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Abstract—In this paper, a tri-neuron network model with time
delay is investigated. By using the Bendixson’s criterion for high—
dimensional ordinary differential equations and global Hopf bifurca-
tion theory for functional differential equations, sufficient conditions
for existence of periodic solutions when the time delay is sufficiently
large are established.

Keywords—Delay, global Hopf bifurcation, neural network, peri-
odic solutions.

I. INTRODUCTION

N the past decade, dynamical behaviors of delayed neural

networks have been extensively investigated. For instance,
Hopf bifurcation in delayed differential equations modeling
three-neuron was explicitly studied in [1-2]. The global
asymptotic stability of Hopfield neural networks with delays
was considered by utilizing Lyapunov functionals [3-4]. Ex-
istence and exponential stability of periodic solutions and
almost periodic solutions for cellular neural networks were
established by using the fixed point theorem and differential
inequality techniques [5—6]. Moreover, the Hopf bifurcation in
discrete cases of Hopfield—type n—dimension neural network
model was proved in [7]. However, there are still a lot more
work to do on the bifurcation of these models, especially the
global continuation of local Hopf bifurcation.

In this paper, we consider the following tri-neuron network
with a delay:

a1 (t) = —arui(t) +wir f(ui(t)) + wiz f(uz(t))
wis f(us(t — 7)),

1.1/2(75) = —CLQUQ(t) + wglf(ul(t)) + UJQQf(Ug(t)) (1)
+was f(us(t)),

U3(t) = —agus(t) + waa f(ua(t)) + was f(us(t)),

where u; (i = 1,2, 3) is the activation of neuron 7. a; > 0(i =
1,2,3) is the decay rate of neurons, w;; is the weight of
synaptic connections from neuron j to neuron %, 7 > 0 is the
synaptic transmission delay and f(-) is the activation function.
Liu et al. [1] discussed the necessary and sufficient conditions
for Hopf bifurcation from the nonzero equilibrium of (1) by
taking the time delay as a bifurcation parameter.

The purpose is to establish the global existence of Hopf
bifurcating periodic solutions for (1) based on the Bendixson’s
criterion for high—dimensional ordinary differential equations
[8] and the global bifurcation theory due to Wu [9].
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The rest of this paper is organized as follows: in next
section, the existence of local Hopf bifurcation is stated. In
Section 3, global continuation of local existence of periodic
solutions is obtained.

II. PRELIMINARIES

For convenience, we first elaborate the stability and bifur-
cation structure for system (1), which can be found in [1].

Let E* = (u},u},u}) denote the nonzero equilibrium, the
corresponding characteristic equation at E* is in the form

b + b1)\2 + bo\ + b3 = Aei/\T, )
where b1 = a1—|—a2—|—a3—wnf/(u’{)—wggf’(ug)—w33f/(u§),
by = [aa — wazf'(uz)]lar + az — wif'(ui) —
waa f'(u3)] — wazwsa f'(u3) f'(u3) — wigwar f'(ui) f(u3),
bs = Jar — wif'(u)llae — waf'(ui)llas —
waz f'(u3)] — wazwsaf'(u3) f'(u3)lar wiy f'(uy)] -

wipwar f'(u]) f(u5)las  —  wszf'(uz)], A =
—wizwarwsz f'(ui) f'(u3) f' (u3).

If A = iw(w > 0) are characteristic roots, then we can
rewrite (2) in terms of

WO 4 (b — 2by)w 4 (b3 — 2b1b3)w? + b3 — A% = 0.

Lemma 2.1. Let d; = b%*?bg, do = b%*lebg, ds = b%*AZ,
A = 2d3—5-d3d3+ 5-dids — 2dydads+d3. Suppose d3 > 0
and make the following assumptions:

(H1) dy <0, dy >0, d? > 3da, A < 0;

(H2) dy <0, A <0;

(H3) 3d3 > d3;

(H4) 3dy = d?;

(H5) d? > 3dsy, A > 0;

(H6) d? > 3dy, A <0, dy >0, dg > 0.
If either (H1) or (H2) holds, then (2) has a pair of purely imag-

1

. . bs—biw? .
inary roots iwg when 7 = 7; = _- |arccos BLE 4w,

7 =0,1,2,....If one of (H3), (H4), (HS) and (H6) is satisfied,
then equation (2) has no purely imaginary root.
Lemma 2.2. % > 0.

T=T;
Theorem 2.3. If one of (H?;), (H4), (H5) and (H6) is satisfied,
then equilibrium E* of (1) is stable for any 7 > 0. If either
(H1) or (H2) holds, then E* is locally asymptotically stable
when 7 € [0, 70) and unstable when 7 > 7, Hopf bifurcation
occurs as 7 passes through 7.
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III. GLOBAL EXISTENCE OF PERIODIC SOLUTIONS

In this section, we shall show the global continuation of
positive periodic solutions bifurcating from the equilibrium
E,.. Throughout this section, we closely follow the notation in
[9] and make the following definitions

X =C([-,0], R3)7

Y =Cl{(z,1,p) : (z,7,p) € X xRy xRy, zisap—
periodic solutions of (1)},

A = )\d —+ blAz —+ bg)\ + b3 — Ae_’\T,
and let C(z*, 7,27 /wg) denote the connected component of
(x*, 75,27 /wp) in X, where wy and 7; are defined in Lemma
2.1.

Lemma 3.1. If f(-) is bounded, then all periodic solutions of
(1) are uniformly bounded.

Proof. Let ¢ = min{ay,as,a3}, f(-) < L, M >
max{l, 3L(w1+w2+w3)/a}, wp = max{\wu |, |11)12|7 |’LU13‘},
We = and
r(t) = /u3(t) + u3(t) + u3(t). Differentiating r(¢) along a
solution of (1) we have

i) =

[—arui(t) +wiua (t) f(ua (t) +

(ﬁ)

)
+worug(t) f(ur(t)) + wagua(t) f (ua(t)) +
w23u2(t)f(U3( )) - a3u3( + w32u3(t)f(u2(t))
+wszus(t) f(us(t))]
% [—a(ui(t) +u3(t) + u(t) + 3L(w:|ui (t))|
Fwa|ug (t)] + wslus(t)])] .

If there exists tg > 0 such that r(tg) = A > M and from
the inequality wi|ui| + wa|us| + wslug| (w1 + wy +

w3)\/u? + uz + u3, then we get

o) < L
= —aA+3L(w +ws + ws)

< 0.

It follows that if u(t) = (u1(t), u2(t),us(t)) is a periodic
solution of (1), then r(¢t) < M for any ¢ > 0. Hence, the
periodic solutions of (1) are uniformly bounded.

For simplicity, we make the assumption as follows:

(H7) There exist positive constants « and (3, such
that  sup,eg {—(a1 + az) + wur|f/(wa)| + waol f' (uz) [+
Fwas|f'(us)] + aws|f(us)l, —ar + wi|f'(ui)|] +
waa| ' (u2)| + Bwsa| ' (u2)| + waalf'(ug)], —(az + as) +
waa| ' (uz)| + wss| f'(us)| +Fwalf (ur) p <0.

Lemma 3.2. If (H7) is satisfied, then (1) has no nonconstant
T—periodic solution.

Proof. For contradiction, we suppose that system (1) has
nonconstant 7—periodic solutions, then the following ordinary
differential system has nonconstant periodic solutions:

U1 (t) = —arur () + win f(ur (t)) + wiaf(ua(t))
+wiz f(us(t)),

Ug(t) = —agua(t) +war f(ui(t)) + waaf(ua(t))  (3)
+was f(us(t)),

U3(t) = —agus(t) + waa f(ua(t)) + was f(us(t)).

IA

—aA? + 3AL(UJ1 + wo + ’w3)]
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d+
wigur (t) f(uz(t)) + wizur () f(us(t — 7)) — azu3(t) ot

Denote v = (uy,uz,u3)?, F(ui,us,us3) (—ar1u; +
wir f(ur) + w12f(U2) + wldf(ud) —agug + war fur) +
wos f(u2) + waz f (u3), —azus + wsa f (u2) +wss f(us))”. We
have the second additive compound matrix [8] as follows

oF2l ar waz ' (u3) *w13f/(u3)
e waa ' (u2) a22 —ay + waz f'(uz)
0 war f'(u1) ass

The second compound system takes the form

7%’1 gF [ =
29 = Z2
Z3 Ou 23

Let W(z) = max{«a|z1|, 8|22], |23}, « > 0,8 > 0. Direct
calculation leads to the following inequalities
d+

—alz(t)] <

pm —(a1 + ag)alz1| + (wir| f'(u1)]

% was ' (us)| 8|22

Fwaa|f (uz)|)ar 21| + 3

+awss|f' (us)||23].

Blza(t)] < —(a1 + a2)Blza| + (wir|f (u1)]

Fumlf () Bzl + Dol /()
+(az + waz| f'(u2)]) |23

+
C:Tt|z3(t)| < —(ag + a3)|z3] + (waal f'(u2)| 4+ wss| f' (uz)])] 23]
gl ) Bl
Therefore,
d+
—W(2(t)) < u(t)W(2(1)),
where p(t) = max{—(a1 +az) +w11|f (u1)| +woz|f (u2)|+

Fwas|f'(us)] 4+ awsis|f'(us)],—ar + winlf(w)] +
was| f'(ua)| + Zwsa| f'(uz)| + waa| '(u2)], —(az + az) +
waz|f'(u2)| + was|f'(us)| swa2|f'(ur)}. By (H7),
there exists 6 > 0 such that p(t) < —3§ < 0. Hence
W(z(t)) < W(z(s))e ?t=*) when t > s > 0. This
establishes the equiuniform asymptotic stability of the second
compound system. This completes the proof.
Theorem 3.3. If f(-) is bounded and (H7) holds, either (H1)
or (H2) holds, then periodic solutions bifurcating from positive
equilibrium of (1) still exist for 7 > 7, 7 =0, 1, 2,
Proof. It is only need to prove that the projection of
C(x+,7j,2m/wy) onto T—space includes [7;,00) for each
Jj=0.

From Lemma 2.1 and 2.2, there exist ¢ > 0, 6 > 0 and a
smooth curve A : (7; — d,7; +6) — C, such that

AN(T)) =0, |N7T)—iwo| <&,
for all 7 € [1; — d,7; + 4] and
. dRe(A(7))
A1) = _— 0
(15) = iwo, a7 . >
994 1SNI1:0000000091950263
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Define Q. = {(u,p) : 0 < u <eg,|p—2m/wy| < e}. It is not
difficult to show that if |7 — 7;| < ¢ and (u,p) € €, then
A(zy, 7,p) (u+ 2imm/p) = 0 if and only if u = 0,7 =
7;,p = 2m/wg. This verifies the assumptions (A1)—(A4) in
[9] for m = 1.

Moreover, putting

2 2
H* (.Z'*,Tj, 77) (u,p) = Az, 75 £6,p) (u—i-i?T) ,
wo p

then we can compute the crossing number of the isolated
center (x,7j,2m/wg) as follows

27 _ 27
i (.’L'*,’Tj, WO) degB (H <$*7Tja UJ()) 7Q€>
2
—degp (HJr (.%'*77']', W) ,QE>
wo

= -1,

where deg; denotes the Brouwer degree. Then we have

>

(#,7,p)EC(z+,75,2m/wo)

y(&,7,p) <O0.

Therefore, from Theorem 3.3 in [9], the connected component
C(x4,7j,2m/wp) in ¥ is unbounded.

Lemma 3.1 implies that the projection of C(z., 7j, 27 /wp)
onto z—space is bounded. From the definition of 7;, we know
that 0 < 27/wy < 7; when j > 0. Then the projection onto
p—space is also bounded.

Besides, the projection of C'(z.,7;,27/wy) onto T—space
is bounded below due to Lemma 3.2. This means that the pro-
jection of C'(x., 7, 2w /wp) onto T—space must be unbounded
and includes [7;, 00). As a result, bifurcating periodic solutions
of (1) still exist when 7 is far away from the first critical value
T0-

IV. CONCLUSION

This paper proves the global existence of Hopf bifurcation
for a tri-neuron network with time delay. The main theorem
shows that local bifurcation may mean the global bifurcation
under certain condition. Moreover, the activation function in
neural network is usually hyperbolic tangent and the condi-
tions of Theorem 3.3 can be satisfied. Thus, the results are
new and complement previously known results.

REFERENCES

[1] Xiaoming Liu, Xiaofeng Liao. Necessary and sufficient conditions for
Hopf bifurcation in tri-neuron equation with a delay. Chaos, Solitons
and Fractals, 40(2009), 481-490.

[2] P D Gupta, N C Majee, A B Roy. Stability, bifurcation and global
existence of a Hopf-bifurcating periodic solution for a class of three—
neuron delayed network models. Nonlinear Analysis, 67(2007), 2934—
2954.

[3] Bingji Xu, Xinzhi Liu, Xiaoxin Liao. Global asymptotic stability of high—
order Hopfield type neural networks with time delays. Computers and
Mathematics with Applications, 45(2003), 1729-1737.

[4] Qiang Zhang, Xiaopeng Wei, Jin Xu. Global asymptotic stability of
Hopfield neural networks with transmission delays. Physics Letters A,
318(2003), 399-405.

[5] Bingwen Liu, Lihong Huang. Existence and exponential stability of
periodic solutions for cellular neural networks with time—varying delays.
Physics Letters A, 349(2006), 474—-483.

International Scholarly and Scientific Research & Innovation 5(7) 2011

[6]

[71

[8]
[9]

995

Bingwen Liu, Lihong Huang. Existence and exponential stability of
almost periodic solutions for cellular neural networks with time—varying
delays. Physics Letters A, 341(2006), 135-144.

Chunrui Zhang, Baodong Zheng. Hopf bifurcation in numerical approx-
imation of a n—dimension neural network model with multi-delays.
Chaos, Solitons and Fractals, 25(2005), 129-146.

M Y Li, J Muldowney. On Bendixson’s criterion. Journal of Differential
Equations, 106(1993), 27-39.

Jianhong Wu. Symmetric functional differential equations and neural
networks with memory. Transactions of the AMS, 350(1998), 4799-4838.

1SN1:0000000091950263



	v79-1.pdf
	v79-2.pdf
	v79-3.pdf
	v79-4.pdf
	v79-5.pdf
	v79-1.pdf
	v79-2.pdf
	v79-3.pdf
	v79-4.pdf
	v79-5.pdf
	v79-6.pdf
	v79-7.pdf
	v79-8.pdf
	v79-9.pdf
	v79-10.pdf

	v79-6.pdf
	v79-7.pdf
	v79-8.pdf
	v79-9.pdf
	v79-10.pdf
	v79-11.pdf
	v79-12.pdf
	v79-13.pdf
	v79-14.pdf
	v79-15.pdf
	v79-16.pdf
	v79-17.pdf
	v79-18.pdf
	v79-19.pdf
	v79-20.pdf
	v79-21.pdf
	v79-22.pdf
	v79-23.pdf
	v79-24.pdf
	v79-25.pdf
	v79-26.pdf
	v79-27.pdf
	v79-28.pdf
	v79-29.pdf
	v79-30.pdf
	v79-31.pdf
	v79-32.pdf
	v79-33.pdf
	v79-34.pdf
	v79-35.pdf
	v79-36.pdf
	v79-37.pdf
	v79-38.pdf
	v79-39.pdf
	v79-40.pdf
	v79-41.pdf
	v79-42.pdf
	v79-43.pdf
	v79-44.pdf
	v79-45.pdf
	v79-46.pdf
	v79-47.pdf
	v79-48.pdf
	v79-49.pdf
	v79-50.pdf
	v79-51.pdf
	v79-52.pdf
	v79-53.pdf
	v79-54.pdf
	v79-55.pdf
	v79-56.pdf
	v79-57.pdf
	v79-58.pdf
	v79-59.pdf
	v79-60.pdf
	v79-61.pdf
	v79-62.pdf
	v79-63.pdf
	v79-64.pdf
	v79-65.pdf
	v79-66.pdf
	v79-67.pdf
	v79-68.pdf
	v79-69.pdf
	v79-70.pdf
	v79-71.pdf
	v79-72.pdf
	v79-73.pdf
	v79-74.pdf
	v79-75.pdf
	v79-76.pdf
	v79-77.pdf
	v79-78.pdf
	v79-79.pdf
	v79-80.pdf
	v79-81.pdf
	v79-82.pdf
	v79-83.pdf
	v79-84.pdf
	v79-85.pdf
	v79-86.pdf
	v79-87.pdf
	v79-88.pdf
	v79-89.pdf
	v79-90.pdf
	v79-91.pdf
	v79-92.pdf
	v79-93.pdf
	v79-94.pdf
	v79-95.pdf
	v79-96.pdf
	v79-97.pdf
	v79-98.pdf
	v79-99.pdf
	v79-100.pdf
	v79-101.pdf
	v79-102.pdf
	v79-103.pdf
	v79-104.pdf
	v79-105.pdf
	v79-106.pdf
	v79-107.pdf
	v79-108.pdf
	v79-109.pdf
	v79-110.pdf
	v79-111.pdf
	v79-112.pdf
	v79-113.pdf
	v79-114.pdf
	v79-115.pdf
	v79-116.pdf
	v79-117.pdf
	v79-118.pdf
	v79-119.pdf
	v79-120.pdf
	v79-121.pdf
	v79-122.pdf
	v79-123.pdf
	v79-124.pdf
	v79-125.pdf
	v79-126.pdf
	v79-127.pdf
	v79-128.pdf
	v79-129.pdf
	v79-130.pdf
	v79-131.pdf
	v79-132.pdf
	v79-133.pdf
	v79-134.pdf
	v79-135.pdf
	v79-136.pdf
	v79-137.pdf
	v79-138.pdf
	v79-139.pdf
	v79-140.pdf
	v79-141.pdf
	v79-142.pdf
	v79-143.pdf
	v79-144.pdf
	v79-145.pdf
	v79-146.pdf
	v79-147.pdf
	v79-148.pdf
	v79-149.pdf
	v79-150.pdf
	v79-151.pdf
	v79-152.pdf
	v79-153.pdf
	v79-154.pdf
	v79-155.pdf
	v79-156.pdf
	v79-157.pdf
	v79-158.pdf
	v79-159.pdf
	v79-160.pdf
	v79-161.pdf
	v79-162.pdf
	v79-163.pdf
	v79-164.pdf
	v79-165.pdf
	v79-166.pdf
	v79-167.pdf
	v79-168.pdf
	v79-169.pdf
	v79-170.pdf
	v79-171.pdf
	v79-172.pdf
	v79-173.pdf
	v79-174.pdf
	v79-175.pdf
	v79-176.pdf
	v79-177.pdf
	v79-178.pdf
	v79-179.pdf
	2Edison Muzenda.pdf
	2Z. Pooranian.pdf
	A. Benhizia.pdf
	A. Derardja r.pdf
	A. Derardja.pdf
	A. G. Silva Sobrinho.pdf
	A. Maruta.pdf
	A.H.Sajedi Pour.pdf
	A.K.BHANDARI.pdf
	A.L.Deghal.pdf
	Ali Baladi.pdf
	Ali Reza Sahab.pdf
	ALI SAMADI AFSHAR.pdf
	Amir Gholami Pastaki.pdf
	An Luling.pdf
	Andras Szekrenyes.pdf
	Athanasios T.pdf
	Avadhesh Yadav.pdf
	Ayo S. Afolabi.pdf
	Azmi Zakaria1.pdf
	Basant Kumar1.pdf
	Berna Ulutas.pdf
	Bum-June Seo.pdf
	Byung-Ju Kim.pdf
	BYUNG-SOO.pdf
	C. A. Gilkeson.pdf
	C. Alexandru.pdf
	Chang Soo Kang.pdf
	Chien-Chun Kung.pdf
	Christopher C.pdf
	Ciceron Berbecaru1.pdf
	D. Im.pdf
	D.Toghraie.pdf
	Danielle Reichel.pdf
	David Lávicka.pdf
	De Lellis.pdf
	Devesa-Rey.pdf
	Ding Guo-hao.pdf
	Dmitry S. Sitnikov.pdf
	E.Assareh.pdf
	E.V. Butila.pdf
	Edison Muzenda.pdf
	ENSONNNC. C. Su.pdf
	Esmaeil Poursaeidi2.pdf
	Esmaeil Poursaeidi.pdf
	Ezgi Dündar-Tekkaya.pdf
	F. Karami.pdf
	Fahimeh Golestani.pdf
	Fariba Jafari.pdf
	Gholamreza Habibi.pdf
	Golnaz Rezai.pdf
	Golubeva.pdf
	H. Sajjadi.pdf
	H. V. Chen.pdf
	hanieh panahi paper.pdf
	Haoyu Ma.pdf
	Hongyu Wei.pdf
	Hsiu-hui Lin.pdf
	HYUNG-TAEKpdf.pdf
	Ifeyinwa E.pdf
	Ingy A. El-Khouly.pdf
	J. Hassan.pdf
	J. Hodicky.pdf
	J. Skrovan.pdf
	Jana Doležalová.pdf
	Javad Marzbanrad.pdf
	Jay M. Joshi.pdf
	Jeeoot Singh.pdf
	Jianfeng Li.pdf
	Jihyung Kim.pdf
	Jong-Won Lee.pdf
	Kambiz Tahvildari.pdf
	Kamran Safavi.pdf
	Karam Y.pdf
	Kibaek Kim.pdf
	Kyoungjin Kim.pdf
	Leila Vafajoo.pdf
	Li-Chung Su.pdf
	Liu Jian-xia.pdf
	lJianfeng Li.pdf
	Lobat Taghavi.pdf
	M. AlSawalha.pdf
	M. Daoudi.pdf
	M. H. Nagrial.pdf
	M. K. Bhatt.pdf
	M. Khalid Imran.pdf
	M.N. KHAN.pdf
	M.R. Ebrahimi.pdf
	Madihah Mohd Saudi.pdf
	Manasi Pathade.pdf
	marco.pdf
	Marius Gheju.pdf
	Michaela Skulinova.pdf
	Michal Javornik.pdf
	Mihai Lungu.pdf
	Mikhail Semenov.pdf
	Mikko Mäkelä.pdf
	Ming-Hsun Tsai.pdf
	Minsu Seol.pdf
	M-J. Huang.pdf
	Mohamad Mahdavi.pdf
	Mohammad Mirabi.pdf
	Mohammad Najafi Nobar.pdf
	Monika Neda.pdf
	Morteza Abbaszadeh.pdf
	Motalleb Byzedi.pdf
	Muniyandy Elangovan.pdf
	N. Aldea.pdf
	N. Benachour.pdf
	N. Dahbi2.pdf
	N. Dahbi3.pdf
	N. Dahbi.pdf
	N. Khatiashvili.pdf
	N. Poomsa.pdf
	Nahid Ghasemi.pdf
	Nao-Aki Noda.pdf
	Nebojsa B. Raicevic.pdf
	Neslihan Yuca 2.pdf
	Neslihan Yuca.pdf
	Nisar Ahmed Memon.pdf
	Noor Asma Husain.pdf
	Noor Azlina Mohd Salleh.pdf
	Nor Maniha Abdul Ghani.pdf
	P I Jagad.pdf
	P. Heribanová.pdf
	P. K. Padhy.pdf
	P.M. Álvarez.pdf
	Pham Thu Thuy.pdf
	Phoevos K. Koukouvinis.pdf
	PoiSim Khiew.pdf
	Qimin Yang.pdf
	R. Hosseini.pdf
	R. Sahraian.pdf
	Raoudha CHAABANE.pdf
	Riki Mukhaiyar.pdf
	Rincon L. David.pdf
	ROMAN-NOVAK.pdf
	Ruili Zhou.pdf
	S.Asadi.pdf
	Said Rabah Azzam.pdf
	Sandra Ondrušová.pdf
	Saqib Mahmood,.pdf
	Seyed Fazel Ziaei Asl.pdf
	Shakila Motamedi.pdf
	Shan Ding.pdf
	Shuenn-Yih Chang.pdf
	Shweta Shah.pdf
	Sohrab Khanmohammadi.pdf
	Songtao Wu.pdf
	Sreedevi Radhakrishnan.pdf
	Susana G.pdf
	T.K. Tan.pdf
	TABLOBahareh Amirjabbari.pdf
	Tadashi Watanabe.pdf
	Tanveer A. Khan.pdf
	V. K. Singh.pdf
	V. Rednic.pdf
	Wajdi Ghezaiel.pdf
	Wang Wen-long.pdf
	Wei Chen.pdf
	Wen-Chi Hung.pdf
	Wen-liang Chen.pdf
	Wenyu Song.pdf
	Xiaochuan Chen.pdf
	Y. H. Tsai.pdf
	Y. J. Huang2.pdf
	Y. J. Huang.pdf
	Y. Outaleb.pdf
	Y. Rostamiyan.pdf
	Yang Xiaoliang.pdf
	Yen-Yu Chen.pdf
	Yeon-kug Moon.pdf
	Yu Zhang.pdf
	Yung-Yuan Hsu.pdf
	Z. Pooranian.pdf
	Z. Veselý.pdf
	Zia Abbas.pdf
	Zilong He.pdf
	Zongqing Lu.pdf

	v79-180.pdf
	v79-182.pdf
	v79-195.pdf

