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Pesticide was widely used in agriculture industry to ensure the crops’ yield and quality, followed that pesticide pollution had
become one of the most serious issues for public health in the world. Therefore, it’s necessary to develop mathematical models for the
prediction of pesticide degradation and residue. In this paper, we introduced four kinds of mathematical models in pesticide prediction,
and offered the basis theories and practical applications for each model. Then we compared their advantages and disadvantages
systematically by analyzing the roles of each one. Finally, present challenges and future perspectives in pesticide residue prediction

fields were discussed.
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Introduction. As with the rapid development of modern
agriculture, massive pesticides are utilized to prevent crops from
weeds, pests and diseases, and to guarantee the crops’ yield and
quality. Pesticide residues perform bad influences on human
beings and environment [0-0], and it can be absorbed by our
body through digestive and respiratory systems or via the skin,
so as contacting pesticides by eating pesticide-contaminated
food [0].Therefore, pesticide pollution has become one of the
most serious problems of public health in the world [0]. The world
health organization and the United Nations food and agriculture
organization define maximum residue limits (MRLs) to protect
foods in the process of production [0-0]. Therefore, it is of great
significance to study the pesticide degradation law and select
appropriate mathematical model to simulate the dynamic process
of pesticide residues. Among the quantitative methods of
pesticide residues, many mathematical analysis methods and
modeling methods are afforded to predict the determination of
pesticide degradation and residues. In this paper, we firstly
introduced four famous models and other forefront mathematical
prediction methods for pesticide degradation and residue,
including basis theory, application examples, then we
summarized their advantages and shortcomings in applications
respectively. and offered the basis theories and practical
application examples for each model. Then by analyzing the role
of each model, we compared their advantages and
disadvantages systematically. Finally, we concluded the
mathematical prediction models in pesticide residues, and made
expectation about the development way in the future.

The classic mathematical models for pesticide
residue prediction

(1) Exponential degradation model

BicHuk CymcbKoro HauioHanbHOro arpapHoro yHiBepcureTty

According to the pesticides degradation regularity, the
disappearance of pesticides in soil or on plants is like the decay
of radioactive substances, which can be expressed by the first-
order reaction kinetics formula [0], if other factors can be ignored.
The degradation rate of pesticides is proportional to their
concentration:

dc
E_—kc(k>0),c(0)_a 1)

The expressions (1.1), C=C(t) expressed as the
concentration when time is t, tis time after pesticide applied, K

is constant proportionality. ais the pesticide residue
concentration when time t = O (initial concentration).
By solving differential equations (1.1), we get
—kt
c=age (1.2)

In the expressions (1.2) parameters & and K estimate
from measured data, then we can gain the pesticide degradation

exponential model. The half-ifeis t, =In2/K.
2

Lourdes et al. [0] studied the degradation of phosphorus
in soil by this exponential model, and calculated the half-life. The
experiment results were rather closest to predict results, and this
model was the simplest one. Song et al. [0] proposed an adaptive
nonlinear exponential model for pesticide degradation through a
variety of mechanisms such as exponential decay, linear and
nonlinear effects, and constructed a nonlinearly effective function
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of biotic and abiotic factors, 1 —a(c/c,) .

Exponential degradation model has the advantages
including simple calculation, directly-viewed and easy
understanding, which has important influence on the prediction of
pesticide degradation. But the basic model is proposed in a
relatively ideal situation, ignoring the nature environmental
factors. Also, the predict results just describe the situation that
the degradation rate is a monotonically decreasing function over
time, which can’t change following the special environments. It is
limited in actual application due to its extremely idealization and
simplification.

(2) Bivariate pesticide residue function model

Considering the influence of environmental factors,

pesticide residue model not only is related to time, but also is
concerned to several variables’ functions including beginning
dosing, daily average temperatures, daily average illumination
time objectively and daily average rainfall and so on.

Let y,, = f(t,x)(r=01...,u;s=01...,v) (2.1)

t is the time after pesticide; Y is composite factor value,
according to beginning dosing, daily average temperatures, daily
average illumination time objectively and daily average rainfall,
y is pesticide residues for variables t,X . Let the value of

bivariate pesticide residue function Y, = f (t,,X,) shows as
following Table 1.

Table 1
The value of bivariate pesticide residue function Yy, = f (t,,X;)
t 0 1 X v
X X X
t Yoo Yo Yov
tu yuO yul yuv
According to the value, we set the bivariate function as Inc=Ina+alnx+bx?2 (32)

following:

Qm,n (t1 X) = Z Zaij pi (t)qj (y) (22)
And make -
lon = X (6% —Qu ) X)] (23

tosolve min(l,, ).

Wang et al. [0-0] studied the digestion process of BHD
in rice paddy water, and designed a bivariate function model
including environment factors according functional approximation
theory. The half-life of pesticide residues was related to the initial
dosage. The larger the initial dosage, the longer the half-life-and
vice versa. So, we could get the half-life by solving the function.
The experiment results showed that this function is practical and
useful in the prediction of pesticide residues.

Generally, the error case of pesticide residue function is
related to the selection of m,n and the size of the interval

between X and Y . The smaller interval between X values, the

smaller the relative error. The smaller interval between yvalues,
the smaller the relative error, too. The value of Mand N are
larger, so that the error are smaller, but they should not be too
large, because of rapidly increasing calculation, and increasing
overall error. So it's difficult to choose the suitable value of X, y
m,n.

3) Rayleigh dynamic Model

Rayleigh dynamic Model is:

¢ =at%e™
The expressions (3.1), C = C(t) expressed as the
concentration when time is t, tis time after pesticide

application , & , b is undetermined coefficients. After the
logarithm based on (3.1), we will get

(3.1)
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Then,let y =Inc,x, =Inx,X, = X% the formula

of (3.2) can be translated into a binary linear regression
equation,as following:
y=a+aX +a,X(a,=Ina,a =a,a, =b)(3.3)

Fang et al. [0] studied the degradation of methamidophos
on rice leaves, mimicking the dynamic mathematics model. The
regression of this model is remarkable and conform to the law of
degradation, then they proposed three modified Rayleigh models
to predict the pesticide residues, which showed better results.
Zhu et al. [0] proposed a modified Rayleigh mathematics model
for the degradation law of pesticide. In their study, parameter
estimation method of modified Rayleigh model was introduced,
which offered theoretical basis for the study on pesticide residue
law.

Compared with exponential degradation model, Rayleigh
dynamic model has more advantages like precision error, easy-
to-use and high fitting accuracy, which avoid complicated
calculations and range of independent variables in polynomials.
Rayleigh dynamic model performs effective results and it's a
utility model.

(3) Grey prediction GM (1.1) Model

Grey prediction is that the model using not the original
data sequence but the generated data sequence. Based Grey
Model, Grey prediction is a method that generates the
approximate exponential law through accumulation (or other
methods) of the original data and then carries out modeling.

Let pesticide residue sequence as

X% =(x°(1),x°(2),...,x°(n)) 4.1)

The original data sequence is accumulated once to
obtain the new data sequence as

Xt =(x'(),x"(2),...,x'(n)) (4.2)
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nwhich (k) = X, (k=12,...n) (43

i=1
rA (k) is the adjacent to mean-generated sequence of
XxP(K) then
7'(k) = %(x‘”(k) +xP(k-1),(k=23...,n) (44)
Building the GM (1,1) model for pesticide residue
sequence as
x°(k) +az'(k) =u (4.5)
If a=(a,u)’ is parameters sequence, then ais

development coefficient and U is Grey action. Let the differential
equation satisfying the data sequence generated by once
accumulation as

@)
I ax = (4.6)
dt
So parameter & and U can structure a matrix B , Y,
—z292) 1]  [x©9@)]
~-z9(3).1 x93
-zZ9m)1 ] [ x9m)]

Then the least squares estimation parameter column of
4 satisfies & = (B"B)'B'Y, .Let & into differential
equation (10) to solve the time response function as

u

201 = (x0(1) - Lye 1 43)
a a

if X® (1) = X (1) then the time response sequence

of GM (1,1) is
o (1) _ (x© Uygat U
P (t+1) =(x (l)—g)e +— (4.9)

Then formula (4.9) is pesticide residue model in isometric
time. 1 takes the natural numbers like 1,2.

Wu et al. [0] set up three mathematical models including
the gray GM (1,1) model on the basis of the observation of the
amount of chlorpyrifos residues in peaches. The degradation
process of chlorpyrifos could be regarded as some parts of
information known, some parts of information unknown as
uncertain gray system. Experiment results proved that the
degradation process was simulated well by gray GM (1.1)
degradation model. Yang et al. [0] established a IEA-GM (1.1)
prediction model of the pesticide degradation according to
immune evolutionary algrorithm (IEA) and gray system theory.

And the degradation of residual quinalfhosion in cowpea, the
degradation of residual mancozeb in Lycopersicon esculentum
miller, the degradation dynamics of triadimefon in ear of wheat
and the dynamic dispelling of pirimicarb residue in cucumber fruit
were predicted based on the IEA- GM (1.1) prediction model.

GM (1.1) model has good accuracy in simulation and
prediction, existing high practical application value. However, the
solution of GM (1,1) model parameters involves matrix transpose,
matrix multiplication and matrix inversion, which is too complex
and not easy to apply, and has the characteristics of chaos.

4) Other Recent research models

In addition, many innovative research methods emerged
for pesticide residues prediction. In 2016 Zuo et al. [0] studied the
pesticide residue prediction based on fuzzy system. The
mathematic Fuzzy System was established by using the MRL
values (maximum residue limits of all kinds of pesticides in food)
of Matlab Fuzzy. Taking chlorpyrifos as an example, the analysis
results showed that the application of fuzzy system for pesticide
residue prediction was feasible and reasonable, and it was
conductive to solve the problem of the using amounts of
pesticides in the process of agricultural. In 2018, Li et al. [0]
proposed a multi-section model based on principal components
analysis (PCA) and neural network. They solve the problem that
the modeling data characteristics changes obviously and
experimental results show that the muti-section models built by
Back Propagation(BP)/Radial Basis Function (RBF) network can
significantly reduce the prediction error compared with the single
models, and reduce the output error to 0.8 % and 0.4 % for
establishing muti-section models BP and RBF respectively.

Conclusions. Pesticides provide a strong guarantee for
the large-scale incremental production of crops, but excessive
and continuous usage of pesticides have aroused much fear in
our life [0]. With the development of science and our
environmental awareness being strengthened, the harmful
impact of pesticide residues and their degradation behavior have
attracted more and more attention. The pesticide degradation
and residue are a highly complex physical and biochemical
processes. Even though variety dynamic models with high fitting
degree for the residual degradation process of different pesticide
are established, they could not meet the requirement of
universality [0]. Therefore, it is of great practical significance to
study the pesticides degradation law, and select appropriate
mathematical models to describe the dynamic process of
pesticide residues, then to do the analyse and prediction works.
This paper summarizes four kinds of classic mathematics models
in pesticide residues prediction, and compare their strengths and
weaknesses based on mathematics theory and experiments
results for each other. It turns out that there still exist more works
to do in the future. As the development of computer technology,
digital simulation and molecular biotechnology technologies, the
studies on pesticide degradation and residues will continue to be
further developed [0-22].
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AOCTNIMKEHHA MATEMATWYHUX METOAIB | MOAENEW, WO BUKOPUCTOBYIOTbCA ONSl BWU3HAYEHHA
AErPARALIT NECTULMAIB TA NPOHO3Y iX 3AMMLLKIB

[Mecmuyudu  wupoko 3acmocosytombca 8 CinbcbkoMy 2ocnodapcmei  Ons  nidsuleHHS 8poxalo ma  sikocmi
CinbCbk020CN00apChKux Kynmbmyp. BHacnidok macogoeo euxkopucmaHHsi necmuuyudie, 3abpyOHEHHs HUMU Cmano Ceplio3HOI
npobnemoro 45151 ekorozii ma 0XopoHU 300p08 ' HaceneHHs y caimi. Tomy HeobXxidHO 3acmocogygamu necmuyudu 3 ypaxyeaHHsIM ix
Oezpadauii y HagkonuwHboMy cepedosuwyi. Hesgaxarouu Ha me, Wo po3paxosaHi pisHoOMaHimHi duHamiyHi Modeni, Wo onucyoms
npouec dezpadauii 3anuuwikie pisHux necmuyudis, 80HU He gidnosidatome 8uMO3i yHisepcansHocmi. ToMy eaxnueum 3anuwiaemscs
npakmuyHe 3HayeHHs 8UBYEHHS 3akoHoMipHocmi Oezpadauii necmuyudie ma subopy eidnosidHoi MamemamuyHoi modeni Ons onucy
OuHamiyHo20 npouecy deepadauii 3anuwkie necmuyudie.

Y pobomi po3ansHymo yomupu 8udu KnacuyHUXx MamemamuyHux modenel 01 npo2HO3y8aHHs 3anuwikie necmuyudie.

1. EkcnoHeHujanbHa modenb deepadauii. 32idHo 3 Heto weudkicmb deepadayii necmuyudie nponopuitiHa ix KoHueHmpauil.
Ls modens € Halinpocmiworo. ExcnoHeHujianbHa modens deepadauii mae maki nepesagu: npocmull po3paxyHok, 6esnocepedHill
nepeansid ma po3yMiHHSA, WO Mae cymmesull ennug Ha hpoeHo3yeaHHs deapadauii necmuyudis. Ane us Modens 3acmocogyemscs y
8IOHOCHO i0eanbHill cumyauii, i2HopyroYu NPUPOOHI (hakmopu HaBKOMUWHL020 cepedosulya. Takox pe3ynbmamu NPo2HO3Y8aHHS
onucyrms cumyauiro, 32i0Ho 3 Kot weudkicms deepadauii € NiHilIHO 3MeHWYB8aHoK (yHKUIEI 3 YacoM, Sika He MOXe 3MiHK8amucs
gHacridok pisHux hakmopig. BoHa 0bmexeHa y npakmuyHoOMy 8UKOPUCMaHHI 8HacnidoK ideaniauii ma cnpoweHHs.

2. bigapiamugHa Modenb (hyHKUIOHY8aHHS 3anuuikie necmuyudie. Bpaxosye ennue hakmopie HagkonuwHb020 cepedosulya,
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nog'asaHa 3 4yacoM, a Mmakox eukopucmosye Oekinbka 3MIHHUX (DYHKUil, a came — noyamok 06pobku, cepedHb0d0608i
memnepamypu, mpuganicms c8imnogoeo 0Hs ma cepedHb00eHHY Kinbkicmb onadie.

3. HuHamiyHa modenb Penes. MopieHAHO 3 ekcnoHeHujanbHow OezpadauiliHoro modensto, duHamiyHa modenb Penes mae
6inbwe nepesae, makux K MOYHICMb, NPOCMOMa y 8UKOPUCMaHHI ma 8UCOKa MOYHICMb NPUCMOCY8aHHS, W0 00380MSE YHUKHYmMU
CcKknadHux obyucneHb ma diana3oHy He3anexHuUX 3aMiHHUX y noniHoMax. JuHamiyHa modesb Penesi dae ehekmusHi pesynbmamu.

4, Modenb Ipess. Modenb GM mae 8UCOKy mMOYHICMb 8 MOOesT8aHHI ma NPO2HO3y8aHHI, @ MakoX NPakmuyHy UiHHiCMb
3acmocysaHHsa. O0Hak piweHHs: napamempie modeni GM nepedbadae hopmysaHHs Mampuub, iX MHOXEHHS ma iH8epcito, wo €
3aHadmo cknadHUM | HeNPOCMUM y 3aCMOCY8aHHI, Mae XxapakmepuCmuKU Xaocy.

5. IHwi HogimHi modeni. Y 2016 poui Zuo ma iH. eugyanu npo2HO3y8aHHS 3arullkie necmuyudie Ha 0CHOBI HEYIMKOI cucmemu.
MamemamuyHa Hevimka cucmema 6yna cmeopeHa 3a 0onomozorw 3HayeHb MRL (makcumanbHi Mexi 3anuwikig ycix eudig
necmuyudig y ixi) MatlabFuzzy. ¥ 2018 poui Li ma iH. 3anponoHysanu modesb Mymu-Cekuyili Ha OCHO8I aHasi3y OCHOBHUX
komnoHeHmig (PCA) ma HelpoHHOI mepexi. BoHu supiwyiomb npobrnemy 3miHu OaHux ModentogaHHs. ExcnepumeHmarnsHi
pe3ynbmamu nokasyrms, wo modeni Mymucekyit, nobydogaHi 3a donomozor mepexi BackPropagation (BP)/RadialBasisFunction
(RBF), MOXymb 3Ha4HO 3MEHWUMU NOMUIIKY NPO2HO3Y8aHHSA NOPIBHAHO 3 okpemumu modenamu. [Noxubka smeHwyemscs 00 0,8 % i
0,4 % 0ns ecmaHogneHHs MymucekuitiHux modeneli BP ma RBF gidnogidHo.

3 possumkomM KOMN'IOMepHUX mexHosnogil, yughposoeo ModentosaHHs ma MOMEKynsipHUX 6iomexHOM02iYHUX mexHomoeil
OocnidxeHHs Oezpadauii 3anuwikie necmuyudie 6ydyms npodo8xy8amuch.

Knroyoei cnoea: 3anuwku necmuyudis, dezpadayis necmuyudie, MamemamuyHi MoOerii.
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WCCNEOOBAHUE MATEMATUYECKNX METOIOB U MOLEJIEX, KOTOPBIE UCNONb3YIOTCA AN ONPEAENEHUS
OErPAOALIMK NECTULUMAOOB N NPOrHO3UPOBAHWUA UX OCTATKOB

[Mecmuyudsbl  WUPOKO UCNOMBL3YIOMCA 8 CefbCKoM  xo3alicmee Ond  NOSbIWEHUs  ypoxalHocmu U Kayecmea
CebCKOX03ALUCMBEHHbIX Kynbmyp. [locie Maccogozo ux Ucnob308aHus 3a2pA3HEHUE UMu cmaso 00HOU U3 Haubonee cepbesHbix
npobnem gcemupHo20 30pagooxpaHeHus. [loamomy Heobxo0umo pa3pabomamb Mamemamuyeckue modesnu A1 NPO2HO3UPOBaHUS
Oezpadayuu necmuyudos u ux ocmamkos. B amot cmambe Mb1 npedcmagunu Yembipe 8uda Mamemamuyeckux modened, KOmopbie
no3eonsm npoeHo3uposams dezpadayuio necmuyudos U U3NoXuu 6a3ossle meopuu U NPakmMu4eckoe npuMeHeHUs 0515 Kaxdol
modenu. Mbl Kpumu4ecKu cpagHUU Uux npeumywecmsa u HeO00Cmamku, aHanu3upys posb Kaxaol u3 Hux. bbinu paccmompeHbi
cywecmeyrowjue npobremMbl U nepcnekmusbi 8 0bacmu NPo2HO3UPOBaHUs 0CMamKos Necmuyudos.

Knroyesnie cnoea: ocmamku necmuyudos, 0ezpadayus necmuyudos, Mamemamudeckue Modenu.
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