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ABSTRACT. Ceratitis capitate, commonly known as the Mediterranean
fruit fly, is one of the most destructive fruit pests in the world. The
Mediterranean fruit fly is the most economically important fruit fly species
because it causes severe destruction. In this paper, a dynamical model
based on a delay differential equation is introduced that is described the
life cycle of the insect. As follows, Hopf bifurcation is checked by chang-
ing the time delays.

In the next issue is estimated unknown parameters. It is proposed a
method, based on the least square approach and a finite set of observa-
tion, to estimate the parameters which are identifiable. Finally, using
numerical simulation, the stability at endemic equilibrium point is inves-
tigated.

Keywords: Delay differential system, Mediterranean fruit fly, Hopf bi-
furcation, Asymptotically stable, Parameter estimation.
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1. Introduction

Ceratitis capitate, commonly known as the Mediterranean fruit fly (Medfly),
is an exotic pest originating from sub-Saharan Africa. It is recognized as one
of the most destructive agricultural pests, attacking a wide variety of plants.
The Medfly can infest over 260 different plant species, including fruits, veg-
etables, nuts, and flowers [20]. Particularly susceptible hosts include apples,
cherries, pears, peaches, pomegranates, figs, apricots, citrus fruits, tomatoes,
and peppers—especially those with thin skins. The preferred hosts can vary
by region [3].

Although native to African tropical regions, Medfly has spread to many
parts of the world, including Western Australia, the Mediterranean region,
the Middle East, South and Central America, Hawaii, and southern Europe.
Despite having no close relatives in these areas, Medfly has occasionally infested
regions such as California, Texas, and Florida over the last century [5]. Their
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adaptability has been a key factor in their global proliferation [6]. In Iran,
Medfly was quarantined until 1975 when the first larva was detected in a peach
garden in Mashhad. Although it was temporarily eradicated by cold weather
and quarantine measures in 1978, Medfly reappeared in 1983, targeting not
only peach gardens but also tangerine, orange, and persimmon orchards [21].

The Medfly life cycle consists of four stages: egg, larva, pupa, and adult.
Under optimal conditions, this cycle can be completed in approximately 21
days, but in colder climates, it can extend to nearly 100 days. Each female
Medfly lays about 22 eggs beneath the skin of a susceptible fruit. The eggs
hatch in 2-4 days during summer or 19-20 days during winter, after which the
larvae emerge and feed on the fruit pulp. The larval stage lasts about 5-14
days in summer and 25-45 days in winter. Fully grown larvae then move to
the soil to pupate, with the pupal stage lasting 6-14 days in summer and 25-50
days in winter. Finally, adult Medflies emerge from the soil after 8-46 days and
begin laying eggs within 2-3 days. The primary agricultural damage caused
by Medflies includes oviposition in fruit and plant tissues, larval feeding that
opens entry points for bacteria and fungi, and the subsequent decay of plant
tissue due to secondary microbial invasions [15].

Several control methods for Medfly have been proposed, including Aerial
and Ground Bait Spray Application, Sterile Insect Technique (SIT), Insecticide
Application to Soil Under Host Trees and trapping. The economic impact
of Medfly, due to quarantine and monitoring programs, is significant. Thus,
not only have governmental measures been implemented to control Medfly,
such as strict regulations to prevent its entry via travelers or imported goods,
but scientific research is also crucial for understanding the Medfly’s life cycle
and spread. Accurate modeling of these phenomena is essential for developing
effective control protocols.

Mathematical models have been widely used in biological studies to provide
accurate predictions of phenomena crucial to fields such as agriculture, ecol-
ogy, and medicine [1,12,22]. Many such models focus on analyzing a ”target
population,” which has helped researchers effectively address biological prob-
lems. In the context of Medfly populations, numerous studies have applied
mathematical modeling to yield valuable insights into mortality rates, aging
processes, reproductive behavior, and population dynamics. For example, a
1995 study modeled the mortality rates of 600,000 Medflies across 167 co-
horts [3], while subsequent research in 2000 highlighted differences in mortality
trajectories between virgin and mixed-sex female Medflies, linking these pat-
terns to physiological aging [16]. A 2006 review further discussed key aspects
of modeling biological systems, particularly models relevant to limited lifespan,
aging, and death in Medflies [17]. Additionally, studies have modeled egg-laying
behavior [8], explored the relationship between fecundity and longevity across
species [16], and applied statistical methods to understand Medfly dispersion
and age structure in field populations [5,14]. These studies have collectively
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advanced the understanding of Medfly biology, offering critical data for devel-
oping effective control strategies.

Given the presence of time delays in the Medfly life cycle—specifically in the
transitions from egg to larva, larva to pupa, and pupa to adult—a differential
system with time delays is appropriate for modeling these processes. This
paper introduces a dynamical model based on the Medfly life cycle and the
quantities of susceptible and infected fruits. The model’s parameters include
both scientifically meaningful and estimable ones, with the estimation being
critical for dynamical models. This paper employs the method introduced
in [2] to estimate the parameters, which not only allows for estimation but also
investigates their identifiability.

In 2008, a new Medfly control technique, the Spatial Decision Support Sys-
tem (SDSS), was introduced. Known as MedCila, this method consider various
models—binary, linear, logarithmic, and biological-based—to include all recog-
nized factors in its approach. MedCila’s recommendations were nearly always
convincing for coordinators, leading to a reduction in decision-making efforts
regarding plot management or spraying when no Medfly threat was present [9].

In 2010, a dynamic model and two type models were compared and applied
to the 1992 Medfly dataset [13], showing that these models were particularly
suitable for analyzing Medfly mortality data [19]. A 2012 study introduced a
statistical regression method based on time-to-death data, providing estimates
of average age changes in Medfly populations. This technique complemented
conventional approaches, especially those using mark-recapture survival analy-
sis like the one in [8], and applied to age structure studies employing advanced
strategies [6].

Further developments include a 2018 study that discussed the concept of
identity and its applications to Medfly populations, yielding good estimates
for age structure and mean age in wild populations [7]. In 2019, a life-table
invasion model for Medflies was proposed, featuring a progression model and
a partitioning model of invasions. This model helped formulate invasion dy-
namics and predict related spatiotemporal progression [23]. Recently, a game
theory-based framework was introduced to analyze the issue of infertile cases
selecting wild mates in a population, validated using Medfly data. This led to
the creation of a formula for controlling wild Medflies [10].

The structure of this paper is as follows: Section 2 introduces a mathe-
matical model as a differential system with time delays. In Sections 3 and 4,
equilibrium points are obtained, and the dynamical behavior at the disease-
free equilibrium point is investigated. Section 4 also covers the estimation of
unknown parameters. Finally, using the estimated parameters, the stability of
the endemic equilibrium point is examined, along with the effects of glue and
plowing on this stability.
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2. A time delay model for Medfly and its equilibrium

In the Medfly life cycle, the transitions from egg to larva, larva to pupa,
and pupa to adult involve two time delays. The model assumes that the du-
rations of the egg-to-larva and larva-to-pupa transitions are equal, denoted as
the time delay 71. The second time delay, 7o, represents the maturation pe-
riod. Additionally, the quantity of garden fruits available to Medflies affects
their reproduction rate, so the model also considers the amounts of healthy and
infected fruits.

2.1. A time delay model for Medfly life span and fruit infection dy-
namics. Consider a garden of fruits where a population of Medflies is estab-
lished for the first time. Let E(t), L(t), P(t), and M (t) denote the number of
eggs, larvae, pupae, and mature Medflies at time ¢, respectively. Assume that
the total number of fruits, which are prime targets of the Medflies’ attack, is
K, which is constant. Let S(t) and I(t) represent the quantities of susceptible
fruits and infected fruits at time ¢, respectively.

At a given time ¢, the number of mature Medflies positively affects the
production of eggs at a rate of . Fertilized eggs develop into larvae at a rate of
(. The larvae then transform into pupae at a rate of «, with this transformation
influenced by the amount of susceptible and infected fruits. Pupae develop into
mature Medflies at a rate of up. The mature Medfly population decreases due
to natural death and population control. The natural death rate is uys, and
the population control rate by glue is A\;. Plowing, which destroys pupae and
disrupts the life cycle, is another control method with a rate of ;.

Overpopulation can lead to natural population reduction due to factors such
as emigration, starvation, and reduced birth rates. There are time delays in
each process: egg production by mature flies, larval development, pupal forma-
tion, and Medfly emergence. Since these delays are approximately equal, they
are collectively denoted by 71. Additionally, 7o represents the puberty duration.
Note that v, 8, a, pp, py, 71 and A are all non-negative parameters.

The growth of the susceptible fruit population is modeled by a logistic func-
tion with a growth rate Ao. At time ¢, the rate of harvesting susceptible fruits
is ug, and the rate of infection of susceptible fruits by Medflies is v. Infected
fruits are removed at a rate of w due to damage caused by Medflies. The rate
of harvesting damaged fruits is p;. The parameters Ao, v, ug, w and uy are
also non-negative.

Figure 1 illustrates the schematic diagram of both the Medfly life cycle
(upper boxes) and the time evolution of fruits (lower boxes). In this diagram,
black arrows represent population transfers between boxes, blue arrows indicate
the effects of susceptible and infected fruits on Medfly attacks, and brown
arrows depict the negative impact of the larval population on susceptible and
infected fruits. The purple arrow represents the effect of the mature Medfly
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FIGURE 1. Schematic diagram illustrating the life span of
Medflies (upper boxes) and the time evolution of fruits (lower
boxes).

population on the number of eggs. The mathematical model is:
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2.2. Equilibrium states. To determine the equilibrium states, consider the
system at equilibrium where
(1 a1 dp i a5 i)

dt’dt’ dt’ dt’ dt’dt
It is evident that Go = (0,0,0,0,0,0) represents a trivial equilibrium state with
no significant dynamics. Similarly, S = 0 leads to a trivial equilibrium state.
Assume S # 0. At equilibrium, we have:

2) v="g

gl
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o
(3) E:BL(S—FI).

(4) aLl(S+1) = (up+71)P.

If P =0, from Egs. (2) and (4) we find M = 0 and L = 0, respectively.
Substituting L = 0 into Eqs. (2) and (3) lead to E = 0 and I = 0. Therefore,
the equilibrium state is given by:

K(Ow —
G, = (0,0,0,0, (A“"A“S),()) . where [1g < Ag.
2
If P = 0, substituting Egs. (3) and (4) into Eq. (2) yields
kP
) M=——"——7—P
(5) ot

Using Eq. (5) and P > 0, the condition 4 = 0 is satisfied if:
(kP +71) (12 + A1)

which implies that the rate of egg laying exceeds the combined rate of death
of adult insects and glue application. If Ao > pug and L < ’\Z_f"s, an endemic

)

ds
equilibrium point exists. Thus, from — = 0, we obtain:

dt
KMo —vL, —
(7) S, — ( 2 —V /JS) )
A2
dI
Finally, i 0 results in:
vL,S,
8 I, =———.
( ) WL* + Hr

2.3. Boundedness, existence and uniqueness solutions of system. The
boundedness property of the system is examined.

Theorem 2.1. The solutions of the system are uniformly bounded.

Proof. Consider the new variable
X(t)=E(@{t)+ L)+ P(t) + M)+ S(t) + L(t).
We have
AX _dE  dL dP M dS I
dt dt dt dt  dt dt dt’
The carrying capicity of the population of fruits is K. Hence, S(t) < K for
all ¢. also, there is K/ > 0, M(t) < K’. Because of lack of facilities and

food, the adult population does not grow uncontrollably. Rather, according
to biological data, they begin to migrate when they reach a number close
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to K. Put A = min{y, unm, A1, ps, pr,w} and K’ = max{K, K'}. Thus,
YM + AE + XS < A'K"”, where, A’ =~ + A + X2 and

dX

a <YM +ME - AX < NK” - AX
. By solving the above linear differential equation in terms of variable X one
gets,

ANEK" NEK"
<

X(t) < + (Xo — e A

Now, by tending ¢ — oo, we obtain 0 < X < % Hence, all solutions of
the system are in the region
/ "

Q:={XeR® : 0<X<

+ €}
for any € > 0 as t — oo. O

Theorem 2.2. Consider the model 1 subjected to the following initial condi-
tions

E(O) = E07L(O) = L07P(0) = POaM(O) = M07S(O) = SOaI(O) = IO'
The model solutions exist and are unique.

Proof. Let

f(E,L,P,M,S,I) = (vM(t) — BE(t — 11),BE(t — 11) — aL(t — m1)(S(t) +
I(t)), aL(t—71)(S(t)+1(t)) —ppP(t—71) =11 P(t), pp Pt —71) — pas M (t —72) —
MM (), A2 S(t) (1 — i((t)) —vS()L(t)—pusS(t),vS(t)L(t)—wL(t)I(t)—prl(t),
f is a continuous function on R®. Using [1], for any initial value, o = (E —
0, Lo, Py, My, So, Ip), there is a solution of the model passing through o. To
prove the uniqueness of the solution with initial condition o, we should prove,
the model is satisfied in Lipschitz condition.

Consider o in a compact set I' of RS and oy = (Ey, Ly, Py, My, S1,1;) and
09 = (EQ, LQ, PQ, MQ, SQ,IQ) are in I'.

Put Y = (y(My — M) — B(E1 — E»))? + (B(E1 — E2) — (L1 (S1+ I1) — La(S2 +
15))? + (a(L1 (81 + 1) — La(S2 + I2)) — (up +71)(P1 — P2))?

+(pp(Pr—Po) = (par+1) (My — M) )2+ (Ao (S1 (1 - 52) = Sa(1— 32)) = (S1 L1 —
SQL2) — ,us(Sl — SQ))2 + (V(SlLl — SQLQ) — w(L1[1 — LQIQ) — ,LL](Il — Ig))Q.
Since, K is carrying capaicity of fruits, we have

|| f(ElaLl,PlaMleh‘[l) - f(EQ’L27P27M27527I2) H

=VY <Vn

S VE((B1—EB2)?+(L1—La) > +(P1— P2)* (M1 — Ms)?+(S1— S2)? +(I1 —I5)?) 2
SVE'|o1—0o2 |-

where,

(V2 4 (par +21)2) (M1 — My)? 4+ 2B8%(Ey — Fy)? + (802 + 2% + w?)K?(Ly — Ly)?
+ (k3 + (p +71)*)(Pr = P2)? + (A + pg)(S1 — S2)* + pi (L — I2)?,

and



206 M. Ebrahimi, T. Waezizadeh, M. Maleki, S. Aghighi

K" = maz{y® + (unm + M)?,26%, (8a? + 2v% + w?) K2, 1 + (pp + 1), A3 +
2 2 O
1% 17 }-

3. Stability analysis of the steady state

In this section, stability at the disease free equilibrium point is investigated.
Linearising the model near disease free equilibrium point

KX —
Gl = (E*7L*7P*7M*7S*’[*) = <07050707(2)\1u3)a0>7
2

The characteristic equation of system is determinant of the following matrix,
J.

ap 0 0y 0 O
azs a3 0 0 ag4 ay
0 a5 ag 0 —ayg—ay

9) T=10 0 arag 0 0
0 Qg 00 a0 0
0(111 00 ai12 0130
Where,
a; = —\—Be T ay = e A az = -\ —a(S+ e A, ay = —al,
as =a(S+1e ™ ag=—y1 — AL — ppe” T, ar = ppe” A,
ag = =\ — A —upe N, ag = —vS, ap=H-\ a1 =vS—wl,
a1 = Z/L7 a3 = —wL — Mmr — A
The characteristic equation at the equilibrium point G is
(10) (H = N)(ur + N P(N) =0,
where

P\ =(A+ Be M)A+ A + pare A+ aS* e M) (7 + A+ ppe” ™)
(11) — afyupSte A,
Two of roots are A = H = A\ (1 — %) — s and A = —puy, which are both
negative. In the following, we will investigate the rest of the roots.
If both time delays be zero, the rest of the roots of characteristic equation
are obtained from the following polynomial

(12) A+ a1 \? + as\ + a3 =0,
where

a; =aS* + + M+ pu,

as = (aS* + B)( A1 + pun) + aBS*,

aBS*upy

— aB5* () )
az = afS™ (A1 + par) Tt p
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Theorem 3.1. Suppose that the rate of gluing is more than the rate of the med-
fly egg laying, A1 > =, then the disease free equilibrium point is asymptotically
stable.

Proof. Using the above relationships and the assumption of the theorem a; > 0,
az > 0, ag > 0 and ajas > a3. Thus, using the Ruth- Hurwitz theorem, the
disease free equilibrium point is asymptotically stable. O

As follows, the stability of the disease free equilibrium point is investigated
by changing the time delay, 2. If m; = 0 and 75 > 0 the characteristic equation
is

(H = \)(pr + N[Po(N) + Pr(N)e™ ™A = 0.

Where,

PQ()\) =X+ CLQ/\2 + a1 A + ao,
and

P1(>\) = /J,M()\2 + bl)\ + bo)
Which,

ao = aBS" (M — 75050,

a1 = afS* + A + aS* )\
as = [+ aS* + Ay,

bo = afs™,

bl = aS* + ﬂ

If Ay > =, all coefficients are positive. Hence, the equation
(13) Py(A) +Pi(N)e ™ =0

does not have nonnegative real roots.
As follows, if the root of the characteristic equation (13), A is a complex number.
The following theorem is established.

Theorem 3.2. Consider Ay > par, then sign{ d(gj\)h:w > 0.

Proof. The proof of the Theorem is given in the appendix A. O

By theorem 3.2, 75 is the value of 7 for which the roots of characteris-

tic equation 13 cross the imaginary axis. Let A(m2) = a(m2) + i0(72) be the
root of 13 at 7 = 75 that satisfying a(ry) = 0 and 6(75) = 6). Since,
sign{d(:%f:‘)}xzw > 0, a(r2) = Re(A) is increasing function near 75. Hence,
a(re) < 0 for 0 < 72 < 75 and a(rz) > 0 for 75 > 7. Therefore, the disease
free equilibrium point is asymptotically stable for 0 < 72 < 75 and is unstable
for 5 > 75. Therefore, Hopf bifurcation is ocurred at a critical value of the
time delay 7o = 75.
According to the above results, if the lifespan of an adult insect is less than 75,
the disease free equilibrium point is asymptotically stable. Therefore, agricul-
tural products are not affected by Medflies and remain healthy. Otherwise, an
epidemic will occur and the agriculture product will be seriously damaged.
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If 9 = 0 and 7; > 0, the characteristic equation is
(14)  A(1,A) = Po(A) + PL(N)e ™ + Py(N)e 2 4 Py(\)e 331 =0,

Where

Po(A) = A2(1 + M)A + (271 + )X + A O + ),

Pr(A) = (A4 A1+ pp) (BAL 4 71) + aAS* (A1 4 71) + ppA?),

Py(A) = ppX® + A2 (up(A1 + pp) + (A1 +71)(@S* + B)) + A1 + pp) (M +
1)(aS* + ),

and

P3(\) = aBS* up(A+ A1+ pp — 7).

Obviously, P;(A) > 0 for ¢ = 0,1,2. If \y > v, P3(\) > 0. Therefore, all real
roots of the above equation are negative.

The theorem that defines the stability conditions is given in Appendix A. To
investigate of stability, we use of iterative procedure [18].

By Theorem 6.1 that is given in Appendix A, the disease free equilibrium
point is unstable for 0 < 7 < 7 and is stable for 74 > 7. Therefore, Hopf
bifurcation is accrued a critical value of the time delay m = 7;. Hence, if the
duration of larva- to- pupa transmission, 71, is less than 77, the disease free
equilibrium point is unstable. Thus, the epidemic is happened. If 7 > 7,
the disease free equilibrium point is stable. Hence, the agricultural product
remains healthy.

4. Parameter estimation

Since it is difficult to check the dynamic behavior of the model without
specifying the parameters. The values of all parameters except v, and A\
are obtained using the biological information of the Medfly [11], [4] and [18].
They are given in the tablel. In this section, we estimate the values of the
parameters v, and ;. These are control parameters. Since Medfly is one of the
pests that cause great damage to agricultural products, spatially garden crops.
Control factors are needed to reduce damage. There are two effective methods,
gluing and plowing. The value of these parameters is not fixed. Hence, using
data obtained from a garden, they are approximated. These parameters are
estimated according to the statistical data obtained from a peach garden in
Kerman province. The yield of each peach tree is 50 to 70 kilogram. An
average of 65 tons of fruit is harvested per hectare, so K = 65.

As follows, parameters A\; and v, are estimated in the framework of control
theory that is introduced in [2].

Based on the data obtained during 13 weeks, the values of the unknown
parameters have been estimated.
According to the values of the parameters in the Tablel, using the explanation
provided in the Appendix B, the approximations of the parameter vector p =
(71, A1) is given in Table2. Therefore, the value of the parameters y; = 0.1 and
A1 = 0.09 is approximated.
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Parameter Value

Definitions

vy
(67

w
120.%s

B
kp
Hs

K
v

A2

22 The number of eggs laid by an adult insect in each oviposition
The rate of larva that change to pupa
The rate of damage hurt fruits by larva
The mortality rate of adult insect
The rate of eggs that change to larva
The rate of pupa that change to adult insect
The rate of harvesting healthy fruits
The rate of harvesting damage fruits
The rate of damage healthy fruits by larva
The growth rate of healthy fruits

0.01
0.01
0.12
0.8
0.69
0.5
0.5
0.01
0.146

TABLE 2. The values of parameters are obtained from biolog-

ical information

pupulation | E(k) L(k) P(k) M(k) S(k) I(k)
k=0 0 0 0 150 120 0
k=1 960 0 0 150 170 0
k=2 1781 679 0 120 250 0
k=3 1766 1264 450 90 290 80
k=4 959 1300 846 265 300 92
k=5 1310 700 820 501 240 66
k=26 2700 706 401 610 227 65
k=17 2851 717 388 700 108 51
k=38 1750 1960 469 475 50 33
k=9 700 908 520 301 24 12
k=10 300 410 443 209 10 4

k=11 171 122 178 100 6 1
k=12 0 50 53 70 2 0
k=13 0 0 0 55 0 0

TABLE 3. Data obtained during 13 weeks from a peach garden
in Kerman province

Also, using of data in Table 3 and Matlab’s curve fitting, the equation of
v is y1(t) = aexp(bt) where a = 34.0751 and b = —0.8463 with confidence
interval a = (18.7641,49.3861), b = (—1.1833, —0.5094) and R? = 0.9208. The
equation of \; is A\j(t) = pat* + p3t® + pot® + pit + po, where py = 0.001,
ps = 0.135, po = —0.0793, p; = 0.1921 and pg = —0.0796. The interval
confidence of coefficients are py = (—0.0015,—-0.0005), ps = (0.0069,0.02),
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TABLE 4. Estimated values of the parameters

Estimated values of the parameters vector p = (71, A1)

= (3.97,0.1365)
= (3.3467,0.1413)
(0.9001,0.1341)
(0.3457,0.0660)
= (0.0725,0.0531)
p6 = (0.1039,0.0682)
( )
( )
( )

P3f
p4—

pr = (0.0980,0.0735
ps = (0.0947,0.0970
po = (0.0942,0.1021
pro = (0.0980,0.1021)
p11 = (0.1035,0.1027)
p13 = (0.1006,0.0978)
pra = (0.1,0.09)

p2 = (—0.1171,-0.0416), p1 = (0.0987,0.2856) and py = (—0.1546, —0.0046)
with R2 = 0.9304.

5. Experimental calculations

In this section, according to the parameter values specified in the previous
section, the solution curves of the model are drawn. MATLAB software was
used to draw the solution curves. As you see, in the first weeks, due to the pres-
ence of enough eggs and larvae, the population of pupae increases. As a result,
the population of adult insects increases. Then, in the following weeks, the
number of eggs increases with the laying of eggs by adult insects and reaches
its peak in the sixth week. In the seventh and eighth week, the number of
larvae reaches its maximum number. But it is the peak of the harvest time.
Hence, most of the larvae die and only a few become pupae. Therefore, after
that, the population of adult insects, as well as the number of eggs, larvae and
pupae, tends to zero.

According to the data in the Table 2, the initial value of healthy and damaged
fruits usable for Medflies are 120 and 0 respectively. Overtime, the fruits will
ripen over the following weeks. Also, enough food is provided for the Medfly.
Hence, the number of damaged fruits are increased. After four weeks, the har-
vest season comes and most of healthy and damaged fruits are being picked.
Therefore, the population of fruits decreases. It reaches its lowest value from
the eighth week onwards. The reduction has a direct effect on the insect pop-
ulation.

According to the results, the fruits are harvested before the excessive increase
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FIGURE 4. Solution curve for pupa

of insects. Therefore, the epidemic does not occur. It is difficult to check the
stability of the endemic equilibrium point of the model analytically. Then, solv-
ing the characteristic equation at the endemic equilibrium point and according
to the parameter values, a positive eigenvalue is obtained, so the equilibrium
point is unstable. Therefore, according to the data obtained from this garden,
the garden production is not seriously damaged.

Hence, the disease free equilibrium point is asymptotically stable and endemic
equilibrium point is unstable.
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FicURE 7. Changes in eigenvalue relative to parameter A\

5.1. Parameter study. As follow, the effect of changing parameters, ~; and
A1 on the stability of the endemic equilibrium point is investigated.

In this section, we examine the effect of glue and plowing on the stability or
instability of the endemic equilibrium point. The value of 77 and \; is changed
from 0 to 0.1. The following diagrams are drawn, that show the relationship
between these two parameters with the eigenvalue of the characteristic equation
at the endemic equilibrium point. As can be seen, the endemic equilibrium
point is asymptotically stable for small values of the parameters, A\; and ~;.
Therefore, epidemic occurs. But by increasing the values of these two param-
eters, the point becomes unstable. Therefore, epidemic does not occur. This
shows the importance of using these two control factors.
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According to Figures 6 and 7, transcritical bifurcation occurs at v, = 0.024
and Ay = 0.014.

6. Conclusion

One of the agricultural pests that damage more than 260 types of plants is
the Mediterranean fly. This fly causes a lot of damage in many parts of Iran,
including Kerman province. In this paper, considering the life cycle of Medfly,
a dynamical model based on DDEs has been introduced. The model explains
life cycle of fly and its effect on the fruit. In this model, two control param-
eters, glue to kill adult flies and plow to kill pupa are considered. These two
parameters have effective role to control insect population. From dynamical
point of view, the stability conditions of the disease free equilibrium point have
been investigated analytically.

As follow, according to the biological properties of insect and data that is
provided by Research Technology Institute of Plant Production in Kerman
the values of most of parameters are estimated. To approximate two control
parameters, glue and plow, the least square approach and a finite set of obser-
vation method is used. According to parameter values and initial conditions
of insect population in the desired area, using Matlab software, solution curves
are drawn.

The graphs show population changes for sixteen weeks. According to the di-
agrams, because of the presence of fruit, the insect population increase in the
early weeks. But after a few weeks, due to the harvest and controlling factors,
the population decrease. As a result, the production is not seriously damaged
and epidemic is not occur. Also, it is determined that endemic equilibrium
point is unstable.

Finally, the effect of glue and plow is investigated on stability of endemic equi-
librium point. It can be seen that if the rate of trapping is low, the endemic
equilibrium point is stable. Therefore, the epidemic will happened and the
agriculture product is seriously damaged. Thus, a threshold value for trapping
is obtained. And a transcritical bifurcation is occurred.

Appendix A

The proof of Theorem 3.2:
If A =6, where 0 is a positive number. Separating real and imaginary part of
equation (13) yields

ag — as0? + war((bo — 02)00507'2 + b10sinfTs) =0
a10 — 63 4 pps (b10cosOry — (bg — 02)sinfrs) = 0.
Squaring and adding these two equations give the following equation.

05 + (a3 — 2a1 — p3,)0* + (af — 2apas + (b7 — 2bo)u3,)0% + af — pi,b = 0.
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Let 62 = w > 0. The equation reduces to
fw) =w?+cow? +crw+cog =0

where

o = ao 13,05
c1 = a3 — 2apag + (b3 — 2bo) 3,
and
cy = a% —2a1 —pﬁw.
We can check easily ¢o > 0. If Ay > upr, ¢ > 0 and f/(w) > 0. Given that
f(0) = co, two cases is accured. If Ay — pps > Miliup’ co > 0. Therefore,
f(w) has no root. Hence, the disease free equilibrium point is asymptotically
stable. Otherwise, if ¢y < 0, f(w) has a positive real root.

-1 Ag
w= ?(61 +C + Z)
Where
o A1 + \/A2 4A3 %
AO = Cl 302,
and

A = 20113 —9cico + 27¢p.
Thus, # = y/w. Substituting A\ = 76 into equation (13) gives

S = 1arc an a1(0)
7—279 t (qz(e)).
Where
q1(0) = (bo — 92)(171(9((1202 — ao) + (a19 — 93)(b0 — 92))
and

QQ(G) = (a202 — ao)(b192 — (bo — 02)2) — b10(b19(a292 — ao) + (a19 — 03)(1)0 — 92)
To determine whether the steady state undergoes a Hopf bifurcation at 2 = 73,
dRe| >\(7'2 )]

we have to compute the sign of Trs

From (13), we have

dA
PL(A) + (P{(\) — o Py (\)e ™M) == = AP, (\)e ™.
0 1 -
2
Therefore,
(ﬂ)—l _ _PO/()‘)BTQA + Pll(/\) — TQPl(/\)
dTQ )\Pl()\) )\Pl()\) ’
and e = _Pl(g\/;) Thus,
szgn{ RSA)}A i0 *szgn{Re( ) Dzio
302 —aq—i2a20 by +2160
= sign{Re 0= a162)4}z(a002 w0®) T Refblezi?(boefe?»)}
. 302 —a1)(0%—a10—2a2(ap—a10%)—bI+2(bo—6?
= szgn{( X HM(b2922(+(Eb0 92))2 t2( ))}

o 30%420% (a420BS™ (aS" +B4 M) s +(a? S +87) (A —uhy)
= szgn{ HM(5292+(b0 02)2) }
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Where a = a?25*2 + 82 + A2 — 3, + a?325*2.
Since, A1 > uar, sign{d(:%rz/\)h:w > 0. This implies that all the roots that
cross the imaginary axis at 6 cross from left to right as 75 increases.
Therefore, for 7 < 75, the equilibrium point is asymptotically stable and
T2 > 75 the equilibrium point is unstable.

If /5 = 0 and 71 > 0, the characteristic equation is

(15) A(Tl, )\) = Po(/\) + Pl()\)e_hl + PQ()\)B_Q)\T1 + ]33(/\)6_3>\7-1 =0.

Where

Po(A) = A2 (1 + M) (A2 + (2A1 + o)A + A (M + pp)),

Pr(A) = A+ A4 pp) (BA 4 71) + aAS* (A +71) + pp)?),

Py(A) = ppX® + X (up(A1 + pp) + (A1 +71)(@S* + B)) + AMA1 + pup)(A1 +
71)(045* + ﬁ)a

and

P3(A) = aBS" up(A+ A1+ pp — 7).

Obviously, P;(A) > 0 for ¢ = 0,1,2. If Ay > v, P5(A) > 0. Therefore, all real
roots of above equation are negative.

At the beginning of the appearance of the Medfly, the parameters A; and -, are
considered zero. To investigate of stability, we use of iterative procedure [18].
If 71 # 0, an iterative procedure can be used to find the equation F'(w), whose
roots, w, give the Hopf bifurcation with purely imaginary roots of the char-
acteristic equation (13). To determine a function F(w), which gives the Hopf
bifurcation associated with purely imaginary roots of equation (15). Substi-
tuting A = iw into equation (15), since Py(iw) = 0. Hence, the equation (15)
reduces

(16) A1, ) = PL(A) + Pa(AN)e ™™ + Py(\)e 27 =0
Where

Pi(A\) = Po(A\) = (A + pup)upA?,

and

Ps(A) = aBS* up(A+ pp — 7).

Substituting A = iw into (16) and conjugating A(7,iw) gives
A(ry,iw) = Yy Peliw)e™@n | A(ry,iw) = Yop_y Prliw)e .
Obviously, A(7y,4w) = 0 if and only if A(m,iw) = 0.

According iterative procedure, define AM (11, iw).

AW (11,iw) = Py (iw)A(11, iw) — P3(iw) ATy, iw)e 2T

= Pl(l)(iw) + Pél)(iw)e_iml.

Where

PV (iw) = | Py (iw)* = | Py i)
PV (iw) = Py (iw) Py(iw) — Py(iw) Ps(iw).

Let F(w) = |P1(1)(iou)|2 - |P2(1)(iw)|2, A(11,iw) = 0, whenever w is a root of
F(w). The function F(w) is
agw'® + arzw? + agw'? + asw!® + agw® + azw® + asw? + a1w? +ag = 0.
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Where,
ap = a*B1S* up (np — )%,
a1 = 2088%8" up (up — )%,
az = 20" B4 S* up (up — )2,
ag = 20815 (np — 7)?20°B°5*% + 2up(up — 7)? + @*B2S P pp(np —
N (=2(pp —7) — aBS*(v* — dupy + 2u3))], ,
ay = a?B2S* 2 [0 252 (a? B2 S* 2 4 pub (p—7)?) P +4a® B35 (up—)* (—2(up—
7) = aBS*(v? = dupy + 2u3)) = 2(up — 7)*(aS* + B)*y7),
as = 2023°S*?up[afS* up(a®B2S*? + b (up — 7)) (=2(up — ) — afS* (v* -
Appy +20p)) — 292 (up — 7)(@S* + B)(up — aS* = B)],
ag = @25 G [1h (2(up — ) + aBS* (v — dupy +2p3)?) — 297 (pp — aS* —
B8)% + 4ppy(pp — 7)*(@S* + B)),
a7 = 2023282 1%y (2up — 7) (up — aS* — B),
ag = =402 B35 o (up — ).
Let 6 = w?, the equation F(w) = 0 can rewritten as follows,

h(0) = agh® + a707 4 agh® + as0° + as0* + az60® + a20® + 10 + ag = 0.

Without loss of generality, suppose that h(#) has eight distinct positive roots
denoted by 61,02, ...,0s, so F(w) has eight positive roots

wi =0;,i=1,2,..,8.

Substituting Ay = iwy into equation (16) and then separating real and imagi-
nary parts gives
—ppw?coswr — wsinwt + aBS* (1, — v)cos2wt + aBS*wsin2wr = pw?,

3 3

ppw? sinwTy — w3coswty — aBS* (1, — v)sin2wr + afS*weos2wr = w®.

Squaring two equations and adding them gives
ds(cidi —cada)  da
d1 (CSdl — ngg) dl
Where, ¢1 = —2p,wiaBS* (up, — v — ppwi),
c2 = 2upwiaBS* (pp — v — 1),

¢s =~ — 028252 (i, — 7)? + ),

dy = ppwi + aBS* (1 — ),

dy = w,?; — aBS* 2wy,

ds = ppwy.

7, = tan™( Y+jm. k=1,2,..,8, j=0,1,..,

The solutions of (16) are (77,,wy). That means A\ = iwj, are pairs of purely
imaginary roots of (16) with 7, = 77,..

Let 71 = 71}, = mini<g<s{7{}, } and wo = wy,. This is the first time delay for
which the roots of characteristic equation (16) cross the imaginary axis. Let
A(11) = a(m1)+iw(71) be the root of (16), using the above calculations, a(r};,) =

0 and w(7y;,) = wo. As follows, to determine whether the equilibrium point
undergoes a Hopf bifurcation at 7 = 77, we determine the sign of %,
1

for A\(1) = iwp.
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Theorem 6.1. Suppose, 3wg+2u,—2v < 0, aﬂvS*fup(quwg)(ngJriiwg) >0

and 7y — wo (2% + 3wZ) > 0 then AT ¢,
1

Proof. Let Py()\), Po()\) and P3(\) be coefficients of equation (16). Considering
Py (iwg) = Pa(iwg) = x1(wo) + iy1(wo) and Ps(iwg) = z2(wo) + iy2(wp). Where
z1(wo) = —uﬁwg,

y1(wo) = —Mpwoa

zo(wo) = aBSopy(kp — ),

y2(wo) = B Soppwo-

Hence, Pl(l)(zwo) =22 +y? — 23— 93, and P2( )(iwo) =22 +yf — 3120 — Y12 +
i(T2y1 — T1Y2).

Substituting these expressions into A(7y,iwg) = 0 and AM) (7} iwg) = 0, then
separating real and imaginary parts gives

T1C08WOT] + Y18INWoT] + T2c052weT] + Y2sin2woT] = 21
Y2C08WoT] — T18INWT] + Y2C0S2woT] — T25IN2weT] = —1

17 * X "
(17) (22 + y3 — 2179 — Y1y2)coswoT] + (Tay1 — T1Y2)SinWeT; = T
(xoy1 — T1Yy2)coswoT; — (22 + y? — 2179 — Y1Y2)SiNWETT = 0
Where z = —2? —y? — 23 — y3. Solving the system gives the values of sinwyr,

coswyTy, stn2weTy and sm?onl*.

. — . — 2
SINWOT] = %7 coswoT] = %, 512wty = (022‘37]52)02 and cos2woTy =

a2
szABﬁ. Where, A = 33% + y% + x% + y%, B = 33% + y% — 2122 — Y1y and
C = x9y1 —x1Yy2. We can check easily, sinwot] > 0, coswoTy < 0, sin2weti < 0
and cos2woTy > 0.

To compute the sign of M, from the equation (16), we have (Pj(\) +

Pi(N)e AT14Pj(N)e=2 2133(/\)7'1672)‘“—7'167”1132(/\));—:‘1 = e T Py(N\)—
APy (N2 = 0,

Hence,
()1 = POEPO) "R Ne 2Ty
dry A(Pa(N)e~ 13 42P3(A)e2AT1) AT

sign{ PN} i, = sign{Re(£2) }rmiwy = signRe iy {—p2wd (2u2+3w)—
0232 S+ 213 (13 4+ 2050 (3~ up)+aﬁ50up)smwoﬁ +ppwd (—w(2pp+

3wg) + aBSo(6wo + 4(pp — ) — wi))coswoTt + 2p2wieBSo(3y — pp)sin2woTy +

2u2aB3Sowo (3wg + 2(pp — 7)) cos2woty }.

Where A = 2% + y? + 2% + y3. Using of the assumptions of the theorem,

Sign{ d(Re(’\)}T1 7+ < 0. This implies that all the roots that cross the imagi-

nary axis at iwg cross from left to right as 7;" decreases. 0

By Lemma 6.1, the disease free equilibrium point is unstable for 0 < 73 < 77
and is stable for 7 > 77. Therefore, Hopf bifurcation is occurred at a critical
value of the time delay 7 = 77.
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Appendix B

To approximate the parameters, the method described in [2] is used. we
assume that the time delay, 7o, is zero. Let 71 = 7, the model (1) is discretized
and the following equations are written.

E(k+1)=Ek)+yM(k) — BE(k — 1),

L(k+1) = BE(k — 1) + L(k) — aL(k — 7)(S(k) + I(k)),
P(k +1) = aL(k = 7)(S(k) + I(k)) — ppP(t = 71) = 1 (1),
M(k+1) = ppP(k —7) + (1 = A )M (k) — par M (K),
S(k+1) = AaS(k)(1 — 5&b) — vS(k)L(k) — psS(k),
I(k+1) = vS(k)L(k) — wL(k)I(k) — prI(k).

(18)

This system can be linearized around the equilibrium point G, which is defined
as the equilibrium point where no medfly is presented in garden. One knows
that a difference equation with delay is of the form:

z(k+1)=A(p)x(k) + Bz(k —7),z(k —7) =0, when k — 7 <0
For example let kK = 4, and 7 = 2 then:

x(1) = Az(0),

z(2) = A%2(0),

2(3) = [A3 + BJz(0),

2(4) = [A* + (AB + BA)]z(0),

z(5) = [A® + (A’B + ABA + BA?)]z(0),

z(6) = [AS + (A3B + A2BA + ABA* + BA3) + B?z(0),

z(11) = [AY + (A®B+ A"BA+ -+ BA®) + (A°B? + A*B2A + ... + B2A%) +
(ABA?’B+A’BA3B+A?BA’BA+..+ BABA*)+(B3A?+ B2 A’B+BA?B*+
A%B3)]z(0).

In the problem, this linear system is of the type z(k+1) = A(p)z(k)+ B, where

To solve the estimation problem, we rewrite the system 6. x(k+1) = M'(k)p+
N(k — 1) where



A new approach to the life cycle of Mediterranean fruit fly... — JMMR Vol. 15, No. 1 (2026) 219

dE
@ d\1 0 0
drL  dL 0 0
ww= | B = .
dyy  dh —p(k) 0
akt  ant 0 —M(k)
dy1r  dX\

Notice that p is the parameter matrix, and p(k) is the value of parameters

in the stage k. In the other words:

Nl(ka)
_m _ | Na(k—7)
N4(k—7')
Now let z(k+1) = M'(k)p+ N(k—7) and then N(k—7) = z(k+1) — M'(k)p.
B(k+1) 0 0
L(k+1) , 0 0 1
s+ 1) = | pp ) M B =1 o | Bl]
M(k+1) 0 —M(k)

From the initial difference equations, one has:

BE(k — 1) + L(k) — aL(k —7)(S(k) + I(
al(k —7)(S(k) + 1(k)) — ppP(k —7) + P(k)(
ppP(k—7)+ (1= A)M(k) — par M (k)

Hence the matrix N(k — 7) can be obtained as follows:

E(k) +yM (k) — BE(k —7)
z(k+1) = 1)) )

" |aL(k—T7)(S(k)+ I(k)) — upP(k— 1)+ P(k)
upP(k = 7) + M(k) — i M(F)
Let ob(k) be the experimental data set in the stage k, and define:
e(k) = (ob(k) — x(k)),k = 1,2,..., K and ex = column(e(k))E_,
d(k) = ob(k) — Nk — 1),k = 1,2, ...,K and dy, = column(d(k))E_,
Hyi = column( e(k))K_, and E(k —7) = L(k — 7) = P(k — 7) = 0, where

B(k) +7M(k) - BE(
N(o—r) — | BBt =7) £ L(k) ~ aL(k - P(S() + ()

k<.
f((l)) E(UE-(V)M(U —yM(1)
1 1 0
d) =NO) =1 pp) | ~ P(1) "
M(1) M(1) = pa M (1) par M (1)
E(7) E(r) +yM(7) —yM(7)
dny=otr)-NO) = |20 | = | B0 =] o |
M(r) M(7) = pa M () ping M (7)
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d(t+1)=o0b(r+1) - N(1) =
E(t+1) E(t+1)4+~yM(r +1) — BE(1)
L(t+1) BE(1)+ L(r+1) —aL(1)(S(r+ 1)+ I(r+1))
P(t+1) aL(1)(S(r+1)+I(r+1)) — ppP(1)+ P(T + 1)
M(r+1) upP() + M(t+1) — ppM(7+1)

BE(1) —yM(r +1)
aL()(S(r+1)+I(r+1))—BEQ1)
—aL()(S(r+ 1)+ I(t+ 1)) —upPQ) |’
—ppP(1) + par M (7 + 1)

BE(m) —yM (7 +m)
d(t+m) = |aL(1)(S(t+m)+ I(t+m))—LE(m)|, m > 1.
—ppP(m) + par M (7 +m)

Hy = column(M'(k)i_,) =

Therefore, for K observations one can survey the parameter vector p that op-
timizes the function Jg (p), where Jg (p) is calculated as follows:

Jr(p) = LK e(k) e(k) = texTex = L(dx — Hip)" (di — Hyp), where
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—yM(1)
0
0

par M (1)

—YM(T)
(2) 0
: 0

' wn M (T
d=| dr) | = BE(1) — fyz\(f()r +1) ’

aL()(S(r+1)+I(r+1))—BEQ)
—aL()(S(r+1)+1I(r+1)) — upP(1)
ppP(1) — par M (T +1)

BE(m) — yM(7 +m)
aL(m)(S(t+m)+ I(r+m)) — BE(m)
—aL(m)(S(r +m) + I(r +m)) — ppP(m)
ppP(m) — pp M (1 +m)

K=7+m.

In order to find the parameter vector, one should acquire Hgp.

HE

0

0

0 —7p(K —1)
K—1) | M M(K —1)

Hgp =

S e

Now let’s obtain dx — Hgp as follows:
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[ —yM(1) |
0
71P(0)
parM (1) — Ay M(0)
M (7)
0
"
M(T) =M M(t—1
dr — Hrp = M%E(l) —yM(7+1)
aL()(S(r+1)+I(r+1))— BE(1)
—aL()(S(r+ 1)+ I(r+1)) —upP(1) +n P(7)
ppP(1) = par M (7 + 1) = M M(7)
BE(m) — /M7 +m)
aL(m)(S(t+m)+ I(t+m)) — BE(m)
—aL(m)(S(t+m)+I(t+m)) — ppP(m)+ vy P(t+m—1)
ppP(m) — pp M (T +m) — M M(t+m—1) ]
and

HicHip = [ﬁlzzf_f p(uc);] |

Now it’s remained to compute Hd.

(—aL(M)(S(r+ 1)+ I(7+1)) — upP(1))p(7)

Hid = [ M + [=pp P(1) + par M (7 + 1)]M(7)

.t

(—aL(m)(S(t+m)+ I(t +m)) — upp(m))P(T +m — 1)]
(=ppP(m) + pay M (T +m))M(r +m — 1)

9Ik®) — gT Hyp — HEdy =

— ap

" Ehso p(’f)2 —aa
M Yy M(k)? = s S5 Zg M(R)M (k+ 1) = b
where a = Y7 (L(k)(S(k + ) +
b= (upP(k) — e M(k + 7)) M (k + 7 — 1).
Hence one has A1,y as above:

_ aXr (LR (St )+ I(k)) +up P(K)) P(k—7)
m= S, —1P(k)? ’

N, =AM Srso M(R)M (k=143 (— MPP(’CHHMM(’C+T))
te S, M (k)2

where M = pp (M(0)M (1) + M(1)M(2) + ... + M (7 — 1)M(7)).

I(k + 7)) + upP(k))P(k + 7 — 1) and
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0
HTH Zk 0 p( ) .
* 0 ko M(K)?
Therefore one knows that Hx: Hp, is non-singular, HX Hxp = HL Hy, and
then p = (HY Hy) "' (HE Hg ), and hence p exists and is unique.

Definition 6.2. If A is a square matrix, then the spectral norm of A, is defined
by:

1
| All2 = (maximum of eigenvalues of AT A)Z2.

Definition 6.3. Let A be a square matrix, and A, Ao, ..., A, be its eigenvalues.
Then the spectral radius of A is defined as follows:

p(A) = maz(|Ar], [ Ao, s [An]).

Theorem 6.4. [2]Let Sx = HEHy, px = S Hrdy, and let x(k + 1) =
(k) + Balk 7). 1 ldclls < 52 (p(Sx)) T, then || pic o< 1.

One can see that

g | Yo (0(k))? 0
Sk =HpHi = [ k 00 i(:Bl(M(k))g

Let B2 = Y0 H(p(k))?, F2 = S0 (M (k))?, and then
_ 0
pic = S Higdic = 7 [ 1)+ ... r} N

0
7= [n(l)M(T +1)+...+nmM(T+ m)]
where n(i) = upp(i) — ppy M (7 +4) for i =1, ...,m.
Picpr = grl(par Yoy Mk — 1)M (k) + 325L n(k)M (7 + k)],
One may remember that K = 7 +m, F? = kKZ_ll M(k)>.

Corollary 6.5. [2] If [(par Y fey M(k—1)M (k))+> 1o, n(k)M(t+k)]* < F*.
Then |pk|l, <1

Now by assuming ||px ||, < 1, one can add one observation ob(k + 1), and
show that there is a fitting between the mathematical model to the k£ + 1 data
of the observed data set.

HE  Hicer = HEHie + M7 ()M (K),

and HE , \dis1 = Hdg + M (K)d(K +1).

On the other hand,

Pr+1 = Sl}itlHK+1dK+1 Skha(HEdi + M (K)d(K + 1))
—SK+1SKPK+SK+1 T(K)ZAKPK-I-BK.
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Where

Ag = I_(ErlSK

and

By = S, M7 (K)d(K + 1),
Then

Pr+1 = Agpx + B, K > 1.

Easily one can acquire that:

PK = AK—lmAkopko + Zili;i_trl(AK—IAK—Q"'Ai+1Bi)a if K > kg, and PK =
Pko» if K = ko.

The spectral radius of Ak, that has been defined as:

p(Ak) = maz{|\], ..., | \n|}, where ); is the eigenvalue of Ag.
If p(Ag) < 1, for all K > ko, since Sk is symmetric, p(Ax_1...4%,) <
Hiii;;p(Ai) <L
Therefore Ax_1...Ag, is asymptotically stable and hence pg exists, and if By
is bounded , then pg is bounded.

Theorem 6.6. [Q]Let PK = AK—l--'Akopko + Zf(:_k(l] AK...AJ'_HBJ',K > ko.
Furthermore let p(Ag) < 1, for all K > ko, and |Job(K +1) —x(K +1)[]2 <
%) for some € > 0. Then ||px+1 — pkl|2 < €.

(S 1)p(MT (K)M(
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