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Abstract: The cassava virus diseasesdymamics model is formulated and analysed using ordinary differential
equations theories. The modelling alves cassava plant and whitefly vector population, with aspects of Farmer's
awareness level. The evaluation of farmers' awareness inverted numerically and found that increasing awareness levels
among farmers decrease disease transmission and spreadtdfrerd ten district councils in the Tanzania lake zone
fit and estimate the model parameters. In addition,-tlegendent controls were incorporated to reduce the burden
on cassava farmers. The findings revealed that with limited resources, uprootibhgraimg) the infected cassava
plants and awareness campaign programs significantly reduce the transmission. Therefore, to overcome the burden
caused by cassava virus diseases, the farmers are recommended to uproot and burn the infected cassava plants from
the farm. Also, it should be updated on controlling disease through educational campaign programs to enhahce farmers
awareness.
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1. INTRODUCTION

Cassava (Mani hot iss@aulsdatpd eCrf @amtdz crop i n seve
fourth most i mportant source o[f1Gd albarl il gs oafetre
million people depend on casg$a@assabariss ashe h
security food in Africa, and it plays a mor e
cirsfidfurthermore, it iIis the most | mpeSathaanrtans ou
Africa's poorest countries, osnuc hBearsi nNi[aghdd i Taa n :
Su$aharan Africa is the world's biggest casssée
gl obal gdr5dduct i on

Tanzania hisasvseawvwatpmheoddcer globally and Afri
annuabpbubuof 5.4 mil[lIGi]JoHumamnesco mpeumey eaver 84
produced in Tanzani a, the remainder going to
produlfc@]i bn Tanzani a, the average owssavaaoautyp
potential yield DIfE2Ontomeugplerchesaaaceci s cul ti
the | ake zone in Tanzania iIis[8h&€aksatgingsamna:
country's most escpantaad sSkeumosly fFmpdritcant s
|l ake (Kapé nga eHowelv.er ,1XB&)s.ava yields in Tanz:
due to various factors, including pests and d
hee been severely affected due to several di
particularly Cassava Mosaic Disease ,(aCMD) haend
most devastating and pose the mos@] .sifghiJfican
This paper f oeicrufseecst ioonn ,CVsDpecowi fi cally CMD and C
cassava p[rloldjurchtei vniutnyb er of CMD and CBSD cases
t hreatens c a[sds]a,VThlep]CadsavanomMosaic Virus (CMV)
spread by whitefly vectors (Bemisilal.2t]dbeadi )
yel lgowinmarr owi ng, def or mati on, stunted growt h,

dictated by the host plant's sph8]tivity, vir
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Cassava is also affected by severes€B&SDal whak
Zone districts (II'TA, 2010). CBSD is caused b
i s spread by planting infected cutti6rgFsolanmnd
chl orosis and a f ew BSDens ylngpdtDopmmss T lad eCR D nagl ¢ d €
tuberous root s, which develop a yel-bewfbngwn
ti ssues for a whil e, al ong with [@®i]tAcicnogr danndg
di sease research, t hiet sc rporpo dcuacnt iloons,e whpi Iteo i7n4 %
yield | osses[6cl]an reach 100%

According to John (20IZk)ktiOMDiIiandaGBaDacaul ti
sympt oms, and such a condition couwtl.d Thhaesree fdoer
management of CVD control techniques is recom
viruses. CMD and CBSD ar e dureree mptllayntmanrga gread elr)
and burning diseased cascawvsaaypya.,andsar ontainnii mg
fields for diseased plap6$,i[ 2.0 BH qoWweawme ri,n gmorrees i
still underway on creating tolerant/resistant
farmers emwmpldey ,ppetsticides are ineffective an
Kinene et al. (2015) proposed a mat hemati cal
most-e¢ddbective control technigues. Researchers
pesticitdhees,seacnodnd requires removal of the inf
Findings show -ehhéectihee motst atceogsyt combi nes upl
cassava plants.

Awareness campaigns, in partiedilarandrS®amihn aras
cassava farmers, are required so that far mers
their awareness, farmers can keep the crop un
they will i mpl emeicte the o @mritmfdd coatfioro@N® Pewmpl e

agriculture neteddataec ciunmrfaadremaatnidonupabout crops, (

i mportance of el ectronic media in keeping fa
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agricdét@aihR4]Accessi ble pesticide informationr
severe risks pesticides have on human heal th
[ 25] Adopting awareness progr ams tpredecsit ee
devel opment for the cultivars and far mers. Fa

ri sks of pesticides-awanbkl yseFaameliry whbaaceds

protecting public heal thhazanad6 |ITdhveea reif mg e e n vaiwaa
essenti al i n crop pest management. Tel evision
providing agricul tural practices and crop p
mat hemati cal MCBSID f(GiVvDEREDt and) |, i ncorporatin
|l evels. The main focus is to compare a f undamg
invol ving the-ifndlelcadwiomg cOWDR rcod management. Th
thectetleplants by wuprooting and burning, kil
pesticides and other means, and increasing fe

among cassava farmers through medi a epnodemitni m
opti mal control problem is formulated and sol

determine the opti mal |-efvfeed c oif vemeand s .0l strate

2. MODEL DESCRIPTION AND FORMULATION
The deterministic Conaltymam@dcdsscaolifa moaledi cofdi seas
Cassava brown streak disease (CBSD) was form

ordinary differenti al equations. The model [

popul ati on. The amwalge/h‘(rhsismekimvceorpor ated to mi

transmission and sprebBd.i sThdei vG alsesda vian t poo pfuil vaet |

SuscefpP) exposed (E), ( Mnfiencfteehdt & Sihi (CS3YD and f i 1

confecBcglaass of plants infected with both CMD

N(t)=P(1) E() M() ) H9
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The total whit efN,{t) hvaesc ttowo poolpaus(sasn:o nd u(fldep teidb

T hul, (t)=V(t) H(t).
The compartment al diagram in Figure 1 -summar

infection.

N P
P(l—»KJ P Fa)! E &M B
5P ; L A— o
SE S 6B
&
L Fee. 9
A —e) J
l 1
b(v+1)(1—(VTtI)),—V-—-\ vV f Agp
)’lV vI
Figu€empart ment model diagram model -ifrofrectthieon
with awareness. |ITihee stohe dcdnaniteasnts ytmbansmi ssi o
another. The red dotted |ines depict the regul
the blue dashed dot | ines indicate the activi

The susceptible cassava plants contacted an i
class before becoming infected. Cassava plant
susceptible whitefly wvector a adq uci arsessa vwai rpul saenst

becomes i nfected. Due to the finite size of t

cassava popul ati onr,and tcharar ynikpng gchaepnvaFchirltrgantte ¢ a n

both susceptible and exposed cassaspecutteags
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frequency to which exposed cassava is selecte
Hence susceptibl e cassaivbae do!|bayntt hpeo pfud lalta woinn gc al
& N . & N :
gr owt hrpgi-exr mand by replanting exgcgdsed whidrtd ngs
¢ K ¢ K
gt i s the number of cassava Tnhatasrsiaxla mpeé @lnd n tmod

exposed class after acquiring viruses through

b . After developing the symptoms of one di se

di sease will become dually infected with the

cassava plant being infectedflyrkdt hiovfaswut€Ci¥®n s
The CMV infectious class can move to the CBSV
l]hand the CBSV infectious class can move to th
at t htesirnactee e aicsh jddisreiamssge t he CVDALkIl asassava di

are harvestdad iantg & hreathemr vesti ng cassava tuber

The exposed cassava plants can move to,the CN

tremnssi omr r@GB®D i nfectious b 4 tarcagnusintiisnsd hod B S\

transmi sasrieond erffatneesd as f ol | ows
/M:&M andS: S+yB
¢ N ¢ N
whermandnare the infectious rate ofr eMpamed CB

the transmission coefficient for the pRA] Il Yy i
The whivwedtilor popul ation increases due to bir:
to another. The whitefly vectors (Bemicia tab
from infected to the susceptiblce ocadant & hplaadre

carryindK.BRBatplacdltggsses of Whitefly vectors wil./l

deat hgbeadae®use the virus dMeex omaeti defrf d dhite tnheev wit

thatimd owt he popul ation through I mmigration o]
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are either heal t h-t hrooughnfiemmii great iTchne/ nfolvoewne n t

constantl i watt ht Heh er atndcetcotre df frwhmcidti eofmley reenai ni ng
(1-f). The healthy whitefly vector became an inf
/[, the force of indmcthenavdhhabidleipteyndsf heal't

abundance of the i nffoercctee do fc aisnsfaevcat ipo na ndtess.c rTihbee

/V:.ﬂgeE+M4SBwheaeis the whitefly virus acqlt

¢

The awareness | evel among f ar menfse catbioount itnhcer eCa
the raheough gl obal sources. Theagi bopabpawar en
the infected cassava plants. However, due to

the CVbfeoction may Hlez8le,ase2@]t the rate

Aware farmers keep the cassava plant under ob

from the field can be modell%'%%dwi/th the makli o
acti viatiyn rditpdears3e®] , AwBdrle far mer s’ activities
susceptible whitefly vecawont $ ¢ dore m«%:‘nl\ﬁﬂljnmké@memte

[ 3.1]

2.1 Equations of the model

Nowing the model as s umpdtyinocanmsi cgsi voefn CavbDo vaer, e tdhes
foll owing systems of nonlinear differential e

dP & N 0,3aP p

—=rPgd — @b &

dt géKl??ng

dE a N 6 AP p

d_:rqEEé_O 8 WE H E

t g Kl+(; -

dm aAM

—=/,E - w -

d " M 1+ A
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ds aAS
—=/E -t - Sg-ZS

dt ° WS 1+ A

B_wim +4,8 -8 (1)
dt 1+ A

dv a (V+1) 6 CAV
—=b(V H 5 {1LF) - V- =
dt ( )gé K, S( )4 Y TrA
dl cAl

—=/V + If 1g——

dt Y Y17 A

%‘:f g(M $ B I)+hA

2.2Invariant Region of the Solution
The CVD dynamic model system (1) has three su
are nonn'éagbati ve

Lemma 1

Gi ven t he mo d e | o(f1) REhewi t 8y stienm t i al Co

P(t)2 0,E(t) 20,M(t) ®5() ®HY) OX} Ok) 0A3 Hh ts solution en

i nvariant region

H=H 3, H 22 K R B where;

He {(PREM.S B RI:K) &) M) $% &) K (2)
H, {(v.1) R2:v(t) Ht) Ng
HA:{A Ri}
Proof
We use the box invariant method tionfeesctta bolni smho

Al .
sol ut3ifon5 ]I n-itnffecad on dydXmO(Xat), X ERY,s tveem as s ume

solution'"s continuity and Lp pschiedacgrdoper ttihe
dX

E=L(x)X+Q (3)

wheXe(P,EM,SBV,,A and a cof @#n{N,0,06,6N 00A" t hus
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ea O 0 0 O 0 0 O
€l
e— -a O 0 O 0O 0 o
QN
20 Iy -a O O 0 o0 o
L(x)=¢0 /¢ 0 -a 0 0 0 O (4)
€0 0 wi 4/-a 0 0 0
éeo o0 0 0 0O -b b O
é
c0 O 0 O b -b O
eo 0 g 9 g 0 g -h
bl aN anN o) aA
whea®ri— ¥ l-a,=d + 2 , wily + d+—
BEN Y Mg o %’E O W s A” i A
o=t [ + aA J b=g +/ LAV + lob(V+|) cA
Tens=9 a9 T K, 0K, 1A
2b(V+1) cA cA
=b b,=/,,b,=9g +—
% K, 1+Ab3 VI OA
In a reducedL(Met zltéere matimick pal diagonal has
remai ndinggoridl val uEbBusayeahbhl |l vaosabliee.enter ¢
invari amt Thgbsondemomisd & mit ®lsogiheal -pogedriexcanct
the CVbfeoction model systeHn (1) in the invar.i
2.3 Positivity of the Solutions
Theorem 1
Let the initial values of the state variabl es

{(P(0).E(0) M(9.S(9 . HQ M (DA i
Then, the {8 EWMO.SIsEE V) (). A} of the medyl sy:

i's nonnégati ve
Proof
We <consider t he f i rrsdpreeqsueanttiionng oofu rmosdueslc e(pl)i,b

devel op the inequality as
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dP,a & N 06abl , g0
—lgad — oxmy dt (5)
¢ B k98N %
By solving differential i nequality, we get
LI
P(t)z P(0)ef™ " °
A
Thustasthen, it RA(YPRIPOye:"t a20. Hem(gz0
Applying t he s ame procedures for t he

{E().M(t),S(9,B(). M. (), A} arpeosi tive thO.r Aasl la trienseul t

coanfection transmitdhiyesnemode) st acepddeéemi ol og |

mat hemat ipcoasleldy. wel |

3. THEORETICAL ANALYSIS OF THE M ODEL
3.1CVD co-infection free equilibrium point C°(CVDCFEP)

The state in which there are no diseased pl an

in the whitefly wvector -iprofpesdtaét® roenq uisl ikbnroiwnm. a

CVDCF EZ(P:(PO, E°, M°, <, B, \P, I°, AO). Thus

C=(P°, E, M, S, B\, I, A) %M,0,0,0,W 0:—] (6)
¢

The basic repidpdfict henmaoodoatbaei (nle)d-gesiengti ba mex

as

| raf,(b- )gf +)
Ao _\/bdKl(r- oct £ B )

3.2 Local stability of CVD co-infection free equilibrium point (CVDCFE)

Theofem

The CVMDIhfeation free equilibrium p,éoi<m1ands | o

unst all>e i f
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ProofTo prove thi sfitnhde otrheem,J alceotb iuasn fmartsti x of
infection free equilibrium point: we get

0

(7)

1

©O ON OO O O O
T

©c oo g
Rup

1
N

A

- ©ON o oo oo

0
0
z,
0 -
0
0
z
9

QJNOOQNOO
1
Q@ N ON O O O O

«
1

cf ’27:arK2(b- g’zgsz(f+h)(b -9)
f+h bK, (r- d) bh

=9
By using the basic properties of matrJ(O‘&) al geb

the following aft=zzthe zei,gezpvgtwed.= z and

/<= hhave a negative real part, and the remaini
a -d b
0_% _ o ~
J(Q)—erz(b 9 Ao (8)
QbKl(r-a’) ¢ f Hh
Here, we employ the determinant and trace met
infetcteenequil ivbevieurm pfoiirnstt., Hwe must prove the
the matrix (8) are positive and negative, res
The determinant of the matrix (8) is then cal
_acf+(f +)g &
Det(J(Cf))—geT ?(1 - i% (9)

o

acf +(f +h 0
As we c&ran—e)—g@>O, it i s t he product of p O S

c f+h
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Det(J(q))) toe>0we shouAgd<.have

Al so, it is clear that the trace of the matr.i
_a cf ©
Trace(J(cf))_ Eg 9 00 (10)
Hence, thef@&¥béeemequilibrium point iAg<loocally

3.3 Global stability of CVD cainfection free equilibrium point (CVDCFE).
To investigate the iIissuendfecthenglfolrael egqualbilb
the Metzler matri 8.6In@a howe m@mesesttah e df dlyl owi ng

Theorem 2

TheVDCFEP) of the model system (1) is Agklobally

and unsA,dbl e if

Proof :

We separate the model system (EMSBhaodcampar:t
transnPVW nadividual s. X[ter etfhoer ey e-tweanlsefitio t t inro

compartfpemtes vector for transXythengectoompaot md

free equilibrium point. Then
?dxn:C(X _XO) %x
[ S
! gx (11)
|_i:CX,
fd 72

To prove the glICWDLIFEEFRmdidedyi rodd ttieehas owe ah a

negative ei@iesval Metszlaed matri x <dormtgain@ailngnal |l

Based on the mawddll (ke KIHEMGS)

‘. _AK(r-d) Kyl -y 1 (12
n c b h
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a_ K/(r-d
é)‘ 1( )
o r
& K,(b-
Xn'xcon%é/‘u (13)
&
@y
¢
We wi | | now have the matrices Dbterd amws neimptlionygi r
transmitting compartments.
éo ~
B g g 0 0
ec K =N
&
2b(V + 1
C, = 0 ba g (V+1) A CAV. (14)
e K, 1+A  (1+A)
&
® 0 0 -h
&
¢
EigenvaQ aee of
a &N bl 6 &2b(V + 1 o
%%(— T & r-,{j%—(K ) ‘J-i- @‘l‘oh- (15)
¢C G™ ¢ 2 -
20 0 0 O op (16)
N
&
_®av & ¥ \a . 2b(V+1)
“TE N NN N
= K
& 0 g g g g
&
¢
a4 AN & 0 bP
e ¥ Pyl i 0 0 0 —
ae? %‘E 2T N
&®
o aA6
@ / o g 0 0 0
% " 8“/ 1+A 2
- ; 5
C,=& / 0 t+ 5 0 0 17
i ; 8”/ 1+A 2 (17)
a o ~
& a 0
0 / ¢/ - 4 0
& v " ¢ 1+A 2
® av & '] \& a CA ¢
] N N N ¥l
(; 91+A—.
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Now when we calcul at e6é Bhag emesadlutess ifrodi ¢ dtee mah a

=)

egati ve and real, pf%’bzxq(b(ng-xcoﬁ)h@x itsheg!| oyt d n
asymptoticXlIFpyrshabmer at conGiwkerfiimngdatiietimaer

stable matrixdisagaearalal ¢!l emhent s C¥DEFEFPS|I sysvseem

(1) is globally asymptotically stabl e.

4.OPTIMAL CONTROL
This section aims to introduce ther cemtomlf arer
of cassava. Hi storically, most | ocal farmers

especially the proper implication of the <cont

(7]

tudy considers fatmeds ngawar eracatlede@icdl i
knowl edge and accurate informatumpncarmroadt ac oc

strategies duringhenmepietemiyctemugtlijion.s modi |

tiaependemsty(thw()tanod,(t) reducing or el i-mhhattiingn:t

—

ransmi ssi on. u(thaei nisi rtsd¢ stomp rionf ection of the

nvoilmmesdi ate removal of the infected plants |

u(t)proposed to reduce timd etcrtdmnmi §gioom tdfe CWD e

to the cassava planitsgitmhe hwhifti efldy Vveéciovel i
and other means w(t)Tdiemetdhitral icomteade farming
education campaign among cassava farmers thro

cases of infected cassava plants at the mini mu

thei-eftestiveness. Therefore the following mo

a N P
—=rPd — b1 us

Qo

@

1 O: Ot

|- OO
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dE a N 0O aP b

E:.rqu;—l 0 1 “3')%55 ML wW)E (4 w)E- E

dM _ AM

E—/M(l-ug)E wd(1 us) M Mf(q-a)m (18)

ds _ _ : 3y AS

G-l wW)E £ w)S s u- g

dB AB

azwls(l-u3)M +,(1 u;) S Bc(q-a)m

dv a (V+1) @ AV

— =b(V H 5 f1LF) - V- - SAL

a0V B S8 ) - el 95T

dl Al

a—/VV+Lf 1g (us c)m

%‘:UJ g(M $ B ht
These control strategiesheerdmber bef adpfusd¢ teido
whitefly vectors and the cost of i mplementi ng
optimal <contr ol problem with objective funct.i

tf o 3

J=Minfi\M S W B Wla%ﬁj (19)
uog i=1

whetfei s the fi Waj=1-tdiamee, tahred posi ti ve weight <co

the number of CMD, CBSD, CVD infectious cass

cont Gast2:t here are positive control wei ght s

quadr c expez—lrufe—cs;%szzioa%dszrepresent the costs of con
the infected cassava plants by wuprooting and
pesticides andampamigmg, awasepreress vel y. Il n this
of conti¥xl®l2sare quadratic because these i nter v
assumption foll ows studi es t hat promosef non

interventions and the cost of interventions f

have often used such quadipThe gpospese ei. g.t K
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objectivég, famrcyg pnentils required to find the o

J(u*):minJ(u|uiU) (20)
whete{(yuww)lyis Lebesgue ni¢d sty ath gg, @I\Fﬂ.ﬂ?\ i s

the admiesible controls. Note that in all cas
effort i s being made to control the disease,
possible is being made. Now wteheapeitiysttédirec & od fl
control for systems (18) and (19).

Theor.em 3

Gi v@)subject to the(PsE) Mt \,1°84)2 (®0,000,00)
then there exi stusanmd ocooprtri e(era[EchfiSi,FBt,dl,d*]A) t hat
mi ni mi(gesdlr.

Proof
Since the set of controls and state variabl e:
convex and clhoasreddd e E@afc ht heé ghtate system is co

sum of t he bounded control and the ut wit teh an

coefficients depending ormrz(qgiafe tamea dltjee sttiake .f

convex. Ther eC,Exi0sanid®anssutcehnttshat the integrar
b

f u maomtail sath(|sl|2f +u§25|q|2)2 G

The existence results in Lukes (1982) [Theore

the first property is satisfied. The control

sel; thus, the seco@idv epnr otpheartt yt hael ssot ahtoel dsso.l ut i

i nu are boundeds;hatnidersitdlee irsi dlotun dreidn alyl ya, [tihneere

C.GC20ana?lsati sfying

b

WM+WS W B M1 S0t GA0t Gt fb | B )R (21)
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since the state variables are bounded. Hence,
exi stinfg@.7rlesul ts

4.1 CHARACTERISATION OF THE OPTIMAL CONTROLS

The representation of the opti mal c o[n.&]dlos de

achieve this, one needs to transform the opt.i

poiwmitse a HaHwilttho ntieasnp dxette t he set oUbesttahtee sveatr

of cortbreoltshe set of @adbeoitnhtle awalrgifatbtleees ,diafnfder e

t hi# state variable. Then Our problem's Lagrang

functional, the thmmar spgrded wdt tdfe tshheatrei gelgtuat i
(L, L, L L, L L Lyl
Il n more compact, the Lagrangian is defined by

H=WM WS wB \Mé% b lestgr () (22)

Then, the expanded form of the Lagrangian 1is

G 1 ¢n =

a a N O AP B 0
+Lzé%qu;L * 6 ug%ﬁ 8 AL UE ¢ @-uy)E - Eg-
L3, UWE WL M- M {y @AM 8

g 1A 2
LM UE 440 u)S S u- BP9

4(} S 3 1+A 9

a AB &
tlog 51 U)M  +4, @ up)S BC( y- é+ 0

a & (v+1) o Av ©
+LG§>(V H)g@ < 2 {1L7) - yv- W (u c)1+A+§
+L7§’,{VV + If 'lg (uz' C)i g

(23)
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whetL,g=123456,7, are sheateovari abP&gMSIBEbALIi ated by

Theor.em 4

Singe s the set of xophéemabrrespooti magdset of

system (18) Jtchvae¥; mi hemi skeere exLisuchadtjlhatnt va

%-ﬁadjmnt cdondi tions an (24)

dt dx
L(tf):o,transversal ity conditioné¢25Furth

%—T:O,atu*optimalitYy conditions (26)

We are taking the partiHavli tdhenriespteictetof sttlae elL

dy, _ &, &N . 6db(y-1)1° & 1)||_

—-Lg Fo
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d,_ 4 u1+a 60[_%5 ) wM %/ug $rL§ WL, (@/ﬂ) E y

o
-|-aD: O

M-)E %@%E Ml)ﬂf_zLaf

d—LG:L:;@] Jbé!V*H*) }gm(\ﬁ H*) (L%:c)A* a(FiM &+ B)’ Oth:

dt & & K, 0 &K, 0A % & N
¢ ¢ - ¢ - ¢ -

aaL7(E +M 4S5 'B) 0

-ae 0

FoS) N 0

g -

d,, & (u+c)A B & +1° 0 OVAHA  biu- 1)P*L1 fu, DP L,
on 0

afura) (wA B, (B4 (4 ¥A §
T (A

TR (i
(27)
with transversality conditions (or final ti me
L(T)=0.,(T) 0L(T) 8L(T) Oi(T) O&(T) OET (andl(T)=

Theharacterisati onsu(gfantdhe oaptejérpap(t) dsiohgh abl iss ,

the optimality equations, are based on the co
WH_H _Hg
T I

Thus, wusing the Wwi=Aas oftstheptciomatlr cclontr ol i s

& & ALAB  LAM
i 'jogeA*+1 A4 A & &

(28)
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e € aL A" LAV o
ekt A e §
U, = max] 1, min {0& T
i i . i (29)
S %
? eé é, * 6 % 6 * * ,l
P aELSf+L4an1(S+BJ&E@ QM +B)$_L2<j (F?Z B )Er (cs'ﬁvB) E%J
I I & x N 0 & N 0 &N 0 & al
1 1 = ¢ - € - ¢ - ¢ a1
[ T & v 3 o 5 5 ¢ St )t G
i1 b +Lsgehz(l\/l +B )8 g ;@SM'B)M/ %p| . g,(gsm B)E/ qg
\ T, N ® N 0 & N ON & N g
u, =max] 1, mirj '0% ¢ ¢ &
P Gs "
7 7 [
) 7 [
7 7 [
7 7 [
i i |
. yi
(30)
The optimality system consists of the state s\
and transversal conditions and the character.
2 2 2
H H H
H =G, ;0,“_2:(;2 ;0’“_2:(;3 % (31)
MUy Hu; MU

which implies that the second wpamhtiraelspeerni ¢ at

u,u,and, are posi te,vet.helhoeprteifrmarl pr obuem ia®.dmi ni m

5. NUMERICAL SIMULATIONS AND DISCUSSION

5.1 Parameter estimation of CVD canfection model

This section presents the numeri cal anal ysi s

t wo regions ( Mwanza 2a0ni24 B8] tsas)mmdma bTsaendz Bilnre aan df 02r
maxi mum | i keli hood estimation (MLE) approach

of nfected CMD aasde $MaSgDw,m!|Kawnitmb a, Mi sungwi , Sel
Chat o, Gee ifftaavn ur 8lbpgwe adids Nyiaontgse heval e d! s
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Average CMD infected plant2d01lBases

Year

District 2014201t2016

20172018

Magu 3100323¢3100332:23319
Kwi mb a 323€¢€331:t3097316¢3017
Mi sungwi 329£301¢293730443105
Sengeremi3274332:284030143182
Uker ewe 318:31273287330¢€¢3418
Geit a T3134328:290728513129
Geita 331¢31423242336:2837
Chato 321€¢€282¢3428304:3071
Nyangd6hwi3167303¢3115322¢3055
Bukombe 3152296:23148331:3273
Table 2: Average CBSD i nf

ected planizGl&ases

Year

District 2014201t2016

20172018

Ma gu

Kw

2190221:t2199

I mb a 209422922073

Mi sungwi 214¢€20822132

Se
Uk
Ge
Ge
Ch
Ny
Bu

ngerem2227222:2028

erewe 2331244:2451

It
It

at

a 203821242088
a 2227212:2328
0 23122192071

angbhw219€213¢2045

kombe 231£22212239

23142288
22412416
224t2342
23172131
226:2319
22502252
226:2128
222¢2326
21572291
241¢2491

p
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The maximum-likelihood estimator (MLE)
The maximum | i kelihood estimation (MLE) was uU:¢
of the maximum |ikelihood technique is to max
paper by minimising the sumdeffi sgdaaes of res
N est) 2
L(g)=a (¥ -¥=)
i=1

N

esfl N
Wher{gi}h1 i's the act{){ij}ai#islatlae ssoldut i on of model
parameter value. Some of the initial par amet e

the | iteraturl3,9 BKuicnhe[naesl JeMa gablyf.eétf0d @h ap wa[ndyla] et

and JittpMma]lwehi lad .qt her s were assumed based on

numeri cal resul ts-ifndre cMLU B nf onto dteHe pGM D nted er s a
summari sed in Tabl e 3.
3500 : . : : 2500
—©— Observed data —©— Observed data
Estimated values 2450 1 Q Estimated values
3400 | 1
Q 2400 F
P ®
» 3300 F ® 1 © 2350+ D
"E (D c o
a ? a 2300
2 L
3 3200 L1 3 & ’
3 4P AT & g 2250 d D
£ 3100 | £ ol o [
A Q 2200 f
= () @2
© o S 2150
3000 | 1 &d
2100 F
o
2900 | o © <§)
2050 |
) S o d o o
2800 ; ' ; ; 2000 ; : : '
0 10 20 30 40 50 0 10 20 30 40 50
Time(year) Time(year)
2014-2018 2014-2018

Fi gulrhee2 . Average CMD anda€BSDpenf betedrpl pat d
2024018 and itthteedb essotl uti on of the mode
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Table 3: Parameter values that give the best
ParanLiterat|{Esti mate(ParanLiterEsti m;:
Par amet e| val ugPar amg
val ue
K1 10000 10000 a 0.02240. 00 8¢
K2 2510 3600 c 0.0250. 0241
r 0. 07 0. 0768661 f 0.0010. 001
a 0.0024 |0.002675]|h 0.0240. 022
b 0. 024 0.021670)|9 0.05 (0. 041¢
a 0.042 0.051725 1|V 0.0040. 00 71
q 0. 032 0.031216b 0.1940. 229
0. 62 0.607043|rf 0.82 (0. 279
g 0. 04 0.0337991#" 0.0810. 055
0. 06 0.043080) m 0.06 [0. 057
t 0.035 0.032116{" 0.00g0. 008

5.2 Sensitivity Analysis of ModelParameters

Sensitivity analysis was obtained on the fundamental parameters to check and identify parameters
influencing the basic reproductive number. We used the approach specified by Blower, S. M. and
Dowlatabadi, H[43] to conduct sensitivity analysis, as désed in[44]. The sensitivity indices

are given as

Y Ao Sl 0 Lp where p is the model parameter. (29)
P
HP

The sensitivity indicaesfogQutrkee3mbeéloware pres
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0.6

0.4

0.2

Value of senstivity indices
o
N

FiguB8en$8itivi tAywiatnha | ryessi pse cotf
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5.3 Impact of Farmer's Awareness toward cassava virus disease
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he

t

t

he

t ef |
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(a) (b)
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vector s, (e)susceptible plants and (f) suscep
Furthermore, fitghueg es uds o ept isthloewsc a@ashsagava pl ants
as the Farmer's activities increases due to t
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infected whitefly
whitefly vectors is reduced as the
as depicted in figure 5(d).
(a) (b)
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Mor eover, figure 5(e) shows that far mer s ac

number of susceptible cassava plants due to f
t hat far mer s’ activitieslyueedtoorasvasiegqrisfsi odn

reducing or eliminating susceptible whitefly

5.2ontScodnari os
The following four combination opti mal contr ol

i mpact on the eradiC¥4BERioomfefctCMbD,, CBSD and

Strategy A: Control by uprootup@u adud Ebur ni ng,
Strategy B: Control with uproat 0,0,00@n@® .burnin
Strategy C: CpestocidgsspndwyiE6gmduw gl) awareness
Strategy D: Control with all three controls:

awar euneGu Ou 0 .

The parameter used in e€h8d8. sHowkaeirpnthe fHbblwa

were employed to model optimal <control: P (0)
B (0) =1000, V (0) = 1500 and | (0) = 1000. F
and control0s 2ar &N2WE 0. 4, W3 = 0. 7, W4 = 0. 3, {
The weight values used in the simulations are
the control mechani sms suggested in this pape

Strategy A: Contdr dlurbnyi nugp r oaontdi rgp,réamy jOjo,g B)pest i ¢

Figures 6(a) and 6(b) show that the number of
applying strategy D. FurthermonéecFigurse pb@ol}
suggtively with the i mplementation of the s ame
this strategy affects infected whitefly vectoc

vectors tends to decrease wianht |tyhirse dsutcreast etghye
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CMD, CBSD, aindf ecMD owse popul ations and infec
additional control measures are required to |
a b
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Figurmp®&cts of wuprooting andc drutrrnalnsgi, onra @@V 5 @ancs

transmission dynamics

Strategy B: Control by uprootin(lg, Guwdup Wy ni ng ;

Figurdgs )7 daow a marked decrease i n -itnhfee cntui nobuesr
cassava piloamst agtopaudyatgi ven moment . Further mor ¢
the strategy is also more helpful in reducing
field. Finally, it should be notentd haltorugrwic
farmer awareness campaigns greatly reduce i nf

to another plant through whitefly vectors.
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Strategy C: Control by sprayi uFOpebti@®i des an

It can be notdd)fndmtFitdhhwere 8(Sa)ho decrease |ir
CVD -icomf ecti ous, resptelce i spt §yi mg pPeavesswd ae sosfa
application. 't means t lmavarsemres)ysi Me apalsteisc iad e
remove infected cassava plants within the fie

may rediucmfeedtheed whitefly wvectors from the en
targeting CMD, -CBS®&c¢ctaodsCpO®paobati ons shoul d |

di seases.
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Figudenp8cts of spraying pesticine€G¥Rinuf &ctrimar
transmission dynamics.

Strategy D: Control by uprooting and burning,
(ulso’u2507u3 Q)
The results show that uprooting and burning

pesticides and farming awareness wil|l reduce

tendency-(fcpnomwhiah displays that ntkhet €4IDc a 4§

decreases by intensifying the remoivtae f loyf uecet
decreases by strengthening pesticides applic
Mor eover, Figure 9(d) shows that the infected

combinati onu,o0,ln dtgri avteesg itehse best results to opl

O .



