. Since K is regressive, ec is also regressive by (7). The dynamic equation in the IVP
(21) is regressive. Then, in order to obtain the unique solution (22) we apply Theorem 0.3 for
t € [t),00);

t
o = eO(K@e;,K)(t’ to)wo + B/ e{)(KQ}eQK)(t? G(T))(@(K © e()K(Tv to)))AT
fo
€o(Koeok) (t, )y,

t
Be_gen ) (t1) / s (1) (K ® et ))Ae
to

t
A
= ee(x;ae:,()(ta ty)w, _Bee(ngSK)(tv to)/ (eK(j)eOK (t,t))) At
to

= ee(K@e?K)(ta to)a)o - Bee(Kae%K)(tv to)[eK@eaK(t, to) - 1]
= (o, + B)ee(K@egK)(ta t,) — B,

where we use (14) and Theorem 0.1.
Example 0.8. Let T = R. Then the alternative continuous Gompertz curve

0= (o, + B) explexp{—K(t —1,)}} ~ B (23)

is obtained from (22) for t € R. It is worth to mention that Eq (23) is a new Gompertz curve in
the continuous case.
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Example 0.9. Let T = Z. Then using (19), we have
N
B 1

€ ko) (Es 112K
S(Ko L,‘K)( ’ 0) + (1 =+ K) o

=l

K
1 1
Co(Koeek) — = |7
(Kerer) Croenk eeex ’

the alternative discrete Gompertz growth curve

ﬁ (1+K)™"
I1+(14+K)""

=1,

fort € [t,,00),. Since

o = (v, + B) ~-B (24)

again follows from (22) for t € [t,, 00),.
The Gompertz growth curve (23) is given as 4-parameter Gompertz growth curve in [19].
From this point of view, the 3-parameter Gompertz growth curve on time scales

W = Wylxe, (t.1,) (25)

is obtained from (17) when B = 0, and so the 3-parameter continuous and discrete Gompertz
curves are

o = eoyexp{—exp{—K(t — 1,)}} (26)

fort € [t,,00); and for t € [t;,00),
K

)

’ﬁ 1+(14+K)"
(14+K)""

=1y

respectively. From (22) when B = 0, the alternative 3-parameter continuous and discrete Gom-
pertz curves

o = oesplep{—K(— 1))} (28)

and

Tl (1+K)T
0 H (1 +K)I—t0 ( )

)

=ty

are gained to the literature, respectively.

The zwietering modification of gompertz growth curve

The Gompertz growth curve is reparameterized in order to model the bacteria growth popula-
tion in food and is stated as

w=A exp{—exp{%Kz (T—1)+1}) (30)

in [14] for t € R, where K, is the absolute growth rate at time T, so called lag time, which is
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interpreted as the time between when a microbial population is transferred to a new habitat
recovers and when a considerable cell division occurs.
In order to find a corresponding dynamic model, we rewrite (30) as

oK,
eKZ T+1 (3 1 )

w = Alexp{—exp{~ ZE 1))

so that we can use the property of circle dot (10) for the unification the continuous and dis-
crete cases. Therefore, using (15) and (14) yield the dynamic Zwietering Modification Gom-

pertz curve
E%Tﬂ
- Ae,(%ﬂl) e (t,0)
o (%Ob%ﬂ)
oK
;» 32
= Ae ( A T+1)e (EKTZTH)ﬁp (esz N ) (t’ 0) ( )
e OS\| 708 ek,
Sz
ek,
— pe (G, . t,0).
e(%ﬂl) o] (%@)eﬁﬁ) ( )
s
Therefore, we claim that (32) is the solution of the IVP
(50 (0
= (33)

w(0) = Ae”(FT+1).

Since (30) is the continuous modified Gompertz growth curve, the discrete modified Gom-
pertz growth curve follows from (32).

Example 0.10. Let T = Z. Then the discrete Zwietering modification of Gompertz growth
curve is
ek (%m)
—1 eKZ T A
7 L+ 5)

=0

w = Ae (F11) (34)

obtained from (19) for ¢ € [0, 00),.

Gompertz-laird growth curve

This model is mainly used for the modeling of tumor growth. The Laird re-parameterization
prevails even today as the most frequently fitted Gompertz version in cancer research, and is
now also commonly fitted to growth data in other fields such as those of domestic (e.g. poultry
and livestock, marine (e.g. molluscs, fish, and dolphins) animals.

The continuous Gompertz-Laird growth curve is given by

» = e ¥
for t € [0, 00)g in [14], which is equivalent to

w= Woe%(e’fm)% (35)

for t € [0, 00), where the parameter L describes the initial specific growth rate that is not a
notion that measures the relative growth or absolute growth. More precisely, we can say that
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the absolute growth rate at t = 0 is wy.L Thus, the term L can be described as division of the ini-
tial absolute growth rate with the initial value.
Similarly, by using (15) we obtain the Gompertz-Laird growth curve on time scales as

L
wo= Wo(e<>(l<(~><>e9,<)(ta 0))K
= Wollo(s(kose)) (t,0) (36)

= WOG%@(K@%K)(L O)
for t € [0, 00), and so (36) is the solution of the IVP

L
wh=—0 (KQ eaK)W
K (37)

o(0) = ,.

Since (35) is the continuous Gompertz-Laird growth curve, the following example gives the
discrete Gompertz-Laird growth curve.
Example 0.11. Let T = Z. Then we obtain

t

(38)

(1+K)
1+ (14+K)

W= w,

—1
=0
as the discrete Gompertz-Laird growth curve for t € [t,, c0),, where we use again (19).

If L = Km in (36), the Zweifel and Lasker re-parametrization dynamic equation is obtained
for studying fish growth. Moreover, the continuous and discrete curves are given in (35), (38),

K
respectively. Similarly, if L = In (ﬁ) in (36), we derive the dynamic form of Simpler W,

form of Gompertz Laird growth curve which prevails on. Moreover, the continuous and dis-
crete curves are given in (35) and (38), respectively. Note that all of first type Gompertz curves
in the discrete case are new.

Second type gompertz dynamic equations

It is clear that (13) is not a Gompertz model when the dependent variable is log-transformed.
In this subsection, we will derive Gompertz dynamic equations involving logarithmic func-
tions. This idea of the derivation of Gompertz dynamic equations is inspired from the Gom-
pertz difference equation

InG(t+1)=a+blnG(t), teZ (39)

where a is taken as the growth rate and b is taken as the exponential rate of growth decelera-
tion, which was firstly given by Bassukas et. al. [3]. The equivalent form of (39) is given by

AlnG(t) =a+ (b—1)InG(t), teZ (40)
and so the continuous version becomes

InG(t) =a+(b—-1)InG(t), teR. (41)
Unifying (40) and (41), we end up by

InG(t)]  =a+(b—1)InG(t), teT. (42)

By the second variation of constants formula, Theorem 0.3, we get the alternative dynamic
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equation
G =a—(b—1)InG(a(t)), teT. (43)

Notice that Eq (42) turns out to be (39) when T = Z while (43) turns out to be

Q

InG(t+1) = 24 mCW (44)

b b’

for a nonzero constant b and when T = R, we obtain the following Gompertz differential
equation from the Gompertz dynamic Eq (43) as

i

InG(t)] =a—(b—1)InG(¢), (45)

which is equivalent to Gompertz differential Eq (1) whena=0,b -1 = f, and G = x in (45). In
[8], Gompertz differential Eq (41) with a = 0 is called the Mirror Gompertz differential equa-
tion, and is equivalent to (2) whena=0,b—-1=p,and G=1 - xin (41).

From now on, we take a = @and b — 1 = B in (42) and (43) and assume

In G(to) = & (46)

where g is a real number. The following theorems yield the second type Gompertz dynamic
curves.

Theorem 0.12. Suppose that 3 is regressive and o > 0. Then the solution of the IVP (42)-(46)
is given by

G(t) = exp (eﬂ(l‘7 t,)

&+ /f eyt o*(r))Ar]) (47)

0

fort € [t,,00),.
Proof. If In G(¢) is taken as u(t), then the IVP (42)-(46) becomes u™(t) = a + Bu(t), u(ty) =
go> t € [t;,00);. Then by Theorems 0.1 and 0.2, we obtain

u(t) = e/,(t, t)gy + o ft; e/;’(t7 o(7))At

eﬂ(tv t)[g, + o fr; ee/ﬂ(ta to)eﬁ(t, a(7))AT]

eﬁ(t’ t)[g, + f; eﬁ(toa a(t))At], t € [t;,00).

Since G = ¢", (47) is obtained as the solution of the IVP (42)-(46).
Theorem 0.13. Suppose f3 is regressive and o > 0. Then the solution of the IVP (43)—-(46) is

given by
G(t) = exp <eeﬁ(t, t) ) (48)

t
go—i—oc/ eeﬁ(to,r)Ar
ty

fort € [t,,00),.
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Proof. If In G(¢) is taken as u(t), then the IVP (43)-(46) turns out to be (1) = a=Lu’(t), u
(to) = go» t € [t,, 00)7. Again, Theorems 0.1 and 0.3 yield

”(t) = eeﬁ(t, to)gn +a f,; eeﬁ(t7 T)AT
= e@/ﬁ(tv t))[g +o ft; eﬁ(t, to)e@/i(ta t)A1]

t
= e(t,ty)lg + o ftu e.p(ty, T)AT]

for t € [t,, 00). Since G = u, (48) is obtained as the solution of the IVP (43)-(46).
Example 0.14. Let T = R. Then the solutions of the IVPs (42)-(46) and (43)-(46) are

and

= Blt—ty) t —Bli—ty)
G(t) = €xXp (e it [g0+ocftoe t d‘L’])
= exp ePl—to) %+ K (1 _ e*ﬂ(f*fo))
Cp (49)

= exp < (gO -+ Z) eﬁ(t*fo) — Z) ,

G(t) = exp (e*/f(t*ta)[go + o j;; e/f(i—t())d‘[])

= exp (eﬂ(tm [go + % (e/f(t—tn) _ 1)}) (50)

(!

respectively for t € [ty, 00) and here we use (8).
Example 0.15. Let T = Z. Then the solutions of the IVPs (42)-(46) and (43)-(46) are

G(t)

= exp (eﬁ(t, t)[g, + ft; e/i(to, a(7))At])

— exp (B 1)V, + 23 (14§ )

= exp((B+1)""[g +a(l+ ﬁ)*(’*f“)iu + B (51)
= ep((ﬁﬂ) [g0+oc(1+ﬁ) ; D

- e
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and

G(t) = exp (et t, [gU—l—otf 5(ty, T)AT])
= exp((B+1) g +aXT, (1+8)7")

o)

respectively for t € [t,, 00), and here we use (9).

In (51) by taking ty =0, = b — 1 and o = a Equation 3.1 is obtained in [11]. Both continu-
ous Gompertz growth curves (18) and (50) are obtained from the IVPs (13) and (43)-(46). If
welet B=0, e, = ef, K= fin (18), and g, — % = —1in (50), we observe that

= exp ((ﬁ+1) e [gﬁfx

%
eede b =eel =1

which implies @, = e®. Similarly, the continuous Gompertz curves (23) and (49) are the solu-
tions of the IVPs (21) and (42)-(46). If welet B= 0,1 o, = e 7, f=-Kin (23), and g +i=1

in (49), we observe that
el =ele=1

which implies &, = e®. From these observations, we conclude the 3-parameter first type con-
tinuous Gompertz curve and the second type continuous Gompertz curve are identical. How-
ever, since such an intimate relation among the discrete curves cannot be observed,
considering first and second type discrete Gompertz curves contributes to the literature.

Logistic dynamic equations

In this section, we derive 4-parameter and 3-parameter Logistic continuous and discrete
curves from Logistic dynamic equations.

3-Parameter logistic dynamic curves

Since there are two versions of linear equations
wt=p(u+f(t),  ut=-pu+f(1),
there are two Logistic dynamic equations
L* = [B(p() + f(OLIL, (53)
and
L* = [p(t) & (F(L)IL, (54)

respectively, see [16]. By using the definition of circle minus (6), Logistic dynamic Eqs (53)
and (54) turn out to be the typical Logistic differential Eq (3) under certain conditions on p
and fwhen T = R. In [16], it is shown that the solutions of (53) and (54) subject to

L(t)) =1, #0 (55)
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are given by

L - e, (1)
P+ [ eatot 0
and
L(t) = ep(t, t)

’ (57)

% + /r(J e, (1, t,)f (1)At

see Theorem 4.2 in [16]. Here, we assume that p is regressive, fis a rd-continuous function.
We now calculate continuous and discrete Logistic solutions in order to compare their data fit-
ting. In population dynamics, one often assumes that there exists a constant N # 0 such that p
() = Nf(t) forall t € T.

Example 0.16. Let T = R, t, = 1, f= e and p = f, where a and f3 are constants. Then (56)
and (57) turn out to be

1
s
and
L 1
*y (1 _ “) e 1) (59)
po\b B
respectively.

Example 0.17. Let T = Z, t, = 1, f= o and p = 3, where o and f are constants. (56) and (57)
turn out to be

1
L =
o 1 o t—1 (60)
——+ (4]0 +
i+ (i 5)an
and
I— 1
o 1 o —y (61)
-+l —5 |1+
i (7))
respectively.
4-Parameter logistic dynamic curves
The 4-parameter Logistic curve
1

o(t) =f- , teR (62)

b 1 b))kt
;T (f—s f)e

is introduced and discussed in [15], where k, f, and s are positive constants and b is a real
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number. If we let b = 1in (62), then (62) and (3) are equivalent. Equivalently, we have
ot)=f— —~L~—, teR.
=7 () (63)

Motivated by (63), we purpose the 4-parameter logistic dynamic curve as

, teT.

ot)=f— N ( . fb)Ek(w) (64)

I

To obtain the 4-parameter logistic dynamic equation, we differentiate Eq (64) and derive

A (550 ke (1.0) ko —kfp

T () (G aw)

kf[b+( = b)ek(to)] —kfp

(b+(f4;b)ek(m ) (b+ A b)e :o))
_ kf kfb
(b+ (ffffb) e;(m)) (b+ (f%—b) ek(t‘U)) (b+ (f%;b) e;(r,o)>

)

Y ) e *

+ Kfb Kfb

b+ (%ﬂ;) e(t0) b+ (Jé;b> e (1,0)

= —ko’ +kf + P o — Ll
b+ ( b+ (ff )ek(f 0)

Lb)er0)

—s

b

= —k|l- —F——|o" +kf |1 - ———].
bt (}és—b) e (£.0) bt (ff:—b) e (£.0)
Hence, we obtain the 4-parameter logistic dynamic equation as:
wi(t) = —p(t)or (1) +fp(1), teT (66)

where
p(t)=k|1— ——t—|, teT. (67)
(ff b)ek(tﬂ)

Theorem 0.18. Let k, f, s be positive constants. Consider the 4-parameter logistic dynamic Eq
(66) with the initial condition

0(0) =s. (68)
Then,
o(t) =f+(s—fle,(t,0), teT (69)

is the unique solution of the IVP (66)-(68) where p is defined as in (67).
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Proof. To get the desired result, we use Theorem 0.3. Therefore, we have

o(t)

se.,(t, 0)+/0fpecp(t,r)Ar

se.,(10) + / fo()e, (. 1)AT

= Seep(tv 0) +f(1 - eep(t’ 0))
f+ (S _f)eep(tv 0)7 te T7

which completes the proof.
Example 0.19. If T = Z, then the solution in (69) turns out to be

w(t) =f+(s—f) . \ ;
k] - +1 (70)
[y bt (- b)(1+ k)

where we use (9).

Let b=11n (67). Note that p = fw and this means that Eq (66) turns out to be

0 = ——o0’ +ko

f
(%)

If T = R, then we obtain (3) from (71). One of the logistic dynamic equations is (54). By tak-
ing (54) into account and using the definition of minus circle, we get

L= <1p+_£qLL) *

(71)

This implies that
LA + pul*f,L = (p — f,L)L.
By the simple useful formula, we have
LA+ (L° = L)f,L=(p—f,L)L.
Solving the above equation for L*, we get

I* = (p—fL)L
pL(l —J;—;L”). 72)

Ifwetake L=w,p=k andf;j = fl in (72), then we obtain Eq (71).

At this point the following question arises: Is it possible to find an alternative 4-parameter
logistic dynamic equation which turns out to be the equivalent form of the 3-parameter logistic
dynamic equation? To find the answer of this question consider Eq (65) where ey is replaced
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by e in the last two terms of Eq (65). Then we obtain that

kfo
o* = —k(o+ pw®) +kf —
J J o
(b+ (A-b)et0) (b+ (- b)et,0) -
) L Ko
b+ (- b)er(t.0) b+ (- b)e(t,0)
Solving the above equation for w” yields
(1 + kp) = —ko + kf + kb - il ,
b+ (%ﬂ:) & (10) b+ (Jéw) (1,0)
or
1 — b _ kf — |
bt (ff:—b) £ (10) bt (J,L;;b) o (t0)
o* = —ko +
1+ kp 1+ku
b b
= (Bkw|l- 7 —f(ek) |1 - ; .
b+ (- b)er(r,0) b+ (75— b)ef(r,0)
Hence, we get the following logistic dynamic equation
o* = (6k)qw — f(&k)q, t €T, (74)
where
qt)y=1— ——+t—, teT.
bt (Jé—b) & (10) (75)

Theorem 0.20. Let k, f, s be positive constants and q be taken as in (75). Then, Eq (74) with
the initial condition (68) has the solution

o= (s—flep,(t,0)+f, teT. (76)

Proof. By using the definition of minus circle (6), we have

1+ p[o((0k)q)]

—kq
1 -
—H{@l —l—,uk]

kq
H1+uk—ukq
1+ uk
Tk — ik

= 1+ (77)

By using Theorem 0.2 and the properties of exponential functions given Theorem 0.1, we
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arrive at the unique solution as follows:

oft) = ok l‘O f/ ))(Ek)g(1)At
B (ek)q(7 0 fe(ak)q(’ )/o e9<<ek)q>(‘7(f)70)(9k)¢1(f)Af
= ()k (t 0)
~feienq(1:0) / g (B 0)[1 + Ao )e((ekm(f))]% Az
= Se(ek)q(t7 0)

t L@k k(o)
(b0 [t 00 e e T

— 00 +Feag(t.0) [ e (.0 S (SRIg(e)Ae

= Se(ek)q(ta 0) +f(1 - e(ek)q(tv 0))
= (S _f)e(ek)q(tv O) +f, teT,

At

which completes the proof.
Example 0.21. If T = Z, then the solution in (76) turns out to be

w(t)er(sf)H{lnLkil (b+ (;‘—Z)(Hk)f“l)} (78)

If we take b = 1in (75), then we get ¢ = & . Then Eq (74) turns out to be

o =—o’(w—f). (79)

Furthermore, if T = R, (79) turns out to be the logistic differential Eq (3). Note that logistic
dynamic Eq (79) is equal neither (53) nor (54). Therefore, (78) with b = 1 is different than (60)
and (61). It means that obtaining 3-parameter logistic curves from 4-parameter logistic curves
yields new 3-parameter logistic discrete curves. The following example consists of two new
3-parameter logistic discrete curves.

Example 0.22. If we let T = Z and b = 1 in (70) and (78), then we obtain

1

w0 =S+ o= — : , o
e [1+k(_1+ (ff:—l)(lJrk)erl)]
and
M0=f+6—ﬁhlb+kk ( : Tﬂ—l)l (s1)
= L+ (A1) a4k
respectively.
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Goodness-of-fit test for gompertz and logistic curves and
conclusion

The main aim of this study for the statistical analysis of Gompertz and Logistic curves is to
determine whether their equations are able to model Pseudomonas Putita and tumor data sets
given in [10] and [11]. In order to achieve our goal, p-values of the parameters, adjusted R-
squared values and six types of errors, namely, RMSE (root mean square error), RRMSE (Rela-
tive Root Mean Square Error), MAPE (Mean Absolute Percent Error), MAE (mean absolute
error), Ul (Theil inequality coefficient, Theil’s U1), U2 (Theil inequality coefficient, Theil’s
U2) for each data set calculated, where

T 5
2o &

RMSE =
T b

T
ZT u Zthl e? Zt:l et2

t=1 —

— 2 U= T v2=4 L
) T T N )
T \/ZH Vi \/ZH 3 >y
T T

MAPE =

Here, e, shows the error component, y, the original time series values, y, the estimated val-
ues of the time series, and T the number of observations of the series. The criteria to determine
an equation showing better performance in terms of goodness of fit is to have statistically sig-
nificant coefficients; in other words, meaningful p-values for each coefficient, the larger
adjusted R-squared value and smaller errors (see S1 and S2 Figs). The coefficient estimates of
these models are obtained by the Mathematica 11.0 and the Wolfram Language uses “Conjuga-
teGradient”, “Gradient”, “LevenbergMarquardt”, “Newton”, “NMinimize”, and “QuasiNew-
ton” methods.

The curves which successfully model Pseudomonas putita data are 4-parameter first type
continuous Gompertz curve (18), 3-parameter first type Gompertz curves (26), (27), (29),
Zwietering modification of continuous Gompertz curve (31), Gompertz-Liard curves (35),
(38), and 2-parameter second type Gompertz curves 4920, 5000, 5120 and 52a0 that are
obtained from (49), (50), (51), (52) with to = 1 and @ = 0. According to the results in S1 Fig Eq
(18) has the best fit among Gompertz curves. Therefore, we observe that the performance of
4-parameter Gompertz curves for bacteria is better than 3 and 2-parameter Gompertz growth
curves. In addition to these, Egs (27), (29) and (38) are the 3- parameter discrete Gompertz
growth curves are new, thus, contribute to the literature.

When we concentrate attention on the Logistic type growth curves, from S1 Fig, it is appar-
ent that all of the Logistic type equations are successful in modeling the bacteria data set. In
addition, growth curves (70), (78), (80), (81) are the new 4-parameter discrete Logistic curves
that are obtained in this study. According the results in S1 Fig, among the Logistic type growth
curves, 4-parameter Logistic growth curves are better in modeling when it is compared with 3-
parameter ones.

Moreover, we can infer that the 4-parameter continuous Logistic curve (63) and (70), (78)
model better than Eq (18). Thus, Pseudomonas Putita data is modeled by Logistic type equa-
tions better than Gompertz type equations. In addition, Eq (63) highlighted with orange, (70)
and (78) highlighted with green in S1 Fig, have the smallest errors among the other Logistic
equations. Eqs (70) and (78) have smaller errors after the eighth decimal when they are com-
pared with Eq (63) highlighted yellow in S1 Fig. Therefore, new discrete growth curves (70)
and (78) are the best in modeling bacteria data.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230582  April 9, 2020 19/21


https://doi.org/10.1371/journal.pone.0230582

PLOS ONE

Gompertz and logistic dynamic equations

Eq (29) highlighted with yellow, (35) highlighted with green, 4900, 500, 5120 and 5220
highlighted with orange in S2 Fig are the curves that successfully model the tumor data among
the Gompertz curves. Eq (35) has the best fit in modeling based on S2 Fig. This equation is the
Gompertz Liard continuous equation that was developed for tumor modeling in the literature,
so our result is compatible with the one in [14]. On the other hand, 3-parameter discrete Gom-
pertz growth curve (29) also models the tumor data set and this equation is developed in this
study as well. In addition, 4-parameter continuous and discrete second type Gompertz curves
(51) and (52) are also new. 2-parameter version 51a0 of (51) was studied in [8] as Mirror Gom-
pertz curve. Nevertheless, its discrete version 520 is a new contribution to the literature. At
this point, we declare that 3-parameter Gompertz curves are more successful in modeling
tumor data than 4-parameter Gompertz curves. Although the errors of the Logistic type curves
are smaller than the errors of Gompertz type curves, all of their parameters are not statistically
significant. Therefore, the Gompertz-Liard curve (35) is the best curve in modeling when it is
compared with all the other curves and so one can say that Gompertz type curves have better
fitting than Logistic type curves for tumor data.

As aresult, Logistic curves are better in modeling bacteria data whereas tumor data is mod-
eled better by Gompertz curves. Increasing the number of parameters of Logistic curves give
favorable results for bacteria data while decreasing the number of the parameters of Gompertz
curves for tumor data turns out to be reasonable. S3 Fig gives us the curve fittings of 4-parame-
ter discrete Logistic curve (70) and 3-parameter discrete Gompertz curve (29) for bacteria data
set and also shows the importance of the number of parameters.

Supporting information

S1 Fig. Bacteria. Fitted parameters and statistical error analysis for bacteria. *: significant at.10
level, **: significant at.05 level and ***: significant at.01 level.
(PNG)

S2 Fig. Tumor. Fitted parameters and statistical error analysis for tumor data. *: significant
at.10 level, **: significant at.05 level and ***: significant at.01 level.
(PNG)

$3 Fig. Compare. Compare with 4-parameter discrete Logistic curve and 3-parameter discrete
Gompertz curve for bacteria data set.
(PDF)

S1 File. Bacteria. Data set for bacteria.
(PDF)

S2 File. Tumor. Data set for tumor.
(PDF)
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