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Abstract. The paper describes the Hick Samuelson Keynes dynamical
economic model with discrete time and consumer sentiment. We seek to
demonstrate that consumer sentiment may create fluctuations in the eco-
nomical activities. The model possesses a flip bifurcation and a Neimark-
Sacker bifurcation, after which a stable state is replaced by a (quasi-)
periodic motion.
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1 Introduction

The empirical evidence ([2], [10], [4]) suggests that consumer sentiment influ-
ences the household expenditure and thus confirms Keynes’suspicion that consumer
7attitudes” and ”animalic spirits” may cause fluctuations in the economic activity.
Inspired by these observations, we develop a dynamic economic model in which the
agents’consumption expenditures depend on their sentiment. As particular cases, the
model contains: the Hick-Samuelson ([9]), Puu ([9]), Keynes ([11]) models, as well as
the models from [3] and [11]. The Hick and Solow models have been studied in [1]
and [5].

The model possesses a flip and Neimark-Sacker bifurcation, if the autonomous
consumption is variable.

The paper is organized as follows. In Section 2, we describe the dynamical model
with discrete time using the investment, consumption, sentiment and saving functions.
For different values of the model parameters we obtain known dynamical models.
In Section 3, we analyze the behavior of the dynamical system in the fixed point’s
neighborhood for the associated map. We establish asymptotical stability conditions
for the flip and Neimark-Sacker bifurcations. In the case of flip and Neimark-Sacker
bifurcations, the normal forms are described in Section 4. Using the QR method, the
algorithm for the determination of the Lyapunov exponents is presented in Section 5.
Finally, the numerical simulation is done.
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The analysis of the model from the present paper shows its complexity and allows
the description of the different scenarios which depend on the autonomous consump-
tion.

2 The mathematical model with discrete time and
consumer sentiment.

Let y; = y(t), t € N be the income at time step ¢ and the functions:
1. the investment function I; = I(t), t € N:

(2.1) L =v(y—1 — yr—2) —w(Yt—1 — yr—2)>, v >0,w > 0;

2. the consumption function Cy = C(t), t € N:

(2.2) Ci=a+y—1(b+¢Si—1), a>0,b>0,c>0,

where Sy = S(t) is the sentiment function given by:

1

2.3 S, = , ec[o0,1];
23) " 1t eexp(y—1 —u) 0,1

3. the saving function E; = E(t), t € N:
(2.4) E,=d(yi—2 — yt—1) + mSi—1, d>0,m >0.

The mathematical model is described by the relation:

(2.5) ye = I + Cy + Ey.

(From (2.1), (2.2), (2.3), (2.4) and (2.5) the mathematical model with discrete
time and consumer sentiment is given by:

yr=a+dy 2+ b—d)y 1+ (Y1 —yi—2) — w0y — yi—2)+
2.6 _
(2.6) CYt—1+m . teN.
1 +eexp(ys—2 — Yi—1)

The parameters from (2.6) have the following economic interpretations. The pa-
rameter a represents the autonomous expenditures. The parameter d is the control,
d € [0, 1] and it characterizes a part of the difference between the incomes obtained at
two time steps t —2 and ¢ — 1, which is used for consumption or saving in the time step
t. The parameter ¢, ¢ € [0, 1], is the trend towards consumption. The parameter m,
m € [0, 1], is the trend towards the saving. The parameter b, b € (0, 1), represents the
consumer’s reaction against the increase or decrease of his income. When the income
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(strongly) decreases, the consumer becomes pessimistic and consumes 0 < b < 1 of
his income. When the income (strongly) increases, the consumer becomes optimistic
and consumes b < b+c¢ < 1 of his income. Note that Souleles ([10]) finds, in fact, that
higher consumer confidence is correlated with less saving and increases in relation
to expected future resources. The parameters v and w, v > 0, w > 0 describe the
investment function. If w = 0 the investment function is linear. The parameter ¢,
e € [0,1], describes a family of the sentiment functions.

For different values of the model parameters, we obtain the following classical
models:

l.fora=0,b=1-5,d=0,m=0,e=0, s € (0,1) from (2.6) we obtain the
Hick-Samuelson model (]9]):

y=(1+v—8)y—1—vy—2, v>0,s€(0,1);
2. forv=w=0,e=0,m=0, (2.6) gives us the Keynes model ([9]):
Yr = d(Ye—2 — Yr—1) + a+by—1;
3. forv=w=0,e=1, (2.6) leads to the model from [3]:

CYyt—1+m
1+ exp(ye—o — ye—1)’

Y = d(Ye—2 — ye—1) + a+byr—1 + teN;

4. fora=0,b=s—-1,d=0,m=0, w=1+4wv, e =0, from (2.6) we get the Puu
model ([9]):

Y = v(yr—1 — Ye—2) — (L +0)(ye—1 — yt72)3 — (1= 8)yi—1.

3 The dynamical behavior of the model (2.6).

Using the method from Kusnetsov [6] and [7], we will analyze the system (2.6),
considering the parameter a as bifurcation parameter.
The associated map of (2.6) is F : R? — R? given by:

cy—+m
b—d d—v)z—w(y—zp3+— T
(3.1) F( Z ): at( Fo)y+d—v)z—wly—2)"+ 1+ cexp(z —y)
Yy
Using the methods from [6], [7], the map (7) has the following properties:
Proposition 1. (i) If (1+¢)(1—b) —c > 0, then, for the map (7), the fized point
with the positive components is Eqy(yo, 20), where:

(3.2) Yo = p1a + D2, 20 = Yo

and
1+¢ m

L= 0oy -2  Traa—b ¢
(i) The Jacobi matriz of the map F in Ey is given by:

(3.3) A= ( R )
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where

a11 = P3a — P4 + Ps5, Q12 = —P3a + Py
EC Em Ec

=— =d—v— - =b
p3 (14_8)21717]04 v TESE (1+€)2p2,p5 +

)

1+4¢
(iii) The characteristic equation of the matriz A is:
(3.4) A2 —an\—ape =0;
(iv) If the model parameters d, v, €, b, ¢, m satisfy the following inequality:
(3.5) (I+d—v)1+e)((1+e)(1—=b)—c)—me(l—0) >0,

then, for equation (3.4), the roots have the modulus less than 1, if and only if a €
(a1,as2), where

_ 2py—ps—1  1+psg
= 02 = ——;

3.6 a
(3.6) ! 2p3 P3

(v) If the model parameters d, v, €, b, ¢, m satisfy the inequality (3.5) and a = a1
then, one of equation (8.4)’s roots is —1, while the other one has the modulus less
than 1;

(vi) If the model parameters d, v, €, b, ¢, m satisfy the inequality (3.5) and a = ay
then, the equation (3.4) has the roots pyi(a) = p(a), pa(a) = w(a), where |u(a)| = 1.

The following statement results from Proposition 1. If the inequality (3.5) holds
and 2pys — ps — 1 < 0, then for equation (3.4), with a € (0,az2), the roots have the
modulus less than 1 and for a = as, it has the roots pq(a) = p(a), pz(a) = @(a),
where |u(a)| = 1. If the inequality (3.5) holds and 2ps —p5 — 1 > 0, then for equation
(3.4), with a € (a1,az2), the roots have the modulus less than 1 and for @ = a;, one
of equation (3.4)’s roots is —1, while the other one has the modulus less than 1; for
a = ay it has the roots p;(a) = p(a), pe(a) = fi(a), where |p(a)| = 1.

Using [8] and Proposition 1, with respect to parameter a, the asymptotical stability
conditions of the fixed point, the conditions for the existence of the flip and Neimark-
Sacker bifurcations are presented in:

Proposition 2. (i) If (1 +¢)(1 —b) —c > 0, the inequality (3.5) holds and
2p4 —ps — 1 > 0, then for a € (a1,a2) the fized point Ey is asymptotically stable.
If 14 ¢)(1 —b) — ¢ > 0, the inequality (3.5) holds and 2py — ps — 1 < 0, then for
a € (0,az) the fized point Eq is asymptotically stable;

(i) If (1 +¢e)(1 —b) —c > 0, inequality (3.5) holds and 2py —ps — 1 > 0, then
a = ay 1s a flip bifurcation and a = ay is a Neimark-Sacker bifurcation;

(i1i) If (1 +¢)(1 —b) — ¢ > 0, inequality (3.5) holds and 2ps —ps — 1 < 0, then
a = ag 18 a Neimark-Sacker bifurcation.

4 The normal form for flip and Neimark-Sacker bi-
furcations.

In this section, we describe the normal form in the neighborhood of the fixed
point Fy, for the cases a = a; and a = as.
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We consider the transformation:
(4.1) Uy =y — Yo, Uz = 2z — 20

where 1o, zo are given by (3.2). With respect to (4.1), the map (3.1) is G : R? — R?,
where

(4.2) Glu, us) = ( g1(ur, uz) )

gz(ul, U2)

and

gl(ul,ug)——?—i—(b d 4 v)ur+(d — v)uy — w(uy — ug)*+

cuy +r
1+ cexp(ug —uy)

g2(ur, u2) = u1,r = cyo + m.

The map (4.2) has O(0,0) as fixed point.
We consider:

01 on 5'2 3291

a1l = e (O 0) a12 = Ouy (O 0) lao = o a9 (0 O) li1 = EE (07 )
0%g1 P g P g

loo= l30= —= log= —5— lio=—"—

02— ou 2 (O O) 30 6’&? (0,0), 21 8’[1%811/2 (070); 12 8’&1811% (030)
83

los = ol +(0,0).

We develop the function G(u),u = (uy,u2)T in the Taylor series until the third
order and obtain:

Gu) = Au+ %B(u,u) + %C(u,u,u) +O(Jul*)

where A is given by (3.3) and

(4.3) B(u,u) = (Bl(u,v),O)T,C(u,u, u) = (C’l(u,u,u),O)T
Bt (u,u) = u” ( ;?(1) ;;; ) u,

C(u,uu) = uT (u 30 o by lo1 2 "
lor  lio lig los

For a = ay, given by (3.6) with the condition (v) from Proposition 1, we have:

Proposition 3.(i) The eigenvector q € R?, given by Aq = —q, has the compo-
nents:

g =1,¢=-1
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(ii) The eigenvector h € R?, given by hT A = —h", has the components:

1 ai12

h :77]7, = — .
! 1+aq ? 1+ ais

The relation < q,h >=1 holds.
(#ii) The normal form of the map (3.1) on the center manifold in O(0,0) is given

by:
1
n— =1+ cvn’+ 00"
where
P (I30 — 321 + 3112 — 1 )+$(l — 2031 +lg2)?
— 1+a12 30 21 12 03 1—&11—(112 20 11 02) -

The proof results from straight calculus using the formula [8]:
_ 10
v =< nCla.aa) > 1380, (1= A Ba.a) 1= (5 | ).

For a = as, given by (3.6), with condition (vi) from Proposition 1, we have:
Proposition 4. (i) The eigenvector ¢ € C? given by Aq = p1q, where py is the
etgenvalue of the matriz A, has the components:
(4.4) @ =1,q2 = p2 =py;
(ii) The eigenvector h € C? given by hT A = ush™, where py = iy is given by:
1 a12f41

hi = yhe = .
1+ pfas 1+ pfas

The relation < q,h >=1 holds.
Using (4.3) and (4.4) we have:

We denoted by:
920 = 1B (¢,9), 911 = v1B'(¢,7), go2 = v1 B' (¢, 9)

hiy = (1 —v1 —D1)g20, b1y = (1 — v1 — D1)g11, hiy = (1 — v1 — U1)go2

(4.5) 2 _ 1 2 _ 1/ —
hay = —(vip2 +01p1) B (q,q), hi; = —(vip2 +U11) B (¢, ),
h%z = —(v1p2 Jr@l#l)Bl(qa?),
~1{ hi _ Al
UJQOZ(IU,%I—A) < h%O ),wn:(I—A) 1( hél ),
20 11
(4.6)

1/ Rl
woy = (p — A) 1(/132 )
02
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1 0

where]<0 1

) and A is given by (3.3),
and
ro0 = B'(q, wa), 711 = B*(q, w11),
(4.7) Co=C"q,q,9) = lso + (1 + 2u2)lo1 + p2(p2 + 2u1) iz + 1430,
go1 = va2(r20 + 2r11 + Co).
Using the normal form for the Neimark-Sacker bifurcation of the dynamical sys-
tems with discrete time [6] and (4.5), (4.6), (4.7), we obtain:
Proposition 5. The solution of the system (2.6) in the neighborhood of the fixed
point (Yo, z0) € R™ is given by:

1
2 2 2 = 2 —2
WaoT; + Wy LTy + 5 Wo2Tt

1

Yt = Yo + ot + u1Tt + 5

. — I 1 9 j — I 1
Yt—1 = 2t = 20 + Tt + Tt + 5“1203% + w1 T Te + §w02xt

where x; s the solution of the following equation:

1 2 1 51 2
(4.8) T4l = pxt + 59203% + 91170:%¢ + 5902% + 59213%331:;

(i) A complex variable transformation exists so that the equation (4.8) becomes:
w1 = pwe + Crwi@; + O(lwi| ),
where

(4.9) o, = g20911(p2 — 3 —2m1)  |gu1/? |g20/? 921

2(p3 — p1)(pe — 1) L= 2(pf —p2) 27

(i4i) If lo = Re(e™Cy) < 0, with 0 = arg(uy1), then in the neighborhood of the
fized point (yo, z0) there is a stable limit cycle.

5 The Lyapunov exponents.

If @y > 0 then for a € (0,a1) or a € (ag,00) the system (2.6) has a complex
behavior and it can be established by computing the Lyapunov exponents.
We will use the algorithm QR from [6] and the determination of the Lyapunov
exponents can be obtained by solving the following system:
cYyr +m
= b—d d— — — )P —=
Yer1 = a+ ( Ty + (d—v)z —wly —2)° + 1+ exp(z — u0)

Zt+1 = Yt
cosTy
Tp1 = arctan | — -
fiicoszy — frosinz
A1 = At +In (|(f11 — tanziyr)coszicoswiy1 — f128inTicosryyy])
|

i1 = pe + In(|(f11 — tanzi g1 + 1)sinxicoseiyr + fracoszicosxiiq])
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with

0
Ju = aij;l(yt,zt) =b—d+v—3w(y —z)+
c+ele+m+ cyr)exp(ze — yr)
(14 eexp(zs — yi))?
df1

fiz = E@t’zt) =d—v+3w(y: — 2

) - e(m + cyr)exp(ze — yt)
(1+cexp(ze —yr))?

The Lyapunov exponents are:

A
L = lim 2% L, = lim 2.
t—oo t t—oo

If one of the two exponents is positif then the system has a chaotical behavior.

6 Numerical simulation.

Using a Maple 11 program, the numerical simulation is done. We consider dif-
ferent values for the parameters which are used in the real economic processes. The

bifurcation parameter is a.
For a =250, v = 0.1, w=0,¢c=0.1,b =045, e =1, m = 0.5 and d = 0 we
obtain Figl and Fig2, which represent the income y; and the income variation, with

respect to the income y;_1:

Fig2 (y[i-1].y[i]).i=1..n
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The system is not chaotic.
For a =250, v =0.1, w=0,¢c=0.1,b =045, e =1, m = 0.5 and d = 0.6 we
obtain Fig3 and Figd, which represent the income y; and the income variation, with

respect to the income y;_1:
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Figd (y[i-1].y[i]).i=1..n

Fig3,iy[i])
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The system is not chaotic.

For a =250, v =0.1, w=0,¢c=0.1,b=045 ¢ =1, m = 0.5 and d = 0.8 we
obtain Figh, Fig6 and Fig7, which represent the income y; and the income variation,
with respect to the income y;_; and the Lyapunov exponent. In this case the system

has a chaotic behavior.
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For different values of the parameters, we can obtain a Neimark-Sacker bifurcation
point or a flip bifurcation point and a Neimark-Sacker bifurcation point.
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