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{ampiran 2 Perhitungan titik tetap endemik

using SymPy

a, n, b, v, k, d1, d2, o, al, a2, t, m, s, i, g, r0 =
bols("A, a, n, b, u, k, di, d2, o, al, a2, t, m, s, i, q,

', real = true)

= A-((b*s*1)/ (a+n*i))-u*s
solve (fl, s)

ollect(S[1],1)
(((1-k)*(b*s*1))/(a+tn*1i))-u*i-dl*i-o*i-al*i

= f2.subs (s, (A* (a+i*n))/ (a*u+i* (b+n*u)))
solve (£f2,1)

Suepun-8uepun 18unpul)ig eydi) JeH

dustoau) Q] i vidi> YD)

tor (I[2])

ollect (collect (collect (I[2],A),a*u),b)

simplify (I.subs (A*b* (1-k), (rO* (u*a* (utdl+o+al)))))
= ((k*b*s*i)/(a+n*1i))+o*i-d2*g-u*g-a2*qg

f3.subs (s, (A* (a+i*n) )/ (a*u+i* (b+n*u)))
solve (£3, 9)

simplify(collect (factor(Qf1]),1))

] = A-((b*s*1i)/(a+tn*i))-u*s+(1l-t)*m
solve (fl1l, s)

simplify(collect (collect (factor(S1([1]),1i),m))

: Jaquins ueyingaAuawl uep uejwniuedUuaW eduel (Ul sijn1 A1y yninas neie ueiSeqas dunduaw Suese|iq ‘T

= ((k*b*s*i)/(a+n*i))+o*i-d2*g-u*g-a2*qg
= f33.subs (s, ((A-m* (t-1)) * (a+i*n))/ (a*u+i* (b+n*u)))
solve (£33, q)

simplify(collect(collect(collect (factor(Ql[l]),b*k),1i),m))

> = (((1-k)*(b*s*1))/(a+n*1i))-u*i-dl*i-o*i-al*i+t*m
) = f22.subs (s, ((A-m* (t-1)) * (a+i*n))/ (a*u+i* (b+n*u)))

?=collect (expand (f22), (A*b*1i) / (a*u+b*i+i*n*u))
2=f22.subs (A*b* (1-k), (r0* (u*a* (u+dl+o+al))))
collect (collect (collect (collect (collect (collect (collect (col

t (collect (collect (collect ((collect (cancel (£22),1i)),m),b),n*
a),u),al),dl),o),k),r0-1),al+dl+o+u)
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Lampiran 3 Pembuktian proposisi 1

Pelinearan pada titik tetap bebas penyakit E, akan menghasilkan matriks
jacobi sebagai berikut:
a;; a;z O
Je, = < 0 ap O )

0 as as;

a;p = —H
BA BA
Ay = —— az; =—+0
au au
_(A-k)pA
azz_d—li_”_61_a_a1 Az3 = =0, —u—a

Nilai eigen untuk titik tetap bebas penyakit E,, diperoleh sebagai berikut:

Vg, — A3 =0
atau
a;; — A a, 0
0 ay, — A 0 =0
0 as, azz — A

Sehingga diperoleh persamaan karakteristik sebagai berikut:

(1-k)BA
(—M—A)(a—#—u—&—a—%—l (=6, —pu—a; - =0
Sehingga diperoleh nilai eigen sebagai berikut:
A =—p (<0)
Ay = (—52 7{)!2— a; (<0)
1-— A
A3 —T—u—61—a—a1
_(1-k)pA
—T—(u+61+a+a1)

(A -KPA(u+ 6 +0+ay)
B au(u+6; +o+aq)
=Ro(u+61+o+a)—(u+6;+0+ay)

—-(u+6,+0+ay)

A3 akan bernilai negatif jika R, < 1, sehingga titik tetap E, akan bersifat stabil
asimtotik local jika R, < 1.
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LLampiran 4 Pembuktian proposisi 2

Untuk mengetahui kestabilan global akan digunakan kriteria Bendixon-Dulac.
Misalkan,

dll (1-K)BSI ~
gt atnl Ww+b+o+adl=f
dQ  kBSI

E—a+n1+01—(52+ﬂ+“2)Q:f2

Kemudian, ditentukan fungsi dulac sebagai berikut

1

Oleh karena itu

09f) , 3(gfs
10.0) - 20, 205

g (i(M_ (u+6; +a+a1)1>>

“a\1o\ a+nI
d (1 /kBSI
_a 1/(A-k)pS
_W<E<TT]I_M+61+U+“1>>
d (1, kBS 1
+%<5<a+n1+0)—7(52+ﬂ+a2))
1(1-k)BnS 1 kBS 1

Q (a+nD? Q*a+nl Q2

Untuk setiap I,Q > 0. Karena L(I, Q) tidak berubah tanda dan tidak nol
identik pada kuadran positif bidang I — Q, maka berdasarkan kriteria Bendixson-
Dulac system tidak memiliki solusi periodic di daerah R2 bidang I — Q. Karena
tidak ada solusi periodic di daerah R2 bidang I — Q maka tidak ada yang
membatasi daerah kestabilan asimtotik. Oleh karena itu titik tetap bebas penyakit
akan selalu stabil asimtotik local ketika R, < 1, dan stabil asimtotik global di
daerah R bidang I — Q jikaR, < 1
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Lampiran 5 Pembuktian proposisi 3

Nilai eigen untuk titik tetap bebas penyakit E, diperoleh sebagai berikut:

Ve, — 23| =0
atau
b11 - /1 blZ 0
b21 bzz - A 0 = 0
b31 b32 b33 - A

Sehingga diperoleh persamaan karakteristik sebagai berikut:
(b11 - A)(bzz - A)(b33 -1 - (b33 — A)bz1b1, =0
(b33 — ) ((by; — D) (byp —4) — by1b13) =0
(b33 — A)(by1baz — Abyy — Abyq + 2% — by1b12) =0
(b33 — A)(A% = (baz + b11)A+(b11bay — byybiz)) = 0
Sehingga diperoleh nilai eigen sebagai berikut:
A = bs3
-6 —u—a;
—(6tut+ay) (<0)
_ (b + by1) £ \/(_bzz — by1)? — 4(b11by; — by1b12)
23 = )

(b22 + bll) i \/bZZZ + 2b11b22 + bll2 - 4‘b11bZZ + 4‘bZIbIZ

2
(b2 + byp) £ \/bzzz — 2by1byy + byy” + 4byy by,
a 2
_ (b2 + b11) £ \/(bzz —by1)? + 4by1 by

2

A, dan A; akan bernilai negatif jika (b,, + b;;) < 0 dan populasi terinfeksi
bernilai positif jika R, > 1, sehingga titik tetap E; akan bersifat stabil asimtotik
lokal jika (b,, + by1) < O.
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{ampiran 6 Perhitungan indeks sensitivitas

e Indeks sensitivitas k

k_0R,
kTR, ok
i)
=
5 k « —BA
S a-k)p4 pa(p+ 6, + 0+ ay)
= ua(p+éi+to+ay)
N:.
S ,ua(u+61+a+a1)x —BA
§ (1-k)BA ua(u+36, +o+ay)
S
2 k
&
(1-k)
0.5
-1

(1-05)

Indeks sensitivitas

A a a:RO
= — X —
Ry Oa
a o —up+86;+0+a,)(1—-k)BA
(A—k)p4 (ma(p + 8, + 0 + ay))?
a(u+é,+o+aq)

a’(u+6,+o+a;) —uu+8+o+a)(1—-k)BA

(1 -l)pA (ua(u+ 8, + 0 +ap)

Indeks sensitivitas §;

6, OR
0 — _1 X _0
R, 06,
o o —ua(l—k)BA
a-k)sa (na(u + 61 + 0 + ay))?
a(u+é,+o+aq)
yua(u+ 6, + 0+ ay) —ua(l—k)BA
(1—-k)BA (pa(u+6,+o+ al))z
5,

U+é;+o+ao

—
0
vy
-
EC
<
o
p]
w

g

=-1



0.1
= - = —0.13332
3.57 x 1075+ 0.1 + 0.59 + 0.06

e Indeks sensitivitas o

o _ 9 ORo
Yoo = Ry % do
o —ua(l—k)BA

X
__Qpa " (ua(u+ 6, + 0+ ay))?
ua(u+81+o+aq)

_opa(u+6; +o+ay) —ua(1—k)BA
(1-k)BA (pa(u+6, +0+ al))z

o
U+é;+o+a

0.59
=— = —0.7866
3.57 x 1075+ 0.1 + 0.59 + 0.06 0

e Indeks sensitivitas a,

Y‘RO — ﬁ X %
Ry 0ay
aq —ua(l—k)BA

X
—UZOPA__ " (pa(u + 61+ 0+ ar))?
ua(u+81+o+aq)

_aqpa(u+6, +o+ap) —ua(l—k)BA

(1-k)BA (,ua:(pt +6,+0+ al))z

a,
U+é;+o+a;

0.06
= - = —0.07999
3.57 X 107>+ 0.1 + 0.59 + 0.06

e Indeks sensitivitas S8

Y‘RO — ﬁ X %
F Ry 0B
B —ua(l—k)A

X
—_UZOPA__ " (pa(u + 81+ 0+ ar))?
ua(u+81+o+aq)

31
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_ Pra(u+é+o+ay) (1-kA B
« (1—-k)BA X,ua(,u+61+cr+a'1)_

ndeks sensitivitas 4

L m _A R
LA —pe-kp
S @R T ua(u + 6, + 0 + ay))?
fi ~ a(u+81+o+aq)
2 g
L Apa(u+ b tota) (1-kp B
& (1-k)BA % pa(u+6,+o+a;)

ndeks sensitivitas p

0 pno_0Rg

= — X —

Ro Ou

un gdj 4efem du

U —Qau+ ad; + ac + aay)(1 — k)BA

(1-k)pa (ma(u + 61 + 0 + ay))?
a(u+é,1+o+aq)

2a(u+ 6, +o0+ay) y —aQu+6,+0+a)(1—k)BA
(1-k)BA (pa(u+6,+0+ al))z

: Jaquins ueyingaAuawl uep uejwniuEdUBW BdUER) (Ul SI[NY BAIRY YNnJn[as neje

Qu+6,+o+ay)
(u+6;+0+ay)

w+u+é6,+o+ay)
(u+6;+0+ay)

‘Ajisisniun gdi uizi eduey undede yniuag wejep |ul sijny eAJey ynanjas neie ueideqss jeAueq.

% (p+61+0+ay)
w+d6+0+a) (W+6+0+ay)

U
(u+6;+0+ay)

yejesew nyens uenefun neie yuiuy uesynuad ‘uesode| ueunsniuad ‘Yeiw)i eAiey uesijnuad ‘

3.57 x 1075

357x105+01+059+006 000
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Lampiran 7 syntaks simulasi numerik

using DifferentialEquations
using Plots

function SIQ!(f, u, p, t)
i =ull]
s = ul2]

ul3]

Q
Il

Hh
iy
|

(((1-k)*(b*s*1))/ (a+n*i))-uu*i-dl*i-o*i-al*i+tt*m
f[2] = aa-((b*s*1i)/ (a+n*1i))-uu*s+(l-tt)*m
((k*b*s*1)/(a+n*i))+o*i-d2*g-uu*g-a2*q
end

u0 = [10; 10374231; 0] #nilai awal [I(0),S(0),Q(0)]

time span = (0.0, 30000.0)
time spanl = (0.0, 20.0)
time span2 = (0.0, 60.0)

’

#parameter yang digunakan

aa = 391 #tingkat pertumbuhan

a = 5.0 #konstanta setengah saturasi

n = 1.0 #konstanta positif

uu = 3.57*%107-5 #tingkat kematian alami

k = 0.5 #tingkat pelacakan kontak

dl = 0.1 #tingkat kesembuhan populasi terinfeksi

d2 = 0.1 #tingkat kesembuhan populasi dikarantina

o = 0.59 #tingkat transisi dari populasi terinfeksi ke populasi

dikarantina

0.06 #tingkat kematian akibat penyakit pada populasi

terinfeksi

a2 = 0.06 #tingkat kematian akibat penyakit pada populasi
dikarantina

tt= 0.9 #tingkat migran yang terinfeksi

al

.
’

#r0<1

6*10~-7
0.5
m =0

b
k

prob _rl = ODEProblem(SIQ!, u0, time span)
prob rll = ODEProblem(SIQ!, u0, time span2)
sol rl = solve(prob rl, saveat=1l);

sol rll = solve(prob rll, saveat=0.0001);

plot(sol rl, size=(950,450), layout=(1,2),xaxis="t",
yvaxis="Populasi", color=["red" "blue" "green"],labels
"s"™ "Q"], lw = 2, legends= :outertopright)

["I"

savefig("rl")

plot(sol rll,size=(950,450), layout=(1l,2),xaxis="t",
yaxis="Populasi", color=["red" "blue" "green"],labels
"s" "Q"], lw = 2, legends= :outertopright)

["I"
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b _r2 = ODE

t(sol r2,

Suepun-8uepun 18unpul)ig eydi) JeH

refig("r2")

t(sol r22,

refig("r22"

i Jaquuns ueyingaAuaw uep ueywniueduaw eduey jul siny eAiey yninjas neje ue|deqas dunSuaw Suese|iq ‘T

2.6%10"-6

2.6*%10"-6
0.5

2.6*10"-6
0.5
500

il

t(sol ml,

ot! (sol m2,
! (sol m3,

1 Hc

T
C
ot

[ )
S
<
a
=
wn
[

K

yaxis="Populasi",
"S" "Q"] ,

yaxis="Populasi",
"S" "Q"] ,

Problem(SIQ!, u0, time span)

size=(950,450),

size=(950,450),

)

size=(1800,1000)

color=["navy"],

color=
1w = 2, legends= :outertopright)

color=
lw = 2, legends= :outertopright)

b r22 = ODEProblem(SIQ!, u0, time span2)
_r2 = solve(prob r2,
~r22 = solve(prob r22,

saveat=1) ;
saveat=0.0001) ;

layout=(1,2),xaxis="t",
["red" "blue" "green"], labels

layout=(1,2),xaxis="t",
["red" "blue" "green"], labels

>b ml = ODEProblem(SIQ!, u0, time spanl)

~ml = solve(prob ml, saveat=0.0001);

>b m2 = ODEProblem(SIQ!, u0, time spanl)

~m2 = solve(prob m2, saveat=0.0001);

b m3 = ODEProblem(SIQ!, u0, time spanl)

_53 = solve(prob m3, saveat=0.0001);

>b m4 = ODEProblem(SIQ!, u0, time spanl)

_m4 = solve (prob m4, saveat=0.0001);

, layout=(2,2),xaxis="t",

yvaxis="Populasi Terinfeksi", color=["orange"],labels

lw = 2, legends= :outertopright)

labels = "m=100", 1w = 2)

color=["magenta"], labels = "m=250", 1lw = 2)

["I"

["I"

"m=Q" ,
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plot! (sol m4, color=["dark green"],labels = "m=500", 1lw = 2)

savefig ("lockdown")

#o

b = 6*10"-7
k =0.5

m =0

uad 'q

prob bl = ODEProblem(SIQ!, u0, time spanl)
sol bl = solve(prob bl, saveat=0.0001);

b = 2*%10"-6
k =0.5
m =0

s
o)
=
o
S
o
QO
=
=
o
=
e
il
c
S
o
o]
~
L
S
o
[o8]
(]

prob b2 = ODEProblem(SIQ!, u0, time spanl)
sol b2 = solve(prob b2, saveat=0.0001);

dnsaarup) gd yyru pdi> Y )

b =2.6%¥10"-6
k =0.5
m =0

prob b3 = ODEProblem(SIQ!, u0, time spanl)
sol b3 = solve(prob b3, saveat=0.0001);

b = 4*10"-6
k =0.5

m = 0

prob b4 = ODEProblem(SIQ!, u0, time spanl)
sol b4 = solve(prob b4, saveat=0.0001);

‘Ausianiun gdj Jelfem ueh ueSupuaday ueyiSnisw yepy uedin

yejesew nyens uenefun neie yuLy uesinuad ‘uesode| ueunsnAuad ‘Yeiw)l eAiey uesijnuad ‘uenijpuad ‘ueyipipuad ueSuguaday ynjun eAuey uedunduad ‘e

plot (sol bl, size=(1800,1000), layout=(2,2),xaxis="t",
yaxis="Populasi Terinfeksi", color=["orange"],labels = "b
0.0000006", 1w = 2, legends= :outertopright)

plot! (sol b2, color=["navy"],labels = "b = 0.000002", 1w = 2)

=
9
5
o
Q
T
o
3
(1)
=
o
=
(=5
©
o
m
o
QO
®
Q
=
QO
]
Q
=
=
o
c
=
=
=14
=
)
3
QO
g
=5
=
=
=
Q
=
©
QO
3
()
=
O
Q
!
3
=
=1
=
QO
-
Q.
o
=
3
(]
= )
~
()
o
=
=
=
QU
oo |
7
E
3
o
()
B

plot! (sol b3, color=["magenta"],labels = "b = 0.0000026", 1w =
plot! (sol b4, color=["dark green"],labels = "b = 0.000004", 1w
2)

savefig ("b")

prob k1l = ODEProblem(SIQ!, u0, time spanl)
sol kl = solve(prob_kl, saveat=0.0001);

b =2.6%10"-6
k =0.5

m =0

prob k2 = ODEProblem(SIQ!, u0, time spanl)
sol k2 = solve(prob k2, saveat=0.0001);
*10"-6

~N o

prob k3 = ODEProblem(SIQ!, u0, time spanl)
solve (prob k3, saveat=0.0001);

Ays1oATuN) gdI
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Hak Cipta Dilindungi Undang-undang

1. Dilarang mengutip sebagian atau seluruh karya tulis ini tanpa mencantumkan dan menyebutkan sumber :
a. Pengutipan hanya untuk kepentingan pendidikan, penelitian, penulisan karya ilmiah, penyusunan laporan, penulisan kritik atau tinjauan suatu masalah
b. Pengutipan tidak merugikan kepentingan yang wajar IPB University.

—1@ C:_<®—om_q 2. Dilarang mengumumbkan dan memperbanyak sebagian atau seluruh karya tulis ini dalam bentuk apapun tanpa izin IPB University. . .
— Bogor Indonesia — Perpustakaan IPB University





