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ABSTRACT Due to climate change, Spodoptera litura has the potential to become an increasingly severe
pest because of increased habitat suitability. To support precision agriculture, it is essential to accurately
predict the life cycle of Spodoptera litura, and use the information for pest control. This paper proposes
BugTalk to predict the life of Spodoptera litura (Common Cutworm). Based on the Internet of Things (IoT)
technology, BugTalk is a real-time prediction version of modified Insect Life Cycle Modeling software
(ILCYM), an open-source software package that implements the functions used in the four models of the
four life stages of Spodoptera litura. In this paper, we significantly improve the ILCYM functions and several
models of the previous studies to improve the accuracy of the prediction. We develop the first real-time
prediction system that can predict the number of Spodoptera litura for the farm fields in real-time. The
results are compared with the measurements during 2014-2020. We extend the temperature-based ILCYM
model to accommodate humidity for the larvae emergence stage, which further improves the accuracy of
the model. The Mean Arctangent Absolute Percentage Error (MAAPE) between the measurements and the
BugTalk prediction is 24.593%. This result has been practically utilized in farm management.

INDEX TERMS Internet of Things (IoT), life cycle modeling, pest control, phenology model, smart
agriculture, Spodoptera litura.

I. INTRODUCTION
Spodoptera litura (Fabr.) is omnivorous, which is harmful to
grain crops, vegetables, fruits, foliage plants, and a variety of
flowers [1]. This pest is a destructive pest with a wide range
of hosts in tropical and subtropical Asia, Africa (Reunion),
Europe (UK), the USA (Hawaii), Australia, and the Pacific
islands [2]. These common cutworms endanger, for example,
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the young leaves of the Phalaenopsis orchid in the greenhouse
so that the growth of the plant is affected. Female adults lay
eggs on the back of the leaves, hatching larvae in groups to
endanger the young leaves of the seedling stage or growing
plants, and the epidermis remains after chewing the leaf flesh
on the back of the leaves, showing transparent eating marks
or holes [3]. Growing larvae lurk in planted timber or dead
leaves during the day and come out to harm after dusk and
early in the morning. Old mature larvae infiltrate the planted
timber or soil to pupate. The damaged leaves fall on the
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plant timber, and many dark green granular feces can be
seen on the plant material. They also endanger the flowers
during the flowering period, chew on the petals, and make
the flowers lose their beauty and ornamental value. The life
of Spodoptera litura can be longer than 80 days [4].

FIGURE 1. Spodoptera litura (A) female adult (B) eggs (C) larva (D) pupa.

The adults (Fig. 1 (A)) are 15–20 mm long and the hind-
wings are off-white with a dark brown outer rim and spread
30–38 mm. The ratio of males and females is 1:1 [5]. Female
adults begin laying eggs 1-4 days after mating, averaging
300 eggs per egg mass, which varies in size and is elongated,
and covered with yellow tail hairs. Adults live from 8 to
37 days. The egg hatchability stage is 2-8 days, the larval
stage is 10-56 days, and the pupal stage is 6-21 days. The
egg (Fig. 1 (B)) is slightly flattened, pale yellowish-green,
with radial ridges and a diameter of 0.6 mm. The larvae
(Fig. 1 (C)) are 40–45 mm long and vary in color, rang-
ing from grey-black to dark green, and are reddish-brown
or yellowish-white. The pupae (Fig. 1 (D)) are 15–20 mm
long and are yellow-green or pale green when pupated, later
become reddish-brown and shiny, spindle-shaped, with two
tail spines at the end, curved downwards [6].

Due to climate change, Spodoptera litura has the potential
to become an increasingly severe pest because of increased
habitat suitability. To support precision agriculture, it is
essential to accurately predict the life cycle of Spodoptera
litura. Such a goal can be achieved with the advent of the
Internet of Things (IoT) technology to the applied biological
sciences. In this paper, we use an IoT application develop-
ment platform called IoTtalk to study the influence of weather
conditions on the life of Spodoptera litura. Specifically,
we propose an IoTtalk-based application called BugTalk to
develop four stage emergence models:
Model 1 for the oviposition stage predicts the number of

eggs in the future based on the number of female
adults and the temperature.

Model 2 for the larvae emergence stage predicts the larvae
population in the future based on the number of
eggs, temperature, and humidity.

Model 3 for the pupation stage predicts the number of pupae
in the future based on the number of larvae and the
temperature.

Model 4 for the adult emergence stage predicts the number
of future adults based on the number of pupae and
the temperature.

Through these models, we predict the development time
from one stage to the next stage. An open-source soft-
ware package called Insect Life Cycle Modeling software
(ILCYM) [7] implements the functions used in the above
four models. Based on an IoT development platform called
IoTtalk [8], we propose BugTalk which reuses and modifies
the codes of ILCYM to enhance the accuracy of prediction.
BugTalk collects the sensor data of open farm fields and
predicts the number of Spodoptera litura in real-time.

The paper is organized as follows. Section II surveys the
related works; Section III proposes the oviposition stage
model of Spodoptera litura; Section IV proposes the larvae
emergence, the pupation, and the adult emergence models
and shows how to integrate these models; Section V proposes
BugTalk for predicting the life period of Spodoptera litura and
evaluates its performance.

II. RELATED WORKS
Several studies used meteorological data to predict the num-
ber of adult moths in the pitchers. In [9], the authors
conducted a field experiment on soybean in India. They
observed the effects of weather conditions on the population
of Spodoptera litura. The study showed that the weather
conditions like maximum temperature, rainfall, sunshine, and
wind speed were related to the number of male Spodoptera
litura adults caught in the pheromone traps. The study also
showed that the peak appearance times of egg masses, larvae,
and adults are similar, which is around September to October.
Based on the observations, the authors proposed that the num-
ber of male adults in pheromone traps can be used to show
the potential of larvae attack timing and as a reference for
Spodoptera litura management on soybeans. In [10], multiple
and polynomial regressions are used with machine learn-
ing methods such as multi-layer perceptron neural network
(MLP-NN), artificial neural network (ANN), and polynomial
neural networks (PNN) to predict the moth population in the
groundnut cropping system. A four-year field experiment was
conducted in [11] to investigate the seasonal dynamics of
Spodoptera litura. The collected data indicated that the larval
population has a significant positive correlation with weather
parameters such as morning humidity and temperature. The
proposed model predicted the population of Spodoptera litura
in castor to suggest optimal management strategies. These
approaches did not provide information about the life dynam-
ics of Spodoptera litura.

Several studies derived the relationship between the tem-
perature of the environment and the number of adults and
larvae. In [12], the authors investigated the seasonal inci-
dence of Spodoptera litura in the greenhouse. The study
indicated that maximum temperature is positively correlated
with moth population, fruit infestation, and larval population
of Spodoptera litura. While morning humidity had a posi-
tive correlation with moth population and fruit infestation,

87158 VOLUME 10, 2022



L.-X. Chen et al.: BugTalk: Online Prediction for the Life of Spodoptera Litura (Common Cutworm)

evening relative humidity had a positively significant cor-
relation with the larval population. A field experiment was
conducted to study the larval population of Spodoptera litura
ranging from 0.56 to 1.57 larvae/plant [13]. The experiment
indicated a strong positive correlation between the larval pop-
ulation and temperature, and a negative correlation between
the population and relative humidity. These studies did not
give the dynamics of the life cycle information for Spodoptera
litura.

Based on constant temperature measurements in the labo-
ratory, the study [14] proposed a population model to predict
the insect population. This model first analyzes an insect’s
mortality stochastically and then develops a reproduction
response to temperature on a physiological time scale. The
physiological age is the accumulation of the developmental
rate or the senescence rate from the beginning to the present
time in a life stage. This study described the conditions
between the temperature response properties and physiolog-
ical age to establish the validity of the model. Then several
studies have been devoted to developing similar models.

In [15] a temperature-based model was proposed to study
the development of Lepidoptera Carposinidae and its stage
emergence. The stage emergence models were constructed
using the modified Sharpe and DeMichele model and the
two-parameter Weibull function. The study indicated that the
development times are decreasing functions of temperature
up to 32.8◦C in eggs, up to 28.8◦C in larvae, and up to
30.8◦C in pupae. Similar observations were made in [16].
Specifically, the study showed that the overall adult survival
exhibited a reverse logistic curve against the temperature.
In [17], abiotic factors on Spodoptera litura were studied by
decreasing temperature from 27±2◦C and relative humid-
ity from 70±5%. The results show the influence of abiotic
factors like temperature and humidity on the lifecycle of
Spodoptera litura which can help in the prediction of pop-
ulation dynamics of insect pests.

The indoor laboratory study in [18], [19] investigated
the cold survival strategy of Spodoptera litura. Based on
Metabolomics, the authors analyzed the metabolic features
of larvae at two low temperatures: 15◦C and 4◦C. The results
indicated that cold exposure decreases free amino acids level
due to a metabolic energy shift from carbohydrate to lipid.
Concurrence of food supplements and fluctuating tempera-
tures are likely to facilitate the cold survival of larvae.

In [20], thermal reaction norms were constructed with
both constant and fluctuating temperatures within the
range of 15–38◦C to cohorts for single-life stage mea-
surements of Spodoptera litura, and the authors derived a
temperature-based phenology model based on the measured
data. This model stochastically estimates the parameter con-
stants of the life function to examine the potential future
pest status of Spodoptera litura from the SRES A1B climate
change scenario for the year 2050. The results indicated that
for all immature life stages, the developmental rate increases
linearly with the temperature until approximately 34–36◦C.
The life stages were not developed when the temperature

is higher than 38◦C. The effects of other abiotic and biotic
factors were not considered in this study. Our BugTalk pro-
posal modifies the equations given in this related work [20] to
support Models 1-4. In [21], Sharpe and DeMichele’s model
was modified based on Hultin’s formulation to develop a
biological temperature-dependent rate model, which is fur-
ther enhanced in Model 2 of BugTalk to accommodate both
temperature and humidity.

The above related studies [15], [16], [17], [18], [19],
[20] developed and validated Models 1-4 through labora-
tory experiments. Their results are used in both ILCYM and
BugTalk.

ILCYM implements temperature-based phenology models
to understand the dynamics of insect pest populations in
ecosystems. ILCYM complies with the development, mor-
tality, and reproduction of an insect species into a phenol-
ogy model. The study in [7] presented an updated version
of ILCYM with a rate summation approach to simulate
multidimensional age and stage-structured populations. The
authors used the model and the parameters in [20] were
validated by ILCYM. BugTalk reuses and modifies the codes
of ILCYM to enhance the accuracy of prediction.

III. MODEL 1: THE OVIPOSITION STAGE MODEL
In Sections III and IV, we described the models to be accom-
modated in BugTalk. Model 1 describes the life dynamics
of Spodoptera litura at the oviposition stage by predicting
the number of eggs M1 (NF ,Tn) in the nth day based on the
number of female adults NF at day 1 and the temperature set

Tn =
n⋃
i=1
{T i1, . . . ,T

i
24}, where T

i
j is the temperature of the

jth hour of day i for 1 ≤ i ≤ n, 1 ≤ j ≤ 24. We will illustrate
the temperature histogram Tn for the farm we observed in
Taiwan during 2014-2020 in Fig. 9 of Section V.

The equationM1 (NF ,Tn) for Model 1 is expressed as

M1 (NF,Tn)=


0 n = 1
NFM1,1

(
Tn−1

)
×
[
M1,2 (Tn)−M1,2

(
Tn−1

)]
×
[
1−M1,3(Tn)

]
n > 1

(1)

where NF is the number of female adults observed on day 1,
M1,1 (Tn) is the number of eggs produced by a female adult
in its life under the temperature condition Tn, M1,2 (Tn) is
the cumulative oviposition rate at day n under condition Tn,
andM1,3 (Tn) is the probability that the female adult is dead
at day n under Tn.

In Eq. (1), M1,1 (Tn) is derived from the 4th equation f̄4
described in [20], which was obtained from the Exponential
curve fitting of experimental data. This function gives the
total number of eggs produced by a female adult during her
life span under a constant temperature T4:

f̄4 (T4) = e
(
−13.30+1.59T4−0.03T 2

4

)
(2)
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Fig. 2 plots f̄4 (T4) against T4 (the green curve with trian-
gle marks) based on the above equation. We found that the
parameter constants in that equation are not precise enough,
and its errors from the correct values (the blue circles) may
be significant. Based on the experiments in [20], we modify
f̄4 (T4) by using more accurate parameter constants to gener-
ate a precise equation listed below (the red curve with square
marks in Fig. 2):

f4 (T4) = e
(
−13.30771+1.59219T4−0.03098T 2

4

)
(3)

FIGURE 2. The f̄4
(
T4

)
and f4

(
T4

)
curves.

In Model 1, Eq. (3) under fixed temperature T4 is modified
to accommodate variable temperature conditions Tn as

M1,1 (Tn)=

(
1
24

)∑24

j=1
e
−13.30771+1.59219T nj −0.03098

(
T nj

)2
(4)

In Eq. (1), M1,2 (Tn) is derived from the second
equation f2,S and the 5th equation f5 described in [20].
Equation f2,S implements a modified Sharpe and DeMichele
model, which gives the immature development and adult
senescence rates in Stage S of Spodoptera litura (where S =
F for the oviposition stage, S = E for the larvae emergence
stage, S = L for the pupation stage, and S = P for the adult
emergence stage) at constant temperature T2:

f2,S (T2) =
ρS

(
T2
TS,o

)
e

[(
θS,a
R

)(
1

TS,o
−

1
T2

)]

1+ e

[(
θS,h
R

)(
1

TS,h
−

1
T2

)] (5)

where at the life stage S, R = 1.987 cal/(degree mol)
is the universal gas constant, ρS is the developmental rate

FIGURE 3. Comparing f̄2,S
(
T2

)
and f2,S

(
T2

)
. (A) S = L (B) S = P .

at the optimum temperature TS,o(K) assuming no enzyme
inactivation, TS,h is the high temperature at which enzyme
is half active, θS,a is the enthalpy of activation of reaction
catalyzed by the enzyme (cal/mol), and θS,h is the change
in enthalpy at high temperature (cal/mol). Table 3 in [20]
was used to provide the parameter constants for Eq. (5),
which is misleading. Let f̄2,S (T2) be the results using the
misleading parameter values in [20]. Fig. 3 plots f̄2,L (T2) and
f̄2,P (T2) (the green curves with triangle marks). The errors
between them and ground truth values (the blue dots) cannot
be ignored. We list the correct values in Table 1. The correct
f2,L (T2) and f2,P (T2) values (the red curves with rectangle
marks) are consistent with the ground truth values in Fig. 3.

TABLE 1. Parameters for f2,S (for S = E, L, P, F ).

From Table 1, Eq. (5) without considering humidity Hn
is modified as f ∗2,F (Tn,Hn = NIL, i) to capture the temper-
ature dynamics of the ith day (1 ≤ i ≤ n) using Table 1.
Eq. (6), as shown at the bottom of the page, can be denoted as
f ∗2,S (Tn,NIL, i) for other stage S by using different parame-
ter constants in Table 1. Note that humidity is only considered
when S = E in this paper. The details will be described later
in Eq. (15).

Based on Eq. (6), the physiological age of female adult
on the nth day with the temperature condition Tn can be

f ∗2,F (Tn,NIL, i) = f ∗2,S (Tn,NIL, i)

=

(
1
24

)∑24

j=1

1.058
(
T ij+273.15
296.802

)
e

[(
59142.847

1.987

)(
1

296.802−
1

T ij+273.15

)]

1+ e

[(
54815.552
1.987

)(
1

290.217−
1

T ij+273.15

)] (6)
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expressed as follows:

F2,F (Tn,NIL) =

{
0 n = 1∑n

i=1
f ∗2,F (Tn,NIL, i) n > 1

(7)

Eq. (8) was obtained from Gamma curve fitting of experi-
ment data. This function gives the cumulative oviposition rate
at the i5th day of the oviposition stage:

f5 (i5) =
∫ i5

x=0

[
x4.99e−10.32x

(1/10.32)5.990 (5.99)

]
dx (8)

Substitute Eq. (7) into to Eq. (8) to yield

M1,2 (Tn)=

∫ F2,F (Tn,NIL)

x=0

[
x4.99e−10.32x

(1/10.32)5.990 (5.99)

]
dx (9)

In Eq. (1), M1,3 (Tn) is derived from the first equation
f1,S described in [20], which represents the probability to
complete the development of stage S on the i1th day at the
constant temperature T1:

f1,S (T1, i1) =
1

1+ e−[aS (T1)+bS ln(i1)]
(10)

where the values of the parameter constants aS and bS are
listed in Table 2.

TABLE 2. Parameters for f1,S (for S = E, L, P, F ).

For Model 1, bF = 13.36 and M1,3 (Tn) is supposed to
integrate Eqs. (7) and (10). Unfortunately, we cannot accom-
modate Eq. (7) in Eq. (10) because the value for aF changes as
temperatures Tn varies. Therefore, we ignore the aF param-
eter and replace i1 by Eq. (7) as follows:

M1,3 (Tn) =
1

1+ e−bF ln(F2,F (Tn,NIL))

=
1

1+ e−13.36 ln(F2,F (Tn,NIL))
(11)

Fig. 4 shows that Eq. (10) and Eq. (11) agree with each
other. The largest discrepancy occurs at T1 =15◦C, which
is 23%. As illustrated in Fig. 9, most temperature values
observed in our study are higher than 25◦C, and it is appro-
priate to use Eq. (11) to replace Eq. (10) for non-fixed tem-
perature scenarios.

The output value of M1 (NF ,Tn) is compared with the
output of the corresponding ILCYM function for valida-
tion. ILCYM simulates the life stages of Spodoptera litura
individually. In the oviposition stage, two random values
are generated to represent the ability to oviposit and sur-
vive for each individual. Daily survival rate is calculated by[
1−M1,3 (Tn)

]
. If the random value of survival is greater

FIGURE 4. Comparison between f1,F
(
T1, n

)
and M1,3

(
Tn

)
.

than the survival rate on day n, the individual is consid-
ered dead on that day. If the individual survives at day n,
the laying eggs of the individual on day n is calculated
in ILCYM by the following steps: First, the total eggs the
individual can lay is calculated by M1,1 (Tn−1) and the ran-
dom value of oviposition. The random value is substituted
into an inverse cumulative density function (ICDF) of the
normal distribution. The mean value of the distribution is
M1,1 (Tn−1) and the standard deviation is 0.3×M1,1 (Tn−1).
The output of ICDF is considered as the total oviposition of
the individual. By using ICDF, the total oviposition of each
individual follows the normal distribution. The proportion of
eggs laying by the individual on day n is then calculated
as
[
M1,2 (Tn)−M1,2 (Tn−1)

]
. Finally, the number of eggs

laying on day n is the product of the total oviposition value
and the proportion of eggs laying.

The default number of execution times of ILCYM is 4,
which is too small to obtain the converged average out-
put. Fig. 5 shows the Mean Arctangent Absolute Percent-
age Error (MAAPE; which is expressed in Eq. (24) later)
between Model 1 (Eq. (1)) and the ILCYM simulation (the
circle curve). The curve indicates that the ILCYM converges
to Eq. (1) when it is executed one million times. The figure
also plots the MAAPE between Eq. (23) and ILCYM simula-
tion (the triangle curve; details of Eq. (23) will be elaborated
later). The curve indicates that the ILCYM converges to
Eq. (23) when it is executed one billion times. Therefore, the
default number of execution times of ILCYM is too small for
its simulation.

IV. MODELS 2–4
This section elaborates on Models 2-4 and shows how to
integrate Models 1-4 to generate the final result.

A. MODEL 2: THE LARVAE EMERGENCE STAGE
Model 2 describes the larvae emergence stage of Spodoptera
litura by predicting the larvae population M2 (NE ,Tn,Hn)

in the nth day based on the number of eggs NE at day 1,
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FIGURE 5. Comparison between the BugTalk models and the ILCYM
simulation.

the temperature set Tn and the humidity set Hn =

∪
n
i=1 {H

i
1, . . . ,H

i
24}, where H

i
j is the humidity of the jth hour

of the day i for 1 ≤ i ≤ n, 1 ≤ j ≤ 24. Fig. 9 illustrates
the relative humidity histogram for the farm we observed
in Taiwan during 2014-2020. The equation for Model 2 is
expressed as

M2 (NE ,Tn,Hn)

=



NE
[
1−M2,1 (Tn, 1)

]f ∗2,E (Tn,Hn,1)

×
[
M2,2 (Tn,Hn)− 0

]
n = 1

NE

{
n∏
i=1

[
1−M2,1 (Tn, i)

]f ∗2,E (Tn,Hn,i)

}
×
[
M2,2 (Tn,Hn)−M2,2 (Tn−1,Hn−1)

]
n > 1

(12)

where NE is the number of eggs observed on day 1,
M2,1 (Tn, i) is the mortality rate of the ith day in the larvae
emergence stage of Spodoptera litura under the temperature
condition Tn, M2,2 (Tn,Hn) is the probability that the lar-
vae emergence stage of an egg ends at the nth day and it
survives under condition Tn and Hn. f ∗2,E (Tn,Hn, i) is the
development rate of the ith day in the larvae emergence stage
of Spodoptera litura under condition Tn and Hn. Note that
ILCYM uses an equation similar to Eq. (12) without the
humidity factor.

In Eq. (12),M2,1 (Tn, i) is derived from the third equation
f3,S (T3) in [20] based on the Wang model, which gives the
mortality rate in immature life stage S of Spodoptera litura at
constant temperature T3:

f3,S (T3)=1−e
−dS

1+e−
(
T3−TS,opt

cS

)1+e−
(
TS,opt−T3

cS

)
(13)

where TS,opt is optimum temperature (◦C) for cohort survival,
and both cS and dS are fitting constants. Table 4 in [20]
provides the parameter values for f3,S (T3), which is mislead-
ing. Let f̄3,S (T3) be the equation for f3,S (T3) by using the
parameter constants listed in the misleading table. Fig. 6 plots
f̄3,L (T3) (see the green curve with triangle marks). As can be
seen, the error between f̄3,L (T3) and ground truth (the blue
dots) is not negligible, and f3,L (T3) fits ground truth well.
We provide the correct parameter constants in Table 3.

With these correct values, we plot f3,L (T3) in Fig. 6

FIGURE 6. Comparing f3,L
(
T3

)
and f̄3,L

(
T3

)
.

TABLE 3. Parameters for f3,S
(
T3

)
(for S = E, L, P).

(the red curve with rectangle marks), which is consistent with
ground truth. Model 2 modifies Eq. (13) to accommodate the
temperature dynamics Tn as follows:

M2,1 (Tn, i)

= 1−
(
1
24

) 24∑
j=1

e

−dE

1+e
−

 T ij−TE,opt
cE


1+e

−

 TE,opt−T
i
j

cE



= 1−
(
1
24

) 24∑
j=1

e

−0.025

1+e
−

 T ij−27.012

3.305


1+e

−

 27.012−T ij
3.305



(14)

In Eq. (12), M2,2 (Tn,Hn) is derived from the first equa-
tion f1,S described in [20] and Eq. (5), where S = E .
We conducted experiments to collect the data for the imma-
ture development of the larvae emergence stage with vari-
ous temperature and humidity conditions. Through quadrate
Polynomial curve fitting (with R2 = 0.724), we obtain
equation f ∗2,E (Tn,Hn, i) that considers both Tn and Hn:

f ∗2,E (Tn,Hn, i)

=

(
1
24

)∑24

j=1

[(
8.08972×10−5

) (
H i
j

)4
+

(
5.67844×10−4

)
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×

(
T ij
) (

H i
j

)3
−

(
1.32586× 10−4

) (
T ij
)2 (

H i
j

)2
+

(
4.21357× 10−4

) (
T ij
)3 (

H i
j

)
+

(
3.58568× 10−4

)
×

(
T ij
)4
−

(
3.92490×10−2

) (
H i
j

)3
−

(
1.21357×10−1

)
×

(
T ij
) (

H i
j

)2
−

(
1.38390× 10−2

) (
T ij
)2 (

H i
j

)
−

(
6.97315× 10−2

) (
T ij
)3
+ 6.00090

(
H i
j

)2
+ 9.48787

(
T ij
) (

H i
j

)
+ 3.29456

(
T ij
)2

− 381.47516H − 295.21231
(
T ij
)
+ 9037.42900

]−1
(15)

FIGURE 7. Comparing f ∗2,E
(
Tn, NIL, i

)
and f ∗2,E

(
Tn, Hn, i

)
.

As an example, Fig. 7 compares f ∗2,E (Tn,NIL, i) and
f ∗2,E (Tn,Hn, i) when the relative humidity H i

j is 75% and
the temperature T ij fixed at different temperature for i ≥
1, 1 ≤ j ≤ 24. For the range of Hn considered in this paper,
our experiments indicate that the error for f ∗2,E (Tn,NIL, i) is
24.42% and the error for f ∗2,E (Tn,Hn, i) is 17.04%. There-
fore, by considering the dynamics of the relative humidity,
BugTalk improves the prediction accuracy by 30%. From
Eq. (15), Model 2 uses the following equation to calculate
the physiological age of eggs and produce theM2,2 model:

F2,E (Tn,Hn) =
1
2
f ∗2,E (Tn,Hn, 1)

+

∑n

i=2
f ∗2,E (Tn,Hn, i) (16)

Similar to howwe derive Eq. (11), fromTable 2, we substitute
F2,E (Tn,Hn) in the modified f1,E to obtain:

M2,2 (Tn,Hn) =
1

1+ e−bE ln(F2,E (Tn,Hn))

=
1

1+ e−10.51 ln(F2,E (Tn,Hn))
(17)

B. MODELS 3, 4 AND INTEGRATION
Model 3 describes the life of Spodoptera litura at the pupation
stage by predicting the number of pupae M3 (NL ,Tn) in the
nth day based on the number of larvae NL at day 1 and the
temperature set Tn. Similar toM2 (NE ,Tn,Hn), we have

M3 (NL ,Tn)

=


0 n = 1

NL

{
n∏
i=2

[
1−M3,1 (Tn, i)

]f ∗2,L (Tn,NIL,i)}
×
[
M3,2 (Tn)−M3,2 (Tn−1)

]
n > 1

(18)

where NL is the number of larvae observed on day 1,
M3,1 (Tn, i) is the same as M2,1 (Tn, i) except that S = L
in Table 3. M3,2 (Tn) is the same as M2,2 (Tn,NIL) except
that S = L in Table 2, and f ∗2,L (Tn,NIL, i) is same as
f ∗2,E (Tn,NIL, i) except that S = L in Table 1.

Model 4 describes the life dynamics of Spodoptera litura at
the adult emergence stage by predicting the number of future
adultsM4 (NP,Tn) based on the number of pupae NP and the
temperature Tn:

M4 (NP,Tn)

=


0 n = 1

NP
{∏n

i=2

[
1−M4,1 (Tn, i)

]f ∗2,P(Tn,NIL,i)}
×
[
M4,2 (Tn)−M4,2 (Tn−1)

]
n > 1

(19)

where NP is the number of pupae observed on day 1,
M4,1 (Tn, i) is the same as M3,1 (Tn, i) except that S = P in
Table 3.M4,2 (Tn) is the same asM3,2 (Tn) except that S = P
in Table 2, and f ∗2,P (Tn,NIL, i) is same as f ∗2,L (Tn,NIL, i)
except that S = P in Table 1.
By integrating Eqs. (1), (12), (18) and (19), Eq. (23)

answers the following question: If we observe NF female
adults at day 1, then under the weather conditions Tn
and Hn, what is the number NA(n) of the adults at the
nth days. Let Tn1:n2 = ∪

n2
i=n1
{T i1, . . . ,T

i
24} and Hn1:n2 =

∪
n2
i=n1
{H i

1, . . . ,H
i
24}. From Eq. (1), the eggs produced at the

n1th day is NE (n1) = M1
(
NF ,T1:n1

)
. From Eq. (12), the

number of larvae produced at the n2th day (n2 ≥ 1) is

NL(n2) =
∑n2

n1=1
M2

(
NE (n1),Tn1:n2 ,Hn1:n2

)
(20)

Eq. (20) accumulates all larvae produced at day n2 where
their eggs were produced at day n1 for 1 ≤ n1 ≤ n2.
In this case, the temperature and the humidity measures from
the n1th day to the n2th day are considered. Similarly, from
Eqs. (18) and (20), the number of pupae produced at the n3th
day (n3 ≥ 1) is

NP(n3) =
∑n3

n2=1
M3

(
NL(n2),Tn2:n3

)
(21)

From Eqs. (19) and (21), the number of adults produced at
the nth day (n ≥ 1) is

NA(n) =
∑n

n3=1
M4

(
NP(n3),Tn3:n

)
(22)
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Therefore, from Eqs. (1), (20), (21) and (22), we have

NA(n) =
n∑

n3=1

M4

 n3∑
n2=1

M3

 n2∑
n1=1

M2
(
M1

(
NF ,T1:n1

)
,

Tn1:n2 ,Hn1:n2
)
,Tn2:n3

 ,Tn3:n

 (23)

V. BUGTALK AND ITS PERFORMANCE
In BugTalk, the number NF of female adults is measured
from both the pheromone traps of IoTtalk (Fig. 8 (1)) and
the dataset provided by the Taiwan Agricultural Research
Institute (TARI). The TARI dataset is collected from 57 farm
fields in Taiwan, where every farm field was deployed with
8 pheromone traps. The data were collected from May to
November during 2014-2020. Sex pheromone is used in a trap
to attract male adults. The numbers of male adults captured
in the traps were recorded every 10 days. Since the ratio of
female and male adults is 1:1, the numbers recorded in the
dataset are used as the NF variable. The hourly temperature
Tn and the humidity Hn are obtained from both the micro
weather stations (Fig. 8 (2)) and the datasets of Central
Weather Bureau (CWB) in Taiwan. Temperature and Humid-
ity data counts for the observed farm fields in Taiwan during
2014-2020 are illustrated in Fig. 9. The average temperature
is 25.97◦C with a standard deviation of 3.99; the average
relative humidity is 80.42%with a standard deviation of 5.79.
The sensor values used in BugTalk are displayed in the web
browser (Fig. 8 (3)) of any computers or mobile devices.

FIGURE 8. The BugTalk architecture.

The core of the BugTalk server is the IoTtalk engine [8],
which is responsible for interaction with the IoT devices.
Through wireline, Bluetooth, WiFi, or 5G (Fig. 8 (4)) the
physical IoT devices are physically connected to the BugTalk
server (see links (1)-(5), (2)-(5), and (3)-(5) in Fig. 8).

Besides physical IoT devices, IoTtalk can also man-
age cyber IoT devices. Models 1-4 (Fig. 8 (6)-(9)) are
implemented as ‘‘cyber’’ IoT devices driven by the IoTtalk

FIGURE 9. (A) Temperature and (B) Humidity data observed from the
farm fields in Taiwan during 2014-2020.

engine [8], [22]. These models are represented as icons in
the IoTtalk web-based graphical user interface (GUI), and
can be easily connected to real pheromone traps and the
micro weather stations through the GUI without writing any
computer codes. Configuring the BugTalk application can
be done through any computing device with the browser
like the smartphone illustrated in Fig. 10. In this figure, the
physical IoT devices are connected to the icons following the
steps similar to the standard Bluetooth connection procedure.
In BugTalk, pheromone traps and the micro weather stations
are connected to the InsectTrap icon (Fig. 10 (1)) and the
WeatherSTA icon (Fig. 10 (2)), respectively. When a trap
captures a male adult, InsectTrap will receive a signal and
increases the number of captured adults. For every hour,
InsectTrap sends out the count to the BugTalk server through
the input device feature (IDF) Count-I. In Fig. 10, the circles
marked Joins 1-7 represent the network programs executed
at the BugTalk server, which deliver the data from the IDFs
to the output device features (ODFs) connected by these Join
links. Similarly, WeatherSTA sends the received temperature
and humidity data to the server through Temperature-I and
Humidity-I. In the IoTtalk GUI, M1 (NF ,Tn) is represented
as a cyber IoT device Model1 in two icons: the icon on
the right of the window (Fig. 10 (3)) receives NF through
the ODF NF -O and Tn through temperature-O. The Model1
cyber device implements Eq. (1) and the result NE is sent out
from the IDF NE -I in another Model1 icon on the left of the
window (Fig. 10 (4)). Similarly, M2 (NE ,Tn,Hn) is repre-
sented as the cyber IoT device Model2 (Fig. 10 (5) and (6))
that implements Eq. (12), M3 (NL ,Tn) is represented as the
cyber IoT deviceModel3 (Fig. 10 (7) and (8)) that implements
Eq. (18), and M4 (NP,Tn) is represented as the cyber IoT
device Model4 (Fig. 10 (9) and (10)) that computes the final
NA value (Eq. (23)) using Model 4 (Eq. (19)). Note that
the ODF humidity-O for Model1, Model3 and Model4 are
dummy because the humidity factor has not been included in
these models. The final result NA (n) is produced by Model4
and is shown in the Display device (Fig. 10 (11)) through the
Join 7 link (from NA-I to Report-O).
In Fig. 10, the sending end of a join connection is an output

of a model (which is an IDF), and the receiving end of the join
connection is an input of a model (which is an ODF).

In the Bao farm, InsectTrap and WeatherSTA receive the
data from real IoT devices. They can also receive the data
from the TARI and CWB databases in the emulation mode.
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FIGURE 10. The BugTalk configuration.

In the latter scenario, BugTalk executes with the timestamps
associated with the data instead of the real clock.

Implementation of BugTalk is validated by three tools:
BigraphTalk [23], VerificationTalk [24] and SimTalk [25].
BigraphTalk is a verification framework that utilizes formal
techniques, based on bigraphs, to statically guarantee that
unwanted configurations do not arise. In particular, we check
for invalid connections between devices, as well as type
errors. VerificationTalk provides IoT functional verification
and security check, monitors the flow of data in the system
in real time, and eliminates errors and harmful data promptly.
SimTalk is a simulation mechanism for correct implementa-
tion and behavior investigation.

The ILCYM software is a set of programs used to estab-
lish the formulas related to the growth of Spodoptera litura.
BugTalk modifies the ILCYM programs to accommodate
more accurate temperature and humidity information. The
inputs for both ILCYM and BugTalk are the bug numbers
accumulated every day. When the TARI dataset is used,
we evenly distribute the measured number of 10-day bugs
into individual days. The TARI database is connected to
the IoTtalk engine through the path (10) in Fig. 8 and the
details can be found in [26]. In the current implementation,
BugTalk is developed in the IoTtalk platform. We can also
implement BugTalk in other service-oriented, scalable and
context-aware IoT platforms such as ONTAgriX [27].

In this paper, we use MAAPE to measure the errors of
NA(n) predicted by BugTalk using Eq. (23). MAAPE is
modified from MAPE (Mean Absolute Percentage Error) to
solve the problem when the denominator of the formula is 0.
The MAAPE error is defined as

MAAPE =
(
100%
m

)∑m

n=1
arctan

(∣∣∣∣N ∗A (n)− NA(n)N ∗A (n)

∣∣∣∣)
(24)

FIGURE 11. BugTalk prediction (with and without humidity in Model 2).

TABLE 4. Prediction statistics for BugTalk (measurement and scaled
prediction in 2020 with 15-day shifting).

We have conducted the experiments during years
2014-2020. Fig. 11 illustrates the numbers of the new male
adults in 2020. The blue circle curve represents the mea-
surements, the orange square curve represents the results of
BugTalk considering humidity in Model 2, and the green
triangle curve represents the results of BugTalk without
considering the humidity. Note that the result of BugTalk is
the number of both male and female adults. We divide the
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FIGURE 12. The shifted MAAPEs.

results by 2 to obtain the number of male adults, and compare
it with the measurement. The MAAPE between BugTalk
(without humidity) and the measurements is 36.225%, and
the MAAPE between BugTalk (with humidity) and the mea-
surements is 35.003%.

Reference [20] used cosine approximation to generate
15-minute temperature predictions. After the cosine approxi-
mation in Eqs. (4), (6) and (14), we increase the sampling fre-
quency from one hour per sample to 15 minutes per sample,
and the MAAPE performance has been improved. Specifi-
cally, the MAAPE between BugTalk (without humidity) and
the measurements is 33.478%, and the MAAPE between
BugTalk (with humidity) and the measurements is 31.956%.

The figure also indicates that the prediction curves have
been ‘‘shifted right’’ possibly due to measurement errors.
Therefore, we try to shift the prediction curves left for a few
days. Fig. 12. illustrates the MAAPEs for the shifted pre-
diction curves during years 2014-2020. The figure indicates
that MAAPE decreases and then increases as the number of
shifted days increases. The optimal number of the shifted
days is less than 30. For example, the optimal MAAPE
for 2020 occurs when the curve is shifted left by 15 days,
which is 24.593%. Table 4 shows the MAAPE for 15-day
shifting. We note that the measurements during 2014-2020
also have measurement errors, and cannot be claimed as
‘‘ground truth’’. Fig. 12 shows that the MAAPE performance
for year 2020 is better than the previous years due to the
improvement of the pheromone trap IoT technology. Details
of the pheromone trap IoT technology is out of the scope of
this paper and will be addressed in a separate paper.

VI. CONCLUSION
This paper proposes BugTalk to predict the life of Spodoptera
litura (Common Cutworm). Based on IoT, BugTalk is a real-
time prediction version of modified ILCYM, an open-source
software package that implements the functions used in the
four models of the four life stages of Spodoptera litura.
We have made the following contributions:
• We have improved the ILCYM functions and several
models of the previous studies to increase the accuracy
of the prediction.

• We developed the first real-time prediction system that
can predict the number of Spodoptera litura for the farm
fields in real time. The results are actually compared
with the measurements during 2014-2020.

• We have extended the temperature-based ILCYMmodel
to accommodate humidity for the larvae emergence
stage, which further improves the accuracy of the
model.

The error (MAAPE) between the measurement and the
BugTalk prediction is 24.593%. This result has been prac-
tically utilized in the farm management, but can be further
improved. We note that the measurements are not the ground
truth. Therefore, in the future, wewill enhance the pheromone
trap IoT technology for measurements.

The ILCYM formulas do not consider the humid-
ity condition. From our observation, it is clear that the
temperature-only ILCYMmodel should be enhanced. There-
fore, we made the first attempt to include the humidity factor
in Model 2 through measurement experiments, which results
in a more accurate equation (15). Fig. 11 show that the
ILCYM prediction is improved by BugTalk by considering
the humidity factor, and such result is consistent with the
physical meaning. In the future, we will also conduct exper-
iments to accommodate the humidity factor in Models 1, 3,
and 4. By using advanced sensors for real-time data collec-
tion, we believe that we have the opportunity to learn more
details of the life of Spodoptera litura and provide physical
meaning interpretation of the Models 1-4 formulas in the
future.
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