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Abstract

The paper reports on an iteration algorithm to compute asymptotic solutions at any order for a wide class of nonlinear
singularly perturbed difference equations.
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1. Introduction

There is a growing interest in difference equations because of their applications in modern sciences
and computer control. Various researchers have been interested in analyzing the asymptotic behavior of
perturbed difference equations, they proposed methods that can be subdivided into two aspects. The mul-
tiple scales perturbation method for ordinary difference equations introduced in 1977 by Hoppensteadt
and Miranker [2], a formal technique which has been improved by Horssen et al. [8, 12]. The second
method is the singular perturbation method proposed in 1976 by Comstock and Hsiao [1] for a linear
second order equation defined over a finite interval, these authors presented the zeroth order solution
as a composition of an outer solution and a boundary layer correction solution; their method followed the
theory of singular perturbations for ODES. Naidu and Rao [7] have heuristically extended this procedure
to higher order equations and have given a lot of applications to discrete control problems while Jodar
and Morera [3] studied linear systems of second order difference equations. Some particular cases of non-
linear second order equations have been examined by Reinhardt [9] and Suzuki [11]. Kelley [4] studied
a general second order model with a right-end perturbation; his method is given for zeroth and first order
of approximation but higher order approximations have not been made explicitly. In [10, 13], we have
elucidated that we could define homogeneous asymptotic expansions for singularly perturbed difference
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equations bypassing the correction terms and we gave applications to control problems in [14-17]. Re-
cently in [18, 19], we used this homogeneous method for a class of nonlinear equations giving explicitly
asymptotic solutions up to any order. The plan of this paper is to extend this procedure based on Faa Di
Bruno formula [6] and contraction mapping principle, to a wide class of nonlinear singularly-perturbed
difference equations. In the next Section, we introduce a nonlinear model with left-end perturbation, we
describe an iterative algorithm to compute asymptotic solutions of a boundary value problem. Section
3, is reserved to another kind of perturbation said right-end perturbation, an analogous method is briefly
exposed. Finally the paper ends in Section 4 with a concise conclusion.

2. Left end perturbation

Let In = {0,1,---,N}, N € N*; N* denote the set of positive integers. We assume that (X, ||.||) is
a Banach space, F(In, X) is the space of all mappings of I into X, and the mapping f : F(In, X)TH x
(—1,1) x In — X, is n-differentiable in its arguments. We consider the difference equation

fx(t),x(t+1),...,x(t+1—1),ex(t+71),¢,t) =0, teln_, (2.1)
subject to the multipoint boundary-value conditions
x(0) = ao(e), x(1) = xq(€), ..., x(r—2) = ar_2(€), x(N) = B(e). (2.2)
We assume that for [¢| < 8 < 1, ax(e) and B(e) have the asymptotic representations
oe(e) = al® +eal + o penal™, Ble) = BO 4 epM 4o enp),

In the singularly perturbed model (2.1) the small parameter ¢ is assigned to the term of highest order,
i.e., x(t + 1), in the literature it is called a left-end perturbation. In this section, for the BVP (2.1)-(2.2), we
study the existence and uniqueness of a solution x(t, ¢),t € I, and we show how to compute recursively
the coefficients of its asymptotic development

x(t,e) = x(t) ) +ex(t) M + e2x (1)@ + - 4 e™x(t) ™ + O(e™). (2.3)

ko+ky+-t+kp f(

X0X1eXp) By plopk. L pPy,

In what follows, we will denote the partial derivative T .
%y 0%, 1 9y

2.1. Reduced Problem

As for the singular perturbation theory of differential equations, it is assumptive that the singular
nature of difference equations containing a small parameter is simply caused by a reduction of its order
when the parameter is canceled. In the reduced problem

f(x(t),x(t+1),...,x(t+r—1),0,0,t), t=0,1,...,N—r,

24
x(0) = o0, x(1)=ol®,..., x(r—2)= ¥, @4)

x(N) =p, (2.5)

the order of the difference equation is equal to r —1, the problem displays a boundary layer behavior at
the endpoint, i.e., the values x(0), x(1),..., x(N — 1), can be calculated regardless of the final condition
(2.5). Seeing that the boundary conditions are uncoupled, we will only have to solve recursively the initial
value problem (2.4). The following hypothesis guarantee that the reduced problem (2.4)-(2.5) has a unique
solution.

H1. Suppose the range of f contains the value 0, and Vx € X,
Dy _1f (x(t),x(t+1),...,x(t+r—1),0,0,t) #0, t=0,1,...,N—r.

Proposition 2.1. If H1 holds, then problem (2.4)-(2.5) has a unique solution.



T. Zerizer, ]. Nonlinear Sci. Appl., 11 (2018), 1355-1362 1357

2.2. Preliminary results

To establish the existence of a solution as well to find approximate solutions, the BVP (2.1)-(2.2) is
converted to a system of equations depending on a parameter by denoting x = (x(0),x(1),...,x(N)), for
x € X, and writing the system (2.1)-(2.2) in the form

F:(=1,1) x XNFL 5 XN+ g (e, x) =0, (2.6)
where J (g,x) = (Fo (e,x), F1 (e,x),..., In (&,X)),
File,x) =x(t) —arle), t=0,...,7r—2,
3:t+‘r’fl (S,X) - ( ( )/ (t+1) X(t+T_1)/€X(t+T)/E/t)/

Under suitable assumptions, we can apply the classical Implicit Function Theorem [5] to (2.6). If the
hypothesis H1 is satisfied, then for a small parameter ¢, we can determine a function

d(e) = (dbole), bile), ..., dnle)),

with same regularity as J, i.e., of class C™, such that F (¢, ¢(¢)) = 0. Therefore,
f(d)t(g)/ d)t+1(£)l sy d)t+T—1(£)l Ed)t—l-f(s)/ g, t) - 0/ t= 0/ 1/ sy N —T,
dole) = xg(e), d1(e) = xi(e), ..., dr2(e) = or—2(e), dnle) = Ble).

For small |¢], to get an approximate value for the function ¢(¢), we use the Taylor/Maclaurin polynomial
expansion

2.7)

_ e doe £ Py " dn gy
Gele) = ul0) + 1 O + S5O 4k T
and we apply Faa di Bruno formula [6] to explicitly find the sequential differentiation of (2.7) to be able to
calculate the coefficients of (2.8). For making writing concise, we drop the arguments for f in the following
lemma.

(0) +O(e™tD), (2.8)

Lemma 2.2. Assume that f satisfies (2.7), and that all the necessary derivatives are defined. Then we have for
n=?2,

= 0" (e) (e PopP1 . .. PPrl
2_Dif—==—+nD, fﬁ —ZZ ZD D}t DYIf
=0 2.9)

al . Oty . at . sy o (Dha
nl T, ( ‘21;; ))qlo...(7¢ta+€il(5))qn (i ads)ﬂ( ) ¢ ¢$zi(€))qw(€(1))qn+1

+1 ’
[ HCULE e 11_[)r 0 9ij!
where the coefficients ki, qij, and p;, i = 0,...,1, 1 = 0,...,1, are all nonnegative integer solutions of the
Diophantine equations

Y S ki+2ka o+ nky =n,
0

Z—> qo+qi1+ ---+qir+qir+1=ki, i=1,...,n, 2.10)
1

Pi=dqitdq+--+dqnj, 1=01,...,7+1,

Pot+pr+--+pry1=KkKi+ka+-- -+ Ky,

iy g2 o wefix kn =0; the case kn =1 is omitted and corresponds to the left side of equation (2.9), and

(E(i)>qir+l L 1, 1: 1 \/ qiT‘+1 :0,
- 0, iz2 A Jir+1 75 0.
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Proof. Define ¢, 1(¢) := ¢, we have

di¢r+1(€) — ()= 1, i=1,
det N 0, i>2.

Expanding Faa Di Bruno’s Formula into (2.8) and noticing that for i > 1,

d' (ebicir(e)) _ dT diir(e) | didiciele)
det det—1 det 7

we obtain (2.9) by arranging the equation (2.10) so that on the left hand side, we have the terms corre-
sponding to K =1, O

2.3. Description of the method

In this section we describe an iterative process giving the coefficients of (2.3). Knowing that the coeffi-
cients of 0!'-order approximation are the solution sequence of the reduced problem (2.4)-(2.5), substituting

10 i
il Qet

xV(t41) = 0), t=0,1,...,N, 1=0,...,7 (2.11)

into (2.9), we obtain the following. For 1%t-order approximation,
T—2

Dr_ifoxV(t+71-1) == ) DifoxM(t+1) — Dfox'” (t + 1) = Dypafo, t=0,...,N—,

x1(0) = (x(()lJ, xD (1) = ocgl),..., xW(r—2) = 0417)2, xB(N) =@,
where fy shortly denotes tha value
f(x V1), xO(t+1),...,xY(t+71-1),0,0,1).

To calculate the coefficients x(1)(0),xM(1),...,xD (N =1), only the initial values are needed, the final
value x(1)(N) does not serve in this recurrence, but the 0™-order solution found from (2.4)-(2.5) are also
needed. For the 2"-order development, and with the same calculation method as for the previous step,
we have

Dy qfoxP(t+r—1)

:—Zleox (t+1) — 2D, foxV(t +1) — D2

2
2 Y DDVt + UxO (e 4 1) — D%f()(X(O)(t—i—r))

o<<igr—1 (213)

—ZD o (V) —2 Y DDV

0<1<r—1

—2D:Drpifox@(t+1) =2 Y DiDmfoxV(t+UxP(t+m), t=0,...,N—1,
0<l<mgr—1

2 2 2
x2(0) = oc(() ), x? (1) = ocg ),..., xP(r—2) = ocijz, xP(N) =,
For the n'"-order development, using the initial values

xM(0) = oc((,n), xM(1) = ocin),..., xMW(r—2) = ociT_L)z, (2.14)
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we have the recurrence formula

r—2
Dy fox™(t+r1—1) = — Z Difox™ (t+1) = nDyfox™ Y (t + 1)
1=0

DR -+ DV [Ty (Y (090 (xO e 47— 1)) 001 (x Ot 4 1)) )0 )
R [T T as! ’
wherein ) ,---)  we fix k,(l0 ) 0, and the final value remains fixed,
xM(N) =M, (2.16)

Above are the consecutive steps to compute the coeffients that make up the approximate solutions defined
by (2.3). This computation process is confirmed in the following theorem.

Theorem 2.3. If H1 holds, there exists € > 0, such that for all |e| < €, the boundary value problem (2.1)-(2.2) has a
unique solution which satisfies (2.3); where xlio), XS), xf), and x,&n), are the solutions of (2.4)-(2.5), (2.12), (2.13),
and (2.15)-(2.14)-(2.16), respectively.

Proof. Let X = (¢,x), lel < & < 1, we introduce the functional F defined by F (%) = (¢, 7 (%)), and we
denote by DF its jacobian matrix. Obviously DF is invertible at a— (O,X(O)(O),X(l)(o),...,X(N)(O)),
where x(t)(9), t € Iy, is the solution of the reduced problem (2.4)-(2.5), since from H1 we have

N—r
det DF (%) = [T Dot (171, (7, 1,0,0,4) #0.
i=0

We can choose & > 0 such that, if |x — x| < &, we have

D (%)~ DF (x©) || < | (PF (=) 17,

resulting from the continuity of DF. We denote e = %|| (DF ()2(0)))_1 |71, we can easily verify that the

mapping @~ (%) =X — (DF ()"((0)))_1 (F(%) — ) is a contraction that maps B (%%, &) to itself, when |e| < €
and ||| < e. Therefore @ has a unique fixed point ¥, which means that for T fixed, ||t|| < €, there exists
a unique ¥ such that || — %9 < & and T = F(g), i.e., F is one-to-one from F~! (B(0, ¢)) into B(0, €).

If |e] < €, obviously (,0,...,0) € B(0,¢€), there exists a unique (¢, d(e)) in B ()2(0),5,), such that
(6,0,...,0) = F(e, d(e)), dle) = (dole), ..., dn(e)). We proved that [¢] < e, there exists a unique ¢(e)
such that J(e, ¢(e)) = 0, then the boundary value problem (2.1)-(2.2) has a unique solution. Moreover,
the function ¢ is C™ (—e¢, €), as are F and F~!, and its derivatives are given in Lemma 2.2. O

The iterative problems given above are defined for any order provided f being a smooth function and
the asymptotic developments for the boundary conditions are convergent.

H2. Assume that Hoc](j)H < %, 1BV < %, A and B are constants.

Theorem 2.4. If assumptions H1 and H2 hold, and f is a smooth function, then there exists € > 0, for all |¢| < €,

that the boundary value problem (2.1)-(2.2) has a unique solution xi.(e) = Y o, snx](:t), where xlio), x](j), x](f),

and xlin), are solutions of (2.4)-(2.5), (2.12), (2.13), and (2.15)-(2.14)-(2.16), respectively.

3. Right end perturbation

In this section, we report on a model said right-end perturbation, the small parameter ¢ is assigned to
the term of lowest order, i.e., x(t),

flex(t),x(t+1),...,x(t+r—1),x(t+71),¢,t) =0, t=0,...,N—r, (3.1)

combined with the boundary conditions
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x(0) = a(e), x(N—1+2) =Br_2(e),..., x(N) = Bole), (3.2)

where [¢] < 8 <1, and «(e) and Bk (e) have the asymptotic representations

o((g) = OC(O) + 80((1) 4+t sn‘x(n)’ Bk(s) — B]io) + gﬁ]((l) 4+t snBl(cn)

We indicate directly the results, which are found by a similar technique as in previous section, the modi-
fications required are obvious and are left to the reader. In the reduced problem

xo = o9, (3.3)

f0,x(t+1),...,x(t+r—1),x(t+71),0,t)=0,t=0,1,...,N—r,
x(N=1+2) =B, x(N=1) =", x(N) = B,

involving only the final values, we compute backward the values x4, ..., xN_r41, without using (3.3); the
boundary layer behavior is located at the initial value.

(3.4)

H3. Suppose that f has range containing zero, and Vx € X, we have

D1f(0,x(t+1),x(t+2),...,x(t+7),0,t) #0.

Proposition 3.1. If H3 holds, then (3.3)-(3.4) has a unique solution.

Under some conditions, there exists an open neighborhood V(0) where a function

$(e) = (do(e), ..., dn(e)) € CT(V)

satisfies
fled(te), d(t+1,¢e),...,b(t+T1,€),6,t) =0, t=0,...,N—r,

dole) = ofe), dn_ri2(e) = Br_2(e),..., dn(e) = Bole).

The consecutive derivatives of the equation in (3.5) are given in the following Lemma.

(3.5)

Lemma 3.2. Assume that the functions ¢y and f satisfy (3.5), and that all the necessary derivatives are defined.
Then we have for n > 2,

o 1¢t om ¢t+1 DPr
Dot S +ZD e ——ZZ 2 DEDP DY
dL 1¢t( ) otde(e)vq: m . dtdbior(e)\q: ()1 qs (36)
nl [T (155 + ey t)du . (22 llily qir (2202 dir (¢ (V) dirn
1 s
H 71(1’ Hl lH]H_O ql)

where the coefficients in (3.6) are the solutions of the Diophantine (2.10); in 3 o--- 3, we fix k' =0, the case
K =1 corresponds to the left side of equation (3.6).

Therefore, from (2.3), (2.11), and (3.6), we find for the following. For 15t-order development,
x) (a) = o)
le()X (t+1) ZD[foX (t+1)— DQfQX(O)(t) —Dyyqfe, t=0,...,N—r, (3.7)

1 1 1
x(”(N—r+2)=B£_)2,---,x(”( —1)=pWM, xWN) =Y.
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For 2"-order development, we have
x(z)(O) — “(2),

Dyfox® (k4 1) Zleox (t+1) —2Dofox V()

—D2,1f0—2 ) DoDifoxV (t)x™M (t + 1) — Djfo(x? (1))

1<I<r

—ZD foxM(t+1)? =2 Y DiDrpafoxM(t+1) (3:8)
1<1<r
—2D0Dr+1fox( (1)
—2 Y DDmfxM(t+U)xP(t+m), k=0,... N-r,
I<l<mgr
x@N=—r+2) =2, xBN=-1) =7, xP(N) ="
For n'h-order order development, n > 2, we have
leQX( (t+1) Z D[foX t+ 1) — TlD()foX(nil)(t)

(3.9)

Po | Dprﬂfo H1 1 t))qu) S(x (i)(t_|_r_1))qir71(X(i)(t_l’_r))qir(éi)qih%

J— oo D T+1
% ; | HH(} qi;! /

in) -, we fix k' = 0. In the above recurrence formulas we only use the final values, the initial
values do not serve in the computation process. The iteration is done backward from the final values

KM (N=r+2) =g, xM(N=1) = p{™, x(V(N) = g, (3.10)

while the initial value remains fixed,
xM(0) = ™. (3.11)

Theorem 3.3. If H3 holds, there exists € > 0, such that for all |e| < €, the boundary value problem (3.1)-(3.2) has a
unique solution which satisfies (2.3); the coefficients xlio) , XE) , X1(<2) , and x](f), are the solutions of (3.3)-(3.4), (3.7),
and (3.8), (3.9)-(3.10)-(3.11), respectively.

For a development at any order, we need that the asymptotic developments for the boundary condi-
tions are convergent.

H4. Assume that ||aV|| < %/ Hﬁl(j)” < 51, A and B are constants.

Theorem 3.4. If H3 and H4 hold, and f is a smooth function, then there exists € > 0 such that for all || < e,

the boundary value problem (3.1)-(3.2) has a unique solution which satisfy xi(e) = Y %o s“x]((n), where the

coefficients x]io), XE), x]iz), and x](f) are the solution of the problems (3.3)-(3.4), (3.7), (3.8), and (3.9)-(3.10)-(3.11),
respectively.

4. conclusion

In this paper, we consider some boundary value problems related to a large class of singular perturba-
tion models of nonlinear difference equations. We study the existence and uniqueness of the solution and
formulate an iterative process to find approximate asymptotic solutions up to any order by combining Faa
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Di Bruno formula and the contraction mapping principle. The same procedure can be applied to initial
value problems with a left-end perturbation, or final value problems with right-end perturbation. The
singular perturbation theory developed herein shows a possibility to study models with multiple scale
parameters or singularly perturbed discrete-time systems, which may be a future research topic.

References
[1]
[2]

C. Comstock, G. C. Hsiao, Singular Perturbations for Difference Equations, Rocky Mountain J. Math., 6 (1976), 561
567. 1

F. C. Hoppensteadt, W. L. Miranker, Multitime methods for systems of difference equations, Studies in Appl. Math., 56
(1977), 273-289. 1

L. Jodar, J. L. Morera, Singular Perturbations for Systems of Difference Equations, Appl. Math. Lett., 3 (1990), 51-54. 1
W. G. Kelley, Singularly perturbed difference equations, ]. Differ. Equations Appl., 5 (1999), 97-110. 1

S. G. Krantz, H. R. Parks, The Implicit Function Theorem: History, Theory, and Applications, Birkhduser, Boston, (2003).
2.2

R. L. Mishkov, Generalization of the Formula of Faa Di Bruno for a Composite Function with a Vector Argument, Int. J.
Math. Math. Sci., 24 (2000), 481-491. 1, 2.2

D. S. Naidu, A. K. Rao, Singular Perturbation Analysis of Discrete Control Systems, Springer-Verlag, Berlin, (1985). 1
M. Rafei, W. T. Van Horssen, Solving systems of nonlinear difference equations by the multiple scales perturbation method,
Nonlinear Dynam., 69 (2012), 1509-1516. 1

H. J. Reinhardt, On asymptotic expansions in nonlinear, singularly perturbed difference equations, Numer. Funct. Anal.
Optim., 1 (1979), 565-587. 1

T. Sari, T. Zerizer, Perturbations for Linear Difference Equations, J. Math. Anal. Appl., 305 (2005), 43-52. 1

M. Suzuki, Singular perturbation for difference equations, Nonlinear Anal. Theory Methods Appl., 47 (2001), 4083—
4093. 1

W. T. Van Horssen, M. C. ter Brake, On the multiple scales perturbation method for difference equations, Nonlinear
Dynam., 55 (2009), 401-418. 1

T. Zerizer, Perturbation Method for Linear Difference Equations with Small Parameters, Adv. Differ. Equ., 11 (2006),
1-12. 1

T. Zerizer, Perturbation Method for a Class of Singularly Perturbed Systems, Adv. Dyn. Syst. Appl., 9 (2014), 239-248.
1

T. Zerizer, Boundary Value Problems for Linear Singularly Perturbed Discrete Systems, Adv. Dyn. Syst. Appl., 10 (2015),
215-224.

T. Zerizer, Problems for a Linear Two-Time-Scale Discrete Model, Adv. Dyn. Syst. Appl., 10 (2015), 85-96.

T. Zerizer, Boundary Value Problem for a Three-Time-Scale Singularly Perturbed Discrete System, Dyn. Contin. Discrete
Impuls. Syst. Ser. A Math. Anal., 23 (2016), 263-272. 1

T. Zerizer, A Class of Multi-Scales Nonlinear Difference Equations, Appl. Math. Sci., 12 (2018), 911-919. 1

T. Zerizer, A Class of Nonlinear Perturbed Difference Equations, Int. J. Math. Anal., 12 (2018), 235-243. 1


https://doi.org/10.1216/RMJ-1976-6-4-561
https://doi.org/10.1216/RMJ-1976-6-4-561
https://doi.org/10.1002/sapm1977563273
https://doi.org/10.1002/sapm1977563273
https://doi.org/10.1016/0893-9659(90)90013-2
https://doi.org/10.1080/10236199908808172
https://doi.org/10.1007/978-1-4612-0059-8
http://dx.doi.org/10.1155/S0161171200002970
http://dx.doi.org/10.1155/S0161171200002970
https://doi.org/10.1007/BFb0074760
https://doi.org/10.1007/s11071-012-0365-7
https://doi.org/10.1007/s11071-012-0365-7
https://doi.org/10.1080/01630567908816035
https://doi.org/10.1080/01630567908816035
https://doi.org/10.1016/j.jmaa.2004.10.012
https://doi.org/10.1016/S0362-546X(01)00526-0
https://doi.org/10.1016/S0362-546X(01)00526-0
https://doi.org/10.1007/s11071-008-9373-z
https://doi.org/10.1007/s11071-008-9373-z
https://doi.org/10.1155/ADE/2006/19214
https://doi.org/10.1155/ADE/2006/19214
https://pdfs.semanticscholar.org/f11e/3db68b8e89ba008e388f9c1e1b0fbdd92276.pdf
http://www.academia.edu/download/44019663/v10n2p8.pdf
http://www.academia.edu/download/44019663/v10n2p8.pdf
http://campus.mst.edu/adsa/contents/v10n1p8.pdf
http://online.watsci.org/abstract_pdf/2016v23/v23n4a-pdf/2.pdf
http://online.watsci.org/abstract_pdf/2016v23/v23n4a-pdf/2.pdf
http://www.m-hikari.com/ams/ams-2018/ams-17-20-2018/p/zerizerAMS17-20-2018.pdf
http://www.m-hikari.com/ijma/ijma-2018/ijma-5-8-2018/p/zerizerIJMA5-8-2018.pdf

	Introduction
	Left end perturbation
	Reduced Problem
	Preliminary results
	Description of the method

	Right end perturbation
	conclusion

