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Abstract

In this study, a mathematical model for the regulating system of human
glucose-insulin production is presented. It assumes that the body receives glucose
externally from foods or daily dietary intake by ingestion. We also looked at the
externally obtained glucose source in the form of drugs or highly sweet foods.

The exogenous glucose assimilation process follows the logistic srowth method, and
thus allowing the creation of a mathematical model as three non-linear differential
equations. This model was analyzed to determine the stability conditions of
homeostasis by creating the Lyapunov Function conditions. Finally, the stability
conditions of this model were numerically used and graphed clearly. In conclusion, if
the body receives exogenous glucose after 2 hours of absorption process, the blood

glucose level will go into equilibrium state.
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mstulanse Uiy waglududadlluanavunalvgliaunsadideadnguwadaugg vas
' v o & o £ a o o 1 A o <
sunmela  Fuduivsdediofoiziaznalnnisinawingg  Mvibiluanainauanunse
o Y s ] Yy A i ! cs' = &
adeadigwaduessnnels  Sennsyuiun1siidn Msges  deunllaluanaivuadngs

5 1 ] o & v Y @ Yoo A

wadsevess e se s tluusulddundsuliuasenme  leefiansens
Fmnanslvlawsnzgnusulasuiunglrawazgnandudngnssuaidon Feszuunisvienuy

(Y]

d‘ ! v ¥ Ql' k4 U o | a ¥ r-:slj
AnanunsuAgItesiunalnnsyineuYesssnigansaesunalanil [14]

2.1.1 52UVEBYD1M15 (Digestive systems)
' A v oal v a % ~ v A =~ &
ruvgogomnsininfidesemslviasiden udigadurtudignssuaionieluides
| | | = | a A 1§ vl
diuinen vesTNey FnsPey Ao nsvuluNsaafgansomnIdluanauua e Il

Tuanavunan Wenywdsulsznue msidngs1enieg agnuszuuag fegy

The Digestive System

Salivary glands

Esophagus

Liver — Stomach
Gallbladder
+—— Pancreas
"Lprge intestine
Small intestine
Appendix * Rectum

T Anus |

JUN 2.1: wanaaTeiesinee Mifgitesiussuugesamslunyee [13]



mﬂgﬂﬁ 2.1 dossuusemuemnsdnly nssurunsusnButuiunn Situuadesliemis
funadnas wasiideuhanefifiviiisefiuusransawlunisgesems nmeluseutiane
firdevorluad @mylase) gesuddlmbuimanealna (maltose) #15911115619990
AALEIUNADADINNT Lﬁamumzwammimimmsaﬁ’wwaﬂiﬂiauwgﬂéaaLfJuLWUI‘mﬁ
(peptide) dlddnduuinaiinsdosuazgatuansonsunniian msdesenmsiiaildidn
Teulmianduseunntitos wilduiuieeuluiozlmaadsdosutdnduinanealna

o a

Alddnasnaningosusana (maltase) Lﬁaéaaﬁqmamaaima‘lﬁﬂmmﬂuﬁwmaﬂgiﬂa AU

v
a o a i Y

azraniAgesliluluiuuanduduiiagng Wenuanldlualifinsges uavimdnniu
NNOMTHALANTNUIBENAINNINBIMNT Huldnsuazeangnisuiin deluaznaniiasiy
doutndusiuzindngeslundidydulusesluuninglaalunszuadendigivad voq

519078 [16]

2.1.2 #udau (Pancreas)

a

[ ! < [y = 2/ °o v A a ¢ o LY a
dugeu e tofiiinihitd ey 2 Uszns Ae wanoulesidmiudosonms uazuan
gofluunarsviiniidrdgliundugdunazngaineudsaiisainiudiead (beta cells)
L% (3 o w = gj a ‘gd v o (% g
wardarwad (alpha cells) pua1du Fegesluuniassviaiinininiugussauiimalu
= Y ¢ a Ko o v 5" 4' ' )
Wonlvegluinueiund wenainiduseudeainigasluuduqidu somatostatin - uay
pancreatic polypeptide &s@d19antnadead (delta cells) wagtovlaas (F cells)

o w 1 & Y| a A o v
FINAINU @@ﬁﬂumﬂﬂu@u‘ﬂggﬂwaﬂL?J']'sjﬂigLLaLa@ﬂl’u@ﬂﬂqiﬂigg‘]uml,wmqgall (6], [15]

Q‘qup Close up view of an
dobbb . Islet of Langerhans
S > ) '! ® -

qQ gfp =
"ddw‘:’

Delta Cell
Red Blood
Cell

Pancreatic

Islet of  Beta Alpha |-

Langerhans Cell Cell Pancreas

“f Heart
3+ Liver
.—L Stomach

\ \ Pancreas
=1\

\ \ \ Kidney
y Urinary Bladder

gﬂﬁ 2.2. uandlolandesriuaunesenudvesiusauiiuszneulufeisadsngg [17]
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U [d [ A

susouluaitzninthndrgylunsdngesluuvatestn  Fegesluumaiindnaniead
19 Faegmeluloiandeanuannasanud (slets of Langerhans) vessiugau gasluuwin

[

A9 ARl

1) Bugdu  (nsuin) Dusesluuiiaiaanuiwadvesiveey  1ugudnandunis
mupumsEsageslulawnsalusiinie  Ssnalnnseenqriduesdugiuaznsziu
MaeuveswadisuBugAY (nsulin recepton) Ineiilolufwadilaedusan
du wadiu wadlwuuandunieansBugiuasnssduliipniuussinaiynglea
desnsuussmuemnadnlunglealunssuadenifiugedu vhlibugdulususeugn
nszfuvdaingnszuaideauardugauarduiumsudugauiietnglaaitigivadiile

o w

a v o 9 a a A v oA o 3
Wasunglaalmlundsau sesluudugduinihnddglunisanseduiinanglasly
= v o a N = Y ¢ Y g v ¢ v
nszuaien i luundlagiiunisduinunglaadigiuad nssduliieadasnsinalau
(glycogen)  1nngleatfivazaulinduuaznduilowasnszdulisanietinglaaly

WordalUTH dundwnndu [18]

JUT 2.3: M3YIuveedugaunvininudiufiudugauinseAu membrane 01

Wawdslrmiinalaawndwaa [19]
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M5 2.1: agumihiinisvihauvesdugiuludugeu(18]

Functions of Insulin

Turns on Turns off

Uptake and use of glucose by insulin- Breakdown of glycogen in liver cells
sensitive cells

Storage of glucose in the form of Breakdown of fat
glycogen in the liver and skeletal muscle
tissue. Storage of fat.

Uptake of amino acids and the synthesis |Breakdown of protein
of proteins

DNA synthesis Gluconeogenesis

I 5 A v Y] ¢ Yl
2) nganeu (glucagon) Wugesluunaiaunandangadvedugou gosluungen
N v oA a Y] & v ) DS

neuinihiiuseiunglealudenlnensedunisaarelnalavauainduliduiima
nglaa nszdumsaanglushulinlunsnesdly uaznsedunisaargluduldduluiu

3) Somatostatin Jugesluufiadrwinanmaniwasvesivesuy gosluu
somatostatin  AnthAguganImadugan namnaukazlnsngasluy annInady
asownsinsEWzlazanld

4) pancreatic polypeptide 1Hugasluunadiannanensasvesiusou  gosluu
pancreatic polypeptide flugouasnasgasluuiliindudalasunisnseduilnunzay
WU vzlaMzdinaluldonsluul@eunau pancreatic polypeptide @11150

§ugIN1svaIvesBugauLay somatostatin b [15]

2.1.3 5$UUﬂ’JUQ3JﬂQIﬂﬁ1uﬂizLLﬂL’gaﬂ (Blood glucose regulatory system)

nsmuaunglaalusniesznseyilagdnlulifuasdeilomannnufivesiu seau

nalaalunsvuadesunfegsening 72-99 me/dl [3] (4.0-5.4 mmol/L) vleliwadues

Y

1%
1 °

s1Melasundnuinesnis aseaviimaludontesiuly Senin nzdinaluidens
( Hypoglycemia) usitnsgauaaludeauniuly Sendt mastinnaluionas
(Hyperglycemia) vsassantzivinliiwadlilasunglaalulSuiunmuizay $19n1e
o [ % o v v fw = [ [ goj & % = [ o
JndusewinnuduiusiuiioUsussauinmaludenliauna Fadunisihauveseesiuuly

Augeu ald aues uazududrouniinlaiednwseaunglaalunszuaionliuni
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Strudaten

’ Stmudatos :

S &

Homeos tasia.: Nttt tAsod ghucose vl (About 90 rrey 100 1l U

{
AT =
Dediring biood
lavat
Bood <

nasmal
mnge

Qucoee \

neEs 10
SR

Strnulmen /

wr ol
hraaksaown

Ghlucagon

JUN 2.4 mevnuiieinwaugavesseauinaludenvetgesiuudugiu

kaznNaAINay [20]

aslulawsadlorunszuiumsgesemsauduluanaiidinfianuds Ao nglaa gngaduid

dnszuadioninlyszduiinalufendivgdy  Weinanuldaunavilvdugaulusiugaugn

o

nszAueanuLivenIuaungladlunssuaidon  lnsBugdussnszaulvduihngleaingwad

Y 9
wazifiunglaalflusiulusuvesinalaiau uaznszduisadiifisiudugaugadunglaa ausydy
hmaihdaniizaunn Surhuavansedumandas udidessduthaaludenansas vili

o 3 2 a 1 v D% Y - Y g v
sgauimaluideninanuldauna dudeusznszdulinganeunasesns ielunseduly
suganelnalawudunglea  Wessduihaaludensgluannvauna  nganeussnganis

o a [ & @ Y va  a LS V] = = %
vt Annanndsunglealdusansedulvsugiunaudignszuaden Fanglaaldunain

AslulaLnsnRNIUNSEUIUNTSERYDIMITHA [18]
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2.2. Wandulayuan (Lyapunov function)

2.2.1 Byruvaslendulayuen

Ly

lartulayueniluanansilaidunimuslaeiiuiing (phase space) aunsaldiiie
fgaliatiosnmueseauna (equilibrium point) F93sn1svesileidulayuengniiluldiive
AnwafiesnmuesEunIs ey ushassEUUANeY  seuvaumssielull Sendn seuudase

[
[y [

(autonomous system) Nan3fe sruUdasElivuegiv ¢ syvvaunsidusii [25]
X' = f(x)or % = fi(x1, X2, oo, X)), i=12,..,n
memaunaud X = 0.
aundli v (duiladdusioidesuasduiladduiivieyius (differentiable function)
19 Ao
V(x) =V (xq, %2, ., Xp)

f79819 AD V(xy,x;) = ax? + bx; ,a,b >0

AalUmeuiusnIvunvasilandy V (x) Wesudua ¢ aglah

av v dx v dx av dx
kg s AT St AT A it (2.1)
dt dx, dt dx, dt Ox, dt

a a I3 s Y U oA
naun1sn (2.1) amnsadeudunagueanaiivedinnesiiaosa Ao

) ey

LA (grad V,Z—f), Imﬁ V= (

av  av 8V) ax _ (ﬂ dxz dxn)
dt o '

oxy’ 0xy,’ T ax,/) T odt dt ’ dt dt

TuibnnnesuInieANuiy (gradient) ¥84 V(x) NanaAe mm%’uﬁﬁﬂmqiﬂéﬂmﬁwﬁumWﬂ
ﬁqmiu V() Taevluudafleddures V(x) ﬁswzmuﬂu%mnmﬁuﬁm na1fe
x| » oo L'mma%ﬁaaﬂumagmamaﬁﬁanﬂma%mmﬁa a @mimﬁléfﬁé’uﬁaﬁu%ﬁma
(phase trajectories)

Tafeddu v(x) \Wuilsndusaidosaunsavnayiusialugiulndifes U va3gn

Alle Senileidu v Iluilandulayuendwsussuudasy

X' = fX),

Aralilansemuaulusaluil
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1. V(X) >0 forallX € U{0};
2. V(0) =0;

av
3. PTS 0 forallX eU.

2.2.2 npufunianesnmvasileidulayuen

2.2.2.1 ywuniiieafuiediosnm (stability) Tumnumnevesileddulayuen

6 1 &S

alugrulnatAes U fdnataagindudue natnfe X =0 —U99syuudasy

U

(autonomous system) dsdilaridulayuen udrszuvaunisidqeauna X = 0 agUldd
Handulayueniiafesnn nanpedauudlv V(X) Lﬂuﬂqﬁ%’uﬁﬁmmﬂﬂthué Tneiidu
larduseioazannsomeyiusld Weth X = 0 wnuluv (X) vl V(X) = 0 Fsasu
Iolunsvasitendulayuenitssuvaunisiiadosam
2222 mqwﬁuwﬁlﬁmﬁu asymptotic stability

dgulndifes U dnaeasiviiuaud ndnife X = 0 ve3syuudase (autonomous
system) Gﬁqﬁﬁqﬁ%ﬂaguaw v (X) Inefloyiusiluavegiedaau fe '2—‘: <0

dmsu X € U{0} Hare LEIPENAa X = 0 Y9I53UU asymptotic stability fsaziiiuled

[

= outusTaundesduavethadmauluglndidsstugadidadmsu asymptotic
stability dwisunaiaagwiiugug
2.2.2.3 nuiunitieaiulsiiediosniw (unstable) luauvanavesilaidulay
o
auuAlvigulnalAes U dnamaswiiuaug X = 0 v835guUdase (autonomous

system) TaedlifsAdu v (X) ﬁLﬁuﬁﬂﬁ%’udaLﬁmLLazaWNWiaMwayﬁuﬂﬁ Tgulnaimes U
Tnwuges U, saufiaduda fady

1) V(X) > 0dwiunn X € U;\{0}

2) Z—‘: > 0 dmiunn X € U;\{0}

3) V(X) =0 dwiunn X € 6U,, 7 8U, mnedwouwnvadlawuges U,

v
aaa

asUlainawasiviiuaud X = 0 vesssuuliitaiios (unstable) lunsalifitma (phase

trajectories) Tulawugos U; agdhesanluaingasudu
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2.3 s2euasLdankay (Numerical Method)

2.3.1 %‘%gaLaa—@wmqé'uﬁUﬁﬁ (Runge-Kutta fourth order method: RK4)
357998-ANN1 (Runge-Kutta method) [26] tasuanuilenagranineunaieldun
AUNTLTRYAUS (ordinary differential equation) lnglan1¥3a3aL8-ANNISUAUE

(fourth-order) AlgiumMlUGsaursadluyssAvgiudulusunsuneuinneslalaensatud

Sz
Vier = Vi + % (ky + 2k + 2k + ky) (2.2)
Iﬂﬂ k1 = f(xl-, yl) (23)
h h
ko= f(xi+5,i+5k) (2.4)
h h
ke =f(xi+2,9i+5ks) (2.5)
ko = f(x; + h,y; + hk3) (2.6)

N3EUIUNTUTERAYIEATTINE-AMMNBUAUE SuRnn1silsuaunis (2.2) — (2.6) &
Usznaumeduuseansmlisalusuuuusialull
Yi+1 = Vi + h(ak1 + bkz + Ck3 + dk4) (27)

log ky = fQxi,y:) (2.8)
k, = f(x; + mh,y; + mhk;) (2.9)
ks = f(x; + nh,y; + nhk,) (2.10)
ks = f(x; + ph,y; + phks) (2.11)

o I o a Lo 191 o Y gj P 4 a [
W fie ddudsednsmilaisen a, b, ¢, d, m,n, p 31w 7 i1 AnTuiielinsuseRvsgns

«

anunsanlaladedeau seglddydnvalnelull

swwald f = £l ), =2t g = Z—i (2.12)
ey FE=fhK+ff (2.13)
F2=fxx+2f]§6y+f2fyy (2.14)
F3:ﬁcxx+3fﬁcxy+3f2ﬂcyy+f3fyyy (2-15)

ﬁl Cd! ¥ € A
L‘L!’e)ﬁ%’]ﬂ’eﬁéﬂillL‘VlLaai“Zi\‘i‘Uigﬂ@UW]EJ 5 WIU AB

! h‘z Ilh3 Illh4
Vier =Vitfht fr o g (2.16)

wazdleduduan y' = f uda sy

ff=hL+hy =hL+thHf=F

f :fxx+2ffxy+f2fyy+fy(fx+ffy):F2+fyF1

" = fox ¥ 3f faxy ¥ 3% foyy + 2 Fyy + £, (Fex + 2f fiy + f2 f9)
+3(A+f H)fo + F ) + BB+ 5)
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= F3 + fy Fz + 3F1(fxy + ffyy) + fy2F1
ilvaun1seunsumdiass (2.16) naneidu
1 2 1 3
Yisr =Yit fh+ §F1h + 5 (F, + fyFl)h
1
+ o [Fs + fyFa + 3(fay + fhyy)Fr + 7P R* + (2.17)

NUUTUITENdeuNsumdaaiNUsenaulumey 2 MuUSIRUR ky, ks, ky TWaun1sy

(2.8) — (2.11) WAWNUAT kq, ko, k3, k, asluaunis (2.7) aglan

1
Yis1 =yi+ (@+ b+ c+ dhf + (bm+ cn + dp)h®F; + > (bm? + cn? + dp?)h3F,
+%(bm3 +cn® 4+ dp®)h*Fs + (emn + dnp)h3f, F; + % (cm?n + dn®p)h*f, F,

+(cmn? + dnp?)h*(fuy + f fy)F1 + dmnph® fiF1 4o (2.18)

[y

PN BUITBUFLUTEAVEVDINDUAI) TENINENNTT (2.17) uag (2.18) nelilAnaunis

[
Y [

wUU b EUTINNGEY 8 dunis P9l

a+b+c+d=1
1
bm+cn+dp=§

bm? + cn? + dp? =

bm3 + cn3 +dp3 =

Bl RW]| -

—_

cmn +dnp = —

)

cmn? + dnp? =

cm?n + dn?p =

1
dmnp = o2

—
l\,|»—\oo|»—\

Fahangavesduyseans Ao

ibiaun53ae-AnnIsusunEluaunTg (2.7)- (2.11) naneundu

h
Yis1 = Yi + g(kl + 2k, + 2k3 + ky)
ky = fQx,yi)
h h
ko= f(xi+5, 3 +5 k)
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ks =f(xi+ 5y +5ks)
k4 = f(xl + h, Vi + hkg)

Wwe-Avmduiunaauathuussgnalduilaymissuvaunsdseuiusls lagaiuise

'
% = =

Uszgnaliniuaunisn 2.2 — 2.6 aunsathanlduidaymssuuaunadee yiussudunnily

aossuUsladumall Inefinnsanssuvaunisieeyiuddeluil

dx_ .
dt —f(,X,y)

Y g(txy)
-5 = lxl
dt 9 y
sradoulurnEugu Ao x(ty) = xo, ¥(ts) = Yo
Fyawse-amymdusuiidaznaredu
h
xl'+1 = xl' + g(kl + 2k2 + 2k3 + k4)

h
Yiv1 = Vi +g(l1 + 20, + 203+ 1)

Iﬂﬂﬁl ti+1 = tl' +h
ky = f(ti, xi, yi)
Ly = g(ti, xi, yi)

h h h
ky, = f(t; +§'xi +§k1:)’i +§l1)

h h h
l, =9t t5.% +§k1:yl' +§l1)

h h h
ks = f(t; o Xi +§k2:)’i +§lz)

h h h
I3 = g(t; +§'xi +§k2'3’i +§lz)
ky = f(t; + h,x; + hks,y; + hl3)
ly, =9g(t; + h,x; + hks,y; + hl3)

Fori =0,1,2, ..

2.3.2 F3998-AnSURUTIT (Runge-Kutta fifth order method: RK5)

q 9

waruonaNUiausaldisgase-anmdudunmiunisuiladgmansududmsussuy

AUNLTIRYRUSARIFILUS TneiansanssuvaunIs e yiusHe lUl

dx_ .
— = ftxy)

dy
A gt x,y)
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sradeulurnEudu Ao x(ty) = xo, ¥(te) = Yo
Fyase-avmsusuiivnaznanedy
h
xl'+1 = xl’ + %(7](1 + 32k3 + 12k4 + 32k5 + 7k6)

h
yi+1 = yl' + %(7[1 + 32[3 + 1214 + 32[5 + 716)

Iﬂ&lﬁl tiqp=ti+h
ki = f(ti,xi, i)
L =gty x,¥:)

h h h
ky, = f(t; +Z'xi +Zk1;3’i +Zl1)

h h h
L, =g +Z'xi +Zk1;3’i +Zl1)

h h h h h
k3 =f(tl +Z'xi +§k1 +§k2;yl +§l1 +§l2)

h h h h h
I3 =g(& +Z'xi +§k1 +§k2,yi +§l1 +§l2)

1 1 1
k4. =f(t1_ +§h,xi _Ehkz +hk3,yl' _Ehlz + hl3)

1 1 1
l4. = g(tl +§h,xi _Ehkz + hk3,yl' _Ehlz + hl3)

ks = t+3h +3hk+9hk +3hl+9hl

3 3 9 3 9

4 16 16 16 16
3 2 12 12 3 2
ke = f(ti + hox; — —hky + —hk, + —hks —— hky + —hks, yi — —hky + — ik,
12 12 8
+ = hkes — = hkey + = hks)
3 2 12 12 3 2
le = g(ti + h,x; — Zhky + Zhky + —hks — —hky + - hks, ;i — —hley + - hk;
12 12 8
+ = hkes — = hkey + = hks)

Fori =0,1,2, ...



19

2.3.3 FBvasnnuduusnein-isvesermudyanu (Adams bashfourth-Adams
Moulton formula: ABM)

fnsansruvaumadseyiussuiuiinilivesassiulslaefisaneifuvesininue
wagsunly (Predictor-Corrector) lngldigvesemuduurnein-Bvesonudyasiudunu
falunisuszanavesnamas dmsulgnilaeiilvaginundeulvansudunnly fe
x(to) = x0,¥(to) = Vo Gialﬂ%slﬁé’ﬁ%’@ma—awmé’ué’fmﬁﬁiumimL‘q"aulsml,%?'méfmm
x(ty) = x1,¥(t1) = y1,x(8,) = x5, y(t3) = y, Uag  x(t3) = x3,y(t3) = y3 uagld
Wretmuduurnesn-isveseimudyalun1sussunuf1venalaagvaessuuaunis 1ng

fsasTUVaNNS TRy ussalUil [27]

dx_ .

Ccllt - f( ;x;}/)
Y _

dt - g(t,x;}/)

Predictor:
. h
Xipr =X+, [55f (3, x3,¥3) — 59f (2, x2,¥2) + 37f(t1, x1,y1) — 9f (to, X0, ¥o)]

h
Yisr=Yi t 4 [559(ts, x3,¥3) — 599(t2, X2, ¥2) + 379 (ty, x1,¥1) — 99(to, X0, o)1

Corrector:

h . i
Xig1 =X+ 24 [9f(ti+1;xi+1;yi+1) +19f (t3, %3, ¥3) — 51 (t2, %2, ¥2) + f (t1, %1, y1)]

h . .
Yi+1 = Vi + ﬁ [9g(ti+1l xi+11 yl’+1) + 19g(t3' X3, y3) - Sg(t2;x2; }’2) + g(tlﬂ X1, }’1)]
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2.4 UINNYIVD9

dmsunsasimluuiiadinmansiiefnwinuuinaesveinglaa-duyay  1AaTu
Asawsnlul A.A. 1939 lag Himsworth wag Ker lnAnwussinnvedlsaiumnu nglawus

a a

Uszianaaalsaunvnueandu 2 Ussnn Ao Usstnnildedugdudazlalseduydu [21]

Y Y

Tud f.A. 1965 1 Ackerman uag Gatewood lRAUNULUUIIRBINNANAMIARNS
Juwuudnasudaduiteg Mvaududmsussuumuguiianialuden Jauuuiiasives
Ackerman Hidukuudtaesiifeadeadiuszduiinaludenuasdugdulunalaunineuauss
Aedusn innsnaaeulagnisvegeuanunumudenglagludesuinuaznisnageunisan
sugdulumaendond Fawvuiassilidunsinavessuunivauneaisivenidvunlng
Aulvwignianldaunainuatsuasyszauanudnsailuiauniuwuuiiaemainid
ANUFuauINTU [22]

Tt Aue. 1961 1ag Bolie lafnwAdudsyansvasseauiimaludoniiiseauund
wagmsAunuibilinsuhmduussavsinfovesdugiunaznglea (23]

lul a./. 2018 lag Devi Uaw Kalita lawmuwiwuuinaeenglradugdulaeimun
LUUT18831191NUUUT1889U83 Ackerman waz Bolie Wuuuudnaes G — I — E lae?l E
Jungleanlasuanaeueniagasiodndulumuguuuuguuuuladafind (Logistic Growth
Method) wagUsunaunglaa-dugaulusanigazieindenai [24]

a v éj Y U 0 a a L4 ¥
luAdeiladnsuiuussiuuuideadinmansvesssuuaunis 6 — I — E lagls
dinsuUsindidllussuvaunisiufie Ysunadasivesnglaanlasuainaieuendegly
sUTRtEMTER IR tunsaliigdielsaumnuiianiiziianaludend Fainain
' = o 3 = o ' a 9 Y - Yo
Funedszauinatudendiinituniainmsiudsemuensnvlsauvnu vsenslasuen
TudSuanldvaneausuiadinisiuusenuemsussamanilulawmsatosnitund w3ens
ganmainennnIUng dusugUaelsauimnudeindudesdinissulsemunglaadsegly

L= [ P =3 Y 1 ¢ o Y v P o
sUres IR MsUNUTA Weaiunglaaidwadiiodnlldndanu lnawessudseniu

WinlUanansaesunelassguin 2.5
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|

Digestive K Externally ingested glucose
System BE E(t) = BE — BYE* +u

Average glucose removal-rate

independent of insulin

v

dl ’ indep}sndentof
1

glucoge)
1

Blood insulin X

[(t) =cG—dl+n

\
aG )
ak Blood glucose Tissues
Small bl
intestine Gt)=—aG—bl+aE+$ A (metabolism)
A ] |
|
Glucose input due to aG Average,
|
absorption from intestines rate of |
Liver release 1
| ettty |
! Glycogen of |
I
cG glucose!
1
: (Net increase in glucose
: removal-rate, due to
|
| ,  insulin)
1
| 1
' I
|
I Destruction (Averdge insulin
|
: remO\}aL—rate
I
|
1
1
1
1
1
1
1
1
1

T (Average rate of release

Net increase in insulin
¢ of insulin by pancreas)
release-rate due to glucose Pancreas

JUT 2.5 83U18NTEUIUMTINUTDUUUTIRe G — [ — E

IO MIUD IS RALEINS 9DIMITVINUIMU L UNIUTZUUED8DIMS TUSEUUER81US LR

1 [

ngleaeanun nalaaliazgndndilulunszuaiden ngleanldesnuniulusunalngluuy

Y

sunuuladafing (Logistic Growth Method) tnendu BE uay Tnefl u L‘fluﬂqiﬂaﬁié’mﬂm

Y3081MNININUIN UArRBNMEENT1 PYE? oK 1UNTEUINNTEEMNTIE NQlAAdLgNEs

Y
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dnldlunssuaidion Baiualdidniiedna af waznglaadedogudilusaniefie & nglaai

Ipanunazgnadludaileldaniednsn aG uagdnsn bl uavgnasludeiumednst a6 lnala

a a

wuluduiinasedugdulunszuaiiion lneBugdulunseuaidonvzdinane cG, dl uag 1 B9

U

a

I3 i A a Aa 1 v ' v & o &
LJUANAINIUDY ausﬁaUWQJQQLLaQIUTNﬂWEJ aquqﬁﬂﬂiﬂaaﬂﬂiq‘lﬂl,ﬂu 3 @UN1TANU

U

G(t)=—aG —bl+aE+§ (3.1)
[(t) =cG—dl+n (3.2)
E@)=BEQA—-YE)+pu (3.3)

Te?l G Anudntuveanglaaluseniglue ¢
1) anudutuvesdugaulusienieluia ¢
E(t) m’mLﬂé’J’m’J’uﬂuaqﬂgiﬂﬁﬁiéf%’%ﬂﬂﬂﬂEmaﬂﬁiﬁmﬁmmﬁwswquuLaaw t
a é’mwmﬁmaqmiamUmaaﬂqiﬂaﬁlﬁﬁuﬁ’uauﬁﬁu

5%

b dwsAveINTTaaIeYRINgLAaNaY

[y

nuduYaY
¢ BRTIANYDININARIUYAULTRIINNINTEAUYRING LAA
d dnsimnvesnisaatedugaunliduiunglea
Y o~ A 4 @ = ada v
a  BnTIAIveINIsiNTNYRsTERUNglAaLlasnnglaaiudly
g Amsinswiulafiuiasveswmasiuveanglaaifudnly
§  USunanglaansilusnang
a a a tﬂl |
n  USunadugiuasilusnnig

p USinamanvesngleailaainnisuslnaenvseamnsnauin

91NUUUINA09V09519¢ 1 TTTN 1IN NANAAIERTIUNITNIYAANAAVBILUUTIA D
Yy v a ° 1% 5 o a ¢
199U UagnTvdeuANUiaiosratLuuiasdlaeaseilan fulayuenlunisiigaiteuly

anuanesingasursluundald
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uni 3

A5N15ANUUIUIY

(%
1Y

n1sanfiuauIdeivunsulunisyin As nnauna (Equilibrium  points) ¥o9

LUUSARYR LT MALY TS EiAuETSUeILUUSaes s war B ease U

3.1 9aguna (Equilibrium points)

Anaun1sn (3.1), (3.2)uaz (3.3) wigeanaa (Equilibrium points) N1snnaaaEung
avdunslaednaun s yiuslidaduvesiuuudsndnmansiiviiugudne
G() = 0,i(t) = 0uag E(t) = 0 Mnaun1stasuaglamanudutuveinglaanlasuan

a - A
mEJuE)ﬂ‘VlEJgﬁlugﬂﬂa\‘immiﬁ’iamaaﬂma@\‘imﬂ@

E _ B—/BB+auy E, _ B+/BJB+auy
1= 2By -

Ll
2By

B- \/_\/ﬁ+ 4py

‘wmizm‘w E, = Lmamwwﬂ,ﬂn G)=0,i(t) =0uaz E(t) =0 ﬁnﬂaumsm

(Y]

(3.1),(3.2) wag (3.3) a]zlmm G uag I, 99nRUaInU Al

ﬂ_dadﬁwl—uy %_ca\/,8+4uy

G = " N +2dé-2bn L= " N +2c8+2an
1 2(bc+ad) 7 2(bc+ad)
NI GH R R
da da‘/B+4u ca ca.B+apy
CEARY 2as— 2bn  —— +2c8+2an B /B+any.
(Gl,]l,El)—( \/—V , 14 \/E ’B\/—B M)
2(bc+ad) 2(bc+ad) 2By
B+\/_\/B+4u

Ransand E, = dlosmual G)=0,I(t) =0uaz E(t) =0 NEUNITT

[

(3.1),(3.2) uag (3.3) ﬁ]ulmm G,uag I, 9NAUAINU Al

da  dayB+4Y | a5 —2b ca | cayB +4uy

— Ul +2c¢6 + 2an
-t VBy P VBy
z 2(bc + ad) 12 2(bc + ad)

AeUYAALAREDY AB

da da./B+apy ca ca./B+apy
—4——=+2d5-2bn — 2c6+2
(G, 1 E):(V+ B YT ey 20T gy B \/B+4u)
272 =2 2(bc+ad) ’ 2(bc+ad) ’ 2By
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3.2 NMSAATIZALEDNYTAN (Stability analysis)

N3AATIEAENeTAWN  (Stability analysis) @ LduN1TUIlABNIAIGNWULIANIE
(eigenvalues) LIBaTUNLANBUVBIANNTTIAYINUAIAINNANAS LALLADYTAINVRIINANAR
411130919151 AENwglaNIzveIlallewuning A naunsideeynusliiddy

(3.1) — (3.3) anwsawdasdualadewnnsnd lnefasangaaunausn Ao

da dayp+4uy ca  cayB+4uy
&N T P 4 2d6 - 2b &N T 1 2¢6+2
JBY " 14 JBY TN o JBJB+ Ay

14
(Gy,11,E1) = ( 2(bc + ad) ’ 2(bc + ad) ’ 2By

)

Tagirldunulualeowuning aady aunisanvuslanenyn (G, L, Ey) neli

det(J — A = 0 \ileyAn A 1ile A \JuAdnwaziang (Eigenvalue) wag I WHuwasndauin

3 x 3 Fall
—a —b a —-a b a
] = < C —d 0 ) = c _d 0
0 0 —BYE+BA-VvE) (5 \O 0 BYB+auy

det(J — AI) = (BB + 4y — (A2 + (a + d)A+ ad + bc)

—(a+d)++/(a—d)?-4b
Ay = BB+ Ay, Ay = AR

WUUS1a0s G — I — E ziafiosseugnaunausn Arewle v, < 0, 815U i = 1,2,3 9161
anwazane A, = /BB + 4uy < 0 AsiuwuUNEeI G — 1 — E

Lsivafies (unstable) U

da da/B+4uy ca cayB+4uy
da AP TERY L ods — 2b &N T 1 2e5+2
JBy " 7 14 By conw an B — /BB +4uy

2(bc + ad) ’ 2(bc + ad) ’ 2By

¥
(G1’11’El) = ( )
AU IBeRRusldudy (3.1) — (3.3) awsauvanduailadeuuning lnefiansan
AUARADI PD

@+7da‘ﬂ+4#y+2d6—2bn ﬂ+7ca“ﬁ+4m/+206+2a17
By 14 By B + BB +4uy

2(bc + ad) ’ 2(bc + ad) ’ 2By

Y
(G, 1, E3) = ( )

(%
f v o v

Tngirldunulualadouuning detu aun15anyuzianisNn (G, 1L, k) tnali

det(J — A) = 0 Lion1A1 2 1o 2 WJumdnuaeianie (Eigenvalue) kay I WJuuasnduuin

[

3 x 3 A9
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—a —b a —-a -b a
] =< C —d 0 ) = C —d 0
0 0 —BYE+BA~VE) 4, s, 0 0 —J/BJB+4wy
det(J — AI) = (/BB + 4uy — H(A* + (a + d)A+ ad + bc)

—(a+d)+y/(a—d)2—4bc
A== B\/ﬁ"“l‘ﬂ;/lz,s: >

Ael WUUTIa9 G — I — E 1aes (stable) 59U30

da/p + 4 VB +4
da | ANETHY | o5 _opy X CNEEMY o st ooy

Y Y 4
(Gor Iy E) = ( Jby Jby P+ BB 4,

2(bc + ad) ’ 2(bc + ad) ’ 2By

We9RIn VA4 < 0, @ msU i = 1,2,3
Wsvililudadunss (Linearization method) Tnavilissuvaunisiaeyiuslidadu

Duszuvaunsdudulndyeauna natadowusindseuyn (G, b, E,)

-a -b a —-a b a G-G,
] = < c —d 0 ) = ¢ —d 0 <I -1, )
0 0 —ByE+PB(—yE) 0 0 —J/BJB+4uy)\E—-E,

(G2.12,E2)

NA5UINTWUAY (Transformation) U89 G = X + Gy, I =Y + I, Uag E = Z + E,38le

()-( 0 i)

281U TTUUANN LTINS UATIVOIUUUT @Y G — [ — E A

X =—aX —bY +aZ

Y =cX—-dY
Z:—\/E B+ 4uyZz

a P a ¥ v
#sUNTEUVaNNTSItenTRdeUANUERe SN Mvenaunalag Ll dulaywen[4]
(Lyapunov function)

farsanaunisitaidulayuen (Lyapunov function)
V =AX?+BY? +CZ? + 2DXZ
A9t
V = 2AXX +2DZX + 2BYY + 2CZZ + 2DXZ
= —2aAX? — 2BdY? — (2C\/B\/B + 4uy — 2Da)Z?* — (2Ab — 2Bc)XY — 2DbYZ —
(2Da — 2Aa + 2D\/B\/B + 4uy)XZ (3.4)
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WiuladminAduUseansues X2, Y2 way YZ 1uausgnadnay wsizaziuseluiansune

[

duusednsues Z2, XY wae XZ lagliauniswiniuaud leaunisesnunaadl

2C/B/B + 4uy — 2Da =0
24b — 2Bc =0 (3.5)

2Da — 2Aa + 2D/B\[B + 4uy = 0
W D = 1 lnsunuaslussuuaunisi (3.5) aviuIalanadns oonuidail

A:a+\/ﬁw/ﬁ+4yyB:ab+bﬁ1/ﬁ+4yy o a
a ’ ca ’ \/E/,B‘l“}ll)/

11 4, B uag € uwnuasluaunsi (3.4)
V=_ (% \/B+4m/> ¥2 <2aba+2bdﬁ BHaur\ ya _ <2a+2ﬁ‘/ﬁ+4uy—2ab—Zb\/Ew/ﬁ+4;4y> Xy —
a a

ca

2bYZ (3.6)
fatiuanaunish (3.6) awiluauuiueu (negative definite) Analile

a+/BB +4uy > ab + b\/B\B + 4uy
a+/B\B+4uy —ab—b\BJB+4uy >0
(a+/BJB +4uy) —b(a+ /BB +4uy) >0
A-b)a+ /BB +4uy) >0 - b<1 (3.7)

asUlain Seulviliadesnim (stability condition)

ndeulvresilsidulayuen awnsoagulidn v fdeuluduuinuiveunas v I
o < | = Y1 ° = a
Reoululuauuiueu Faasulddwuuinges ¢ — I - E danuatvsnmnigluvesynaunga
Feaonndesiuunieuvesitaidulayuen (Lyapunov function) sieluazldisn1snisiuay

Tunisasrasuaulvamnuanssidnassnudunsv@esulelaluundal
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unil 4

a a
ﬂ’]iﬂi’Jf\lﬁ’éJ‘UL\‘iau‘l"‘ULLaz’e’JﬂU‘J’]ﬂNa
nNTIATIERTIsAunUIIaulenvinlwluea 6 — 1 — E TuidllAeReula (3.7)
Lz NIIdenlednw ilvmsuhavesnsilweslegldilendulayuenvesiuuiiaes

ilimsiudn anuatiesveswuuinassedniglateuly b < 1 wagvilinismwadnsves

seuvaunshillanadnsnaunsamanisivesene lneaiunsaaguamnsewelul

A15199 4.1 LEAAIANNISINLADSVDILUUIADY

Parameters a b c d a B Y 6 n u

Value 1 0.00475 15 2.05 0.01 1 | 0.2353 4.7245 0.425 0.005

A9 lULLARINITINADINANIIADUNNADS LA ITANNIS TP DS I UANS19N 4.1

G-I-E
o

0 1 L ! 1 | |
0 2 4 6

Time

(¢4}
-
o
-
N

al' Yo av v o = H °
EU‘V] 4.1 LLﬁﬂﬂﬂ'ﬁlﬂﬁ‘UﬂQIﬂa‘ﬂ']ﬂﬂ']EJuaﬂVllﬂﬂ']ﬂﬂ'ﬁﬁUUs%Vl']u GAUATNVBIUINAN

al' Yo a v o =
sUn 4.1 LLﬁﬂﬂﬂ’ﬁlﬂﬁﬂﬂaiﬂﬁﬂqﬂ.ﬂqEJU'E]ﬂ‘Vleﬂﬂ']ﬂﬂqﬁﬁﬂﬂﬁg'ﬂ’]u@qw'ﬁu’agEJ']M?'E]@']V']?VT'J']‘U

Y Y

[

30 Tupunfianzundldlaidulsauimaiu deldsuiinaainnieusnluszaum vMli
dugduludugeundteanunegedi Wenawiull 2 Fluanglealudenisdes qudidaniae

duna
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Stability G,I,E

G

Time(Hour)

ldl Y -dl ¥ o 4! a1 90’
JUN 4.2 uansnsafunglaaainnieuenilaainnissuuseniu deiAnvesdiniags

JUN 4.2 wanenisiasunglaaanneuendeglusuvesemisuasevseamsniudn tuay

Afanmzundlllaidulsaunmnunseluauitdulsaruininu Feldsuinniaainnisuanly
(9] o % on & QI ‘é’ 1 @ I 1 a a 'Y} 1

seAvasihlihmalufeniiugliueg1esingd sunevassdugiuluiugeusenuiuinly

| ~ o o N | < ~ 1 ) Y = =
GU'NLLiﬂLW@@@igﬂuuqmanULagﬂgﬂqﬂiaﬂLi'ﬂ LN@L?@']N’]UIU 2 GU'JI@JQ ‘JS@U‘LAW’]&I‘UL@@WN

Winganizaung
10- Stability G and | Stability G and |
G G
or — —
ol
|
o
o
ol
3r 3
2 2
1 1
0 : : . : : . 0 : ' : : : :
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Time(Hour) Time(Hour)

SUT 4.3.1 deldsuthmaanmeuenlusedus  JU7 4.3.2 Weldsutmasinmeuentussiuas
U

JUT 4.3 UanenulatesuaengLaa-sugay

JUN 4.3.1 uaz3uR 4.3.2 uansaiesnmueinnududuvednglaa - dugdulunszuaiiion

Y Y

Wakaiuly 2 TilusBugdursuiuseivresngladlunssuaiionliegluanizauga
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5 |

45—

N
»
I

05

% Glucose RK4
O Glucose RKS
Glucose ABM

o | | \ \ \
0 1 2 3 4 5
Time (h)

6 7

8

9 10

JUN 4.4 wansszaungladlunssuaionlagldszidouds RKA, RK5 wag ABM

A o & % AN ada o & ax A .
sun 4.4 LLami%ﬂ‘Uﬂaiﬂaﬂluﬂ’izLLﬁLﬁ@@I@EﬂﬂﬁzL‘UEJ‘U’JSL‘leLa“ZJVNmiJ’JﬁLW’eJ‘lJiSmmmGUEN

Y Y

nalaalag MUUARLSUAY ¢, = 0,G, = 0,1, = 0.1475 udy E, = 2 FaAmnglaaluaniusiados

ARSI 4.2 NLAIINTTIID-ANMBUAUN 4 Wi 4.749613381 wa¥ITTIIB-ANN

JUAUN 5 WA 4.749527448  wagiveseinudnuanein-iiveteinudyaduiiiiu

4.749528215

A ] ) = =
AN 4.2 LLﬁmﬂﬁ%ﬂUﬂ@JIﬂaLu@ﬁﬂWUBLEmEJi

5 szAunglAd ’

RK4 4.749613381
RK5 4.749527448
ABM 4.749528215

a R acg v a N9 v oa o ' v A a
ANANTNN 4.2 WU 3 'Jﬁiﬁﬂ']agl,@ﬂﬂ‘vnﬂaLﬂﬂﬂﬂuaJ']ﬂG] LLONAINNUNN AU

funied 5 vilvinnlugud 4.4 Jaduadouduieiu
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Numerical of Insulin

*  Insulin RK4
Insulin RKS
Insulin ABM

4.5

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

0 | | | | | | | | | J
0 1 2 3 4 5 6 7 8 9 10
Time (h)

JUN 4.5 wansseavdugdulunseuaifenlngldsuidous RKd, RK5 wag ABM

a

JUN 4.5 wanssgaudugdulunssuadonlagldss leuiaigeinaunanyiBineUssanaeves

Y
FugAUlALMUAANSUAY ¢, = 0,G, = 0,1, = 0.1475 udy E, = 2 Faardugauluaniusiados

Y
AR 4.3 NLAAINTBTIID-ANMIBUALN 4 111U 3.682644159 Wa¥ITTIIB-ANN
JUAUN 5 WU 3.682560177  wagisveseInudnusnein-iiveteinudyaduiiiiu
3.682561180

'
a a A

AN 4.3 LEARIANTEAUDUY AU DA ULLEDYS

Y

E5 STAUBUYAY

RK4 3.682644159
RK5 3.682560177
ABM 3.682561180

a R acg v i a N9 v oa o ' v A a
NANTNN 4.3 WUNYe 3 QﬁiﬁﬂqagLaﬁJﬂ‘Vﬂ,ﬂaLﬂﬂﬂﬂu&nﬂG] LLONAINNUNN AU

funiedl 5 vilinnlugud 4.5 Jaduadowduieiu
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Numerical of Glucose

10 T T

% Glucose RK4
O Glucose RK5
Glucose ABM

0 1 2 3 4 5 6 7 8 9
Time (h)

JUN 4.6 uanssyaunglaalunssuadenlagldsuidouds RKE, RK5 uaz ABM

A o & % Y & ax A ]
JUN 4.6 wansszrunglaalunseuaidonlaglissideuTBliawnsanuiBitoUssanaiues
nalaa InemnuAANIUAY ¢, = 0,G, = 10,1, = 10 Ua¥ E, = 10 FaAngladluaouziaiioshe

A ] av v ax v o A Y aa
A5NN 4.4 ANglAaNtiaNIBTIe-ANNISUAUT 4 Wiy 4.749520058 UagIB3aL8-AN
MBUARUN 5 1U 4.749589166 warisvetaInuduuyosn-isueseinudyaiumiifu

4.749589293

- ] Y =
B98N 4.4 LLﬁﬁQﬂWi%ﬂUﬂQlﬂﬁ e t>9

E5 sTAUNgLAG

RK4 4.749520058
RK5 4.749589166
ABM 4.749589293

a R acg v a N9 v oa o ' v A a
ANANTNN 4.4 WUINYe 3 QﬁiﬁﬂqagLaﬁJﬂ‘Vﬂ,ﬂaLﬂﬂﬂﬂu&nﬂG] LLONAINNUNN AU

funied 5 vilinnlugud 4.6 Iaduwadouduieiu
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Numerical of insulin

Insulin RK4
Insulin RK5
Insulin ABM

Time (h)

JUN 4.7 wansseavdugaulunseuaifenlagldsuidous RKd, RK5 wag ABM

a

sUTt 4.7 uansseiudugiulunssuadoslagldsnfouitiduiiavianitifievszanaeaes
5u€g§u1m8ﬁmum%§mﬁu ty=0,G, = 10,1, = 10 Lag E, = 10 s‘ﬁaﬁﬂauﬁﬁuiuamﬂuzl,aﬁai
Aoms9fl 4.5 endugAuiiliannsgase-gnmsudun 4 wiidu 3682581643 uazisade-
AU 5 Wiy 3682648327 warituasoramduuain-Bvesormudyaduiiy
3.682648496

'
a a A

A1 4.5 WEAIATEAUDUYA B ¢t > 9

Y

RK4 3.682581643
RK5 3.682648327
ABM 3.682648496

a R acg v a N9 v oa o ' v A a
NHNTNN 4.5 WU 3 'Jﬁiﬁﬂ']agl,aﬂﬂwslﬂaLﬂﬁﬂﬂu&nﬂG’] L NAINNUNN AU

suuad 5 vinlinnlugui 4.7 Saduadowdufeaniu
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Stability of G,
I

)

)

y
!

‘\\\ :‘fii::\ \ \{ \
N \ \
.« \ A\

Inulin
o
I
/

Glucose

JUN 4.8 uansiianuanuduiusseninnglaauwaydugiu

JUN 4.8 wansiiAmeanuduiusseninangleauardugdu nsuanuduiusvenglaauas

vV

a a o a = a ! ! < a a [y
auégaummﬁmaaaimw Lu%N%’lﬂVlﬂ‘Vl’]\‘]ﬂ’ﬁ@jL‘ZJ']qf\!ﬂﬁllﬂaL‘lJ‘LﬂUIu‘Wﬁ‘VINL@EJ’Dﬂu

q

Stability of G,I
10 T T T T T T

9_ —

[nulin
[¢)]
T
1

Glucose

JUT 4.9 UaARIANILARYSNINUDIUUTIERI G — [ — E
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SUN 4.9 Lansnnuafiesrewuudnges 6 — I — E danalahuuuitassiianuaiosnield
Rouly b < 18vBnaresnsimeidu 9 veswuuinasmsaysuiunglaawazdugaunid
AAeil lifiunumddggla 9 demnuiafivsnn Phase portrait vaenglaa - dugdunigle

Rouly b < 1 uandlugun 4.9 FauanraatesnMewuudees 6 — 1 — E

Wefmueannsiwesiniliunssuvaunisnglea-sugdu uaznglaanindiain

AeUDNIAYLEAAIATNITINLNDS Fannsana Ul

A15199 4.6 LAAIANNISINLADSVDILUUINADY

Parameters a b c d a B Y 6 n u

Value 0.25 8 10.4275 | 0.4275 | 0.6575 | 6.5875 | 0.2091 100 0.2785 10

LAAINITIIADINANNADUNADS A ITAINISITLADSIUANS 1N 4.6

Stability G,
30

25 —

20

15

10

G-l

_10 1 1 1 1 1 ]
10 15 20 25 30

Time (h)

o
(&)}

a

d‘ a a a
E‘U‘V] 4.10 LLﬁﬂ\‘lWﬂﬁ]ﬂiiﬂJﬂ'ﬂNLﬁﬂﬂi%@\‘lﬂ@IﬂﬁLLﬁ%@u‘Uau

Y

¥

JUN 4.10 uansmginssuANuatesvenglaa dugau lagdtn1sgitnganaunanaieiuns
anasuaInNIsauazLiiou (decline oscillating) Wawiamiuluuseunns 10 Tlus nalaauay
dugdulunssuadonasgnuiuliegluaniiza dslunsaiiifntuiugelsauimaudly

wannlunisususeaunglaalunssuadenlvegluaniiziaies
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5 | | | | | | | J

Glucose

JUT 4.11 Wana Phase portrait dwsunglaa-dugau

a

JUN 4.11 wanuaigsnmvenglaa dugdu lagdtvesuuuiiaesvenglaa dugdu uag
Ao v ~ A g ANaa . S P
nalaandndrnaeuantunsdivesruiidulsaiuviu 380y spirals dsiuasuladn
[ dyd a
wuudnaesiiiadiusnn
dmsuluundalufion1sagunanisidentnainnisinseiuuuinassvesias

Jorauanuzlunsimuiidensld



36

undl 5
AJUNaN15ILUATVDLEUBLUE

[
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Numerical Stabilities of Glucose-Insulin and Externally ingested glucose
(G 1, E) model

Wachira Suriyapangsakun'~ and Kanchana Kumnungit '™

ABSTRACT

The control system of human glucose-insulin production was considered by a
mathematical model for this research. The body's glucose metabolism is determined by the
interaction of glucose and Insulin in the body (Dew et al, 2017). In this regulating system, we
added a new vanable by introducing a glucose vanabie into the system, where the added glucose
varnable was exogenous glucose obtained from foed or by eating only. And we have assumed
that digestion followed the mechanism of the body In the form of a Logistic Growth Method. We
also looked at the exogenous glucose constant, which is in the drug form. This process of
production and the introduction of glucose resulted in the creation of a system of three varlables,
three nonlinear diffarential equations. The model was analyzed for equilibrium using numerical
methods vith the 4th Runge-Kutta method, the 5th Runge-Kutta and the Adams-Bashforth
method, For a system of equations, we have described the equilibrium of the model and have
found that, whether we ale food or medicine Into the body, after about 2 hours of digestion and
absorption, our body's regulating system always normalizes the balance of both glucose and

insulin.

Keywonrds: Mathematcal Moded, Glucase-insuin Regulatary System, Statiity, Runge-Kutte arder 4, Runge-Kutta oroer 5, Adams-
Bashforth memod.
*Comespanding author, emal atdtess: Kkumounghi@omal. com, Babby sehunoppadigmail com

'Deparmant of Mathematics. Faculty of Science, King Mongkut's institute of Techaology Ladirabang, Chalongkrung Rd,
Ladkrabang, Bangxok, 10520,

INTRODUCTION
Diabetes s the most challenging health problem in many countries. Most diabetes occurs due
1o an imbalance in the body's insulin. Insulin imbalance means the body is unable 1o use the insulin that
1s already present In our body effectively or the body Is unable to produce enough Ingulin to carry the
glucose from food into the cells for energy. Diabetes is one of the fastest growing diseases worldwide,
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According to the World Health Organization (WHO), in 2014 there were more than 422 million people
with diabetes worldwide, but by 1980, only 108 million had diabetes.
The most shocking statistic was that in 2016 an estimated 1.6 million people had diabetes, with

diabetes the seventh leading cause of death. According to the 21st Century Center for Disease Control,
diabetes is a growing epidemic. And it is becoming a growing public health challenge, |1 is the number
1in 10 of Thai people with various diseases. The key aspect of diabetes Is that people who already have
diabetes must know that it is a lifelong problem without a cure. With proper cares, patients can manage
their complications.

Over time. a long diabetes may cause other organ problems such as heart, blood vessel. eye. Kidney
and nerve problems. In 2018, a research paper published in the Hindawl joumal Diabetes Research
titled 'Diabetes prevalence and its relation to socioecanomic status, it reported that Thai population
(Wichal et al,, 2018): The National Health Examination Survey (2004-2014) confirmed an Increase in
prevalence. This study s the first report on the prevalence and trends of diabetes in Thatand for over
10 years, We can conclude that the prevalence of diabetes has increased over the past decade from
7.7% in 2004 to 9.9. % in 2014, we can say in other words, more than a million Thai people suffer from
diabetes, Today, some diabetics whose bodies are unable 1o use the energy from the food they
cansumed, There are two main types of diabetes - type 1 diabetes and type 2 diabetes. Type 1 diabetes,
also known as insulin-dependent diabetes, Is often discovered in childhood. This type of diabetes
occurs when the immune systam malfunctions and the cells in the pancreas are destroyed, causing the
pancreas o stop making the hormone insulin which this abnormal immune response (o the beta cells in
the pancreas stop producing insufin, This can happen due to a genetic predisposition. In type 1
diabetes, the body s unable 1o process glucose due to a lack of insulin and this causes an Increase In
blood sugar levels. Type 2 diabetes, also known as insulin-free diabetes, is a condition in which the
body does not make enough insulin or not able to use insulin effectively, It can cause the body to have
high biood sugar levels and can cause cells unable to use sugar for energy, It is usually found in middle
age to older age. Type 2 diabetes is the most common type. It is a disease that occurs when blood
sugar level is higher than usual,

In 1939, Himsworth and Ker (Himsworth and Ker, 1939) introduced the first approach to measure the
insulin sensitivity In vivo. In mid of 1960 Ackerman and Gatewood (Ackerman and Gatewood, 1995)

nn
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discovery was based on a simple model they developed for the blood glucose regulatory system
(BRGS), They get
g =-ug—bh (11

h=cg~dh (12
with &, b, ¢ and d as constants

In 1961 Bolle started 8 mathematical model using ordinary differential equation to estimate the
glucose disappearance and insulin glucose dynamics in genaral (Bolle, 1961), The model was
G=—a,G~ayl+p (1.3)

| = <, —a,l (1.4)
Where G and | represent the glucose concentration and insulin and a,, @y, @y, @4, p sre parameters.

(Dewvi ot al,, 2017) s o resoarch paper whare author has developed a G-I-E model whare extemally
Ingested glucose s assumad to follow logistic growth and insulin is assumed 1o be presence of constant

amount of glucose and insulin In the body. The G-I-E model (Devi at al., 2018). Is governed by the

following equations.
G = ~aG = bl +ak +§ (1.5)
l=cG-dl+n (1.6)
E = BEC1 - yE) (.7

Where a, b, ¢, d, a, i,y and 1) are constant.
Several mathematical models have been derived as described In a survey by Makroglou et al.

(Makroglou et al., 2006) and in o review by Boutayeb and Chetouni (Boutayeb and Chetouni, 2006) for
the dynamics of glucose-nsulin including intravenous glucose tolerance test (IVGTT), oral glucose
tolerance test (OGTT), and fraquently sampled intravenous glucose tolerance test (FSIVGTT), Most of

all the existing models were based on two varlables only: glucose and Insulin.

MODEL DESCRIPTION
Glucose regulatory system In the body Is very complex in nature, A simple mathematical model
is described by Himsworth and Ker in 1939 (Himsworth and Ker, 1030) and Bolie (Bolie, 1961), Here,
these simple models are modified 10 Incorporate an additional variable o describe glucose-insulin
system [equations (1.1)-(1.4)] under the Influence of external glucose intake in the form of source of
food,

N
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Let G (1) and | (1) denote the glucose and insulin concentration in the body attime L. LatE () is
the extemally ingested giucose at time 1 which is coming from the source of food 10 the body. Thus the
model for Glucose-insulin-ingested glucoss is a three variable model, with the following assumptions.

(a) Degradation of glucose from body s both insulin independent and insulin dependent with
different rate.

() Degradation of insulin from the body is glucose independent.

(c) Secretion of nsulin due 1o glucose stimulation.

(d} The extemnally ingested glucosa is assumed 1o follow logistic growth model. Thers is increase
of ghicose level due this extemally ingested glucase.

(e} There is no effect of externally ingested glucose on the level of insulin.

() A constant amount of glucose is alwarys present in the body,

{g) A constant amount of insulin is always present in the body,

(h) A constant amount of glucase from exiemally ingested glucose which is in the form of
medication.

() Alsothere is a degradation of glucose for the body which is defined by an interaction of glucose

and insulin in the body st a rate b.

MODEL EQUATIONS
The mathematical model for Glucose-insulin-ingested glucose regulatory system can be expressed by
the following sets of differential equations
G(t) = —aG — bGl + aE + & @)
() =c6—dl +9 22
E(0) = PEQ(1 — yE) + @3
Where,
& Constant amount of giucose present in the body
1): Constant amount of insulin present in the body
@: Rate constant representing insulin indepandent glucose disappegarance
b;mnwmmmwmm
C: Rate constant representing insulin production due to glucose stimutation

»s
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d: Rate constant representing glucose independent insulin degradation

@: Rate constant reprasenting increase of glucose level due o ingested glucose

B: intrinsic growth constant of ingested glucose

= Canying capaciy of ngested gucose

J1: Canstant amount of glucose from externally ingested glucose in the form of medication.

EQUILIBRIUM POINTS
The equilibrium points comesponding to the equations (2.1), (2.2), (2.3) can be determinad by

considering G = 0,/ = 0and E = 0. Which it implies, either Es"‘ﬁz‘/’:"‘"uss”"i”‘f:v'"

mEBM,"EimM(M)M(MMMiMaM:

-‘--m}---rom'g«--—'-@' 2 «-w:}u-woweon---%
e u T

3

And ESQEJr&anQ_nWM)WMnM

«-Mt!‘d-ﬂ*‘nﬂ;'iI'.@)J -«u-ms‘[m~~wmﬂ;mo-~'—‘@)
— 1 —
i

’ I~

EXISTENCE OF EQULIBRIUM POINTS

The ntenor-equilibnum ponts exist unconditionally as equilibnum points are always positive as all the
paramelers are considered positive (Hassain and Zadeng , 2014).

When g =288y say

4‘-'1!01(-'-&)“«!0@0".-@' . -m-mo‘{w-wwungu.q-ﬁ@

s raab b ) =h

That s the first equiliodium point is (6.1, £-&0=r)

G-

w:-@.um
-u-mofu-w-«mgm-n'@ . -u-m-!d-w-ou&-m--'—"@)
* e et T~ &
That is the second equilibium point is (6.1, £=20)
31T
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Stability of a Glucose-Insulin and Externally (G-1-E) Regulatory System Model
Wachira Sunyapbongsakun ', Kanchana Kemmungkit * '+

! Dhpartment of Mathemasics, Faculty of Science
King Monghut's Inutmute of Technology Ladkrsbang Banghok 10530, Thailsed
e-mat 61608030 kmetlac th

¥ Contre of Excellonce in Mathematics, 272 Ramma V1 Road, Banghok. 10400, Thailand
- hanchana kg it ac
* Corrospondmg suthor

!

<A mathemationl mode! fur ghacwe- b regelstery vy sbem b presnied The phocos-msnlin regulatnry v vtem has berw
intraduced with & mew varisbbe which b ingrsted ghucwse. The lngested ghocene bs the externad senror of glucose that is coming (rem
wonrcy of fond and svvumed o follen the ephin growth medel (0 sddition. e ansh e ghocwne comtant +aher comvamed 11w
medicioe. Wik the tntrodoctinn of moritvd glacose o theee variable model is evtablivhed The stability of the medel is snaly red by
comtrwction of Lyapuner function snd conditions for stabiiity bave boen derived. Numerionl smulations srr waed b valdate and
Gevcribe Bhe wability of (e projuosed mmdel

Aoywords - (ucwse-Imubin. Stobdity. Lyapanes Function. Namoricad Simuiation

L INTRODUCTION Two oquations wore based on 2 smple model for the
blood ghucose svatem.
An lrrepular Glucose msalin regulaor system in husnan In 1961, Bolie (3] had some confision of sormul Mood
e load 0 dobotes. The Gsesse con be comed by plocose regulation. The model was:
aad cancs

o wonmental penetc facsons. The diabetes

inbalance in the il the boady is wable 1 produce C=-aG-ad+p ()
enough madin to carry ghacese froem food w0 cefls to geacrate | =<a~al “
cnergy e efficoently. In pomersl, the dialbvtes cm e

catcporieed into two proups; Type | dishetes and Type 2 From 2006 1o 201K Devi and other rescarchen (4], [$),
! |7 had develuped # Glucose-fmdin. Exiomal G-1-8 model

& s narrow range 39 meol 161 manoll (70~ whire cutornally ingested ghucose was assumed 1o be logistic
llow.Mm-nt-m-'I—nk: prowth and el was sssumod 1o Be 3 comitant smoent of

dishotes warkdwide m 2014 but caly 108 million Pucoss and i 1n the body
dubetics 1990
Al e boginning of 2nh comury, muthemubical I MATHEMATICAL MODEL

wore sarted Maoy more clinical and nonchimcsl models & The Glcose- Jusulin-Exsernad Interaction Process

mondels had extablashed and dertved with ghos one amd imadin Acconding to Dievi and friend (4], the new G-E system
reguissoe In the maddic of 1960, Ackermun and other  of oguations was added by addng » new varisble, the

rescarch [ 1] developed: externally dermved glucose comstant in exsernal egaation. The
system can bo Gescribed wm Figuare | helow

9= ~ag~ bk (1)) During canng sweet foods, mose carbobrydrae o dhabetac

A=cg~dk (2)  drug the dipestive sysem i i the process. This ghacoso is

teicaned and semt o the bloodetream 1o the body
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Ak + ity

b= ——veen

Sothe Mwm s (G‘.‘..‘ﬂ
Conaider ot £, = EoBTeuy

uy
wo get the Gy and 1, values respectively as follows:

a.‘.&@iﬂ,w-m
4 r

e + ad) '
P 12

A+ w)
Sar the second equilibium i (G, 1, E;) =

R T

Gy -

W=

Hwvad) ? vl

B, Stability analysis

Performing search the cigenvalues W explam the
solutions of equations about equilibrium, The stability of the
equilibrium can be found from the cigenvalues of the
Jocoblan matrix, Since the firet equilibeiom point, the
Jacobian matrix is:

-t =b «
J -( ¢ =d 0 )
0 0 =fiyE+p(1~yE)

(Gl fy)

-a =b ¢
'(3 o BT

We have:

aw JTTT Oy, dyy meitfe- O

1

The G-1-E model is stabilized around the fiest equilibriven
point when Y4, < 0 for i = 1,23

From eigenvalue 4, = JB/E+ T <0, s0 the model Gl
E unstable around:

(G;.I,.B.) -

DOLI0SOIVISSST 021,04 16

Consider the second exuilibrium polnts:
‘ay')n‘:(,.
(‘-““?""""-‘"‘%ﬁ'“"',ua@J

b ud) ! 2N+ ad) »
the Jacohian matrix is:

-a =b a«

)-(c -t 0 )
0 0 ~fiyE+ (0 =yE) Godsle)
-a =b «

=| C ~d 0
0 0 -JAJF

We have.

bw =BT, dy w200

Therefore, the GoI-E model ix stable around the point
(Gyty By) wa<ofori=123
¢ Linearization

Wo take a system of noalinenr differential equations mto

a system of Hnear equations near the 2nd equilibrium poit.
From the Jacobian matrix around the point (Gy, Iy, E;):

e S | “
’-(‘ -d 0 l)
0 0 =pyEep(l=yk (84,21
-t ~b i G~ Gy
-(‘ -d 0 )("".)
0 0 ~JBJIvay/\E-E,
Coasider transformation of,
GeX+Gy =Vl and=2+E;,
S0 that:

O-C ¢ )
Ths, the system of linear equations of the Gi-1-E model

T8
L= —aX=bY +aZ
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Y=cX-dY
2=-JBJE+ vz

D. Lyapunov Function

Consider a system of equations to determine the stability
of an equilibrium using Lyapunov function,
V=AX?+BY? +CZ* +20X2

Therefore,

V = 2AXX + 2DZX + 2BYY + 2022 + 20X2
= —2aAX* - 2BdY* — (2¢ JB B + 4y — 20a)2?
={24b — 2Bc)XY - 2DbYZ

~(2Da - 24a + 20, JBJF + Way)X2Z (8)

Obviously, the coefficient of X*,¥* and ¥Z is clearly
negative. Let D =1 by substituting it m the system of
eguations (8), so the result will be as follows:

Lt (X _.au,fijpnq 3 a
A - N ~ £ m

and gt B
oo PR, i,

‘(M""m (9

Therefore, it is definitely negative only it
(.04"7'0”'-](.0{’}”0”’)0

(1-8)(e+ BB +0y) >0 = k<t (10)

Finally, the conditions are stable. The G-1-E model is
locally asymptotically stable for a equilibrium pomt. This
corresponds to the definition of the Lvapunoy function.

IV. NUMERICAL SIMULATIONS

All conditions for this new G-I-E model are found and
known that the stability of the modeal is under condition:

b<l.

This makes finding the numerical simulations to confirm
the stability case:

a=1b=000475c=15d=205a=001
B =1,y =02353,8 = 4.7245,n = 0.425,4 = 0.005

DOI 10.5013/USSST.a21.04.16
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