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1 Introduction

Nonlinear rotor-dynamical analysis has been a great concern of rotating machinery in the past several
decades. The major adopted model in the literature is the so-called Jeffcott model which is composed
of a massless shaft, a rigid wheel and multiple supportive bearings. For practical machines, however,
the mass, stiffness and external loading are continuous functions of longitudinal position of the rotor
cross-section. Hence, the dynamics of the rotor system should be described using a continuum model
that admits spatial distributions of all forcing and material properties. The general methodology of
modeling rotor systems with continuum models was presented in Yamamoto et al. [1], Shaw et al. [2]
and Ishida et al. [3]. Luczko et al. used the Timoshenko beam model to analyze a continuum rotor
considering the Karman non-linearity, non-linear curvature and gyroscopic effect [4]. Chasalevris et al.
simplified a rotor as an isotropic Rayleigh beam with breathing cracks [5]. Khanlo et al. adopted the
Euler-Bernoulli beam model to analyze chaotic motion of a flexible rotor with rub impact [6]. More
recently, the coupling resonance of bimodal, principal resonance of an in-extensional shaft was studied
by Khadem et al. [7] and later by Hosseini for its dynamic stability and bifurcation [8].

It is known that the dynamical response of modern rotors is usually nonlinear due to various sources
of excitation. In the present research, the nonlinear transverse electromagnetic force and nonlinear oil-
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film force are considered as major excitation to the rotor. Guo et al. derived the electromagnetic force
in a three-phase generator and analyzed its inducing vibration to the rotor [9]. Wang et al. investigated
analytical free and forced vibrations of a rotor running in a non-uniform magnetic field and determined
the stability of equilibrium position through eigenvalue analysis [10]. Practically, the modeling of
oil-film force should be considered since rotors of turbomachinery are generally supported by fluid-
lubricated bearings. It is well known that the oil whirl and oil whip are related to self-excited vibration
caused by the fluid-solid interaction in bearings [11]. Many models of oil-film force of lubricated bearing
were proposed in literature to facilitate dynamical analysis for rotor systems with the action of bearing
force [12]. Zhao et al. modeled a flexible rotor with squeeze-film-damper bearing and presented its
vibration responses through numerical simulation [13]. Pagano et al. studied nonlinear vibration of a
rigid rotor supported by tilting pad bearing [14]. Using the modified theory of short journal bearing,
Adiletta et al. analyzed the bifurcation and chaotic motion of a rigid rotor-bearing system [15]. Zheng
et al. derived a model for unsteady oil-film force of elliptical bearings and solved the nonlinear vibration
response of a rotor-bearing system [16]. Chang-Jian et al. studied chaos and bifurcation of a flexible
rub-impact rotor supported by long oil-film bearings with nonlinear suspension [17].

The nonlinearity in rotordynamics is usually complicated and hence, cannot be solved through
linear dynamics. Various approximately analytical methods have been used in previous publications
to determine steady state vibration as well as stability and bifurcation properties of rotor systems.
Using the generalized polynomial expansion, Hwang et al. modeled a large flexible rotor with nonlinear
supports and obtained solution through the harmonic balance method (HBM) and trigonometric col-
location method [18]. Kim et al. developed a modified HBM method to obtain quasi-periodic response
and its stability of a Jeffcott rotor with a bearing clearance [19]. Qin et al. analyzed a rotor weakened
by cracks due to rub impact and showed the transform of periodic motion to chaos through grazing
bifurcation [20]. Villa et al. used the invariant manifold approach to obtain the nonlinear normal modes
of rotor bearing-system [21]. Using the zeros of the Melnikov function, Tong et al. investigated active
magnetic bearings with the time-varying stiffness and presented global bifurcation, chaos and homo-
clinic tangency [22]. Ding et al. used the nonlinear Galerkin method to perform dimension reduction
of a continuum rotor system with oil-lubricated journal bearings and hydrodynamic seal [23]. Luo et
al. considered a continuum rotor system excited by transverse electromagnetic and oil-film forces [24].
The bifurcation and stability of the equilibrium of the rotor were analyzed with the Routh-Hurwitz
criterion. Paez-Chavez et al. presented the fold bifurcation caused by grazing and hysteresis loop by
cusp singularity of a non-smooth Jeffcott rotor [25]. Huang and Luo developed the analytical solutions
for period-m motions of a buckled, nonlinear Jeffcott rotor system using the Generalized Harmonic Bal-
ance Method (GHBM) proposed by Luo [26], and presented various results of stability and bifurcation
through eigenvalue analysis at fixed points of motion amplitude [27].

Despite the many previous investigations in nonlinear rotor-dynamical analysis, none of them were
specifically aimed at oil-film lubricated continuum rotor systems that operate in non-uniform electro-
magnetic environment. In this paper, the transverse vibration of a continuum rotor system is analyzed
through the GHBM. The rotor system is an assembly composed of a flexible shaft and a rigid disk that
operates in a non-uniform electromagnetic field with the support of two journal bearings. The struc-
tural model of the rotor system is developed based on the theory of Euler-Bernoulli beam. The explicit
functions of electromagnetic force and oil-film force are presented with respect to dynamical displace-
ment and velocity of the rotor. The governing equation of system is derived and discretized through
the Galerkin’s approximation method. Analytical solutions in two cases i.e. the two dimensional planar
rotor and the three dimensional spatial rotor are obtained, respectively, using the GHBM. It is pointed
out that the Hopf bifurcation of periodic motions leads to new periodic motions via period-doubling,
and the stability of the approximate solution of these periodic motions is determined. A numerical
simulation is carried out and the result is found in good agreement with the analytical prediction in
periodicity and bifurcation of motion.
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2 Problem setup

The sketch of a continuum rotor composed of a flexible shaft and a rigid disc supported by two oil-
lubricated journal bearings is shown in In Fig. 1 (a). The rotor shaft is excited by a longitudinally
distributed electromagnetic force denoted by P,,. X, and X}, are locations of the bearings whose oil-film
forces are denoted by F, and Fj, respectively. Figure 1 (b) shows the cross section of the shaft, where
O is the center of stator, O" the center of shaft and O, the mass center of shaft. ¢ is the angle between
the minimum clearance and Y-axis. e is the dynamic displacement of O" with respect to O.

me e’
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Fig. 1 (a) The continuum rotor excited by nonlinear electromagnetic force; (b) The cross section of the continuum
rotor.

It is assumed that the ratio of length to diameter of the shaft is more than ten so that the rotor
can be modeled as a flexible Euler-Bernoulli beam [28]. The governing partial differential equation of
motion is developed as follows:

|:I’I_1(X)+5(X—Xc)mc 0 } {82Y/8t2}

0 m(X)+8(X —X.)m| | 9°Z/or*
2 2 2
+ s [EU0+s0-xran { 5006
= TN L (0 e 00+ S - Xomeen ) 0 { S | )

cos @ Fuy Fyy
+Pm<x,z>{sm(p }+6<x—xa>{Faz}+6<x—xb>{FbZ},

where (Fy,Fy) are oil-film forces in Y- and Z- directions, respectively. m (X) = p,mR (X)? is mass per unit
length of the shaft with p;being the density. R(X) is radius of the cross-section. Y (X,7) and Z(X,t)
represent the transverse displacement functions of X and ¢, respectively. EI(X) is flexural rigidity and
E is Young modulus, I (X) is moment of inertia of cross-section of shaft. I(X,) is mass moment of inertia
of disc. g is the gravitational acceleration. e; (X) and e, are mass eccentricities of the shaft and the
disc, respectively. m, is the mass of the disc positioned at x = X,. o is the rotational speed. 0 (+) is the
Dirac-delta function.
The analytical expression of electromagnetic force by [10] is adopted in this study, which reads

— ”YmR(YZ"i'ZZ)l/Z 1— Y2+Zz)—3/2

P
" C. C?

i

where ¥, = B2 /ly. B, is magnetic flux density. U, is magnetic conductivity. C, is the mean width
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of the shaft clearance in the radial direction. The oil-film forces of the oil-lubricated bearings are
from [29]:

—O00 . T 2E,q End (1 + 2E2d)717
Fr = —="{(0—2y)ld Yt z)+ 4y + )
C 21— B2 )32 T (1—EL 2 T (1—E2)? En(1—E; )\
—2E, E 14 2FE?
Fr =22 {(0—29) v+ i Ut 2B, Y —47]},

e AR T (TP (B2,

where 6p = ,LL(,RLE /2C?. u, is viscosity of oil. Lj is length of the bearing, and C is the mean width of radial
clearance of the bearing. E,q = VY2 +Z2/C, E,q = (YY +ZZ)/CNY2+Z2, \y = sgn(Z)(YZ—ZY)/(Y? +
72).

The equation of motion is expressed in a dimensionless form and is further reduced through the
Galerkin’s approximation method as follows

Hlfl + kHyE) =H7G + H7€;;c08 T
+ An{AL(HsE} + 3HoE1E5) + Ao[HsEP M1 + Ho (&5 M1 + 281 E2m2))]
+A3[HsE T + He(E1n5 +2&mima)] + As(Hsn} + 3Hgmim3)
+As(H3E] + Ha&3) + Ao(H3 &1 + Habomo) + A7 (Hani + Han)
+AgH & +AgH M +AoH7 }
+ 0 {Ci(H2&} +3H1361E7) + Co[HinEEny + Hiz(E5m1 + 281 &mp)]
+ C3[H&ini + Hiz(Em3 + 2&mim)] 4+ Ca(Hiani + 3Hizming)
+Cs[H12& 81 + Hi3(8561 +2816:80)] + Co[Hn&l i + His (§51 + 2815210 )]
+Cr(H &7 + Hn&F) + Cs[Hin&im & + His(Emas + Emér + Emi&y))
+Co[Hp&im M + Hiz (&Mt + Eamam + Eamima)] + Cro(Hio&im + Hiiéama)
+Ci[Hini & + Hiz(m3 61 +2mma&e)] + Coa[Hion i + Hiz (301 + 2mma )]
+Ci3(Hont +Hin3) + Cra(Hio&i & + H&a&) + Cis(Hio&i i + Hi &)
+ Ci6Ho&1 + Cr7(Hiom &1 + Hima&o) + Cis (Hiom M1 + Hiima 1) + CroHom
+Co0Hoky + Ca1 Homy + CooHs},

(2)

Li& + kLa& =hn{A1(BLa&7 & + Ls&3) + Ax[La(281 6211 + &7 1) + Ls&5 My
+A3[Ls(2Em M2+ Enp) + Ls&on3 ] +As(3BLanina + Lsn3)
+2A5L38182 + A6L3 (E1m2 + Eami) +2A7L3Mmi M2 + AsL1§a + AoLima }
+0{Ci(3Ls& 6 + Lo&3) + CalLs (E7 M2 + 281 6m1) + Lo&3 o)
+G3[Ls(2& MM + Eant) + Lo&on3] + Ca(3Lsn N2 + Loms )
+Cs[La (76 + 281 581) + Lo&7 &) + Co[Ls (2T + 2E1Eam1 ) + Lo&3 2] (3)
+207L7E1& + Cs[Ls (Ermi &a + Emar + Emér) + Lo&ama&y)]
+Co[Ls(Eimi M2 + Sima + EamiMi) + Lo&anamp] + CroLs(&1m2 + &)
+Cui[Ls(ni&a +2mma&r) + Lonz &o] + Cia [Lg (N2 + 20ima) + Lonz o]
+2C13LymiMe + Cualy (618 + E&1) + CisLa (&1 + &) + CreLoa
+Ci7L7 (M &+ mé1) + CisLa (M2 + M2my) + CroLeNa + CaoLe&a + CarLe T2}
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H N + xHyny =H7&5;sinT
+ A {B1(HsE + 3He8163) + Ba[HsEP M + Ho(E3m1 +2816my)]
+ B3[Hs& i + Ho(E1m3 +2&mma)] + Ba(Hsn{ + 3Hemm3)
+ Bs(H3&{ + Ha&3) + Bo(Hs&1m1 + Ha&ama) + By (Hani + Han3)
+ BgH &1 + BoH n1 + BioH7}
+0{Di(H12&] +3H136187) + Da[Hin&imi + Hiz (&M + 2816m2))
+D3[Hi&ini + His(§115 +2&mima)] + Da(Hini +3Hismng)
+Ds[H1&P 81 + Hi3 (8581 +2816260)] + D[Hio& i + Hi3 (83111 + 2818212
+D7(H10&f + Hn &) + Ds[Hin&imi&s + Hiz(Eima&a + Eamaéi + &mi&))
+Do[H12&1 1M1 + Hiz(Eim2M2 + Eamatn + Eamifa)] + Dio(Hio&i M1 + Hi§am2)
+ Dy [Honf & + Hiz(3E1 + 2mime&a)| + Dio[Hianii + His(n3 01+ 2mimamn)]
+Dy3(Hiont +Hun3) + Dia(Hio&i & + Hi&2&p) + Dis(Hio&i iy + Hyéama)
+Di6Ho&y + D17 (Hiom & + Hiina&s) + Dis(Hioni Ny + HiiMa 1) + DioHom,
+DaHo& + Dy Homy + Dy Hs},

(4)

Lyl + KLy =An{B1(3L4&7 & + Ls&3) + Ba[La(2&1&ami + &7 M2) + Ls&3 o]
+ B3[La(2E1mima + Enf) + Lséan3] + Ba(3Laniny + Lsn3 ) 4+ 2BsLa&1 &
+BsL3(E1m2 + Eami) +2B7L3Ni M2 + BsL1 & + BoLima }
+0{D1(3Ls&7 & + Lo&3) + Da[Lg(E7 2 +2816m1) + Lo&i o)
+D3[Lg (& mm2 + &Nt + Lo&an3] + Da(3Lgninz + Loms3)
+Ds[Lg(§7 8 +281581) + Lo&3 &) + Ds[Ls (&7 12 + 2816211 ) + Lo&3 ) (5)
+2D7L7E1& + DLy (Eymi &x + Eimaéy 4+ Eam&r) + Lo&amaa)
+Do[Lg(&iMim2 + &M + EamimMi) + Lo&omam] + DioL7 (8112 + &M )
+Dn[Ls(nf& +2mmaér) + Lon3 & + Dia[Ls (MM +2mmam) + Lonz o)
+2D13L7M Mo + D1aLy (616 + E&1) + DisLy (&1 + &1 ) + DisLe&a
+D17L7 (M & +M&1) + DisLy (M2 + M2m) + DioLeNz + DaoLe&a + Da1 Lot }

where coefficients H,(n = 1,2,...,8), L,(n = 1,2,...,7) are integral constants. A, and B,(n = 1,2,...,10)
are order coefficients in Taylor’s series expansion of P, in Y- and Z-directions, respectively. C, and
D,(n=1,2,...,22) are coefficients in Taylor’s series expansion of Fy and Fy, respectively.

3 Dynamical analysis of continuum rotor

3.1 Generalized Harmonic Balance Method

In this section, the Generalized Harmonic Balance Method (GHBM) [26] is used for analytical solution
of periodic motions of the continuum rotor. Considering a nonlinear dynamical system is excited by
periodic force with forcing period T = 27 /Q, the equation of motion is expressed as

x=F(x,x,t,p) € R" (6)
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where F(x,7,p) is a C"-continuous (r > 1) vector of nonlinear function. The period-m flow of Eq. (6)
can be expressed in the form of

\ m u k _k
X(1) = ag" (1) + 3 [bin(r) c0s(— Q1) + (1) sin( )] (7)
k=1
where k =1,2,...,N, the coefficients of harmonics are denoted by
o = T

bk/m = (bk/ml ) bk/mZa e >bk/mn)T> (8)

Chjm = (Ck/mlack/m27 e 7Ck/mn)T'
which are determined by the following dynamical systems
al" — B (@l i) c(m) alm pm) em),
. Q Q? m), (m m) ¢ (m) :
B = —22k el 4 “Shob ™) £ F (2l b et alm B elm)y, (9)
m m
Q QZ m m m "
€ = 22k b 4 2Skoe™ 4 FY (al b0 el 4l B &),
m m
where

ki =diagLixn, 2Lnxns - -, NLisn),

ky = diag[Licn, 2 osns - . \N? L,

b = (bl/m,bz/m,...,bN/m)T,c(’") = (cl/m,cz/m,...,cN/m)T, (10)
B = (B R R R = (RS R R

and N=1,2,--- jeo. Further for k=1,2,--- N

R a5, = L[ Rk

(m) () m) om) a0m) pom) aomy — 2 [ B s k

F,. (ay /,b" . c" a;" b"™ ¢ )_ﬁ/o F(X,X,t,p)COS(;QZ‘)dZ‘, (11)
(m) () pm) om) a40m) pm) amy — 2 [ B s .k

Fy. (ay /,b",c" a4, ,b"™ ¢ )_ﬁ/o F(x,x,t,p)sm(%Qt)dt.

Equation (9) can be rewritten in the state space represented by

i — a7~ (e ). a2

where
20 = (al") pm) )T
Q 02 Q ... 13
g = (FY" | —220K, 6 4 “Z kb ™) 4+ F™ 225k B0 4 Kyt 4 BT (13)
m m m m

The equivalent form of Eq. (12) can be rewritten as

y(m) = f<m) (y(m))’y(m) = (Z(m)vzsm))Tat‘(m) = (ng)vg(m))T (14)
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If Eq. (14) has an equilibrium point, then the analytical solution of the period-m motion in Eq. (6)
exists. In the vicinity of equilibrium y™*, with y™ = y("™* 4+ Ay(" the linearized equation of Eq. (14)
is

Ay = DE (ym) Ay ™) (15)
where DF"™ (y"*)represents the Jacobian of f™at y™. The eigenvalues of DE™ (y("™*) are solved
through

IDE™ (y")*) — Ao 1) <204 1)) = 0 (16)

and are then classified are classified by a set of index
(n1,n2,n3|n4,n5,n6) (17)

where n; is the total number of negative real eigenvalues; ny is the total number of positive real
eigenvalues, n3 is the total number of zero real eigenvalues; ny is the total pair number of complex
eigenvalues with negative real parts; ns is the total pair number of complex eigenvalues with positive
real parts; ng is the total pair number of complex eigenvalue with zero real parts. The stability of the
system can be identified with indices nj¢ in Eq. (17). Further, the critical values of rotational speed
for the Hopf bifurcation and period doubling bifurcation can be pinpointed based on the eigenvalue
evaluation through Eq. (16).

3.2 Analytical solution of planar rotor

Equations of (2) through (5) can be rewritten as

X| =pm€ncos QT —I-fy + 0 x1 + 0pxo + 03X + Oxo + OC5X% + Ogx1x2 + 07X 1 X1 + OgX1 X2
+ 00923 + X2y + O 1X2%2 + O2x] + 03X X0 + 04X X3 + 05X+ Cuext R + 0n7X X2
+ ogx1xx + OClgx% + OCzox%)'Cl + OCzlx%sz,

X =Pin€nSINQT+ f; + Bix1 + Boxa + Pai1 + Pasa + Bsxi + Pox1xa + Prxiin + Paxiiz
+ Box3 + Bioxaxt + Brixaxa + Biox; + Biaxixa + Braxixs + Bisxixi + Piexiiz + Pirxixas

+ Bigx1X2%2 + Brox3 + Baox3x1 + Barxzia.

(18)

where Q = ®/w,s,w,rbeing the lowest natural frequency of the shaft. pg, f, f:, G121 and Bio; are
presented in Appendix A.

Let us first consider the case that the rotor is restricted in a planar movement. Equation (18) can
be reduced to the governing equation of a y-directional motion x|

1 = ouxy + 031 + 05x] + X1 + 0] + Q5K + P cos QT+ f, (19)
The standard form of Eq. (19) can be rewritten as
¥ = fx,4,7) (20)

where
F(x1,%1,T) = ouxy + oy + 06sx] + 0gx1%1 + 0ox} + 0sXTX] + pr€rcos QT+ f, (21)

The analytical solutions of arbitrary period-m motion of the continuum rotor system are expressed as

(m) - k _k
x1(7) =qay (T)+ z [Bre/m(T) cos(;QT) + Cr/m(T) sm(%QT)] (22)
k=1
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Substituting x;(7) and its derivatives into Eq. (19), then averaging the coefficients gives

Gl = F () i) om) g0m) ) (m))

bk/m +2_ck/m (m ) bk/m _Fl(k)(a(() )’b(m),c(m),a(() )ab( ),C( ))a

.. kQ kQ m m) .m) ¢ (m) -(m
Gim =2~y — (=) 20 m = FI (ad" b et gl o) elm),

for k=1,2,....N, and
F" (@l 0 e gim ) &y = oqal™ + onal™ + os £+ on 1+ an £ + ons O +
FU @l b e g B0 ey = oy 0+ oy (b + %Ck )+ s
+ Oﬂ7f2(;) + Oﬂlzfg(;i) + O‘le;E;) + Pin€n oy
ES (@™ b, e alm B0 &y = o1.cp p+ 053 (¢ — %bk )+ 05
+ 067f2(;i) + a12f3(]i) + (Xlsfiz)'

where

(0) (mpy2 , 1 (RN 0 1 0
fl :(ao ) +§z2Z[Nbl/mbj/mal—j—i_Ncl/mcj/mal—jL

N
Il
_
~.
Il
—
Il
—_

A =agag" + 5 2 2 2 By + =) 8y ictm(Cjim = b)),

(0) ORI R 3“(()m) 0 3“(()m) 0
3 =lag") + X X X (S bumbim® & = imemd

1 3
+Zbl/mbj/mbi/m(5i0—j—l +8) 60 )+ ch/mcj/mbi/m(ai(-)i-j—l +8 -8, )

4 : (m)

N N N i
0 m .(m /- JQ a JQ
AV =@l +3 Y 2 o b B+ =)0 =l (€ — )81
9
+ 2N
1 . 'Q
+ch/mcj/m(bi/m I/M)(51+J l+51 JHl 510_1-_1)

1 ) iQ
+§bl/mcj/m(0i/m—— bim)(— 5+J 1+ 67 ]+l+60—j—l)]7

1 . iQ
(Bt jpm + CtmCim) B+ —bl/mbj/m(bi/m + Zci/m)(aiofjfl +8 0+ 80 )

N N 2a(())
N2 bl/m(sl +2Nbl/m ]/m(5|l |+51+]) 2Ncl/m ]/m(a\l jl 5[+])]

(m) . (m)

a

(c) ¥ I3 a 1Q K, % k
=3 .Z[NZ (byjm + Cz/m)5z +Wbl/m51

; JjQ k k 1 : J'Q k
+ﬁbl/m(bj/m+;Cj/m)(a\l—j\+51+j)+ﬁcl/m(cj/m ]/m)(5|l i~ 51+j)]>

(23)

(24)

(29)
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N (m) 3 (m) (m)

a a 3a
2bZ/m51 ?V by jmb (81 + 8 )+ #Cz/mcj/m(q]ziﬂ - 8f5)

H[\H42
HMz

31
bl/mbj/mbx/m(5|z ST S S ) (81)
3
+ 1 mCim (= 8= i+ S+ 8 ),
g Y NN am 0 2™ 4(m)
fid =2 2 D G+ e 8+ =58
=1 j=1i=1
ay” L@ k e, A JjQ k k
+ —bl/m( J/m cj/m)(6|l—j\ + 51+j) + Tcl/m(éj/m - ;bj/m)(a\l—ﬂ - 61+j)
d(()m) k k d(()m) k k
+ Wbl/mbj/m(a‘[,j‘ + &) + WCl/ij/m(5|z,j| — &) (32)
1 ; i k k k k
+ Zbl/mbj/m(bi/m + Zci/m)(6|l—j+i\ + 674t Oy o T O i)
1 . iQ X X k X
+ g CumCm Bifm + —Cipm) (O i) = Oy ji = G iy + Oy )
1 . iQ
+ 3 0mCjm (Cifm — ;bi/m)(6|]lc—j+i| =8 it =8 )
5 N N 2 (m) 1
fl}c = ,21 2,1 2; N2 Cl/mal += bl/m ]/m[51+] sgn(l — )5|l \Hv (33)
=1j=1i=
5 N N N a(()m) d(()m)
f2k :lzi z,lzi[Nz (Cl/m bl/m)al + N2 cl/m(sl
=1j=1i=
1 ) jQ 34
by =22 )8 senll )] oy
1 e
+Wcl/m(bj/m j/m)[51+j —|—sgn( )5|l \Hv
s N N N (m) a(m)
k = z z 2 Cl/mal bl/m j/m[51+] Sgl’l( )5\1 ]
=1 j=1i=1
1 . on ok k . (35)
+ cl/mcj/mcl/m[sgn(l —J +l)5‘l_j+i‘ — O jpitsgn(l+j— )5|l+] i~ sgn(l — )5“ i ]
3 . .
+ Zbl/mbj/mci/m[sgn(l —Jj+ 1)5\116_]4,'\ +8f i —sgn(l+j— )5|z+, i —sgn(l— )5|z j—ills
NN a (m) Q 2a( )a( m)
= 2(Cpm— —bjm) 8 + — 0 O
IZZU 11:21 jm=—buj N7 Cu
( ) iQ .
+ —bz/m( j/m bj/m)[51+j sgn(l — )5\1 \] (36)
a(()m) . JjQ
+Tcl/m(bj/m j/m)[51+]+sgn( )6|l ]l]

2sz/m j/m[51+] sgn(l — )5\1 \] Cl/m ]/m[51+j+sg”( )5|z |]
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+ %cl/mbj/m(bi/m + Qci/m)
[sgn(l JHDSN o+ sgn(+j— D8y —sen(=1+j+D)8 1, 4]
+7 bZ/me/m( e —bipm)
[sgn(l—j —1—1)5‘,#% + 8y —sgn(l+ j— i)5|’l‘+j7i|—|—sgn(—l +j+ i)5|k,l+j+i‘]
+ icl/mcj/m(c'i/m — %bi/m)
[sgn(l = j+ )85y — 8f it senl+j— )8, ; y+sen(—1+j+i)8F ).

Define
:( b ))T (a(()m)vbl/m"'>bN/m>C1/m7"'>CN/m)T
< é,~wéﬁx%ioﬂ .
ng) = ( )7é(m))T:(d§’:’(l))7bl/ma"'7bN/maél/m7"'7éN/m)T
= (2 g ") Zé )>"' ngN)ngrzr\;)Jrl)T'
Equation (23) can be expressed in vector field as
7™ = 2" and 7" = g (2" 2" (38)
where ) )
P
g™ (7m) 5 — —21%6 )+ ko (=) 2 B (20 2") (39)
kl m m m m
2= b0 k()% )+ F (2l 2™
and

ki =diag(1,2,--- ,N) ko = diag(1,2,--- \N?),

Fg = (Fl(l )>F1(2 )>"' 7F1(N))T>Fg = (FZ(I )>F2(2 )>"' 7F2(N))T‘
for N=1,2,--+ oo
Let
v = (@ ") = (" g ") (41)

Following Section 3.1, the steady-state solution for period-m motion can be obtained by setting y) = 0,
ie.,

F™ (@™ pm e™ 0,0,0) =0,
(k)b + i (a5 b, e),0,0,0) = 0, (42)
(K m) ey + Fy” (g b, ¢"),0,0,0) = 0.

where k=1,2,...,N.

The nonlinear algebraic equations in Eq. (42) can be solved by the Newton-Broyden method. The
linearized system is given by Eq. (15) for which the stability of periodic motion can be identified using
eigenvalue indices in Eq. (17).

To present the periodic solution of the planar motion one chooses ps; = 7800kg/m?, E = 206GPa,
L=3m, x, =0.08, x, =0.92, C =D/900, L, = D/4, e;; = 0.000lm, D = 0.3m, ¥, = 1350T?m/H, u, =
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0.018Pa-s, C, = D/1000. The bifurcation diagram of the motion is illustrated in Fig. 2. The analytical
solutions for period-m motion based on eight/sixteen harmonic terms (HB8/16) are presented herein.
The black dots give the numerical solution of period-1 motion, whereas the red dots represent the
numerical solution of period-2 motion. The transform of stable period-1 motion to stable period-2
motion via the Hopf bifurcation is observed. The stable period-2 motion suggests the existence of
oil whirl with the frequency of one-half of rotational speed. The stable period-1 motion transform to
stable period-2 motion through Hopf bifurcation can be observed as well. In Fig. 2 (a), the motion of
the planar rotor marked by the black solid circles is stable and period-1 for @ € (10,366) U (451, 1000).
In the range of @ € (367,450), the motion becomes period-2 following a period doubling bifurcation.
The frequency component of one-half rotational speed appears which is marked by red solid circles.
The Hopf bifurcation is found at @ = 366 and @ = 450. The bifurcation diagram in the range of
o € (300,500) is shown in Fig. 2 (b).

Table 1 Stability classification of periodic motion based on eight/sixteen harmonic terms (HB8/16).

Periodic motion Type of eigenvalues Rotational speed ® Stability and Bifurcation

Period-1 motion (0,0,0 | 17,0,0) (300, 366), (450, 500) Stable
(0,0,019,8,0) (366, 450) Unstable

Period-2 motion (4,0,0132,0,0) (366, 450) Stable

Bifurcation point 366, 450 Hopf bifurcation point(HBP)

The analytical solutions for periodic motion based on eight/sixteen harmonic terms (HB8/16) are
presented in Fig. 3. The constant term ap and integer-order harmonic terms (A;,A2,A3,A4) versus the
rotational speed are shown in Fig. 3 (a), (¢), (e), (g) and (i), respectively. The backbone curves of the
response amplitude varying with @ are shown in Fig. 3(a)-2(i) with m=1 and m=2, respectively. Based
on the eigenvalue analysis, the stability and bifurcation conditions for the analytical solutions can be
determined. The black solid lines represent analytical solutions of stable period-1 and period-2 motions,
whereas the red dash line is the unstable period-1 motion. In the range of @ € (300,366) U (450,500), the
period-1 motion is found to be stable. The speed ranges of unstable period-1 motion and stable period-
2 motion are both @ € (366,500). The type of eigenvalues of stable period-1 motion, stable period-2
motion and unstable period-1 motion are (0,0,0[17,0,0), (4,0,0/|32,0,0) and (0,0,0(9,8,0). The Hopf
bifurcation points that appear at @ =366 and @ =450 are marked by empty circles and acronym HBP,

10

=1

I I |

P | | * Stable v n e
AR R
s | @ :
g T 2 . &
S i | Period-2 8 . H | Peried-2 |
i - %
& .| Period-1 : : & : :
=] \ =] ,.-/\|
g 0.0 4 3 00 »|
§- . £ ) Period-1 I e
a b Period-1 -3 |¥_/I Period-1
Q-4 [ @ - | |
B ] ® | |

0 20 a0 600 800 1000 T 350 0 450 500

Rotational Speed m(rad/s) Rotational Speed w(rad/s)

Fig. 2 Bifurcation diagram of the planar continuum rotor system. The parameters are p; = 7800kg/ m>,

E =206GPa, L =3m, x, = 0.08, x;, = 0.092, C = D/900, L, = D/4, e;; =0.0001m, D =0.3m, },, = 1350T?m/H,
U, =0.0129Pa-s, C, = D/1000. The black dot means that the motion is stable, and the red rot means unstable
motion.
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Fig. 3 Analytical prediction of periodic solutions, with m = 1, based on eight/sixteen harmonic terms
(HB8/16): (a) constant term ag, (b) 1/2 harmonic amplitude A, /», (c) first harmonic amplitude Ay, (d) 3/2
harmonic amplitude A3/,, (e) second harmonic amplitude Ay, (f) 5/2 harmonic amplitude As,, (g) third
harmonic amplitude A3, (h) 7/2 harmonic amplitude Ay/,, (i) forth harmonic amplitude A4. The parameters of
the continuum rotor system are p; = 7800kg/m3, E =206GPa, L =3m, x, =0.08, x, = 0.092, C = D/900,

L, = D/4, e; =0.0001m, D =0.3m, ¥, = 1350T%m/H, u, =0.0129Pa-s, C, = D/1000. The black solid curve and
red dot represents stable and unstable motions, respectively. HBP is the Hopf bifurcation point marked by

empty circles.

as the real part of conjugated eigenvalues becomes positive. The amplitudes of the fraction harmonic
terms (A} ,A3p,As),A7,) of the analytical of stable period-2 motion versus rotational speed are shown
in Fig. 3 (b), (d), (f) and (h), respectively. The Hopf bifurcation appears when @ =366 and ® = 450.
The classification of eigenvalues, stability and bifurcation characteristics of continuum rotor system is

tabulated in Table 1.



Haiyang Luo, Yuefang Wang /Journal of Applied Nonlinear Dynamics 5 (1) (2016) 1-31 13

3.3 Analytical solution of spatial rotor

In this section, the analytical solution and stability of spatial continuum rotor system is researched
and the governing equation is Eq. (18) can be rewritten in the standard form

X1 = fi(xn,x0,%1,%2,7),% = fo(xr,x2,%1,42,7), (43)

where

fi(x1,%2,%1,%2, T) =pin€icOSQT + fy + 04x1 + 0px + 0331 + 0y + 05T + Ox1 X2

+ ot7x1X1 + Ogx1 X2 + 069)6% + ot1ox2 X1 + 01X + OClzx:;) + 0613)6%)62 + 0614x1x%

+ 0615)6%)'61 + 0616)6%)'62 + 07X XX + 08X X2 Xp + Otlgxg + Otzox%)'cl + 0621)6%)'62, (44)
Fr(x1,x0, 11,42, T) =p€nsinQT + f. 4 Brxy + Poxa + Paxy + Pata + Psxi + Pex1x2

+ B7x1)'c1 + ﬁgxl)'cz + ﬁgx% + [310x2x1 + B11x2)€2 + ﬁlzx? + ﬁmx%xz + [314x1x%

\ + Bisxixi + Biexia + Proxixaks + Prgxixaks + Broxs + Paoxaks + Parxa.

The analytical solutions of period-m motion for the continuum rotor system are

=
—~

l‘]
~—

Il

S
—_—
QO\_/
—~
l‘]
~—
_|_
M=

k k
[B14/m () €OS(—QT) + €1 4 (T) sin(--Q)],

~
Il
—

(45)

><

(3]
2

|

2
S
o3
+
M=

24 (1) 05(202) + 2 ()sin( - Q).

~
Il
_

The first and second order derivatives of x;(7) are

. kQ k kQ k
(D1 jem + ;Cl,k/m)cos(agr) (C1je/m— ;bl k/m) Sln(mQT)],

Rac
=
[
_QA
=55
+
T4

kQ k kQ .k
[(ba g ym + Cz,k/m) COS(%QT) + (Cok/m — ;b&k/m) Sln(gﬁf)]-

=

[\S)

a2

Il

S

qog/
EMz

and

kQ kQ k
¥ (1) alo +z (by k/m+2—01 k/m — (m )2by k/m)COS( Q1)
k=1
kQ . kQ k
+(C1k/m —2—’?1 K/m— (— " el k/m)sm( Q1)],

(47)
kQ kQ k
¥ (1) azo + Z bzk/m+2—62 k/m— (— p” )2 bzk/m)COS( Q1)

kQ . kQ 5
+(C2k/m —2;b2,k/m (— p” )2es k/m)sm( QT)]-
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Substituting Eqs. (45)—(47) into Eq. (18) and averaging cos(kQt/m) and sin(kQt/m) gives

) = F ) ) o) ) 0 o)

9

sy = By (ag” b, 4" B &)

9

kQ kQ m) 3 (m) (m) ~(m) g.(m) ~(m
blk/m+2—C1k/m ( ) blk/m—Fl(Uz(a(() /b ¢l ),a(() ) B )

kQ ) kQ m m m) ~m) ¥ (m) «(m
bz,k/m+2—C2,k/m (m )2b2k/m_F2(1]1( (() /b ¢l ),a(() ) B )
Clk/m—2 by kym — (m ) Clk/m—Fl(zli(a(() )b el ),a(() ) )

k kQ m m m m) o\m) y (m) »(m
Ergjm—2— bZk/m (m) C2k/m:F2(72]z(a(() /b ¢l ),a(() ) B )

for k=1,2,...,N
The coefficients of cos(kQ1/m) and sin(kQt /m)for the function of f(x,xX, ) are

Fl(”g)(a(()m)’b(m)7c(m)7é(()m)7b(m)’é(m)) —=f, + (Xlaglf(l)) + (Xzag’(l)) + (ch'lg’?(l)) + 05451%)) + 0‘5f1(,01)

+ o6 f +onfl Fosfl) + o)+ eof) +ourfY

+ O‘lZf](_%) + 0613f1(,09) + 0614f1(,01)0 + a15f1(f)1)1 + (X16f1(f)1)2
+ 0617f1(f)1)3 + Oﬂlsfl(,ol)él + 0619f1(701)5 + Oﬂzofl(% + 0621f1(,01)7;

g (af" o e ag" b e =f. + Bray) + Baaly + Bsal'y) + Bacdy
+ B L)+ B + B ) + B ) + Bo L)
+ Blsz(%) + ﬁufz(g) + ﬁlzfz(g;) + ﬁlsfz(,%)
+ ﬁ14f2(,01)o + Blez(f)l)l + Blefz(ﬂ)z + ﬁ17f2(,01)3
+ Blsfz% + Bl9f2(f)1)5 + B20f2(,01)6 + Barf 2(?1)7;

Ff,li(aé )>b( ) el )73(() )7b( )Y =prendi" + oub, kjm + 0B g + 03(by, k/m+_c1 k/m)

kQ
+ a4(b27k/m + ;CZJC/m) + anl,lk + O‘6f1,2k + O‘7f1,3k + a8f1(f4)k

+ 069f1(,65)k + ocloff}fk + (Xufl(;)k + alZfl(’Cg)k + alsfffgk + (X14f1(,61)0k

+ O‘15f1(701)1k + alﬁfl(fl)Zk + O‘17f1(701)3k + O‘18f1(7c1)4k + O‘l9f1(701)5k

+ a20f1(f1)6k + a21f1(f1)7k;

F2(71]Z(a(() )>b( ),C( )73(() )7b( ),C( )) :ﬁlbl,k/m +B2b2,k/m +B3(bl,k/m+;cl,k/m)

. kQ c C C c
+ Bibagm+ —Caim) + B s+ Bs sk + Brfay + Bs S

+ ﬁgfz(f;)k + ﬁlofz(fgk + ﬂufz(;)k + ﬁlZfz(f:g)k + Blez(’Cg)k + 1314f2(f:1)0k

+ B15f2(,cl)lk + ﬁ16f2(f1)2k + Bl7f2(f1)3k + Blez(’cl)4k
+ B19f2(761)5k + B20f2(7c1)6k + ﬁ21f2(f1)7k?

(48)

(50)

(51)

(52)
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Fl(glz(a(() ) b ¢ )73(() ) B &l ) :achk/m"i’OCZCZ,k/m+a3(cl7k/m_;bl,k/m)

. kQ s S ) S
+ou(Cok/m — ;b&k/m) + O‘5f1(,1)k + 0‘6f1(,2)k + 0‘7f1(,3)k + O‘Sfl(,ik

S N N S N N 53
+ O“)fl(,s)k + alOfl(,gk + a11f1(,7)k + 0‘12f1(,8)k + O‘l3f1(,9)k + O‘14f1(,1)0k (53)
+ Oﬁsfl(fl)lk + Oflefl(fl)% + 0617f1(7s1)3k + a18f1(f1)4k + O‘l9f1(7s1)5k
+ aZOfl(:vl)()k + O‘21f1(,s1)7k;

@l pm) ¢lm) a(m) pm) am) & Ky
2,2k(30 ) €8y 7, ) =Pi€n0;" + Bici gym + Bacap/m + B3 (¢, L — 1.k/m)

R kQ K s s s

+ ﬁ4(02,k/m - ;bz,k/m) + B5f271k + B6f272k + B7f273k + B8f2(742k
(54)

+ B9f2(f5)k + Blon(jgk + ﬁllfz(;)k + B12f2(jgk + ﬁ13f2(;y9)k
+ ﬁ14f2(f1)0k + ﬁ15f2(,sl)lk + Bl6f2(f1)2k + Bl7f2(’sl)3k + B18f2(f1)4k
+ B19f2(f1)5k + B20f2(7s1)6k + B21f2(f1)7k;

0 0 0 0 c c c c s s s s
where f1(,1)>~'>f1(,1)7> fz(,1)7"‘7f2(,1)77 fl(71)k>"'7f1(,l)7k7 f2(71)k>"'7f2(,l)7k> fl(,l)k"">fl(71)7k and f2(71)k>"'7f2(,l)7k are
given in Appendix B.

Following Section 3.1, the steady-state, periodic motion can be obtained by setting all derivatives
in Eq. (48) to be zero, i.e.,
0=Fy (ag"”, b, ™ 0,0,0);
0=Fy (ag",b™,c™,0,0,0);

kQ
0= (== Pbyam+Fy1i(ag" b,¢,0,0,0);

kQ o (m (55)
Oz(m )ZbZk/m—i_Fz(]]Z( m )7b( ),C( )707070);

kQ s ) () (o
0= (=) crum+F5(ag" . b™.™,0,0,0);

kQ
0= ( m ) C2k/m+F2(2])¢(a(() )’b(m)7c(m)’0’0’0);

The stability of the periodic motion of the system can be determined again using linearization-based
eigenvalue analysis expressed by Egs.(15) through (17).

For the numerical illustration one chooses ps; = 7800kg /m?, E = 206GPa, L = 3m, x, = 0.08, x, =0.92,
C =D/1000, L, = D/4, e; = 0.0001m, D = 0.3m, %, = 1000T?m/H, u, = 0.018Pa-s, C, = D/1600. The
bifurcation diagram of the spatial continuum rotor system is illustrated in Fig. 4, and the stable
period-1 motion and unstable period-1 motion (i.e. stable period-2 motion). The analytical solutions
for period-1 motion based on eight harmonic terms (HB8) are presented herein. The backbone curves
of response amplitude varying with rotational speed @ are shown in Fig. 5(a)-5(f) with k=1, whereas
the results for k=2~8 are not depicted. The harmonic amplitude and phase are defined by

1k
ALk/m = lk/m +ef Jfm> 91k/m = arctan lk;:z

C2k
A k/m = b; k/m T e Jfm> 92.k/m = arctan by k;:i

(56)



16 Haiyang Luo, Yuefang Wang /Journal of Applied Nonlinear Dynamics 5 (1) (2016) 1-31

and the corresponding solution in Eq. (45) is

N
m k
xp (1) 20570) + Y Al km COS(%QT =01 i/m)s
’“:1 (57)

N
m k
XQ(I) :aé,o) + z AZ,k/m COS(%QT — ¢2,k/m)'
k=1

‘ Stable

Unstable | ’- K.

Period-2

Response Displacement x;,

T T T T
0 200 400 600 800 1000

RotationalSpeed e (rad/s)

Fig. 4 Bifurcation diagram of the spatial continuum rotor system. p; = 7800kg/m3, E =206GPa, L =3m,
x, = 0.08, x;, = 0.092, C = D/1000, L, = D/4, e; =0.0001m, D =0.3m, %, = 1000T>m/H, u, =0.018Pa-s,

C. = D/1600. The parameters are The black dot means that the motion is stable, and the red rot means
unstable motion.

Table 2 Stability classification of periodic motion based on eight harmonic terms (HBS). py = 7800kg / m3,
E =206GPa, L =3m, x, = 0.08, x, = 0.092, C = D/1000, L, = D/4, e;; =0.0001m, D =0.3m, ¥, = 1000T?m/H,
U, =0.018Pa-s, C, = D/1600

Type of eigenvalues Rotational speed @ Stability and Bifurcation
(0,0,0 | 34,0,0) (10, 385), (426, 847), (919, 1000) Stable
(8,0,0 | 30,0,0) (385, 396), (421, 426) Stable
(16,0,0 | 26,0,0) (396, 421) Stable
(0,0,0 | 30,4,0) (847, 919) Unstable
847, 919 Hopf bifurcation point(HBP)

In Fig. 4, the motion of the rotor system marked by black solid circles is stable and period-1 for
o € (10,847) U (919,1000). For @ € (847,919)the stability of period-1 is lost, and the motion becomes
period-2 marked by red solid circles. In this case, the motion of the system is transformed to half
frequency whirl at bifurcation points @ = 847 and w = 919.

The analytical solutions for periodic motion based on eight harmonic terms (HB8) are presented
in Fig. 5. The constant terms (aj,a20), the amplitudes of the first harmonic terms (A;;,42) and
phases (¢11,¢2,1) are presented versus rotational speed in Fig. 5(a)-5(f), respectively. An eigenvalue
analysis is performed to determine the stability and bifurcation conditions for the periodic motions
based on the analytical solutions. The black and red solid circles represent the stable and unstable
periodic solutions using harmonic terms HBS8, respectively. In the range of @ € (10,847)U (919,1000),
the period-1 motion is stable. In other range of rotational speed, the motion is unstable. The Hopf
bifurcation points appearing at @ = 847 and w =919 are marked by empty circles and acronym HBP
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Fig. 5 Analytical prediction of periodic solutions, with k =1 and m = 1, based on eight harmonic terms
(HBS8): (a) constant term in xj-direction (ai ), (b) constant term in x,-direction (az), (c) first harmonic
amplitude in x;-direction (A;,1), (d) first harmonic amplitude in xp-direction (A2,1), (e) first harmonic phase in
xi-direction (¢ 1), (f) first harmonic phase in x,-direction (¢ ;). The parameters of the continuum rotor
system are p; = 7800kg/m3, E =206GPa, L =3m, x, = 0.08, x, = 0.092, C = D/1000, L, = D/4, e; =0.0001m,
D =0.3m, ¥, = 1OOOT2m/H, U, =0.018Pa-s, C, = D/1600. The black solid curve and red dot represents stable
and unstable motions, respectively. HBP is Hopf bifurcation point marked by empty circles

as the real part of the conjugated eigenvalues changes from negative to positive. In addition, the
eigenvalues computed with the periodic motions are classified. Based on the eigenvalues indices, the
stability and bifurcation characteristics are determined and tabulated in Table 2.

It can be observed that, through the comparison of Fig. 4 and Fig. 5, the numerical solution of
dynamic responses matches well with the analytical predictions of by the analytical GHBM regarding
the periodicity and stability of the motion. That is, both of the two methods give period-1 motion
for rotation speedw € (10,847) U (919,1000), and periodic-2 motion for @ € (847,919). For w = 847
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and @ =919, bifurcation is found in both of the numerical solution and the GHBM prediction. The
unstable period-1 motion will transform through the Hopf bifurcation to a stable period-2 motion with
a half frequency whirl of the rotor shaft. The GHBM can be very helpful in understanding the whole
onset of periodic/non-periodic motions as well as various types of bifurcation in an analytical way.

4 Conclusions

In this paper, the nonlinear dynamical response of a rotor system excited by both of the electromagnetic
force and oil-film force is investigated using a continuum model of Euler-Bernoulli beam. The governing
equation of the system is derived and discretized through the Galerkin’s approximation method. The
Generalized Harmonic Balance Method is adopted to obtain the analytical solutions of periodic motions
of planar and spatial continuum rotors, respectively. In both cases the stability and bifurcations of
rotor motion are presented through eigenvalue analysis. It is shown through comparison with numerical
solution that the GHBM is an accurate and effective method in analyses of nonlinear rotor systems
with complicated scenarios of bifurcation.
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Appendix A: Expressions of constants of Eq. (18)
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1 Introduction

Rejection of intermediates before machining is one of the main problem in production optimization.
For the selection of necessary intermediates that satisfy necessary requirements/criteria one can use
nondestructive testing methods. There are many different nondestructive testing methods that are
used in different manufacturing: magnetic methods [1], capillary [2], eddy current [3], acoustic [4],
radiation [5], optical [6] and etc. Each of them has its own range of applicability conditioned by cost,
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possibility of application, sensitivity and adaptability. Another important point in testing procedure
lies in the processing and analysis of data obtained after application of nondestructive testing method.
Frequently, the recorded data forms a large set and are “polluted” strongly by random fluctuations
(known as a ‘noise’) that make difficult them for extraction of significant information that is associated,
in particular, with identification of the desired defect located in the given intermediate. One of the most
ancient method of acoustic monitoring is acoustic free-oscillation method [7]. The main advantages of
this method are: 1) possibility of integral control of the complex high-curvature shape intermediates; 2)
there is no need for preliminary control surface preparing; 3) quickness of the desired results achieved.
The essential drawback of this method is sensitivity to the way of securing the intermediate and
to the place and direction of the excitation force. Usually acoustic free-oscillation method is used
in conjunction with the Fourier analysis [8]. Fourier analysis has its own area of applicability and
some essential drawbacks. Two basic drawbacks are listed below: 1) assumption about the normal
distribution of the noises; 2) uncontrollable errors injections during its application.

In this work we are trying to use another signal processing procedure that does not contain assump-
tions about the nature of the probability distribution function and does not create uncontrollable errors
during its application. This procedure is based on the use of the generalized mean value (GMV)-function
that has demonstrated its applicability for reliable selection of different probability distributions [9].

2 Experiment

The objects of investigation represent themselves 7 steel cylindrical rods with radius R = 8 mm and
length L =300 mm mounted on special supports. Six of them have transversal saw-cuts with penetration
depth 1, 2, 3, 4, 5 and 6 mm, accordingly. These saw-cuts simulates different defects with different
depths. The seventh rod is considered as the normal one and it does not contain this type of defect.

Experimental setup for investigation of the rods is depicted on figure 1. This setup is mounted
on vibration isolating table (concrete plate with rubber dampers) and contains the following elements:
base stand, rod laying device, striker assembly and microphone.

During experiment rods were fixed on H-frame supports that were made from transformer steel.
These supports were fastened on vertical stands that, in turn, were fixed on vibration isolating table.
Impact (strike contact) was made in the center of the rods and the proper acoustic response was
registered by the use of microphone and ADC connected with personal computer.

b

Fig. 1 Experimental setup for investigation of the rods. (1 - external screw for changing position of the
striker; 2 - striker assembly; 3 - investigated rod; 4 - knife supports; 5 - base stand; 6 - screw for regulation of
the distance between supports).
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Fig. 2 Acoustic response registered from rod without defect.
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Fig. 3 Acoustic response recorded from a rod with the saw-cut defect having the depth 5 mm.

On figures 2 and 3 one can see examples of acoustic responses from rods without defect and with
defect having saw-cut form and depth 5 mm.
For each rod we obtained 40 samples of acoustic data.

3 Description of the signal processing procedure

The idea of this treatment is to extract significant information that can be presented in an arbitrary
form for differentiation of rods having saw-cut defects with different depth from each other and from
normal rod without defect. For solution of this problem we apply the GMV- function.

This approach has been initially suggested by one of the authors (RRN) in paper [10]. It is based
on idea of generalization of the arithmetic mean value and takes into consideration the total set of
moments including the fractional and even complex values. The integer (or fractional) moment of the
pth order is determined as:
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N
Ay, =A(my) = z "0 <m, < Mx. (1)

where N is the number of points in the sampling considered, m signifies the order of the moment and
y — values of the points in the sampling.
The GMV-function is related to the moment of the pth order by means of relationship.

GMVy(m,) = [A(m,)]"/"™ 2)

This function reproduces the harmonic mean (m, = —1), geometric mean (obtained in the limit m, — 0),
arithmetic mean (m, = 1) as partial cases. The GMV-function is increasing (monotonous) function and
at m, — eo GMV-function recovers the right limit of the sequence (Jmax = ymx) and in the opposite case
(at mj, — —oo) it coincides with another limiting value i, = ymn. Mathematically, these properties are
expressed by the following expressions

GMVy(my) > GMVy(my), if my > my,
lim GMVy(m) = e (3)

m——+oo ymn

This function has a remarkable property, viz., being presented in the plot G2y(m) = Gly(m) it demon-
strates the statistical proximity of two random sequences compared if they satisfy to the linear rela-
tionship of the type

GMV2y(m) = AGMV 1y(m) +b. (4)

The linear relationship (4) can be chosen as a quantitative criterion for verification of the statistical
proximity for two arbitrary random sequences compared. However, for detection of the statistical
proximity it is necessary to calculate expressions (2) for two sequences and plot them with respect to
each other for approximate verification of expression (4).

The normalized moments (1) can be fitted by the linear combination of the exponential functions [10]
that was successfully demonstrated recently in differentiation of different 3D-video films [11]

S

Ay =ao+ Y aiexp(Aip). (5)
=

Here the upper limit § of this exponential decomposition is defined by the accuracy of the fitting
procedure applied. Application of this function shows [11] that for the most cases it is sufficient to use
S =3. So, using the GMV- function and function (5) one can “read” quantitatively any signal (with
trend or without trend) in terms of the fitting parameters a; and A; figuring in expression (5).

The first step in the proposed signal processing algorithm is data preparation. Under the “data
preparation” we mean extraction of the data that have informative significance for detection of the
desired defects.

Let N be the total length of the considered data set {y; = y(#;)} (forming in our case the considered
acoustic response). This sequence can be divided into M consecutive “segments” each one lasting m
samples, that is M = [N/m]. Now, let {P;} = {pi(1),pi(1),...,pi(m)} be the i-th segment. Reduction
of this “cloud” of points to two incident points translates into the calculation of two typical points for
each segment:

pi? = max{P}, pi" = min{P}, i = 1..N. (6)

The so obtained subsets, that is F*? = {p{¥, p5*,...,py7 } and F dn— fpdn pdn ..., p§i} form two curves,
describing the data trend on a compressed time scale (w1th a compression factor of m). If F' and Fd"
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Fig. 4 Curves F** and F from rod without defect.

keep their values very close each other, then it serves as an indication of the invariance of the data
set under analysis, with respect to self-similar transformations [12]. This is an advantage, because the
properties of the whole set can be inferred by using much less data samples.

Please note that, if observed, this behavior is independent on the value of m, which anyway should
be kept in a proper range to keep the statistical similarity of the compressed subsets. Choosing a too
high value of m would translate in a lower value of M with a consequent very strong data compression
and this surely destroys the possibility of detecting the data trend at a smaller time scale. On the
other side, m cannot be too small, to allow capturing the low-frequency behavior of the data set under
analysis. An empirical rule of thumb for a correct choice of m is based on the following compromise:
the number M of the compressed data samples should be less than N/3 (i.e., at least three original
samples per compressed sample), and at the same time it should be greater than 30-=-40. That is:

30%40§M§§:>3§m§iv—0+%. (7)
Application of this procedure (6) to the raw acoustic data (presented on figures 2 and 3) gives us curves
Fup and Fdn presented on figures 4 and 5 (m = 100).
On figures 6, 7 and 8 one can see curves obtained as difference between F' and Fd:

DF = F* —F®. (8)

Comparing figures 6, 7 and 8 one can see that DF curves become smoother with increasing of the

saw-cut depth.
The second step of our proposed signal processing algorithm is normalization procedure

DF — MeanValue(DF )
StDev(DF)

Normalized DF = + 10, (9)
where MeanValue(DF ) represents the mean value calculated from curve DF and StDev(DF) represents
the standard deviation value calculated from curve DF.

The third step of our proposed signal processing algorithm is calculation of the GMV functions using
normalized curves (9) as input data. As it has been mentioned above for each rod we get 40 samples
of acoustic data. Then after calculation of the GMV-function (2) to the normalized data expressed by
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Fig. 5 Curves Fup and Fdn from rod with saw cut 5 mm.
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Fig. 6 Curve DF from rod without defect.

(9) we get 40 GMV-curves for each rod. After that one can get the mean function from the set of the
GMV-functions corresponding to each rod. On figure 9 one can see the averaged curves obtained from
each sampling of the GMV-function for seven rods (one normal rod without defect and six rods with
saw-cuts with depths 1, 2, 3, 4, 5 and 6 mm, accordingly).

On the next figure 10 one can see the part of previous figure 9 for more clarity.

Here one can see the direct correlation between saw-cut depths and position of the averaged mean
value function. As one can see from this plot the smallest saw-cut defect with depth 1 mm cannot
be differentiated; while others starting from 2 mm can be definitely differentiated for forming of the
desired calibration curve (the relative distance between the limiting values, right-hand side of figures 9
and 10) of the rods with respect to the depth of the defect:
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Fig. 8 Curve DF from rod with saw cut 5 mm.

o GMV (sawcut, p = 500) — GMV (normal , p = 500)
Calibrat t depth) = 10
alibration(sawcut depth) 0.5-(GMV (sawcut, p = 500) + GMV (normal,, p = 500)) . (10)

Below on figure 11 one can see the desired calibration curve calculated from expression (10).

4 Results and conclusions

The basic result of this work can be formulated as follows. It becomes possible to present a novel
signal processing algorithm based on the specific behavior of the GMV-function. This algorithm helps
to extract the significant and quantitative information from the acoustic signals that are propagated
inside metal cylindrical slugs having saw-cut defects with different depths. This information allows to
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Fig. 10 The part of figure 9 - averaged general mean value functions for seven rods (one rod without defect
and six rods with saw cuts with depths 1, 2, 3, 4, 5 and 6 mm).

distinguish normal rods/intermediates (without defects) from rods with saw-cut defect and construct

the desired calibration curve (see figure 10) that helps to differentiate the rods with different saw-cuts

depths from each other.

The conclusion of this preliminary study is that the proposed signal processing method is suited
to be employed for acoustic signals acquired in frame of free-oscillation method in order to detect and
evaluate defects in metal rods. We think that proposed signal processing algorithm can be used as a
basic and simple procedure for development a really powerful, efficient and reliable signal processing

method for detection of different defects (not only transversal saw cuts but also inner cavities) in
essential improving of the free-oscillation method drawbacks.
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1 Introduction

Our world consists of artificial and natural systems that are undoubtedly nonlinear. As we understand
this fact, we will realize that chaos is inevitable and inherently present in our lives, even though it may
not be seen with the naked eye. It has been repeatedly demonstrated by scientists in the last recent
decades that nonlinear systems, which model our real world, can display a variety of behaviors including
chaos and hyperchaos [1]. Chaos is a very special nonlinear phenomenon because it possesses several
properties such as bounded dynamical state trajectories and sensitivity to initial conditions, as well as
an irregular and unpredictable behaviour. One of the most important subjects of nonlinear dynamical
systems is that of synchronization of chaotic systems which has a lot of applications in many systems
such as mechanical systems, biological systems, information processing and secure communication
systems etc [2]. Following up the pioneering work of Pecora and Carroll [3], various methodologies
have emerged in search of improved and effective methods for achieving stable synchronization between
two identical and nonidentical chaotic systems. These include sliding mode control [4], [5], adaptive
control [6], active control [7,8], impulsive control [9], linear feedback control [10], passive control [11],
backstepping control [8,12-14].
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Over the last few decades, most of the theoretical and experimental frameworks on drive-response
synchronization scheme have been devoted to one drive system and one response synchronization
scheme [15-19]. Based on this drive-response synchronization scheme, other forms of synchroniza-
tion scheme such as combination synchronization, combination-combination synchronization and com-
pound synchronization were recently developed for synchronization among three and four chaotic sys-
tems [20-23]. GCCS is particularly useful in secure communication where transmitted signal can be
divided into several parts, and each part loaded in different drive systems and then recombined after
synchronization. GCCS can also be used to route transmitted signal to different receivers at a desired
time. Thus, the transmitted signals via GCCS will have higher security than the usual transmission
through one drive-one response system [24—26]

Motivated by the above discussion, the objective of this paper is to study GCCS between two drive
systems and two response system with evolving from different initial conditions using the active back-
stepping technique. The major contribution of the GCCS proposed in this paper is that it designed
in such a way that combination synchronization and the usual one drive one response synchroniza-
tion are special cases of GCCS. Moreover, the GCCS proposed in this paper is generalized in such
a way that an appropriate control function can be designed for a desired synchronization type such
as complete synchronization, anti-synchronization, projective synchronization, hybrid synchronization
etc. The rest of this paper is organized as follows. Section 2 gives the description of system. Section
3 presents generalized combination-combination synchronization scheme (GCCS). In Section 4, gen-
eralized combination-combination synchronization of four third order Josephson junctions via active
backstepping technique is considered. Section 5 concludes the paper.

2 Resistive-capacitive-inductive shunted Josephson junction (RCLSJJ)

The resistive-capacitive-inductive shunted Josephson junction in dimensionless form is described by the
set of first order differential equations below

=,
y: é(i_g(y)y_Sinx_Z% (1)
Z'Zi(y—Z%

where g(y) is the nonlinear damping function approximated by current-voltage relation between the
junctions and is defined by

(y) = { 0-366 if ly| > 2.9,
~ 1 0.061 if |y < 2.9,

x, y and z represent the phase difference, the voltage in the junction and the inductive current respec-
tively. Bc and B are capacitive and inductive constant respectively. i is the external direct current.
Fig. 1 shows the chaotic attractor of the RCL shunted Josephson junction for the following set of
parameters: 1 <i< 1.3, Bc =2.6 and B =0.707 with the initial conditions (x,y,z) = (0,0,0).
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Fig. 1 Phase portrait of chaotic attractors of resistive-capacitive-inductive Josephson junction.

3 Generalized Combination-Combination Synchronization Scheme (GCCS)

Using the drive response scheme, we shall consider generalized combination-combination synchroniza-
tion of four chaotic systems consisting of two drive systems and two response systems. The drive
systems are

x= Ax+ f(x) (2)
y= By+f(y) 3)
while the response systems are
= Cz+ f(z) +u(x,y,z,w) (4

W= Dw f(w)+v(x,y,z,w) ®

where x = (x1,X2,...,%,)T €R™y = (y1,y2,.,yn) €R" 2= (21,22,...,20)" € RP and w = (w1, wa,...,w,)T
€ N9 are the state vectors of system (2)-(5) respectively. A € R x R™ B R" x R",C € R? x RP, D € R x
R? are the constant matrices. m,n, p,q are the order of the systems and f(x), f(y), f(z), f(w) are nonlin-
ear functions of the systems which are continuous and differentiable. u(x,y,z,w) = (u; (x,y,z,w), u2 (x,y,z,w),
oty (x,y,2,w))T € RP and v(x,y,z,w) = (v (60, 2,w), 2 (X,0,2,W), .. vy (x,y,2,w))T € RY are the con-
trollers to be designed.

Definition 1. : If the order of the drive and the response systems are the same and there exists four
constant scaling matrices My,My,M3,My € R™ such that lim,_,e || (Maw+M3z) — (M1x+ May) ||=0, where
| . || represent the matriz norm. Then, the drive systems (2), (3) and the response systems (4), (5)
achieve combination-combination synchronization.

Remark 1. : If M3 or My =0 then, combination-combination synchronization scheme reduces to com-
bination synchronization scheme. Similarly, if My or My =0 combination-combination synchronization
scheme reduces to combination synchronization scheme.
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Definition 2. The drive systems (2), (3) and the response systems (4), (5) are said to achieve gener-
alized increased or reduced order combination-combination synchronization if there exists four constant
matrices My € R™, My € R", M3 € RP and My € RY such that lim;_e || (Maw + M3z) — (Mix+ May) ||=0,
where || . || represent the matriz norm. For increased order combination-combination synchronization
m,n < p,q and for reduced order combination-combination synchronization scheme m,n> p.q.

Remark 2. If M3 or My = 0 then, increased/reduced order combination-combination synchroniza-
tion scheme becomes increased/reduced order combination synchronization scheme. Similarly, if M,
or My = 0 increased/reduced order combination-combination synchronization scheme becomes to in-
creased/reduced combination synchronization scheme.

4 Generalized combination-combination synchronization of four third order Josephson
junctions

In this section, Josephson junction in (6) and (7) are taken as the drive systems and Josephson junctions
in (8) and (9) are taken as the response systems in order to achieve generalized combination-combination
synchronization among the four chaotic third order Josephson junctions

fCl = X2
1
o= (i =g~ sinx ) (©)

X3 = i(xz —Xx3)

1=y
1
»2 ﬁc( 8(y2)y2 yi—y3) (7)
) 1
y3=E()’2—y3)
21 =22+ u;
1
ih=—(i—g(zn)zr —sinz; —z3) +u
2 Bc( 8(22)z 1—23) +u (8)
) 1
Z3=E(ZZ—ZS)+H3

W1 = Wy + Uy

Wo = —(i—g(wr)wy —sinw; —w3)+u
2 ﬁc( g(wa)wo 1 —w3)+us )
) 1
W3:—(W2—W3)+M6
B.

where uy,uy,u3, ug, us and ug are the controllers to be designed. We define the error systems as follows

e = 6w+ nz — (oux; + Piyi)
er = Owr+ 2o — (xs + Boy2) (10)
ez = w3+ 323 — (03x3 + B3y3)
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using the error systems (10) and the systems defined in (6)-(9) we obtain the following error dynamics

.0
é) = g(ez — B2+ 0x2+ Boya) + Y1z — 0xy — Brys + S1ug + Yiug

62 = 21— glowa)w — sinw1) — ~2—(es — 23 + 0333 + Biys)
Bc &Bc
. o . )
(l —g(z2)zp —sinz) —z3) — ﬁ—i (i — g(x2)xp — sinx; — x3)

g (11)
— B_(l —g(y2)y2 —siny; —y3) + Sus + Yun

(e2 — 22+ 0x2+ Boy2) — (e3 — v323 + 03x3 + B3y3)

“= B &Pr
+ = (Zz—Zs)—%(Xz—)%)—&(yz—y3)+53u6+73u3
B B B

Consequently, the error dynamics of the systems can be written as

)
é) = —162 +A1+U;

o)
€= :;32[32 +A2+ U2 (12)
é3 = %62— i% +A3+Us

where

o
A= g( Y%+ 0x2 + Boya) + iz — oax2 — Biya

AZZ%(i—g(Wz)Wz—Smwl) 53[3( V323 + 03x3 + Py3)

. . oy . .
+ 2(l —8(z2)zp —sinz; —z3) — —2(1 — 8(x2)x2 — sinxy —x3)
Bc Bc

- %(i — g(v2)y2 — siny1 —y3)
C

& &
A3 = — (=P + 02 + Boya) — = (— 1323 + 03 +
=5 ﬁL( 122 + 0x2 + Boys) 5 BL( Y323 + 03x3 + PB3y3)
v o3 Bs
_l’_ — — - — - —
B (z2—2z3) B (x2 —x3) B (y2—y3)
= O1us + Y1y
Us = &us + puy

Us = &zutg + Y3u3

then we obtain the following results.
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Theorem 1. : If the controllers are chosen as

1)
= (2 + 0xs + Boy2) — Yiza + 04 x2 + Brys — kqy

U; 5
= %(O@?@ +B3yz — 1323) — %(i— g(wy)wy —sinwy)
_ Bi(z —g(z2)zp —sinz; —z3) + %(i—g(xz)xz —sinx; —x3) -
g—(l —g(y2)y2 —siny; —y3) —q1 —kq»
Us = Bl 612+525B (—pz2+oxa+ Boya) + 526;3 (=323 + 03x3 + B3y3)
Pz + G-+ 2010~ 5 (P - an) ke

where q1 = e1,q» = e2,q3 = e3 and k is the positive constant then, the drive systems (6), (7) and the
response systems (8),(9) will achieve generalized combination-combination synchronization.

Proof: The objective of this section is to find control functions via the active backstepping technique
that would stabilize the error state dynamics (12) in order for the drive systems (6), (7) and the
response systems (8), (9) to achieve generalized combination-combination synchronization. The design
procedure include the following steps.

Step 1: Let g = e1, then we obtain its time derivative as

G =é=ex+U+A (14)

Now to stabilize subsystem (14), let e, = a1(q1) be regarded as virtual controller and V; = 147 be a
Lyapunov function with time derivative is

Vi=qig1 =qi(ou(q1) +A1+Ui) (15)
Suppose a;(g;) =0 and the control function U, is chosen as
U, :—(A1+kq1) (16)

then, V| = —kq% < 0 where k is a positive constant which represents the feedback gain. So, Vj is
negative definite and the subsystem ¢; is asymptotically stable. Since, the virtual controller o;(q;) is
estimative, the error between e, and o (g;) can be denoted by g = e — a1(q1). Thus, we have the
following (g1,¢>)-subsystems

q1 ZQ2—kQ1
: (17)
g2 = ——63 +Ux+ Az

Be

Step 2: In order to stabilize subsystem (17) we regard ez = (q1,q2) as a virtual controller choose a
Lyapunov function V, =V, + %q% and obtain its time derivative as

) 1
Va = —kq’ + q2(q —Eaz(myéh)JrAerUZ) (18)

If 0(q1,92) = 0 and the control function U, is chosen as

Uy =—-Ay—q1—kq (19)
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then V, = —kq% — kq% < 0 where k is a positive constant which represents the feedback gain. Then,
V, is negative definite and the subsystem (q,q2) in (17) is asymptotically stable. Thus, we have the
following (g1,42,q3) subsystems

q1 = q2 —kqi
1
N
‘12 BCQ3 511 QZ (20)
) 1
gz = E(&@Qz —q3)+ A3+ Us

Step 3: Finally, we stabilize the subsystem (g1,¢2,93) by choosing an appropriate Lyapunov function
Vi=V,+ %q% and obtain its time derivative as

) 1 1
Vs = —kqi — ka3 + q3(— 5= g2+ 5~ (838,02 — 43) + A3+ Us) (21)
B B
now if the control function the Us is chosen as
1 1
Us=2q2— 7 (03692 — q3) — A3 — kg3 (22)
B B
then V3 = —kq% —kq% —kq% < 0 hence, V3 is negative definite since k is taking as a positive constant

and the subsystem (g;,¢2) in (20) is asymptotically stable. This shows that generalized combination-
combination synchronization between the drive systems (6),(7) and the response systems (8)-(9) is
achieved. Finally, the full (¢1,492,¢3) is

q1 = q2 —kqi

1
g —ar —k
q2 ch3 q1 q2 (23)
1
q = qu —kq3

This complete the prove.

Several Corollaries can be deduced from the above generalized combination-combination synchro-
nization. However, we shall discuss few of them.

Suppose Oy =Hh =8B=Y1= =1 =1, uy = us, up = us, u3 = ug in (13) then, we have Corollary 1.

Corollary 1. If the controllers are chosen as

1
ur = uy = = (—0nx2 — Poyr + ouxz + Biy2 — kqi)

2
1.1 | .
Uy = uUs = 5(@ o3x3 + B3yz —23) — E(l—g(WZ)Wz—Slnwl)

- é(l’ —g(z2)zp —sinz; —z3) + %(i— 8(x2)xy — sinx; —x3) (24)
+ %(, —g(y2)y2 —siny; —y3) —q1 —kq2)
C

1 1 1 1
us =ue = =(——qo — — (=22 + 02x2 + Poy2) + = (03x3 + B3y3 — 23)
2" Bc B B

— é(m—Z3)+%(X2—X3)+%(y2—y3)— é(%—%) —kq3)
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where ey =wy 421 — o x) — Pry1,e2 = wa + 20 — 0xp — Boya,e3 = wi 423 — o3x3 — Bays and k is the pos-
itive feedback gain then, the drive systems (6) and (7) will achieve modified projective combination-
combination synchronization with response systems (8) and (9).

In order to verify the effectiveness of the designed controllers, ode45 fourth order Runge-Kutta
algorithm run on Matlab is used. The system parameter values are chosen as shown in Figure 1 to
ensure chaotic dynamics of the state variables and this chaotic dynamics is maintained throughout this
work. Solving the drive systems (6), (7) and the response systems (8), (9) with the controllers defined
in (24) using the initial conditions of the drive systems and response systems are given respectively as
(xl,XQ,X3) = (0,0,0), (yl,yg,y3) = (1, 1, 1), (Zl,Zz,Z3) = (0.2,0.2,0.2) and (Wl,Wz,W3) = (0.3,0.3,0.3). The
numerical results shall be considered under three special cases.

1. Projective combination-combination synchronization: Choosing the scaling parameter value as
o =0 =03 =P =B = P3 =2.0, projective combination-combination synchronization of the drive
systems (6), (7) and the response systems (8), (9) are achieved as indicated by the convergence of the
error state variables to zero and the projection of the state variables of the drive Josephson junctions
on the response Josephson junctions when the controllers are activated for r > 80 as shown in Figure 2.

2. Projective combination-combination anti-synchronization: Choosing the scaling parameter value
as o = 0 = 03 = By = B, = B3 = —2.0, projective combination-combination anti-synchronization of the
drive systems (6), (7) and the response systems (8), (9) are achieved as indicated by the convergence
of the error state variables to zero and the projection of the state variables of the drive Josephson
junctions on the response Josephson junctions when the controllers are activated for ¢+ > 80 as shown
in Figure 3.

3. Hybrid projective combination-combination synchronization: Choosing the scaling parameter
value as o = o3 = B = B3 = 2.0, 00 = —2, hybrid projective combination-combination synchronization of
the drive systems (6), (7) and the response systems (8), (9) are achieved as indicated by the convergence
of the error state variables to zero and the projection of the state variables of the drive Josephson
junctions on the response Josephson junctions when the controllers are activated for ¢+ > 80 as shown
in Figure 4.

Suppose 8y =H=6=1, == =0, uy =us, up = us, u3 = ug in (13), we have Corollary 2.

Corollary 2. : If the controllers are chosen as
up = oux2 + Brya — 0x2 — Baya — kq1)

1 1 . .
Uy = E(%XS +Bays) — E(l —g(wa)wz —sinwy) —q1 —kq2

+ %(i— g(x2)xp —sinx; —x3) + %(i —g(y2)y2 —siny; —y3) (25)
u3 = é% - é(azm + Boy2) + é(as)% + B3y3)

o5 Bs 1

+ (2 —x3) + =2 —y3) — (92— q3) — kg3

BL( ) BL(y ¥3) BL(q q3) —kq

where ey = wi — oy x) — B1y1,e2 = wa — 0pxy — Paya,e3 = 23 — 03x3 — B3y3 and k is the positive feedback gain
then, the drive systems (6) and(7) will achieve modified projective combination synchronization with
response system (9).

Solving the drive systems (6), (7) and the response system (9) with the controllers defined in (25)
and using the initial conditions of the drive systems and response systems as (xj,x2,x3) = (0,0,0),
(y1,y2,y3) = (1,1,1) and (wy,wp,w3) = (0.30.30.3). The numerical results are considered under three
special cases.
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Fig. 2 Error dynamics among the drive and the response systems (column one) and the corresponding
dynamics (time series) of the state variable of the drive (dashed line) and the response (solid line) variables
(column two) with controllers deactivated for 0 < ¢ < 80 and activated for z > 80 where

e1 =wi+2z71—2.0(x1+y1), e2=wa+20—2.0(x2+y2) and e3 = w3+ 23 —2.0(x3+y3).

1. Projective combination synchronization: Choosing the scaling parameter values as o) = o = 03 =
B1 = B> = B3 = 2.0 projective combination synchronization of the drive systems (6), (7) and the response
system (9) are achieved as indicated by the convergence of the error state variables to zero and the
projection of the state variables of the drive Josephson junctions on the response Josephson junctions
when the controllers are activated for + > 80 as shown in Figure 5.
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Fig. 3 Error dynamics among the drive and the response systems (column one) and the corresponding
dynamics (time series) of the state variable of the drive (dashed line) and the response (solid line) variables
(column two) with controllers deactivated for 0 < ¢ < 80 and activated for z > 80 where

e1 =wi+21+2.0(x1+y1), e2=wr+20+2.0(x2+y2) and e3 = w3+ 23 +2.0(x3+y3).

2. Projective combination anti-synchronization: Choosing the scaling parameter value as o = o =
oz = By = B> = B3 = —2.0 projective combination ant1l-synchronization of the drive systems (6), (7) and
the response system (9) are achieved as indicated by the convergence of the error state variables to zero
and the projection of the state variables of the drive Josephson junctions on the response Josephson
junctions when the controllers are activated for r > 80 as shown in Figure 6.
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Fig. 4 Error dynamics among the drive and the response systems (column one) and the corresponding
dynamics (time series) of the state variable of the drive (dashed line) and the response (solid line) variables
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(column two) with controllers deactivated for 0 < ¢ < 80 and activated for z > 80 where
e1 =wi+2z1—2.0(x1+y1), e2=wa+20+2.0(x2+y2) and e3 = w3 +z3 —2.0(x3+y3).

3. Hybrid projective combination synchronization: Choosing the parameter values as oy == 03 = ff; =
B3 =2.0,0 = f = —2.0 hybrid projective combination synchronization of the drive systems (6), (7) and
the response system (9) are achieved as indicated by the convergence of the error state variables to zero
and the projection of the state variables of the drive Josephson junctions on the response Josephson

junctions when the controllers are activated for r > 80 as shown in Figure 7.
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Fig. 5 Error dynamics among the drive and the response systems (column one) and the corresponding
dynamics (time series) of the state variable of the drive (dashed line) and the response (solid line) variables
(column two) with controllers deactivated for 0 < ¢ < 80 and activated for z > 80 where e; = wy —2.0(x1 +y1),
er =wy —2.0(x2+y2) and ez = w3 —2.0(x3+y3).
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Fig. 6 Error dynamics among the drive and the response systems (column one) and the corresponding
dynamics (time series) of the state variable of the drive (dashed line) and the response (solid line) variables
(column two) with controllers deactivated for 0 < ¢ < 80 and activated for z > 80 where e; = wy +2.0(x1 +y1),
er =wy+2.0(x2+y2) and ez = w3 +2.0(x3+y3).
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Fig. 7 Error dynamics among the drive and the response systems (column one) and the corresponding
dynamics (time series) of the state variable of the drive (dashed line) and the response (solid line) variables
(column two) with controllers deactivated for 0 < ¢ < 80 and activated for z > 80 where e; = wy —2.0(x1 +y1),
er =wy+2.0(x2+y2) and ez = w3 —2.0(x3+y3).

5 Conclusion

GCCS of four chaotic systems consisting of two third order chaotic Josephson junctions as drives and
two third order chaotic Josephson junctions as response systems via active backstepping technique has
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been achieved. We showed from the theoretical analyze that various controllers which is suitable for
different types of synchronization scheme can be obtained from the general results. We also showed that
combination synchronization and the usual one drive system to one response system synchronization
scheme are special cases of the GCCS. Furthermore, the GCCS discussed in this paper can be used to
improve security in communication sector in two ways: (1) signal Asinw? can be splited up into two
different signals say, %sin wt and %sin wt. Each signal %sin ot is loaded into each drive systems and,
after synchronization has taken place between the two response systems and the two drive systems
then, the message can be retrieved; (2) another way is to load the split up signals %sin ot into the first
drive system at time #; and load the second signal %sin ot into the second drive system at another time
t; and after each of the drive system has undergone GCCS with the response system then the message
can retrieved and recombined. So, from this point of view GCCS can offer higher and better security
to transmitted information.
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1 Introduction

Through ages, drugs have had an important role in human health. Beside treatment or preventing
a disease, drugs are also used for pain relief. Such drugs are called as “pain killers” or “analgesics”.
Until recently, the most used analgesic is morphine [1]. However morphine has a disadvantage in that
it causes addiction when used continuously [2]. New analgesics that do not have such negative effects
need to be discovered. In this study, we investigate the binding properties of a toxin peptide, which
offers an alternative analgesic to morphine.

Neuromuscular Nicotinic Acetylcholine Receptors (nAChR) are found in most mammalians includ-
ing humans. nAChRs are responsible for transmitting the signals which cause muscle contraction [3].
If some molecule inhibits such signaling mechanism, then muscle contraction will not occur. Analgesic
drugs can be designed on this basis [4], and conotoxins offer promising candidates for this purpose.
However, the binding mechanism of Conotoxins to nAChRs is not known. Here we investigate the
binding mechanism of a-Conotoxin SI (o-SI) to nAChR using docking and molecular dynamics (MD)
simulations [5]. We also determine the binding free energies from the potential of mean force (PMF)
using umbrella sampling simulations [6,7].
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The signaling arise from opening of nAChR channels, which allow Na™ ions enter into the cell. The
opening of nAChRs is triggered by binding of acetylcholine to their C-loops. Previous studies have
shown that when two acetylcholines bind to C-loops of two & subunits, they cause a structural change
through the o subunit. This structural change is caused by folding in towards the nAChR surface,
and results in opening of the channel [8-10]. Here we propose that when a-SI binds to a subunits of
nAChRs, it has a reverse effect on this structural change and thus inhibits channel opening.

2 Simulations

In order to obtain complex structures of nAChR and a-SI, we have carried out docking studies using
HADDOCK. We have obtained the crystal structure coordinates of these molecules from Protein Data
Bank (PDB ID for nAChR is 2BG9 and a-SI is IHJE). Because HADDOCK is an information-driven
docking program, one has to provide information about the potential binding sites [11]. Since the
binding site is expected to be near the acetylcholine binding site, we have chosen the amino acid
sequences in this region as active sites. These are 1-28, 148-154, and 189-197 numbered amino acids
in the 2BGY structure (see Fig. 1). There is no information on active sites in o-SI, therefore all the
amino acids in a-SI are included in docking. From analysis of the docking simulations, we have obtained
probabilities for the potential complex structures. The most probable complex structure is shown in
Fig. 2. We have performed MD simulations on this structure in order to investigate the dynamics of
binding of a-SI to nAChR.

We have performed MD simulations for 20 ns with the NAMD software package [12]. The NPT
ensemble is used with the Langevin Piston method, keeping temperature at 298 K and pressure at 1
atm. The box has been created with the dimensions of 95x110x50 A3. We have used PARAM?22 version
of the CHARMM force field with CMAP correction [13,14]. We have monitored the distance deviation
between the center of mass of a-SI and nAChR to check equilibration of the complex structure. As
shown in Fig. 3, a stable complex structure emerges after 13 ns.

Analysis of the MD simulations suggests a dynamical mechanism for this binding event. We have
investigated the distance between an amino acid on the surface near the C-loop (Thr150) and an amino
acid on this C-loop (Cys192). As shown in Fig. 4, the C-loop has moved away from nAChR after
a-SI binds to nAChR. As mentioned previously, the signaling system is based on folding of C-loop
toward nAChR. The MD simulations indicate that binding of a-SI causes the C-loop to move away
from nAChR, which will inhibit opening of the nAChR ion channel. This can cause blocking of the
signal transmission needed for muscle contraction.

After the system is equilibrated, one can carry out PMF calculations using the umbrella sampling
method. For this purpose, we have created 40 umbrella windows by moving the coordinates of a-SI
in the reaction coordinate which is in the y direction. The distance between each window is 0.5 Ain
the reaction coordinate. For each window, we have carried out 2 ns MD simulations with the same
parameters of the equilibrium simulations mentioned previously. The data obtained from the umbrella
sampling simulations are unbiased and combined using the weighted histogram analysis method. The
final PMF for binding of a-SI (Fig. 5) indicates a free energy well of depth 11 kgT, which is sufficient
to keep o-SI in a stable bound state.

3 Conclusions
In this paper, we have proposed a site on nAChR for binding of o-SI and a binding mechanism.

Comparing the docking and MD simulations with PMF calculations, it is clear that the complex
structure provides a reasonable model for binding of -SI to nAChR. The simulations in this study
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Fig. 1 The active amino acids on nAChR employed in docking calculations are shown as embossed.

reveal the paralysis mechanism caused by the binding of o-SI and how it blocks opening of the channel.
Based on the PMF calculations, about 11 kT of energy is needed to dissociate &-SI from nAChR and
allow opening of the channel.

For a prospective drug design from o-SI, we need to know the active amino acids involved in
binding for both nAChR and «-SI. The active subunit of nAChR was unknown until now. Based on
our atomistic level simulations, we propose that the active subunit is the o subunit of nAChR. In
future studies, one can carry out mutation simulations in this part of nAChR in order to investigate
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Fig. 2 The most probable complex structure of nAChR and a-SI predicted by HADDOCK. The extracellular
part of o subunit of nAChR is shown in blue, and -SI is shown in red.
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Fig. 3 The distance deviation between the of center of mass of o-SI and nAChR during 20 ns MD simulation.
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Fig. 4 a) The C-loop of nAChR without a ligand. b) The C-loop of the nAChR after a-SI (not shown) binds.
¢) The distance change between the o carbons of Cys192 and the Thr150 during 20 ns MD simulations. After
the complex is equilibrated, the average distance between the o carbons of Cys192 and the Thr150 has
increased by about 10 A.
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Fig. 5 The potential of mean force curve for the binding of a-SI.
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the affinity change due to these mutations. Our study also provides an understanding of the paralysis
mechanism of @-SI, which may lead to discovery of new analgesic drugs in future.
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1 Introduction

The historical development of ETL dates back to first telephone lines with the invention of two simple
conductor lines. Since the first development of the transmission lines studies, numerous mathematical
and experimental analyses have been done by researchers [1-9]. Especially, various mathematical anal-
ysis methods of ETL or telegraph equation are commonly used in the study of wave propagation of
electric signals in a cable transmission line and also in wave phenomena by different researchers. Gen-
erally in ETL, resistance (R), capacitance (C) and inductance (L) have less impact at low frequencies
than high frequencies, but as the frequency goes up, their effect and distribution increase. Therefore,
in high frequency devices, resistance, capacitance, inductance and conductance (G) play vital role.
This indicates that they are valuable per each unit length and they are called distributed parameters.
The electrical equivalent circuits which consist of changeable values of these components schematically
represented as in Figure 1. The length of a two conductor ETL is shown in Figure 1(a) and the mod-
elling for components of this circuit type can be seen in Figure 1(b). A lumped parameter of circuit
represents a nonlinear differential equation F(u(z,¢)) = f, where F is a nonlinear differential operator
and u(z,t) and f are functions of z and ¢ . Here, to solve the ETL with ADM is used and compared
with well-known FDM. The decomposition method ADM by Adomian [1] yields rapidly convergent
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series solutions by using a few iterations for nonlinear partial differential equations. The advantage of
this method is that it provides a direct scheme for solving nonlinear equation seen not only in ETL
but also transient phenomena in electric machines, wave equations and transient analyses in any other
electrical applications. Moreover, there is not any linearization, perturbation and transformation [1-5].
On the other hand, FDM is very old method among numerical methods and lots of researchers have
studied it from different aspects. We can refer to the first studies Serteller N.F. [6] and Coggon H. [10]
and the references therein. In this paper, the modified FDM is introduced and especially, corners are
taken into special consideration unlike others papers.

2 Mathematical methods

In this section, the telegraph equations which are important in electric-electronic engineering are given
by using two different methodology (ADM-FDM). Following this, we will give three different non-linear
examples graphically.

izt)
o
+
vzY)
- -
- Az » Z
(a) ) .
i(z,t) ifz+Azt)
— —
o AAAA" Y'Y 0
+ RAz LAz +
vz,1) GAz = CAz viz+Azt)
o o
- Az =
()

Fig. 1 (a) Voltage and current formulations in a two-conductor (b) Lossy transmission lines circuit
components formulated with distributed parameters.

To determine the unknown depending on the source connected to transmission line and the effect of
the load transmission line in equations, the problems discussed are questioned according to border or
initial conditions. In this methodology, the studies are done by approaching the initial conditions.
However, for the same mathematical models, with small changes it is also possible to use the boundary
conditions. For FDM, grid topology is used to solve system of (n x n) equations F(u(z,t)) = f for
numerical computing. ADM [4-6, 8] does not require grid system but, it requires F to be rewritten in
the operator form as follows

Lu(z,t) + Ru(z,t) + Nu(z,t) = f, (1)

where L is an operator representing the linear portion of F which is easily invertible, R is a linear
operator for the reminder of the linear portion and N is a nonlinear operator representing the nonlinear
terms of F. Applying the inverse operator L~! to Eq. (1) we obtain

u(z,t) = g(z,t) — L 'Ru(z,1) — L™ 'Nu(z,1), (2)
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where g represents the function generated by integrating f and using initial conditions. ADM admits
linear terms u(z,7) which can be written as an infinite sum of components as follows

7,1) = i u(z,1), (3)
k=0

and identifies the nonlinear terms by decomposition series, that is,

Nu=" A (4)

k=0
where Ay is the so called Adomian polynomial, formally determined by a formula®. Using this formula
and substituting (4) into (2) we get

ZMth)—u()Zt IZRMZZ _IZAk. (5)
k=0

k=0
The recursive relationship is then found as

uO(Z7t) =8 (6)
ur1(z,t) = L' Rug(z,1) + L™ Ay

After determining components ug(z,7), k > 0, the solution u(z,#) turns into a series form immediately.
The series may be summed to give the solution in a closed form or used to provide the approximate

solution for concrete problems. A general mathematical representation of ETL model in Figure 1 is a
partial differential equation below

d%u(z,t ) d%u(z,t) N
7% ot?

du(z,1)

2GR u(z1) = 0. (7)

52
In order to solve it by ADM, leave %
Z

Z Z
L'() :/0 /0 ()dzdz on both sides of this equation. Then, with help of equations (2), (3) and (4) and

on the left of equation (7) alone and apply inverse operator

using the initial conditions the zeroth component u(z,7) as u(z,t) = u(z,0) +ru,(z,0) can be defined by
uo(z,1) = =Ly, ' (u(z,1)) = Ly ' (Lee(u(z,1)) = Ly (La (u(2,1)). (8)

If u(z,1) is represented as a series M ux(z,t), where ug(z,1) is given by Eq. (6), then the rest of compo-
k=0
nents ui(z,¢) (k> 1) can be determined recursively as follows

2u
ui(z,1) = —LZ (f(z1)uo (z,1)) — L, (20l
2M
o (z,1) = —L (f(z0)ur (2,1)) — Lt (2alet)

' - —1 (PP
| e(er) = ~L2 (Fle0r () — Lt (L0

Finally, all of u(z,7) are calculable and

—hm <2ukzt> (10)

The discussion of the convergence analysis of this decomposition series is not subject to this paper, but
we refer to the work of Ngarhasta et al. [7].

1 k
QAL = — |:WNM:| can generate Adomian polynomials for all forms of nonlinearity.
A=0
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3 Numerical results

In this part of the paper we present numerical results to test the efficiency of ADM method for solving
the telegraph equations.

Example 1. Let us consider following second order partial differential equation
d%u(z,1) B du(z,1) du(z,t)
0%z 2%t ot

which is called a Hyperbolic Telegraph Equation with given initial conditions:

—0.1u(z,1) =2 =0 (11)

u(z,0) = sin(z),

12
uy(z,0) = 0. (12)
The formulas found from ADM are:
uo(z,1) = sin (2),
uy(z,t) = —0.55t*sin (z),
1 (z,1) = 0.36667¢ sin (z) +0.050416¢* sin (z), (13)
Solution is graphically presented in Figure 2(a) and 2(b).
(b)
Fig. 2 Solutions with ADM (a) and FDM (b) for Equation (11).
Example 2. Let us now consider the following equation
%u(z,t)  9%u(z,t) du(z,t)
L ~— — (0,01 t)—(0,2)—=~-=0 14
Sl 2 0.0nuz ) - (0,22 (14)
with initial conditions: (2.0)
u(z,0) = €°
) ) 15
u(2,0) = . (15)

Solution with ADM can be found as follows:
up(z,1) = &+ zt,
uy(z,t) = 0.495¢%> — 0, 1zt> — 0.0016662¢°,
us(z,t) = 0.04083¢%¢* 4 0.000083z¢* + 8,33 x 10~ 7z¢° (16)
—0.2(16499¢%13 —0.0333z3 — 0.000416621*),
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Fig. 3 (a) Solutions with ADM (a) and FDM (b) for Equation (14).

Example 3. Let us take the following second order partial differential equation

d%u(z,1) n d%u(z,1)  du(zt)
22 or? ot

+u(z,t) =0 (17)

with the initial conditions:
u(z,0) = sin (2),
u;(z,0) = —sin(z).

Solution with ADM could be written as follows:

up = sin(z) —tsin(z),
U = —%[ZSin(Z),
u, = —¢t3sin(z),

Fig. 4 (a) ADM and (b) FDM for Example 3.

In Figure 4, one can see the solution of problem (17) with ADM and FDM. As seen in Figure 4 and
the others, all three figures are illustrated a good synchronism between the results of FDM and ADM.
It is difficult to give absolute errors for each method because the exact solutions of ETL examples are
not known. Therefore, the solutions shown in figures are visually compared. Computer requirements
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for storage capacity and CPU time consumption are given in Figure 5 and this indicates that ADM is
more advantageous than FDM.

4 Conclusion

In this study, we discussed a second-order hyperbolic telegraph equation including nonlinear initial
conditions. We proposed a numerical scheme to solve it with using ADM and FDM techniques. Giving
three examples, we have compared the results. As seen in Figure 2-4, ADM methodology has been
applied successfully to problems. In electrical engineering, the difficulty of solving higher order partial
differential equations is known as very arduous and complex. From this point of view, this study
is vital since the solutions could be reduced and simplified with use of ADM. This study could also
be extended easily to given boundary conditions or higher order telegraph equations. Moreover, the
symbolic implementation ADM code has the flexibility that may easily cover any length of Adomian
polynomial for many forms of nonlinear cases.

Storage Capacity
CPU Time
50 4
60 45
50 40
35
40 EADM =30 1 mEADM
30 @ a5
on BFOM sl EFDM
10 4 1
04 10
Exampie 1 Examplz 2 Example 3 51
0 -
Example 1 Example 2 Example 3
(a) (b)
Fig. 5 Comparison of Methods for consumption of CPU time and memory.
References

[1] Adomian, G. (1998), Solutions of nonlinear PDE, Appl Math Lett, 11, 3, 121-123.
2] Michalik, M. (2008), Simulation and Analysis of Power System Transients, Lecture Notes.
| Lakestani, M. and Saray, B.N., (2010), Numerical Solution of telegraph equation using interpolating scaling

functions, Computers and Appplications, 60, 1964-1972.

[4] Srivastava, V.K., Awasthi, M.K., Chaurasia, R.K., and Borenstein, M.T., (2013), The Telegraph Equation
and Its Solution by Reduced Differential Transform Method, Hindawi Publishing Corporation Modelling and
Simulation in Engineering, 1-7.

[5] Biazar, J. and Ebrahimi, H., (2007), An Approximation to the Solution of Telegraph Equation by Adomian
Decomposition Method, International Mathematical Forum, 2 (45), 2231-2236.

[6] Serteller N.F.O. (2011), Electrostatic Analysis of Transmission Lines to Stimulate Corona Discharge at High
Voltage, Progress in Electromagnetic research M, 113-117.

[7] Javidi, M. and Nyamoradi, N., (2013), Numerical solution of telegraph equation by using LT inversion
Technique, International Journal of Advanced Mathematical Sciences, 1 (2), 64-77.

[8] Delghan, M. and Shokri A. (2007), A Numerical Method for Solving the Hyperbolic Telegraph Equation,
Wiley Science, 1080-1095.



N.F.O. Serteller, D. Ustundag /Journal of Applied Nonlinear Dynamics 5(1) (2016) 65-71 71

[9] Mittal, R. C. and Bhatia, R. (2014), A Collocation Method for Numerical Solution of Hyperbolic Telegraph
Equation with Neumann Boundary Condition, Hindawi Publishing, International Computational Mathemat-
ics, 2014.






Journal of Applied Nonlinear Dynamics 5(1) (2016) 73-91

Journal of

]
% | Journal of Applied Nonlinear Dynamics WL&H

Dynamics

SCIENTIFIC
PUBLISHING

_ https://lhscientificpublishing.com/Journals/JAND-Default.aspx _

Stability and Hopf Bifurcation of a Predator-Prey Model with Discrete and
Distributed Delays

Canan Celik ! T Emine Degirmenci 2

Department of Mathematical Engineering, Bahgesehir University, Istanbul, Turkey

Submission Info Abstract

Communicated by J.A T. Machado | In this study, a delayed ratio dependent predator-prey model with

Received 10 June 2015 both discrete and distributed delays is investigated. First, the local

Accepted 15 July 2015 | stability of a positive equilibrium is studied and then the existence
of Hopf bifurcations is established. By using the normal form the-
ory and center manifold theorem, the explicit algorithm determining
the stability, direction of the bifurcating periodic solutions are de-
Keywords | rived. Finally, we perform the numerical simulations for justifying
the theoretical results.

Available online 1 January 2016

Hopf bifurcation
Predator-prey system
Distributed delay

Discrete delay (©2016 L&H Scientific Publishing, LLC. All rights reserved.

1 Introduction

In recent years, dynamical behavior of predator-prey systems have attracted great attention of many
theoreticians and experimentalists. (For references see [1]-[28]). Especially incorporating discrete or
distributed time delays into these models the authors have observed the effect of the past time of the
system. In fact, delay differential equations exhibit more rich and complicated dynamics of stability,
periodic structure, bifurcation and so on. For references see [1]-[4], [8], [9], [10]-[33].

In [2], we study the dynamical behavior of the following ratio-dependent delayed predator-prey
system with a discrete time delay 7,

dP(t) Pl 1) 1
~ar PO -0=geT),

where ri,r,€ and 6 are positive constants, and N(¢) and P(¢t) can be interpreted as the densities
of prey and predator populations at time ¢, respectively and 7 > 0 denotes the delay time for the
predator density. In this model, predator density is logistic with time delay and the carrying capacity
is proportional to prey density. In many of the studies related to stability of predator prey models,
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authors consider constant carrying capacity, however in this study, we focus on the carrying capacity
proportional to prey density which shows really interesting behavior in terms of dynamical structure.

However in [1], we moved the discrete time delay into the prey term in the denominator as % and
studied the new model with discrete and distributed delay as follows;
dN(t
dt( ) =rN(t)—eP(t)N(t)
dP(t) 6 ! (2)
—=Pt)[rn———— F(t—7)P(t)dT].
L= PO [ PP

where F(s) is the delay kernel that is a non-negative bounded function defined on [0,e) and presents
the contribution of the prey population captured by the predator population in the past to the predator
population at time ¢. The reason for introducing a delay into predator-prey models is that the rate of
reproduction of predators should depend not just on the rate at which they are consuming prey at the
present time, but also on the rate at which they have consumed prey in the past time. Biologically,
distributed (continuous) delay is regarded as more realistic than discrete delay since by distributed
time delay, we can view the effect of continuous past history of population density.

The model (1) without delay, i.e., T=0 was considered by Zhou, et al. [31] in detail. They first
studied the stability conditions of the equilibrium points for the system and then by introducing so
called Allee effect ( [31], [34]) in different forms, the authors investigated the impact of this effect on
the dynamics of this predator prey system.

In this paper, we consider the above model (2) by incorporating discrete delay to the predator term
in the prey dynamics as,

dN(I) _ }’lN(t) _ Ep(t_ ‘L‘)N(l),
d}gl(tt) o l B
S O [ _Pe-opa

First, by choosing F as the weak kernel, we transform the system into a three dimensional system
with discrete time delay and investigate the local stability of the equilibrium point of the associated
characteristic equation of the new system and obtain the general stability criteria involving the delay
time. Second, we choose time delay 7 as bifurcation parameter and show that the positive equilibrium
loses its stability and the system exhibits Hopf bifurcation at some critical values. Based on the normal
form approach and the center manifold theory introduced by Hassard et. al, [35], we also investigate
the direction and the stability of Hopf bifurcation.

The organization of this paper is as follows: In Section 2, we study the local stability of the
equilibrium point of the corresponding characteristic equation. In Section 3, we illustrate the existence
of Hopf bifurcation. The direction and stability of Hopf bifurcation are investigated in Section 4.
Finally in Section 5, numerical simulations are performed to support our results.

2 Equilibrium and local stability analysis

In this section, we first take F as the weak kernel, i.e.,

F(s)=oe *, a>0,
where é presents the mean delay of the weak kernel (the mean delay T is given by T = fow SF(s)ds = é)
and it satisfies F > 0 for all r > 0 together with the normalization condition

/OwF(s)ds =1
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Next, we define a new variable

S(t) = / t oe U P(s)ds, (4)

—oo

that transforms system (3) into the following system with discrete time delay;

di:;t(t) =N(t)(r1 —eP(t— 1)),

bl s(t)

T_P(t)(rz_eN(t—r))’ (5)
%’) — aP(1) - aS(t),

with the equilibrium point E* = (N, By, S;) where Ny = 28 | S5 =Py = 2.
To analyze the local stability of the positive equilibrium E* = (Nj,P;,S;;), we first use the linear
transformation n(t) = N(t) —Nj, p(t)=P(t)—P; and s(t) = S(t) —S; where n < 1 and p < 1 and s < 1

for which the system (4) turns out to be

% — (Ng+n)(r — (P} +plt — 1)),
T = = (), o
L a(p+p) - als ).

and using relations r| — Py =0, r, — G(If,—%) =0 and Fj =S, and ignoring the higher order terms yield

the following linear system

dn .

gll_t = _ejzgp(t - 1)7 .

ap _ 2ty A _plo

= (R e =0 =050, 7
b _ ap(r) - as(r)

a P -

whose associated characteristic equation is given by the transcendental equation

A3+ oA +ak+ (b+ch)e 7 =0, (8)
00P;
Ny
When there is no delay, i.e., 7 =0, the corresponding characteristic equation (7) reduces to

where a = b= oer Py and ¢ = enFy.

234+ oA+ (a+c)A +b=0. (9)

Since
o>0, b>0 and o(a+c)>b, (10)

by the well-known Routh-Hurwitz criteria, all roots of Eq.(9) are negative or have negative real parts.
So if 7 =0, then the equilibrium point E* is asymptotically stable.

Now we shall consider the distribution of the roots of the transcendental equation (8) since the
stability of the point (0,0,0) of linear system (7) depends on the roots of the characteristic equation
(8). By the continuous dependence of roots of 13+ atA% +al + (b-+cA)e ?** =0 and the stability result
for T=0, 379 > 0 such that ReA(7) <0 for 7€ [0,7)). Since a loss of asymptotic stability of (N, F;,S;)
will arise when ReA(7) = 0, we shall examine whether there exists a 7* > 0 for which ReA(7*) =0. i.e.,
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we would like to know when equation (8) has purely imaginary roots. In this section we first obtain
the local stability conditions of the equilibrium point.
Suppose for 7= 1" and let A =iw be a root of (8) with ® real and without loss of generality, @ > 0.
Then o satisfies
(i0) + o(i®)* + a(wi) + (b + icw)e 27T =,

Separating real and imaginary parts, we obtain

o = bcos20T + casin 207, (11)
—®* +aw = bsin20T — cwcos 2m7,

that is equivalent to
0° + (0> = 2a)0* + (&* — *)w* — b* = 0.

Now let z = @? and denote p = o> —2a, ¢ = (a* — ¢*) and r = —b* which lead to the equation

24 p?+qz+r=0. (12)
Denote
g(x) =2 +p+qztr
Since lim g(z) = e and r = —b* < 0, we conclude the following result.

Z—ro0

Lemma 1. Since r <0, the polynomial equation (12) has at least one positive root.

3 Existence of Hopf Bifurcation

By Lemma 1. and without loss of generality, we denote the positive root by z; and w; = /1.
Solving the equations (11) for 7, we get

abw; — (b— ac)w}

tan2w| T = +kr,k=0,1,2,...
Y (o — ac)w? + coy
which leads to ( o3
abwy, — (b— o)y
T, = ——{arctan +kr)},k=0,1,2,... 13
¢ 2a)k{ ((ab—ac)w,§+cw,f )} (13)

where k=0,1,2,...

Let A(7) = a(7)+imw(t) denote the root of (8) near 7= 7 satisfying (%) =0 and o(%) = w; k=
0,1,2,... Then we have the following result.

Lemma 2. Suppose g/ (z1) # 0, then the following transversality condition is satisfied;

dReA (Tk)

' #£0, fork=0,1,2,...

dReA (1)

and g (z1) and have the same sign.

Proof. Suppose that for 7= 1, let A =i be a root of (8) with @ real and without loss of generality,
assume @ > 0. Differentiating the characteristic equation (8) with respect to 7, we get

a _,

[3A2 +20A +a+ce T —2(b+cA)Te 2 7] o

(b+cA)he AT,
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that is
( @ ),1 B 347 420 —l—a—l—ce‘zxf—2([94_01)(1-6—211)
dt = 2(b+cA)he At
_ 3A% 4204 +a+ce AT T
(b+cA)Le A7 A
o (3)LZ—I—ZOC)L +a)€211 n c B 1
A(b+ch) Ab+cd) A
Thus we obtain
dr (3224204 a)e?rT ¢ -
Re( ——) T Re| 20+ eh) [ *RC[W]% ~Re[> ]

Now, denote

32200 24T
I:Re[( +20A +a)e L
A(b+ch) =%
c
J=Re[———
Wit eny =
T
K = Re[z]r:yﬁ
which will be calculated as,
(3A% 4+ 20\ +a)e?** 1 6 4 s 4 2
I =Re[ At k) —y = b2w2+c2w4{3w —4aw” +20°0" +a"}
c —c*w?
J=Re|—— =
e[l(b—kc?t)]fzrk P’ + o
T
K:RC[I]T:T" =0.
So we get
1 6 2 4 22\ 2 1 21
that is
dr 1
Re( — )~ = 2(2).
e dt ) — P+ 2w @

Thus, Lemma 2 follows.
Summarizing the above results, we have the following Theorem on stability and Hopf bifurcation
of the system (7).

Theorem 3. For the system (7) the following results hold,

i) If t€[0,79), then the equilibrium point (0,0,0) of the system (7) is asymptotically stable,

it) If ¢'(z1) # 0, then the system (7) undergoes Hopf bifurcation at the equilibrium point (0,0,0) when
T="1,(k=0,1,2,...).
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4 Direction and the stability of Hopf bifurcation

In this section we shall determine the direction of Hopf bifurcation and the stability of the bifurcating
periodic solutions by applying the normal form theory and the center manifold theorem by Hassard et
al. [35].

Throughout this section, we assume that the system (5) undergoes Hopf bifurcations at the positive
equilibrium (N, P§,S;) at T = 7, and i@, is the corresponding purely imaginary root of the characteristic
equation at the positive equilibrium (Nj,Fy,S;). For the sake of simplicity, we use the notation iw for
1.

We first consider the system (5) by the transformation

t
x1=N—-Nj, o =P—PFy, x3=8—5;, t = o T= T+ U,
which is equivalent to the following Functional Differential Equation(FDE) system in C =C([—1,0],R?),

X(I) :Lﬂ(xl)+f(u7-xt)7 (14)
where x(1) = (x1(t),x2(t),x3(t))T € R?, and L, : C — R, f: R x C =R are given respectively, by

0
Ly(¢)= (me+u) |00 — $(0)
Mo (0)
Oa —a &
rﬁ’é‘ —ENo 0 ¢1(—1)
Hutw) | e 0 0 fea(=1)
00 0O 0 ¢3(_1)
and
i
f(u,0) = (u+u) | fiz
0
where
fi1=—¢€¢:1(0)g2(—-1)
and
_ RS 7 So 6
fio=— W¢1(—1)¢1(—1)+QW%(O)%(—I)+9(N5)2¢2(0)¢1(—1)—N—5¢2(0)¢3(0)

where ¢ = (¢1,¢2,03) € C.
By Riesz representation theorem, there exists a function 1(0, i) of bounded variation for 6 € [—1,0],

such that

0
Ly¢ :/ dn(6,0)¢(0) for ¢ € C.
~1
Indeed we may take

00 0 0 —eN; 0
_GP* rP*
M(6.40) = (5t 0) |00 — 20| 8(6)— (ntm) | 2L 0 0] 8(6+1),
0

0
Oa —o 0 0 O
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where § is the Dirac delta function. For ¢ € C'([—1,0],R?), define

a9 (0)
Awo={ a0 9510

[0 dn(u,9)9(s), 6=0.
and bocl o
,0e|—1,
me:{ﬂ%WﬁZO

Then the system (14) is equivalent to
X = A(U)x + R(1)x;

where x,(8) = x(¢ + 0) for 8 € [-1,0). For y € C'([-1,0],(R?)*), define

and a bilinear inner product

0 r6
(w(s),0(0)) =ll7(0)¢(0)—/1 ézolp(i—@)dn(@fb(é)di, (15)

where 1(6) = 1n(6,0). Then A(0) and A* are adjoint operators. Suppose that ¢(6) and g*(s) are
eigenvectors of A and A* corresponding to i®wT; and —i@T, respectively. Then suppose that ¢(0) =
(1,B,7)Te®%9 is the eigenvector of A(0) corresponding to i@, then A(0)g(8) = iwtq(6). It follows
from the definition of A(0), L,¢ and n(6,u) that

i© eNje ™% 0 0
nP . 0P
w| - %f’“’” o 2 |q0)=|0
0 ) 0 0
0 o o+ o

Thus we can easily get _
q(6) = (1,B,7)" 7,
iw Sseiw‘rk

2 ,iwT,
where 8 = — e V=T W£§T9k7 q(0) = (1,B,7y)T.
Similarly, let g*(s) = D(1, B*,y*)e/®%* be the eigenvector of A* corresponding to —i@T;. By definition
of A*, we get

%k
rZPO PO 0

TN 0
T | eNje ™% —io o (gFonT=1{o0
0P
0 O iwto 0
Ny
which leads ( )2 - 2( )2 - -
—iw(N)=e™ % w2 (N)“e™™  eNje ™MW
q"(0) = D(1, . X e )-

OF;S; = OP;S; o
To satisfy that (g*(s),q(0)) = 1, we evaluate the value of D. By the definition of the bilinear inner
product
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(4" (s),4(8)) = D(1,B",7")(1,B, Y)T

/ / Mﬁk(é_o)dn(e)(l,ﬁ,'}/)Teiwrkédé
£=0

= D{1+ BB + 77

- / (1,B",7)6¢"0an (6)(1,8,7)"
_ 0P;Sh

= D{1+ BB+ 77" T U(-eNB + 0)013 Je MY,

Thus we can choose D as
D 1
- — _ GP*S* — ) b))
L+ BB+ 77 +u(—eNgB+ oy Br)e

(N3)?

such that (g*(s),q(8)) = 1 and (q*(5),(6)) = 0.
In the following, we use the theory by Hassard et al. [35] to compute the coordinates describing

center manifold Cy at p = 0. Define
) ={q"x),  W(,0)=x —2Rez(r)q(0). (16)

On the center manifold Cy, we have

2 2

W (1,0) = W (2(1),Z(0),0) = Wao(6)5 + Wit (0)2 + Wi (8) 5 + -+,

where z and z are local coordinates for center manifold Cy in the direction of ¢ and ¢*. Note that W is
real if x; is real. We consider only real solutions. For the solution x, € Cp, since p =0 and (14), we have

¢ = iotz+(q"(0),F(0,W(z,z,0) + 2Rezq(0)))
= iotz+q (0)F(0,W(z,2,0) + 2Rezq(0))

d .
Y ionz+7 (0)F(z,2)

= ionz+g(z.2),
where
2 2 2Z_

z
i pTI 17
5 +g11zz+g022 + 221 5 4 (17)

By using (16), we have x,(x1,(6),x2(8),x3(8)) =W (1,0) +2q(8) +7G(6), q(0) = (1,B,7)"e*™?, and

8(z,2) = ¢ (0)Fy(z,2) = g20—

2

x:(0) = 2+ 2+ W (0)%

7
— Z
S W Oz W (05 + 01 2P)

W@ mZ L@ =y w @ m 3
XZI(O) :ﬁZ+BZ+Wzo (O)E +W11 (O)ZZ+W02 (0)E+0(|(Z,Z_>‘ )
L w D L w® =y w® mE 3
x3(0) = yz+7y0 + Wy (0)5+W11 (0)zz + W, (0)5+0(\(z,z‘)| )

0((z,2)F)

2 ) @), 2 3
)2 +Wll ( )ZZ+W02 (_ 2 +0(‘(Z7Z_)| )

iond  mjond D 1vE Dy w2
xi(—1) = ze7 "% 4 22" + W, (_1)3+W11 (—=1)zz+ W, (_1)E+

—i0T, 0 .
X (1) = zBe """ 4 Bz @O L WD (~1
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From the definition of F(u,x;), we have

_ [/
g(Zva = q fO e Z_> DTk B ,')/*) sz
0
fﬁ = —le,(O)xm(—l)
OP;S: 0F; 0S5, 0
f=— (1 Oxlz(—l)xlt(—l) * x3,(0)x1,(—1) * xz,(O)x1,( 1) = %2 (0)x3 (0)
(Ng)? (Ng)? (Ng)? N,
0
Thus
_ OP; S 0P
8(z,2) = D[ —ex1,(0)xay (—1) + B {~ o 0)30 x1(— l)xlt(—l)—i—ﬁx&(O)xh(—l)
0
CAYS 0
+(N*) 5% (0)x1, (—1) — N*x2z(0)x3z(0)}]
_eﬁefiwrke B*GP*SO —2iwT, 0 7zw’rk9 _|_B* GSO —iwT, 0
B ;) B T
_N_(’;By
i — . . — OP;S
_ w6 _ —iwg 0 _ 0*~0
eﬁe 8[36 B —(N*)
| P @ i P g )
—iwT 0 ( ) B iwT, 0 _|_B*( ())ZBe—lekO
—[3 —*[3 —[3 —*ﬁY
_gﬁeiw‘rke B* ?;0‘)90 21w‘L’k9+B* (GP(; tw‘L'kO _|_B* (GS()) Beiwrke
+7 0 i
B —*137
— OF;S;, —x OPF
i SWZ(O)(O)B - B (N*)OWZ(O)( 1)elWTk9 B (N*(; WZ(O)(O) iwT; 0
+z°7] — +
2 2 2
—x 0S8 —x 0 _ —x 0 = —x 0S5, —
B i O™ B WWJ&’(O) B e BWa (0 B S BW (1)
+ 0 _ 0 _ 0 + 0
2 2 2 2
B LWy (-1) B 2 R85y (— 1)eivn
;)2 5 (—1) )? 20 ( 1) SWZ(S)(_I)
* 2 B 2 B 2 ]

i.e., By comparing the coefficients with (17), we get
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— : — OP)S —« OP, « 05, 0
920 = 2DTk(_eﬁeﬂwTk9 B ]\?3 0 o 2wT0 +ﬁ Nzoy o~ WO +ﬁ 0 o WO FOBY)
g1 = (25Tk_gﬁeiwrk9 _SB —iwT 0 zﬁ*GPOSO B lek9+B* QPO— o~ WO
_eﬁeiw’rke B*GPOSO 2iwT, 0 _|_B 0— zw’rke _|_B* SOB iwT, 0
802 = 2Dy Ny P Ny Ny
5 By
— — OP; S « OP}
91 = DTk(_SWZ(O ( )ﬁ w0 B (NZ)OWZ(O)( ) zw‘ck(-)_i_ﬁ ( (; W( )(0) w0
0
— 0S) ) i _ —x 0 = « 08
+B ey (0™ B 0) - N—gﬁwéo (0)+B 5P (-1
— 0S5 __ 1 *QP S iw 2
+B 5@%'W%R ) ;3(M%0ng 10 — ewy) (1)

To determine go1,we need to compute Wao(6) and W;;(0). By (14) and (17), we have

_ { AW —2Re{q" (0) foq(6)}, 0 c[-1,0)
AW —2Re{q"(0)foq(8)} + fo 6 =0,
AW 4+ H(2.3,0),
where
_ 72 _ 2

H(z.2,0) = Hx(0) 5 + Hi1(0)zz + Ho(0) 5 + - -

Note that on the center manifold Cy near to the origin,
W =W,z +Wz.
Thus we obtain,
(A —2ioT)Wao(8) = —Hao(6), AW;1(0) = —Hy,(6).

By using (18), for 6 € [—1,0),
H(z.2,0) = 4(0)f0q(6) — 47 (0)/0(0)4(6) = —g4(6) — g 4(6).
Comparing the coefficients with (19), we obtain the following
H(0) = —£204q(0) —8029(0),  H11(8) = —£119(8) — g119(0).
From (21) and (23) and the definition of A, we get
Wao(0) = 2i0TWa0(0) — g209(0) — g02q(0).

Noticing ¢(8) = q(0)e’®%9 | we have

1820 &7, 0 ig_OZ — —ioT0 2imT,0
Wao(0) = 2=¢(0)e'®% ——q(0 k E k
20(6) = S20)e0n0 4 82 o) 010 4 20

(18)
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where E| = (El(l),El(z),E 1(3)) € R3 is a constant vector. Similarly, we have

i ; 811 — o
Wis(6) = 20 a(0)e”™0 + 20 G(0)e 0 4, (25)

where E, = (Eél),Eéz),Ezw)) € R3 is a constant vector. Now we will try to find E; and E,. From the
definition of A and (21), we obtain

0
[ dn(e)w(6) =200t 0) - Hx(0), (26)
1
and
0
/ dn(6)W1(6) = —Hyy (0). (27)
1
where dn(6) =1(6,0).
By (18) and (19), we have
Hy(0) = —g209(0) — g024(0) (28)
_SBe—iwrkB
OP:S: . oriy 0s: 0
_I_ZT _ (>)k Oe—leTk9+ S e—lek9+ *O e—leke__*B,y 29
| Ty e ;) N; (28)
0

and

Hi1(0) = —g119(0) — g114(0) (30)
—eRe{ﬁe‘i“’Tk"}
OP:S; 6Py . 0s: . 0 _
121 | 2053 + oosRe {1e %0 4+ —LRe {Be @0} — —Re{B7} [. (31
k (N3 T (Ng)? { ¥ (N;)? { i N (31)
0

Substituting (26) and (28) and noticing that

(iwrkl— / ’ eim"edn(e)) q(0) =0

—1

<—ian’k1 - /0 e—iwfkedn(9)> q(0) =0,

—1

we obtain

0
(2iwrk1—/ %0 4n (0))E,
-1

_eﬁefiwrke
OP:S: . P’y . 0S: . 0
— 27]{ _ 0~0 ,—2iot6 0 efzmke 0 efzm,{e _ _By
(Ng)? (Ng)? (NG )? No

0
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which is
2iw eNje 2oud 0
1Py siwne ) OF;
_—NS e “10% 2im N; E|
0 —a 2io+ o
—8[36*"‘”’(6
— _ GPSSS —2i0T,0 epgyefiwrke GSS efiwtke _ iﬁy
(Ny)? (Np)? . (Ng)? Ny
Now if we solve this system for Ej, we get
_SB ENSE_ZinkG 0
1) 2 _GPSSS —2i0T0 QP(;")/ —iwT0 GSS —iwT0 6 . GPS
E//'=—|—F7¢€ W =S e 1OU0 o TIOUE — — By 2im ,
Al (Ng)? (Ny)? (Ng)? Ny No
0 —a 2io+ o
2im —&f 0
E(Z) _ 3 B rng o 2i0T6 _GPSSS e 2i0T0 | epgye—iwrkﬂ GSS o076 _ iB,}, GPS
LA N (Ny)? (N)? (N)? Ng NG |
0 0 2io+
2iw ENa‘e_zinkg _gﬁe—inkQ
Py . —0OP:S;: . or; . CAYS. 0
E1(3) _ 2 _rlz\]*o e 20%0 20 N*osoe—zlmke n Ngze—lwrke N*02 o i0T6 _ Wﬁy ’
Ay 0 (V) (Ng) (Ng) 0
0 -0 0
where .
2iw eNje Houd 0
A= DB s i OF
No No
0 - 2im+ o
Similarly, substituting (25), (30) and (27), we obtain
0 eNje 2@%0
_GPSSS e—ZinkO 0 GPJ E
(NG )? I
0 —a a
—¢eRe {Befiwrke }
=2 K
0

which implies that ' .
—¢eRe {Be—zwrkﬂ} SNge_Z’wTke 0

EW_2 K o O
2 A Ny |
0 - o
0 —eRe{Be @%0} 0
E(Z):i %672@1}6 K GPS
2 Ay | (NG)? Ng |

0 0 o
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0 eNgefziwrke —_¢Re {Befiwtke}
E2(3) _ 3 L}?Soefﬂwne 0 K ’
Ar NO
0 —o 0
where .
0 eNje 2@u0
A2 — _?PL*)SS;e—ZinkB 0 QP(T
Ny Ny
0 -0 o
—20P;S; 0Py ; 0S; . 0 _
K: 0~0 0 R { uo‘ck(-)} 0 R { —lO)Tke}__R
TE + )2 e ye + ™) eq Be N e{B7}

Thus we can compute Wa(0) and W;;(0) from (24) and (25) and determine the following values to
investigate the qualities of bifurcating periodic solution in the center manifold at the critical value 7.
For this purpose, we express g ;8 in terms of the parameters and delay. And then we can evaluate the
following values;

c1(0) = ﬁ(gzogu —2lgu* - %) + g%’
L Re{c;(0)}
BT Re2 (w0}
B2 =2Re{c1(0)}, (32)
T, — ~Im{ci(0)} +1Im{A' (%)}
2T 0T ’

Theorem 4. The ratio Uy determines the direction of Hopf bifurcation; if Up > 0, then the Hopf
bifurcation is supercritical and the bifurcating periodic solutions exist for T > 1y, if U <0, then the
Hopf bifurcation is subcritical and the bifurcating periodic solutions exist for T < Ty. P determines the
stability of the bifurcating periodic solutions; bifurcating periodic solutions are stable if B, < 0, unstable
if B > 0.T> determines the period of the bifurcating solution; the period increases if To» > 0, decreases if
T, <O.

In the following section, we shall give a numerical example to verify the theoretical results.

5 A numerical example

In this section, we present some numerical simulations to verify the results in Lemma 1., Lemma 2.,
Theorem 3. and Theorem 4. by using MATLAB(7.6.0) programming. We simulate the predator-prey
system (5) by choosing the parameters r; =0.45, r, = 0.1, 6 =0.05, € =0.03, and o = 1, we obtain the
following linearized system

dlc\; t(t) — 0.45N(1) — 0.03P(1 — T)N(1)

dpP(t) S(t)

— = P()(0.1-0.05- = T)) &
% = P(I) - S(Z)

which has only one positive equilibrium E* = (N, P;,S;) = (7.5,15,15). By algorithms in the previous
sections, we obtain 1) = 1.1094, @; = 0.2103, z; = @? and g'(z;) = 0.0845 > 0. So by Theorem 3., the
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equilibrium point E* is asymptotically stable when 7 € [0, 7)) = [0,1.1094) and unstable when 7 > 1.1094
and also Hopf bifurcation occurs at T = 79 = 1.1094 as it is illustrated by computer simulations.

By the theory of Hassard et al. [35], as it is discussed in previous section, we also determine the
direction of Hopf bifurcation and the other properties of bifurcating periodic solutions. From the
formulaes in Section 3, we evaluate the values of Uy, B, and T» as

U, = —0.5050 < 0, B, =0.0502 >0, 7, =0.0253 >0

from which we conclude that Hopf bifurcation of system (33) occurring at 79 = 1.1094 is supercritical
and the bifurcating periodic solution exists when T crosses 7y to the right, and also the bifurcating
periodic solution is stable.

In computer simulations, the initial conditions are taken as (No, Py, So) = (50,25,25) and MATLAB
DDE (Delay Differential Equations) solver is used to simulate the system (33). We first take T =0.009 <
79 and plot the density functions N(¢), P(f) and S(f) in Fig-1,2,3 respectively which shows that the
positive equilibrium is asymptotically stable for T < 1y5.. Moreover in Fig-4, we illustrate the asymptotic
stability in three dimensions.

However in Figures 5,6,7 and 8 below, we take T = 1.0002 sufficiently close to 7y which illustrates
the existence of bifurcating periodic solutions from the equilibrium point E*.

60

0 i i i i i i i
0 50 100 150 200 250 300 350 400
Time(t)

Fig. 1 The trajectory of predator density versus time with the initial condition Ny = 50. The graph of
solutions of model (33) when 7 =0.0009 < 7y where the equilibrium point E* is asymptotically stable.
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35 T T T T T T T

5 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Time(t)

Fig. 2 The trajectory of prey density versus time with the initial condition Py =25. The graph of solutions of
model (33) when 7 =0.0009 < 1) where the equilibrium point E* is asymptotically stable.

35 T T T T T T T

5 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Time(t)

Fig. 3 The trajectories of S(t) versus time with the initial condition Sy = 25. The graph of solutions of model
(33) when 7 =0.0009 < 19 where the equilibrium point E* is asymptotically stable.
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35

Fig. 4 The trajectory of N, P, S in three dimension with the initial condition (50,25,25) when 7 = 0.0009 for
which the equilibrium point E* is asymptotically stable.

90 T T T T T T T

80

D
o
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10

0 50 100 150 200 250 300 350 400
Time(t)

Fig. 5 The trajectory of N(t) when 7= 1.002.
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35 T T T T T T T

P(t)
]

15F } : Sk S0 E B 50 KR R EE AN R R B

10} ; | S LRI T C O P R Y SN Y e

5 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time(t)

Fig. 6 The trajectory of P(t) when 7 = 1.002.

35 T T T T T T T

S()
]

10 | j |

5 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Time(t)

Fig. 7 The trajectory of S(t) when 7= 1.002.
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35
100
Fig. 8 When 7 =1.002 a stable periodic orbit bifurcates from the equilibrium point E*.
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1 Introduction and Mathematical Model

In the last few decades, the dynamic relationship between predator and its prey has long been and will
continue to be one of the dominant themes in both ecology and mathematical modeling. One of the
oldest and well known mathematical model which describing the interaction between predator and prey
populations was introduced by A. Lotka 1925 [1] and V. Volterra 1927 [2], governed by the following
differential equations

(1)

{ua) = () (my —n(r)),
5(t) = v(t)(—ma + noul?)),

where u and v represent the population densities of prey and predator at time ¢, respectively, my, ny, mp
and ny are positive constants, which stand for the prey growth rate in the absence of the predators, the
capture rate of prey by per predator, the constant death rate in the absence of prey and the rate at which
each predator converts captured prey into predator births, respectively. They showed that, predator-
prey systems permanently oscillate for any initial condition if the prey growth rate is constant and
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the predator functional response is linear. The dynamical behavior of interacting species with different
functional response has been extensively investigated in terms of boundedness of solutions, existence
of an attracting set, local/global stability of equilibria and bifurcations (see, for example, [3-6]).

In [4], the authors considered a reaction diffusion predator-prey model defined on a square do-
main which incorporates Holling type II and a modified Leslie-Gower functional response. They have
proved the local/global stability, occurrence of bifurcations and patterns formations. In [7], the authors
considered the same model defined on a circular domain which is given by

du av
g_t =Arpu+u(l—u)— u+elu—Areu+f(u,v) (n0)€eQ, t>0,

v v 2)
- = Ar 1-— = Ar 5 5 Qa ; (
o OAgv+b( u+62)v OAov+g(u,v) (n0)eQ, t>0

oru(.,r,0) = dyv(.,r,0) =0 for r =R (radial derivative).

This two species food chain model describes a prey population u which serves as food for a predator v,
where f(u,v) and g(u,v) are the local activity (in the absence of diffusion), Q is a disc domain and A
is the Laplacian operator in polar coordinates. The parameters a, b, e¢; and e, are assumed positive
values. Boundedness of the system, existence of an attracting set, local/global stability, occurrence of
Hopf and Turing bifurcations and patterns formation are studied.

In [8], the authors studied a reaction diffusion system of predator-prey model which is based on
the modified Leslie-Gower model with Beddington-DeAngelis functional responses on a circular domain
below

Ju c1v

2% _ DA, by — 0)cQ, 1>0,

g~ Ditveut (@ —bu—gomm e (R6) e >

; (3)
V CoV

— = DA, — ! Q, .

3 2Argv+ (a2 u+k2)v (n0)eQ, t>0

Recently, many researchers have studied the pattern formation for different models of three interacting
species in discrete and continuous cases and most of them have considered a food chain model with
diffusion and have investigated the local/global stability in the spatio-temporal system defined on a
square domain (see [9-13]).

In the present paper, we consider a three-species food chain model consisting of prey, intermediate
predator and top-predator, modeled by a reaction-diffusion system defined on a circular spatial domain
and incorporates the Holling type Il and a modified Leslie-Gower functional response. One of the well
known methods in biology or ecology plays a crucial role in regulating the balance of the ecosystem and
controlling the dynamics of species is the introduction of a population further called “top-predator”.
However, the impact of this introduction should previously be studied in order to minimize adverse
effects. The first species denoted by U is the only food source of the second V. As well, intermediate
predator V is the only prey of a top-predator W. Local interactions between species U and V are modeled
by Lotka-Volterra type scheme and the interactions between species W and V has been modeled by
Leslie-Gower scheme [14, 15]. The spatio-temporal system for the three components species can be
written as follows (see [16]):

AU (T,x,y) vV (T,x,y)
— =2 = D|AU(T —boU(T ———)U(T
; (aT ) 1 ( ,)C,y)—l—((l() 0 ( 7-(xay) )U(T,x,y)—(kdo) )( ,x,y), (4)
V(T,x,y wU(T,x,y vuW(T,x,y
————2 = DH)AV(T — — V(T
T 2 ( axvy)+( a1+U(T,x,y)+d0 V(T,x,y)—i—dz) ( >x7y)7
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oW (T, x,
W) oW (1.3.9) + (5 -
v _ow_
on  dn  On ’

U(OJC,}’) - UO(-xuy) Z 07 V(07-x7y) - VO(X,y) Z 07 W(O,X,y) :WO(X,y) Z 07

V3W(T>x7y)

—— )W(T
V(T,x7y)+d3) ( 7x7y)7

where U(T,x,y), V(T,x,y) and W(T,x,y) are the densities of prey, intermediate predator and top-
predator, respectively, at time T and position (x,y) defined on a circular domain Q with radius R
(ie. Q={(x,y) € R*/x*>+y? < R*}. The three species are assumed to diffuse at rates D; (i = 1, 2,
3). The parameters ag, by, vo, do, ai, vi, v2, da, 3, v3 and dz are assumed to be positive constants
and are defined as follows: qq is the growth rate of the prey U, by measures the mortality due to the
competition between individuals of the species U, vy is the maximum extent that the rate of reduction
by individual U can reach, dy measures the protection that the species U and V benefit through the
environment, a; represents the death rate of V in the absence of U, vy, v, and v3 are the the maximum
value that the rate of reduction by the individual of U, V and W can reach respectively, d, is the value
of V for which the rate of elimination by individual V becomes %, c3 describes the growth rate of W,
assuming that there is the same number of males and females and ds; represents the residual loss caused
by high scarcity of prey V of the specie W. The vector n is an outward unit normal vector to the
smooth boundary dQ. The homogeneous Neumann boundary conditions mean that the system is self
contained and there is no flux across the boundary 9dQ.

The first model proposed in this topic is given by a system of ordinary differential equations as
follows (see [17]):

oU VU

— = agU — byU? —

3T WO T U dy

% nuv WV

—=—qV — , 5
or - VT Uta v+a (5)

oW 2
_— C3W2— V3W 5
oT V+ds

where U, V and W represent the population densities at time T, ag, bo, vo, do, a1, vi, di, v2, da, c3, v3 and
ds are model parameters assumed to be positive. Based on the studies presented in [17,18], our main
contribution in this paper is to generalize the results presented in [7,8] for two species to three-species
reaction-diffusion system defined on a circular domain.

The organization of the remaining part of this work is as follows. In Section 2, we show the
boundedness of solutions. In section 3, we prove the existence of the equilibrium points and their
stability. Section 4 is devoted to the global stability of the nontrivial steady state. In section 5, we
give some numerical simulations and we end our work by a conclusion.

2 Boundedness of solutions

Considering system (4) and writing x and y in polar coordinates x = rcos and y = rsin 0, we get
I={(r6):0<r<R,0<6<2r} (R is the radius of the disc), r=/x>+y*> and 6 =tan"'(Z).
Without loss of generalities we denote also u(t,x,y) = u(t,rcos(0),rsin(0)) = u(t,r,0),

v(t,x,y) =v(t,rcos(0),rsin(0)) =v(t,r,0) and w(t,x,y) = w(t,rcos(0),rsin(0)) = w(z,r,0) as the densities
of prey, predator and top predator in polar coordinates, respectively. Therefore, the Laplacian operator
in polar coordinates is given by

2u 1du 1 d%u

Apu=—5+ ot aer (6)
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To simplify system (4) we introduce the following transformations:

2 3 4 ,

U:@u,V— aOvW: % w,T:L,r:L,Oze,
bo bovo bovovz ao ao
and
bod, davob i dsvob D D D
a:ﬁ’ :ﬂ7czﬁad: ngov = C3a07 :Ewg: 3‘}20761:_1782—_2753:_3-
aop ap agp ag vobova Vo ag ap ap aop
In polar coordinates, the spatio-temporal system (4) is written as follows:
du(t,r,0) v(t,r,0)
——=———= =61 Agu(t,r,0 1 —u(t,r,0) — —————)u(t,r,0), ,0)el, t>0
o O01Aou(t,r,0) + (1 —u(t,r,0) u(t,r,@)—i—a)u( r,0) V(r,0) € >
av(t,r,0) cu(t,r,0) w(t,r,0)
————— = »Av(t,1,0 —b — t,r,0), V(rn0)el,t>0
= e O)+ (bt e S ey a0 V(e el > .
dw(t,r,0) qw(t,r,0)
—————= = 03Aw(t,1,0 —————)w(t,r,0 ,0)el, t>0
5 0379w (t,r, )+(p v(t,r,9)+s)w( r0) V(r,0) € >
oru(.,r,0) = 9v(.,r,0) = dw(.,r,0) =0 for r =R (radial derivative)
(0 r, 9) = uo(r 0) >0, (0 r0) =vy(r,0) >0, w(0,r,0) =wy(r,0) > 0.

The following result gives the boundedness of solutions for system (7).

Theorem 1. Let © be a set defined as follows:
@z[o,ux[o,1+a]x[o,§<1+a+s>1. (8)

Then,
i) © is positively invariant region,
ii) All solutions of (7) starting in © are ultimately bounded and eventually enter the attracting set ©.

Proof: From equation (7), we have

¢]
LG — 5y gult,r0) + (1~ (. 0))ulr,r,6) < (1)
9u(0,1,0) _ 0, (9)
on
M(O,}’, 9) = uo(}’, 9) <up = maX_MO(rv 9))
(r,0)el’
and v(t.7.0)
v(t,r cu w c
— 2 = 5A, — — < —
; o &Agv+ ( b+u—|—a v—i—d)v*(l—i—a b)v,
v(O,r,O) :0’ (10)
on
V(O,}", 9) = V()(V, 9) <vg = max7v0(r> 6)7
(r0)er
and wlt.r.6)
w(t,r, qw w
———=8Mewt+(p——— W< p(l—5—)W,
ot vts 3(1 +a+s)
q
aw(0,r,0) (11)
b,
on
W(O,}’, 9) = W()(V, 9) <wp = ma)&WO(ra 9)
\ (r@)er
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From equations (9)-(11) and by applying the comparison principle, we have u(t,r,0) < u; < 1,
v(t,r,0) <vi <1and w(t,r,0) <w; <1 such that: limsupu(¢) =1, limsupv; () = 1 +a and limsupw (¢) =
t—r+oo t—rtoo [—+o0
5(1 +a-+s), where u;, vi and w; are solutions of the following equations, respectively,

du(t,r,0
dt (12)
ul(O) = upl = max_uo(r, 9) < l,
(r,0)el’
dv(t,r,0 c
( ) = ( - b)vb
dt 1+a (13)
v1(0) =vo1 = max vo(r,0) <1,
(rn@)er
and dwit.r. )
w(t,r, w
DA T
p a+ts (14)

w1 (0) =Wo1 = IIlaX_Wo(I‘, 9) < 1.
(rn@)er’

Then, we deduce the result.

3 Analysis of Temporal System

In this section, we will study the behavior of system (7) in the absence of diffusion, (i.e., § = 6, = 8 =0).
3.1 Equilibria and Local Stability
Without diffusion, system (7) becomes

du(t) v(t)

vit cul(t wilt
PR S el P S UG (15)
D) (e ) ),

Let E = (u,v,w)" and

Then, system (15) takes the following form:

dE
— =F(E). 16
T~ r) (16)
By computation, system (16) has four trivial equilibrium points Ey = (0,0,0), E; = (1,0,0), E; =
(0,0, %), E; = (1,0, %) and a positive nontrivial one E* = (u*,v*,w*) which exists if and only if the
following inequality is satisfied

gc > bg+ p and gc —bg— p > a(bq+ p) (17)
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such that ) i
u*:m, vi=(1-u")(u"+a) andw*zw. (18)
qc—bg—p q
By linearizing system (16) around the equilibrium point E*, we obtain the associated Jacobian Matrix
J defined by

* *
1w — — 2 S 0
(u* +a)? u* +a
J(E acv* cu* b dw’* v 19
(B7) = (u* +a)? u*+a (v +d)? vi+d (19)
0 q(w*)? e dw*  2qw”*
u*+a (v +d)> v +d

Evaluating the Jacobian Matrix J at Ey, Ej, E; and E3 and calculating the corresponding eigenvalues,
we have the following result:

Theorem 2. i) The steady state Ey is unstable,

ii) If ab > ¢ — b, then the steady state E| is asymptotically stable and it is unstable elsewhere,

iii) The steady state E; is a saddle point,

iv) If b+ ;—Z > ch then the equilibrium point E3 = (1,0, %) 1s asymptotically stable and is a saddle
point elsewhere.

In the following, we prove the stability of the positive equilibrium E* = (u*,v*,w*).

Theorem 3. If the condition (17) holds and the following inequalities are satisfied

a+1 2a
>
gc — gc—bq—p
b p((1—u*)(u +a)+s§ cu (20)
g(1—u)(u*+a)+d)? u +a
and

P —u) i ta) 4P . dp((1—u*)( +a)+5)
4 +a) > ) @)+ )

then, the nontrivial equilibrium point E* = (u*,v*,w*) is asymptotically stable.

Proof: Writing Fg(E*) as

ai a2 ais
Fe(E*)=J(E") = | az1 ax ax
asy asy as3
According to (18), a direct computation yields
a(l —u*) u*
=1-2u"————=,ap=——F—",a13=0
dp (3
ac(l—u*) cu* 5 ?((l—u ) +a)+s) (I—u*)(u"+a)
ay =——>, an = —b— , a3 = — ;
1T T ta) ! 27 W ta (T—uw)(uw +a)+d)? P (I—uw)(w +a)+d
p_ ok * 2 d_p ok *
e q((l u*)(u* +a)+s) o (I =u*)(u*+a)+s) ) 2p((1—u)(u +a) +5)
(BT e W ta (1—w)(w +a)+d)? * ™ (1—u)(u +a)+d

(21)
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where
- alba+p)

~gc—bg—p’
The characteristic polynomial of Fg(E*) can be written as:

(1) = A+ B1A* + BoA + B3,
where
(I—u")(u"+a)=
Hence

By = —tr(Lg(E™))

= —(aj +axn+as)

age(ge = (bg+p)latl)) (L—u) gec—(bg+p)lat]) w _bgtp

, and
(gc —bg—p)? (u* +a) aqc (w+a)  qc

dp(gc —bq— p)*(age(qe — (bg+ p)(a+1)) + s(gc —bg — p)?)
u+a q(aqc(ge — (bg+p)(a+ 1)) +d(gc —bg—p)?)
2pagc(ge — (bg+p)(a+1)) -0
age(qe — (bg+p)(a+1))+d(ge—bg—p)*> =~
By = ajaxn +aazz +axasz — axaz — apay;

= u(2—

)+b+

ar GO (bgtp)a+l) | 2p(1-u)w +a)+s)
o q .
= u*—i—a—H)+ ((1—u*)(u*+a)+d)? )2 qc + (1 —u*)(u*+a)+d )
2p(M—uw" )W +a)+s), , . (bg+p)lat+l) = ac(l—u")u"
+ (I—u)(u*+a)+d ) (2u qc )+ ( (u* +a)? )
P((1—u)w +a)+5)°  L(1-w)w +a)+5)  (1—u)u’ +a)
+( v ta B (T TP W oA G g perion v e
By = —det(Lg(E"))
= apayas; +a11ax3az — a11a2a33
_ (ac(l—u*)u*)(Zp((l—u*)(u*—i—a)—l—s))
(u* +a)? (1—u*)(u*+a)+d
R L e R P (Sl Gl
u*+a (1—u*)(u*+a)+d)?
. (bg+p)la+1) (1—u*)(u*+a) cu* djp((l_”*)(”*+a)+s)
x (2 - qc )((l—u*)(u*+a)+d)+(_u*+a+b+ (1 —w*)(u*+a)+d)?
. (bg+p)a+1) 2p((1 —u")(u" +a)+s)
x(2u" = qc ) (1—uw*)(u*+a)+d )>0,

BBy — By = aj|(—axn —as3) +ady(—ai — as3) + a3z (—ar —ax)
+ajay; (6111 + azz) +azans (6133 + azz) —2ar1axnaz;z

= [0%1 - 61326123](—6122 - 033) + [61%3 - 61126121](—6111 - Clzz) +a%2(—6111 - a33) —2ar1axnaz;z

cu’* L((1—u)(u +a)+s) 2p((1—u*)(u* +a)+s)
= et (q(l—u*)(u*+a)+d)2 (1—u")(u* +a)+d )
(=) +a) . P((—u)w +a)+s)®  L((1-w)u +a)+s)
[a%l—i_((l—u*)(u*—i-a)—kd)x( ’ u*+a 0 (q(l—u*)(u*+a)+d)2
ey~ O D) 2p( i)W +a) +s),

qc (I—u*)(u*+a)+d
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acu* (1 —u*) . (bg+p)a+1l)  cu* djp((l_”*)(”*"‘a)‘FS)
Has+ o N - = e Pt e w 9 vy
. (bgtp)latl)  —cu djp((l_”*)(”*+a)+3) 2p((1 —u*)(u* +a) + )
+2(2u qc A u*—l—a+b (1 —uw*)(u*+a)+d)? (1 —uw*)(u*+a)+d )
> 0.

Using the condition (20), we have BiB, — B3 > 0. By applying the Routh-Hurwitz criteria, we deduce
the result.

4 Global Stability of the Nontrivial Steady State with Diffusion

In this section, we study the global stability of the homogeneous non-trivial equilibrium E* = (u*,v*,w*)
with diffusion terms.

Theorem 4. Suppose that the condition (17) holds and the following inequalities are satisfied

ab

b<c,1—a<u"< 5 and v* <d(c—Db). (23)

c—

Then, the homogeneous non-trivial steady state (u*,v*,w*) is globally asymptotically stable for system

(7).

Proof: The proof is based on the positive definite Lyapunov function. Let

[ #lp)ip - /0 ' /O " /(. 0)d0ar

and
Z(u,v,w) =z1(u) + 22(v) + z3(w),
where
z1(u) = /u n _“*dn, 2() = /den and z3(w) = /W U _W*dn. (24)
w1 V* n we N
Let

/ Z(u(t,p)v(1.p) w(t,p))dp (25)
T
- /F a(ult.p))dp + /F 2 (v(t.p))dp + /F (n(t.p))dp

A

a1 (ult, p))dp + / 2(v(t,p))dp + / & (w(t, p))dp,

Z
r
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where W is positive for all (u,v,w) € R?, and ¥(u*,v*,w*)= 0.By differentiating ¥ with respect to time

t, we have

av [ ozou ozov oz,
i Jlouwar " avar owar P
dZ 0z 0z
= [ (G618 )+ 5 (828 glav) + S (o ) lp
0z 0z dZ dZ 0z 0z
= /F(&EAu—l—SZWAv—l—&%AW)dp—i—/r(xf(u,v,w)+$g(u,v,w)—i—Wh(u,v,w))dp
0z dZ 2z .
where Z = %—f From Green’s identity we get
dZ dZ du 0z
= —/Va—ZVudp,
r du
dZ dZ dv dZ
FEAVdp = ar‘m%—/rVEVVdp
= —/Va—ZVvdp
r av
and
dZ dZ dw dZ
dZ

95,
) +2z2(v) +z3(w) is written in a separable form, we have

dv* *
= vdv ZOandzg(v):% >0.

>0, z5(v)

Therefore, the matrix
0’z 9’2 0°Z
(du)? Judv Jdudw
0’z 9’z 0°Z
dvdu (dv)? dvow
0’z 9’2 0°Z
owdu dwdv (dw)?

is positive definite and we have
dZ dZ

0z
- i — <0.
/F(au 51Au—|—52av Av+ 63 aWAw)dp <0

As Z <0, we deduce that

d¥y b
ESOfOI’ b<C, 1—a<u*< a

5 and v <d(c—Db).

c—

Then, we have the result.
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5 Numerical simulations

In this section, we give some numerical simulations of pattern formation resulting from spatial distri-
bution of system (7) on the disc '={(1,0):0<r <R,0< 6 <2r}. The Laplacian describing diffusion
is calculated using finite difference schemes, that is, the derivatives are approached by differences over
space steps (Ar) and an explicit Euler’s method for the time integration with a time step size (At) with
zero-flux on the boundary. In order to avoid numerical artifacts, the values of time (Az) and space steps
(Ar and AB) have been chosen sufficiently small satisfying the CFL (Courant-Friedrichs-Levy) stability
criterion for diffusion equation. For numerical simulations, the initial condition is a small perturbation
in the vicinity of equilibrium point (u*,v*,w*). These initial conditions have been chosen as:

u(0,r,0) = u*((rcos 8)*+ (rsin 0)*) < 50,
v(0,7,0) = v*((rcos8)> + (rsin6)?) < 50,
w(0,r,8) = w*((rcos )+ (rsinf)?) < 50.

The used parameters are summarized in Table 1. The time evolution of spatial distributions is observed

Table 1 Table of the used parameters and the corresponding pictures of patterns formations

t ag ap by c3 dy d ds ) V1 Vv V3
Fig.1(a) 0 0.5 0.4 0.36 0.2 0.3 0.4 0.4 0.4 0.8 0.4 0.6
Fig.1(b) 1200 0.5 0.4 0.36 0.2 0.3 0.4 0.4 0.4 0.8 0.4 0.6

Fig.1(c) 20000 0.5 0.4 0.36 0.2 0.3 0.4 0.4 0.4 0.8 0.4 0.6

in Fig.1, where the left figures are the evolution of the prey spatial distribution and the right figures
are the top predators and the center ones are the predators. We observe that, for r = 0 we have spots
patterns over the whole domain (see Fig.1 (a)). If we increase time ¢, these spots burst leading to
an aperiodic spatial distribution of some domain. Then this aperiodicity spreads throughout the area
and remains in time. After a while, the patterns exhibit a behavior that does not seem to change
its characteristics anymore and the labyrinth spatial pattern arise and we obtain the spatio-temporal
chaos. Thus, we have observed the patterns formation with respect to time (see Fig.1).

6 Conclusion

In this paper, we have considered a three-species food chain, namely, prey, predator and top predator,
given by a reaction diffusion system incorporating Holling type Il and a modified Leslie-Gower func-
tional response defined in a circular domain. We have proved the conditions for boundedness, existence
of a positively invariant and attracting set. By using Routh-Hurwitz criterion, we have showed that E*
is locally asymptotically stable for system (15) if some conditions are satisfied. By constructing a Lya-
punov function, we have obtained a sufficient conditions for global stability of the positive equilibrium
for system (7). By numerical simulations, we have plotted the nature of spatial patterns with respect
to time (see Fig.1) which leads to the formation of the labyrinth spatial patterns (the formation of
spatio-temporal chaos).
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Fig. 1 Spatial distribution of prey (first column), predator (second column) and top predator (third column)
are population densities of the spatial system (7). Spatial patterns are obtained with diffusivity coefficients
0; =0.02, 6, =0.01 and 63 =0.05.
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1 Introduction

Most complex traits can be measured longitudinally over time, which is advantageous compared to
cross sectional observations. Key advantages of longitudinal approaches including control of measure-
ments and associated retrospective factors, exploration of individual trajectories, and larger power for
prediction of model parameters [1]. It is therefore important to select the correct methodology when
analyzing longitudinal observations to detect significant single nucleotide polymorphisms (SNPs) for
complex traits in genome wide association studies (GWAS).

It has been suggested that a random regression methodology could be use to detect quantitative
trait loci (QTL) by longitudinal measurements [2]. However, a random regression methodology may
fail to follow the underling pattern of longitudinal observations at the beginning and end of the time
course [3]. A functional mapping approach by analyzing fitted curves to detect QTL for dynamic
association studies has been proposed [4]. However, interpreting the results of functional mapping may
not always be biologically meaningful [5]. Additional details on the literature of dynamic association
mapping could be found in [5], [6].
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In addition, both of the above mentioned models (and others) require whole sets of observations in
order to generate predictions. This may result in delays of months (if not years) before obtaining pre-
dictions. Here we assumed that the genomic signal over time could be traced by a random walk-Kalman
filter model in state space form to obtain longitudinal residuals. Use of the Kalman filter eliminates
the need for the entire data set for making estimations, so that estimates are available immediately.
Moreover, because of the available longitudinal residuals to employ in association mapping, and given
that the signal is genuine, biological reasoning can also be easily deduced.

Recently, we extended the GRAMMAR model of [7] in the Bayesian context of [8]. Here we
extended our model for dynamic association mapping [8] by including dynamic components using a
random walk-Kalman filter approach to analyze a mouse behavioral [9] and simulated QTL-MAS [10]
datasets.

2 Material and Methods

We used both simulated and real datasets to evaluate our model. QTLMAS Data were simulated for
5 time-points using the pedigree including 1,000 individuals with 453 SNPs [10]. Measurements were
taken on days 1, 132, 265, 397 and 530. In total 18 QTLs were simulated. Phenotypes were simulated
using a logistic growth curve. There was a population structure due to full sib families reflected by the
pedigree pattern. True positives were detected if SNPs were found within 10 ¢cM from true QTLs.

We used a mouse behavioral data set [9] for application of the random walk model. The mouse
behavior data set was obtained using an automated home cage monitoring system (for 222 time points).
A backeross population (n=89) was obtained to measure active state probabilities (ASP). The genotype
data included 233 informative SNPs from 19 chromosomes. The average distance was 9.7 Mb.

2.1 Statistical Methods

We will use the notation and results of [8], [12]. For genetic analyses of traits following mixed model
is normally used

y=XB+Z,a+Zyp+e, (1)

where y is the vector of observations (yi,...,yn), B is the vector of fixed effects, a (a;...,a,), is the
vector of random effects, p (p1...,pn), is the vector of random permanent environmental effects, X, Z,
and Zp are design matrices and e is the vector of random residual effects. For the random effects it
was assumed that

a, a[_l AGaz 0 0
pr |~ A | p-15| O IG,% 0 )
€ €1 0 0 1632

where o2, Gg and o2 are genetic, permanent environment and error variances. We used diffuse (0)
starting values for random effects, permanent environmental effects, and error terms. A is the additive
genetic relationship matrix for the individuals; I is an identity matrix. A was obtained by the coefficient
of coancestry matrix using both the genotype and pedigree of individuals. In the following, we show
general assumptions used in KF-RW method, based on Bayesian principles. Proportional joint posterior
distribution without constant terms could be written using (1) based on following smoother recursive
relationship [13]

P(6¢|6_t,Y,) o< P(6¢|6t—1,Y;—1) P (6t11|6:,Y:—1) P (Y;]6, Y1),
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f(y|[3,a,p,6§,6§,632)
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x(07) "M exp(0.5(ay A "a107)) [ﬁ(cz)_O'SNa ((ac—ac1)'A (ay—ac1)/0])]

a

1=2
T
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o\ VYa_q VaSa Y VpSp 2y Ye_ VeSe
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After algebraic manipulations conditional distributions could be written as following,

b|oy, 0}%» 07, prye ~ N (XX)X/(y — Zaa— Zpp), (X'X)"'a?),

7,7, 2A7! )l (Z/(Yt — Xaby — piZp,) . a1 A7t
o; o7 o; o7
Z;)tht + 2A_1 )71(Z/(Yt - Xabt - atht) 4 Pt+1A_l
2 62 62

e P

7,7, 2A°!
o; o;
Z;)t Zpt + 2A_1

o? o)

at|6370-§>6e2>blaptvyl ~ ‘/V((

) (
)71)7

pt‘65761376327bt7at7ytw‘/1/(( )’(

2 2 2
Ga‘o-lwcevbl‘aal)ptvle )
2 2 2
Gp‘o-aacevbl‘)alaptvyl ~
2 2 2
Ge‘cgwapabhahptayt ~

where in the last three line Q,,0Q, and Q. stands for quadratic form of the respective error terms and
DF degrees of freedoms. We ran the model with 20,000 iterations using a 1000-iteration burn-in period.
To reduce auto-correlation, we sampled every tenth iteration. We tried different parameters of inverse
Wishart prior distributions to obtain residuals. For mouse data set we used genomic relationship
matrix [14] to take into account of backcross structure: A = WW’/c where ¢ is a normalizing constant
and Wi = X + I — 2, where py is the frequency of the 1 allele at marker k [14].Time points and square
of the time points was used as explanatory variables in the mouse behavioral data set. We used a single
SNP model to perform genome-wide association analyses [8], [15];

y=Xb+-e,

where y contains the residuals or random effects from (1), b designates the fixed effects (single or whole
SNP), X is incidence matrices, and e is a vector containing residuals and assumed normally distributed
with I62. Here I is an identity matrix and o7 is the residual variance. We used a false discovery
threshold of 5% to detect a genomic signal in association mapping.

3 Results

3.1 Analyses of QTLMAS Dataset

Residual, genetic and permanent environment variances predicted as 34.46, 24.55, and 26.52 respec-
tively. Correlations between observations and predictions were found to be about 0.85. Heritability
were found to be around 0.29. In Table 1 the number of correctly identified SNPs were given for two
different random walk approaches using 5 time points. We used residuals with single SNP regression
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model,(RANDOM WALK-1), and random effects, (af|c?, 65,66271),, Di,¥t), with single regression model
(RANDOM WALK-2),. Manhattan plots for RANDOM WALK-1 shown in Figure 1 [16].

3.2 Analyses of Mouse Behavioral Data Set

Residual, genetic and permanent environment variances were predicted as 14.51, 6.49, and 9.01 respec-
tively. Correlations between observations and predictions were found to be around 0.20. In order to
account for backcross structure, we employed a genomic kinship matrix. Heritabilities were found to
be around 0.21. The strongest genomic signals (0.11 FDR [17]) were observed for mCV22849619 and
rs3689947 at chromosome 1 by adjacent positions (Table 2) from time-points 65, 80, 88, 94 and 96.
The next strongest signal was detected from chromosome 9 at marker rs13480208. For both mark-
ers longitudinal p-values were found to be higher around time-points 57 to 89 (Figure 2 and Figure
3). Longitudinal permanent environmental effects (Figure 5) were found to have less autocorrelation
(—0.17 < p < 0.19) compared with longitudinal gene effects (—0.07 < p < 0.29). However, the average
phenotypic trajectory showed strong autocorrelation (—0.25 < p < 0.98), and hence was found to be
non-stationary.

4 Discussion

As the cost of sequencing a genome becomes cheaper, we expect that; genomic and phenotypic informa-
tion will be available for a number of time points for both agricultural species and humans. The current
practice of GWAS uses only cross sectional experimental designs. Collecting longitudinal phenotypes
for each individual may increase the statistical power for detecting genomic associations. Since gene
expression may change over time; failing to take longitudinal gene effects into account might lead to
erroneous conclusions. Here we proposed the use a random walk model for dynamic association stud-
ies. We assumed that gene and environmental effects change (slightly) over time, similar to a random
walk model. However, random walk is a non-stationary process and, therefore, stationary assumptions
could be evaluated empirically. For example, [17] used daily means and variances from various datasets
and concluded that most experimental circadian rhythm data sets are non-stationary. This was also
the case for our mouse behavioral data set, as autocorrelations of the mean phenotype among each
time-point were found to be (—0.25 < p < 0.98). Random walk is a discrete stochastic process. Since
our random walk model was based on a non-stationary assumption, it may have wide applicability for
longitudinal genetic and genomic studies.

Correlations between predictions and observations were found to be around 0.85 for the QTLMAS
data set. We did not employ any parametric function (e.g., logistic growth curve) in the model (1).
Only time and its square were used as explanatory variables in the model. Employing random effects
(RANDOM-WALK 2, Table 1) in the association model increased the false positives (430 SNPs reported
at 5% false discovery rate). When genetics effects were taken into account (RANDOM WALK-1) we
detected 104 SNPs, of which 77 were considered to be true signals. This was not surprising since
the population structure could lead to false positives. The number of true positives was increased by
collecting more longitudinal observations. Similarly significance levels were also found to be increased
by collecting more longitudinal observations (Figure 1). In that regard, predictions from the initial
time-points of random walk models should be interpreted carefully as they may lead to false positives
due to a lack of information.

As pointed out in [9], the mouse behavioral data set has unique features, as such: the number of
longitudinal observations (222) was larger than the number of mice (89); there was a large mice specific
variation; and the correlation structure from 222 time-points was distinctive. Correlations between
observations and predictions were found to be around 0.20. The differences between the predicted and
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observed trajectories can probably be explained by the huge variation within and between mice and the
small number of individuals. Both [9] and [6] detected genomic signals from marker rs3689947, similar
to our results (Table 2). The next strongest signal was detected from Chromosome 9 (rs13480208)
at 0.15 FDR. [9] and [6] detected strong signals from Chromosome 9, which is again in line with our
results (Table 2).

The model given in this paper is novel and distinct from other previously reported models in that
our model predicts time-specific genomic signals, and hence associated SNPs. For instance, we detected
rs3689947 at chromosome 1 (Table 2) from time-points 65, 80, 88, 94 and 96 using the mouse behavioral
dataset. Although [18] have criticized (uncorrected) time-specific approaches since interpretation of the
appearing and disappearing of QTLs could be considered as speculative, our approach readily corrected
the phenotypes by taking into account both longitudinal gene and environmental effects. We analyzed
the average phenotypes for 222 time-points and detected 23 SNPs at FDR 15% (results not shown).
By using this cross sectional approach the aforementioned SNPs were detected from Chromosome 1
and Chromosome 9, although false positives were also detected. In that respect [5] noted the failure
to take into account the smoothing structures across time-points, which might lead to reduced power
to QTL detection. Again, our model handles smoothing structures for different time-points via the
random walk model. It has been suggested that combining the results of time-specific analyses may
lead to inconsistent interpretations [5]. However, we could also hypothesize that biologically meaningful
patterns might be observable since gene effects are also changing over time, and may subject to certain
types of longitudinal structures. Although we do not expect that every fluctuation in time should lead
to genomic associations, as would be compatible with the neutral theory of molecular evaluation.

Automated measurements may also be important in longitudinal studies [9]. Due to the Kalman
Filter recursive structure given in (2); filtering version of our model could give on-line predictions of
longitudinal residuals. Hence, biological reasoning could be made as soon as longitudinal measurements
are collected. To our knowledge, there is no such model currently reported in the literature of dynamic
association studies. For example, in order to use a functional mapping [4] approach, whole sets of
observations must to be collected in advance. This may include months (if not years) of waiting
time depending on the nature of the phenotypes and experimental designs. Again, compared with
other available models, our model generates understandable and easy to interpretable results. Since
longitudinal residuals detrended for both genetic and environmental effects, they could be employed
with more complex models, as such genomic prediction, epistatic, or haplotype based models. Although
we used single SNP model for detecting potential gene and SNP associations using simulated and the
mice data sets; area of interest could easily be extended for whole genome using genomic selection
models [19] or dynamic gene networks [20] based on residuals of each time point.

Random walk is a non stationary process and the model could be extended for stationary case
by introducing autoregressive parameter in equation (1). However theoretical and empirical dynamic
association studies are needed if non stationary assumption is useful or not for dynamics of gene and
permanent environmental effects.
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Fig. 5 Manhattan plots for 5 time points using random walk residuals and single marker regression.

Table 1 Number of total (#REPORTED) and correct SNPs detected using QTLMAS dataset for time points
1,2, 34 and 5 (RANDOM WALK-1: residuals with single SNPs; RANDOM WALK-2: random effects with
single SNPs)

MODEL #REPORTED  #CORRECT #T 1  #T2 #T3  #T4  #T5
RANDOM WALK-1 104 7 1/4 1/1 2/2 18/26 5571
RANDOM WALK-2 430 370 9/18  145/196  126/179  6/9  84/110
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Fig. 6 Longitudinal (-logarithmic) p values for marker rs3689947 over 222 time points.
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Fig. 7 Longitudinal (-logarithmic) p values for marker mCV22849619 over 222 time points.
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Table 2 The results of mouse behavioral data analysis by using a random walk model

113

Marker Chromosome Location P value False Discovery Rate Time Point
mCV22849619 1 186531848 0.00098 0.11 88
rs3689947 1 192397145 0.001776 0.11 80
rs3689947 1 192397145 0.001154 0.11 94
rs3689947 1 192397145 0.000674 0.11 96
mCV22849619 1 186531848 0.00104 0.12 65
rs13480208 9 55395056 0.001325 0.15 86
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Fig. 8 Proportional average posterior distributions of longitudinal average gene effects over 222 time points.
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Fig. 9 Proportional average posterior distributions of longitudinal average environmental effects over 222 time
points.
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1 Introduction

Abstract

Biomedical optical imaging has a possibility of a comprehensive di-
agnosis of thyroid cancer in conjunction with ultrasound imaging.
For improvement of the optical imaging, this study develops a higher
order scheme for solving the time-dependent radiative transport equa-
tion (RTE) by use of the finite-difference and discrete-ordinate meth-
ods. The accuracy and efficiency of the developed scheme are ex-
amined by comparison with the analytical solutions of the RTE in
homogeneous media. Then, the developed scheme is applied to de-
scribing photon migration in the human neck model. The numerical
simulations show complex behaviors of photon migration in the hu-
man neck model due to multiple diffusive reflection near the trachea.
(©2016 L&H Scientific Publishing, LLC. All rights reserved.

Thyroid cancer is one of common cancers, whose incidence increases in accordance with developments

of biomedical imaging modalities [1].

There are several kinds of thyroid cancers, and most of them

can be accurately diagnosed by using the ultrasound tomography and fine needle aspiration cytology

to examine the cellular structures [2].

Nevertheless, diagnosis of follicular thyroid carcinoma is still

difficult, because neither the ultrasound tomography nor the needle aspiration cytology can differentiate
between them. Hence, other imaging modality is essential for comprehensive diagnosis of thyroid cancer.
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Diffuse optical tomography (DOT) has a potential to accurately and non-invasively diagnose whether
the tumor is benign or malignant based on the difference in optical properties [3,4]. The optical proper-
ties (e.g. the absorption and scattering coefficients, and anisotropic factor) characterize the strength of
absorption and scattering of light by a turbid medium such as biological tissue. Unlike a conventional
image reconstruction algorithm for X-ray computed tomography, of which fundamentals are measuring
line integrals of the attenuation coefficients and solving a set of integral equations for the attenuation
coefficients, DOT needs an inversion process to reconstruct a distribution of tomographic image of the
optical properties inside the tissues based on a mathematical model describing the diffusive nature
of photon migration in scattering media [5]. Hence, for obtaining a high quality image of DOT, an
accurate photon migration model is essential, and an efficient scheme for solving the model is required.

Mainly, two types of the governing equations for photon migration have been used: the radiative
transport equation (RTE) and the diffusion equation (DE). The RTE can accurately describe pho-
ton migration in wide ranges of time-length scales, and numerical schemes for solving the RTE have
extensively been developed by using the finite-difference [6, 7], finite-element [8], and finite-volume
methods [9].

However, their computational loads for solving the RTE are heavy because the RTE is an integro-
differential equation with many independent variables. Due to this reason, the RTE has usually been
applied to small-sized media such as human fingers and rats. Meanwhile, the DE can be applied to
large-sized media (e.g. the human brain) [10-12] because the approximation can decrease the number
of the independent variables to reduce the computational loads. However, it is well understood the DE
is valid in spatial and temporal regions after photons undergo a sufficient number of scattering events.
In non-scattering or void regions, the DE is invalid and fails to describe photon migration [13-15].

The human neck is a large-sized and inhomogeneous medium consisting of the trachea, arteries,
veins, muscles, bones, adipose tissue, and so on. The trachea is a void region where photons travel
straight without being absorbed and scattered. Also, the arteries and veins are highly absorbing regions,
where photons are totally absorbed before photons undergo a sufficient number of scattering events for
the DE to be valid. Considering the above-mentioned characteristics of the human neck, an efficient
scheme for solving the RTE is still in need of further development.

This paper develops the numerical scheme for solving the RTE using the finite-difference and
discrete-ordinate methods (the 3rd order upwind and the 4th order Runge-Kutta methods). At first,
the validity of the developed scheme is confirmed for homogeneous media by comparison with analytical
solutions. After the validation, the developed scheme is applied to investigation of photon migration
in the human neck.

The following section provides an explanation of the numerical method based on the RTE. Section
3 provides the numerical results for a 2D homogeneous square medium and an inhomogeneous medium
modeled from an MR image of the human neck. Finally, conclusions are given in section 4.

2 Numerical method

2.1 Radiative transport equation and numerical scheme

2D photon migration in turbid media such as biological tissues is accurately formulated by the RTE [16],

SRV ) () = () [ QP QD) Q). ()
12 2

where I(r,Q,t) [W/cm rad] represents the intensity, which describes the photon energy flow as a function
of position, r = (x,y) [cm], angular direction, Q = (Q,,Q,) = (cos 0,sin 8) with angle, 6 [rad], and time, ¢
[ps]. Wq(r) [1/cm] and ps(r) [1/cm] are the absorption and scattering coefficients, respectively, v [cm/ps]
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is the velocity of light in the turbid medium, P(r,Q- Q') [1/rad] is the scattering phase function with
Q and Q' denoting the scattered and incident directions, respectively, and g(r,Q,¢) [W/cm? rad] is a
source. In this study, P(r,Q-Q') is given by the Henyey-Greenstein function [17] in two dimensions [18],

n_ 1 1—{s(r)}?
Pr,Q-Q) = 2 1+ {g(r)}2—2¢(nQ-Q" @

where g(r) represents the anisotropic factor defined as the average cosine of P(r,Q-Q'). For simplicity,
q(r,Q,t) is given by an isotropic delta function. The boundary condition under the refractive-index
mismatching is employed with the reflectivity, R(n,Q-é,(rp)), calculated by the Fresnel’s law and Snell’s
law, where n denotes the refractive index of the medium and é,(r,) denotes the outward normal vector
at the boundary position, ry [7].

In this study, the RTE is numerically solved based on the finite-difference and discrete-ordinate
methods. For numerical discretization, x, y, 8, and ¢ are divided into x; = iAx (i € {0, ---, Ni}), y; = jAy
(j€{0, -+, Ny}), 6 =kAB (k€ {0, ---, No}), and t,, =mAt (m € {0, ---, N;}) with constant step sizes
of Ax, Ay, A@, and At, respectively, and numbers of grid nodes and timesteps, N, Ny, Ng, and N;,
respectively. In the same manner, Q is discretized as (g, Q%) = (cos 6,sin 6), and I(r,Q,¢) at the
grid node and timestep is expressed as Ii’;?k.

For the finite-difference discrete-ordinate methods, previous papers mostly employ the 1st order
scheme: the 1st order upwind (1UW) scheme for r, the extended trapezoidal rule for Q, and the
forward Euler method (FE) for ¢ [19,20]. The 1st order scheme is stable and accurate if the spatial and
temporal step sizes, Ax and At, are sufficiently fine, but the fine step sizes result in heavy computational
loads. To reduce the computational loads, this study employs the 3rd order upwind (3UW) scheme
and 4th order Runge-Kutta (4RK) method.

In the 3UW, the advection term in the x-direction, Q,dI1(r,Q)/dx, is discretized as

Q
ak; (20 1ji+ 3Lk — 6Li1jk+ Lioje]  Qux >0

Q.91(r,Q)/dx ~ : 3)
Ax [—ILiyoji+ 6Lt 6 — 3L — 21 6] Qe <0

for the internal nodes. For the grids near the boundary, the 1TUW scheme is employed. The advection
term in the y-direction, Q,0dI(r,Q)/dy, is also discretized in the same manner as in the x-direction. The
3UW is slightly unstable compared to the 1st order scheme, and oscillations appear at early arriving
times and at positions very close to the source. In this study, the media is so large that the oscillations
are negligibly small.

Based on the extended trapezoidal rule, the scattering integral is calculated as

No
/ dQ'P(r.Q-Q)I(r, Q) ~ Y wyfiPulijx, (4)
2n k=1
where wy = 2m/Ng is a weight and fp is a renormalizing factor. To satisfy the normalization of
the scattering phase function [, dQ'P =1, fy is formulated with a slight modification of the Liu’s
. N

renormalization [21], 1/fp =¥,/  wi P

In the matrix notation, the discretized RTE except for the time variable, ¢, is given as an algebraic
equation,

P)
- I+AI=PI+Q. (5)

where a matrix A represents the second, third, and fourth terms in the left-hand side of Eq. (1), a
matrix P represents the scattering integral (Eq. (4)) multiplied by us(r), vectors I and Q are the
intensity and source, respectively.
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Based on the 4RK, the temporal change in the intensity is calculated as
1
rtery ¢ Vet 42> +2k3 + ka), (6)

where k;(I =1, 2, 3, 4) are given by the following equations,

ky = vAt(—A + P)I™,

ky = vAt(—A+ P)(I" +0.5ky),

ks = vAt(—A+ P)(I" +0.5k),

ky = vAt(—A+ P)(I" + k3). (7)

Because the explicit method is used for the 4RK, it should satisfy the Courant-Friedrichs-Lewy (CFL)
condition, Ar < Ax/2v, for stable solutions [20,22].

In this study, parallel programming is implemented with a 24 threads computer (Intel Xeon X5690
@3.47GHz) by using OpenMP, which is a portable and shared-memory programming scheme.

2.2 Geometry, optical properties, and step sizes in discretization

To construct the human neck model, the study uses an MR image of the human neck as shown in
Fig. 1 (a). Segmentation of the MR image is performed, and primary organs in the human neck
such as common carotid artery, internal jugular vein, trachea, spinal cord, and spine are extracted as
shown in Fig. 1 (b). Other organs such as human muscle, bone, and adipose tissue are collected to
form a homogeneous background. Then, irregular boundaries of the organs and background in the
image are mapped with regular grids for numerical calculations. At the surface of the human neck, the
Fresnel’s law is employed for the boundary condition which describes the reflection and refraction at
the boundary due to the difference in the refractive index between the medium and surrounding air.
Meanwhile, we assume that the refractive index inside the medium is homogeneous. So neither reflection
nor refraction takes places at the interfaces between different organs, and no boundary condition is used
at the interfaces. The optical properties of the organs and background tissues in the human neck in
the near-infrared wavelength range are listed in Table 1, referring to [23,24], and the properties of the
thyroid gland is considered to be the same as those of the background. Strictly speaking, the arteries
have different values of the properties from the veins, but it is simply assumed that the both have
the same optical properties. Except the trachea, the tissues are assumed to have a constant value of
g =0.9, corresponding to highly forward-peaked scattering.

Appropriate values of the step sizes are dependent on the optical properties; Ax and Az are inversely
proportional to u) = (1 —g) and y,, and A6 should be smaller when g approaches to one. In each
case, we set the appropriate values of the step sizes.

Table 1 Optical properties of the primary organs and background in the human neck [23,24]

tal1/cm) (1 /o] .
Artery and vein 4.76 675 0.9
Trachea 0.0001 0.0001 0.0
Spinal cord 0.17 882 0.9
Spine 0.25 148 0.9

Background 0.30 80.0 0.9
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6 [Arteries

(a) (b)
Fig. 1 (a) MR image of the human neck, (b) primary organs after the segmentation.

3 Numerical results

3.1 Validation of the developed numerical scheme

Before a discussion on the results of photon migration in the human neck model, the developed nu-
merical scheme is validated for the case of a homogeneous 2D square medium with a side of 4.0 cm by
comparison with analytical solutions for infinite media. When the source is located inside the medium
far from the boundary, the numerical solutions of the intensities at the positions far from the bound-
ary are less influenced by the boundary. Then, the comparisons of the numerical solutions for finite
media with the analytical solutions for infinite media are reasonable. In this subsection, an isotropic
impulse point source is incident at (x, y) = (1.5 c¢m, 2.0 cm), and the intensities at (2.5 cm, 2.0 cm)
are calculated.

At first, the case of isotropic scattering (g = 0.0) is examined because the exact analytical solution
of the RTE has been given by Paasschens [25] as follows,

(1 =p) s, VHs XP(s/(1)* — p?)
2mp 2 (vt)? —p?

Qpr(p,t) =v e He (vt —p), (8)

where @ is the fluence rate defined as fm dQlI, O is the Heaviside step function, y, = u, + U, and p is
the distance from the source. Also, the analytical solution of the DE [26], ®pg, is given as,

2
¢ Ha ol 9)

Por(p:1) = 4nDt
where the diffusion coefficient D is given as [2(1 —g)u,]~! for the 2D time-dependent case [27,28]. The
absorption and scattering coefficients are given as the same as those of either (a) the background:
Uy =0.30 cm~! and py = 80.0 cm ™!, or (b) the artery: u, =4.76 cm™! and u! =67.5 cm™! as listed in
Table 1. The former and latter cases correspond to weakly and strongly absorbing media, respectively.
The step sizes are given as (a) Ax=Ay=10.02 cm, AG =0.13 rad, and A = 0.3 ps, and (b) Ax= Ay =0.005
cm, AB = 0.13 rad, and At = 0.07 ps, respectively.

Figure 2 shows the time-resolved profiles of ® calculated numerically and analytically at p = 1.0 cm.
As shown in Fig. 2 (a), the numerical solution of the RTE based on the 3UW+4RK agrees very well
with the analytical solutions in the case of the weakly absorbing medium. Meanwhile, the numerical
solution based on the ITUW+FE deviates from the analytical solutions. This result indicates that in the
case of the 1st order scheme, the current values of Ax and Ar are inappropriate, and smaller values of
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them are necessary to obtain good agreement with the analytical solutions. Note that ®pg is in good
agreement with ®gp and the numerical solution based on the higher order scheme. This is because p
is sufficiently long for the DE to hold.

The results of the case of the strongly absorbing medium are shown in Fig. 2 (b), where ® has
sharp peaks at earlier times than in Fig. 2 (a) due to stronger absorption. Similarly to the case of the
weakly absorbing medium (Fig. 2 (a)), the numerical solution based on the 3UW+4RK agrees very
well with ®gg, meanwhile the solution based on the ITUW+FE deviates from ®gg. It is seen that the
curve of ®pr has a similar shape to that of ®gg even for the strongly absorbing medium, although the
peak time and width of the curve of ®pg are slightly different from those of ®gg.

1 — 1
+
+
0.8¢ 0.8¢
+ +  Numerical solution (1UW+FE)
— O Numerical solution (8UW+4RK) —
@0.6 r Analytical solution of the RTE | @‘/0.6 r
é Analytical solution of the DE é
504+t e 04
02r * 0.2¢
+
o L | | | +++++++‘+ s 0
0 200 400 600 800 1000 1200 0 300
(a) t[ps] (b)

Fig. 2 Normalized time-resolved profiles of ®@ for the RTE and the DE in the case of the isotropic scattering
(g=0.0) at p =1.0 cm: pluses and circles represent the numerical solution based on the ITUW+FE, and the
3UW-+4RK, respectively, and red and blue solid curves the analytical solutions, ®gr and ®pg, respectively.
The optical properties are given as (a) t, = 0.30cm™!, gy =80.0cm™!, and g = 0.0 and (b) y, =4.76cm™,

Uy =67.5cm™!, and g =0.0.

In the case of anisotropic scattering media (g # 0), a derivation of exact analytical solutions of the
RTE is still a difficult problem even in infinite homogeneous media. In this study, an approximate RTE
solution, ®4g, proposed by Martelli [29] is used to be compared with the numerical solutions. The basic
assumption for @up is that yug and g, in Eq. (8) can be replaced by u, = p,(1 —g) and p) =y, + g,
respectively. Again, two sets of the optical properties of the medium are considered: (a) p, = 0.30
em ! gy =80.0 cm!) and g = 0.9 of the background, and (b) u, =4.76 cm™!, u; = 675 cm™!, and
g =0.9 of the artery. Other conditions are the same as those in the case with the isotropic scattering
media. As shown in Fig. 3 (a) in the case of the weak absorption, the numerical solution of the RTE
based on the 3 UW+4RK agree well with ®4z. However, in details, a small difference between them
is seen during the period from about 100 ps to 400 ps. Even if the step sizes are finer, the numerical
solution is found to be unchanged. Thus, this small difference could be the error in ®4z due to the
approximation. In Fig. 3 (a), the deviations of the numerical solution based on the ITUW+FE are small
compared with that in the case of isotropic scattering. Because the appropriate value of Ax is inversely
proportional to g/, it is much larger in the anisotropic scattering case with u! = 8.0 cm~! than in the
isotropic scattering case with u/ =80 cm~!. This is the reason why the IUW+FE performs better in
the anisotropic scattering case.

Figure 3 (a) shows that ®pg is in agreement with the approximate RTE solution at the peak time
(r ~100 ps) and the decay period (¢t > 100 ps). At early arriving time (¢ < 100 ps), meanwhile, ®pg
deviates from the approximate RTE solution. This deviation comes from the difference in the speed of
light between the RTE and the DE. In the RTE, the speed of light is given as v, while in the DE it is
infinite [22].
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The strongly absorbing and anisotropic scattering case is shown in Fig. 3 (b). The curves of ® in
the case of anisotropic scattering are the same as those in the case of isotropic scattering (Fig. 2 (b)).
This is maybe because the curves are mostly determined by p!, and the values of u! are the same for
the two cases.

From the results shown in Figs. 2 and 3, the developed schemes is validated.

1 w w w w w 1

+ + Numerical solution (1UW+FE)
n o Numerical solution (3UW+4RK)
L Approximate solution of the RTE| | L
0.8 * —— Analytical solution of the DE 0.8
A
206 3 ©.0.6
% 3
© +
S N o4
& 0.4+ + (S
+
+
" 0.2
0.2 + .
+
0 e \ N,
0 . . . . . p
0 100 200 300 400 500 600 700 0 50 100 150 200 250 300
(a) t[ps] (b) t[ps]

Fig. 3 Anisotropic scattering case (g =0.9) of ® at p = 1.0 cm: a red solid curve represents the approximate
solution of the RTE, ®4g. (a) u, =0.30cm™!, y; =80.0cm™', and g =0.9 and (b) y, =4.76 cm™!,
Uy =675cm~! and g =0.9. Other details are the same as in Fig. 2.

3.2 Photon migration in the human neck model

The developed numerical scheme of the SUW+4RK is used to describe photon migration in the human
neck model shown in Fig. 1 (b). Figure 4 shows the snapshots of ®-distributions at fixed times in the
human neck model, where light is incident on the front surface of the human neck at the position of
(x,¥) = (3.5 cm, 6.3 cm).

As listed in Table 1, the trachea is a void region indicated by a white solid curve in each figure of
Fig. 4. Therefore, at the early time of 46.2 ps shown in Fig. 4 (a), photons propagate without being
scattered or absorbed inside the trachea. At the time of 79.9 ps shown in Fig. 4 (b), the photons reach
the trachea boundary far from the source position, and migrate diffusively in the background tissue
where they are scattered in all directions, and some portion of the scattered photons return back to
the trachea as the diffusive reflection. Then, the reflected photons travel back to the trachea boundary
near the source position as shown in Fig. 4 (c), repeat diffusive reflections back and forth inside the
trachea, and gradually migrate into the tissue outside the trachea as diffusive propagation as shown in
Fig. 4 (d) to (f). It looks as if the void region of the trachea acts as a light source.

Note that the magnitudes of @ indicated by the color bars rapidly decay as time goes and photons
migrate into the tissue. Also note that photons are absorbed especially by veins and arteries having
large u, which appear as dark blue spots in all of Fig. 4 (a) to (f). Thus, few photons reach the
backside of the human neck. In fact, it is confirmed that at the backside position, (x, y) = (3.5 cm, 0.0
cm), the magnitude of @ is kept at less than 107! during the time period from 0 ps to 800 ps.

These results suggest that near the light source, the accurate scheme for solving the RTE is neces-
sary, while far from the light source, the approximate and efficient scheme is good enough to describe
photon migration in the human neck model.
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Fig. 4 Spatial distributions of ®@ calculated from the RTE in the human neck model (Fig. 1 (b)) at fixed
times. Unit of the color bar is [W/cm]. The light source is represented by a red arrow in (a), and the boundary
of the trachea is denoted by a white solid curve in each figure.

4 Conclusions

To describe photon migration in the human neck, we have developed the accurate and efficient numerical
scheme to solve the RTE based on the 3rd order upwind and 4th order Runge-Kutta methods for the
purpose of comprehensive diagnose of thyroid cancer by optical imaging. We have confirmed the validity
of the developed scheme by comparison with the analytical solutions in homogeneous media. Numerical
simulations of photon migration in the human neck model have shown a complicated pattern of photon
migration, arising from multiple diffusive reflection near the trachea.
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