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The purpose of this contribution is to develop a method for construction of solutions
of linear discrete systems with constant coefficients and with pure delay. Solutions are
expressed with the aid of a special function called the discrete matrix delayed exponential
having between every two adjoining knots the form of a polynomial. These polynomials
have increasing degrees in the right direction. Such approach results in a possibility to
express initial Cauchy problem in the closed form.
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tribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

We use following notation: for integers s,q,s < g, we define 7%= {55+ L,...,q}, where
possibility s = —co or g = o is admitted too. Throughout this paper, using notation Z{ or
another one with a couple of integers s, g, we suppose s < g. In this paper we deal with
the discrete system

Ax(k) = Bx(k —m) + f(k), (1.1)

where m > 1 is a fixed integer, k € Zg’, B = (bj;) is a constant n X n matrix, f: Zy — R",
Ax(k) = x(k+1) — x(k), x: Z%,, — R". Following the terminology (used, e.g., in [1, 3])
we refer to (1.1) as a delayed discrete system if m > 1 and as a nondelayed discrete system
if m = 0. Together with (1.1) we consider the initial conditions

x(k) = ¢(k) (1.2)

with given ¢: 7°,, — R"™.
The existence and uniqueness of solution of the problem (1.1), (1.2) on Z%,, is ob-
vious. We recall that solution x: 7%, — R" of the problem (1.1), (1.2) is defined as an
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2 Representation of solutions of linear discrete systems

infinite sequence {p(—m),p(—m+1),...,9(0),x(1),x(2),...,x(k),...} such that, for any
k € 7§, equality (1.1) holds. Throughout the paper we adopt the customary notations
Zfzkﬂ o(i) =0 and Hf-;kﬂ o(i) = 1, where k is an integer, s is a positive integer, and “o”
denotes the function considered irrespective on the fact if it is for indicated arguments
defined or not.

1.1. Description of the problem considered. The motivation of our investigation goes
back to [10] dealing with the linear system of differential equations with constant coeffi-
cients and constant delay. One of the systems considered has the form

x(t) = Bx(t — 1), (1.3)

where t € Ry = [0,00), 7 >0, x: Ry — R", and B is an n X n matrix. For a given matrix B
we define a matrix function exp, (Bt), called delayed exponential of the matrix B:
(@ if —co<t<—1,

I if —7<t<0,

1 .
I+FBt ifo<t<r,

1 1 .
Bt .= I+FBt+EBZ(t_T)2 ifr <t<2r,

”%BH%WU—T)“ b A BK (k= 1)r]k (k=) < t<kr,

k!
) (1.4)
with null # X n matrix ® and unit n X n matrix I. We consider initial problem
x(t) = o(t), te[-1,0], (1.5)

with continuously differentiable initial function ¢ on [—7,0]. In [10], it is proved that the
solution of the problem (1.3), (1.5) can be expressed on the interval [—7, ) in the form

x(t) = eBlo(—1)+ JO BT (5)ds. (1.6)

It is easy to deduce that the delayed exponential is a useful tool for the formalizing of
computation of initial problems for systems of the form (1.3), since the usually used
method of steps (being nevertheless hidden in the notion of delayed exponential) gives
unwieldy formulas. Discrete systems of the form (1.1) containing only one delay are often
called systems with pure delay. The main goal of the present paper is to extend the notion
of the delayed exponential of a matrix relative to discrete delayed equations and give an
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analogue of formula (1.6) for homogeneous and nonhomogeneous problems (1.1), (1.2)
with pure delay.

2. Discrete matrix delayed exponential

Now we give the notion of the so-called discrete matrix delayed exponential as well as of
its main property. Before we consider an example, we make possible understanding better
the ensuing definition of discrete matrix delayed exponential.

2.1. An example. We consider a scalar discrete equation together with an initial problem

Ax(k) = bx(k — 3), (2.1)
x(=3)=x(-2)=x(—-1) =x(0) =1, (2.2)

where b € R, b # 0. Rewriting (2.1) as
x(k+1) = x(k) + bx(k —3) (2.3)

and solving it by the method of steps, we conclude that the solution of the problem (2.1),
(2.2) can be written in the form

(1 ifkez,,
1+b- (llc) ifk € 73,

1+b- (’f)+b2- (k;‘) ifk e 78,

k k-3 k-6 .
x(k)=*1+b'<1)+b2'( 5 >+b3-( 3 ) 1fk€Zéz, (2.4)

k , (k=3
1+b-<1)+b-< 5 >+

— ~-1)- B
+be'<k ‘ )3) ifk € 761t 6= 1,2,

Such expression of x serves as a motivation for the definition of discrete matrix delayed
exponential.

2.2. Definition of a discrete matrix delayed exponential. We define a discrete matrix
function exp,,(Bk) called the discrete matrix delayed exponential of an # X n constant
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matrix B:

(@ ifkez=m1,
I ifkez’,,

I+B-(II> ifk € 77m*Y,
I+B- (’;) +B?- (k_zm> ifk € Zgwn s

e _ _ (2.5)
I+B- (T) +B?%- (k 2m> +B3- (k 32m> ifk e Z;%igﬂ,

k , [k—m
oo (e (457) o

B (k - (fe‘ 1)m> ifkez " L e=0,1,2,

We underline a parallelism between the delayed exponential exp_ (Bt) of the matrix B
and its discrete analogy exp,,(Bk). Discrete matrix delayed exponential exp,, (Bk) is a
matrix function having the form of a matrix polynomial. Similarly as values of exp,(Bt)
are pasted at the boundary points t = k7, k = 0,1,..., values of exp,,(Bk) are in a sense
“pasted” at the boundary knots k = €(m + 1), € = 0,1,.... It becomes clear if we put, by
definition,

=0 (2.6)

for any nonnegative integer s. The definition of the discrete matrix delayed exponential
can be shortened as

e
= Z < J‘”’“) 2.7)

J

fork=(—-1)m+1)+1,....,8(m+1)and £ =0,1,....

2.3. Basic property of the discrete matrix delayed exponential. Main property of
exp,,(Bk) is given in the following theorem.

THEOREM 2.1. Let B be a constant n X n matrix. Then for k € 7%,

AeBF = BeBk—m), (2.8)
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Proof. Let a matrix B and a positive integer m be fixed. Then for integer k satisfying
-1)(m+1)+1<k=<et(m+1), (2.9)

in accordance with the definition of eﬁk relation,

[1+ S B ( ; l)m)] (2.10)

holds. Since AI = © we have

o ) B

Considering the increment by its definition, for example,
Bk _ B(k+1 Bk
AeBF = BktD) _ oBk (2.12)

we conclude that it is reasonable to divide the proof into two parts with respect to the
value of the integer k. One case is represented with k such that

C-1)(m+1)+1<k<k+1<e(m+1), (2.13)

the second one with k = ¢(m +1).

Thecase (£ —1)(m+1)+1<k<k+1<€(m+1). In this case

k-me[(-2)(m+1)+1,(6-1)(m+1)] (2.14)
and, by definition,
e-1 ; e-1 )
eBk-m) 1+ S B (k"”‘ G- 1)’”) =T+ B (k‘.fm). (2.15)
izl J j=1 J
We prove that

-1 k—i
AeBk = BeBlk—m) _ [1+231-( ]m)} (2.16)
j=1

J
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With the aid of (2.11) and (2.12) we get

Bk _ .B(k+1) _ Bk
AeBk = eBt1) _ oB]

:iBj_(k+1—(j—1)m>_Z€:Bj_(k—(j—l)m)

J

—ij[ (k+1-(G-Dm)!  (k=(j—Dm)! ]
- (k+1-(G—-Dm—j) (k=(—-1)m—j)!

,
3 =R (ke 1= G Dm) — (k1= G Dm )]

B (k=(j-1m)!-
_Z jlk+1-(G—-1)m— ])

LB (k=G - Dm)!
=B == Dm= (- 1))

(2.17)
Now we change the index of summation j by j+ 1. Then
.
—B[I+ZBJ-< J )] (2.18)
j=1 ]
and due to (2.15) we conclude that formula (2.16) is valid.
The case k = €(m+1). In this case we have by definition
Bk = eBe(mH) _ I+ZB] (e(m+1)—.(j— l)m)’
]
. 219)
B+ = BEm+1)+1) _ I+ZB’ (€(m+1)+1.—(]—1)m>'
J

Since

k-m=em+1)-me[(-1)(m+1)+1,6(m+1)] (2.20)
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—m)

the discrete matrix delayed exponential ebtkm i expressed by

¢ .
eBkm 1 S B (k"”‘;f‘”m). (2.21)
=1

Therefore

Aeff — e51(k+1) _ erB;lk _ ei(f(m+1)+l) _ egf(m+1)

:e+1Bj. <€(m+1)+;—(j—1)m> - iBj' <€(m+l);(j— 1)m>
j=1

GBI (em+D)+1-(j - Dm)! (e(m+1) = (j — DHm)!
_Z (m+1)+1-(G-m—j)! (E(m+1)—(—1)m—j)!

B+l (tm+1)+1—-(£+1—-1)m)!
E+1)! (m+1)+1—(£L+1-1)m—(£+1))!

—éj (e(m+1)+1—(j—1)m)! (e(m+1) = (j— 1)m)!
T (em+1)+1—(j—Dm—j)! (€m+1)—(j—1)m—j)!

B+l (tm+1)+1—¢em)!
TEr D @mA D41 —em—(e+1))! (222)

_ZBj ((m+1)—(j—1)m)!
_H jl(em+1)+1—-(G—)m—j)!

LB (emr)-GoDm)
zzﬁ(e(mﬂ)ﬂ—(j—l)m—j)!'J+Be1

& B! (e(m+1)—(j—1)m)! hl
‘B;u—n! @m+D+1-(-Dm-1 "

14 .
=B+B> B/7!. (K(m+1;:(1] - Dm) + B4,

Now we change the index of summation j by j+ 1. Then

-1 .
AeBk = B[I+ S Bi- (e(””}) _1m> +B"]. (2.23)
j=1
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With the aid of the relation k = €(m + 1) we get
-1 )
AeBk =B[I+ N (k‘m‘;f - 1)m> +BE. (k_m‘f_ 1)’”)]_ (2.24)
j=1

Finally due to (2.21),
4 .
AeBk =B [I +> B (k - _;J N 1)’”)] — BeB(k-m) (2.25)
j=1

and formula (2.16) is proved. O

Remark 2.2. Analyzing the formula (2.8) we conclude that the discrete matrix delayed
exponential is the matrix solution of the initial Cauchy problem

AX(k) = BX(k-m), kelZy,

X(k)y=1, keZ°,. (2.26)

So we have X (k) = exp,,(Bk), k € 2%,,.
3. Representation of the solution of initial problem via
discrete matrix delayed exponential

In this section we prove the main results of the paper. With the aid of discrete matrix
delayed exponential we give formulas for the solution of the homogeneous and nonho-
mogeneous problems (1.1), (1.2).

3.1. Representation of the solution of homogeneous initial problem. Consider at first
homogeneous problem (1.1), (1.2)

Ax(k) = Bx(k—m), keZg, (3.1)
x(k)=o(k), keZ°,. (3.2)

THEOREM 3.1. Let B be a constant n X n matrix. Then the solution of the problem (3.1),
(3.2) can be expressed as

0 .
x(k) = Brp(=m)+ > en " ag(j-1), (3.3)
j=—m+l

where k € 7%,,.

Proof. We are going to find the solution of the problem (3.1), (3.2) in the form

0 .
x(k)=eBC+ S en " Iay(j-1), kez®,, (3.4)

j=—m+l
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with an unknown constant vector C and a discrete function y : Z°,, — R". Due to linear-
ity (taking into account that k varies), we have

0 .
Ax(k):A[ef;fm > effkmj)m//(j—l)}

j=-m+1

O "
=aefkc+ > Alen " ay(i-1)] (3.5)

j=—m+l

0 .
Al ]C+ S Alen Ay - 1).

j=—-m+l
We use formula (2.8):

0 .
Ax(k) = BeB*=mC 4 Z Befn(kfszj)m//(j -1)

j=—m+l

O .
:B[eﬁ<k’”>c+ > eﬁ(k_zm_])Aw(j—l)}.

j=—m+l

(3.6)

Now we conclude that for any C and y the relation Ax(k) = Bx(k — m) holds. We will try
to satisfy the initial conditions (3.2). Due to (3.1), we have

0 .
Bl S e Ay - 1) = x(k - m). (3.7)
j=—m+l

We consider values k such that k — m € 7°,,,. Simultaneously we change the argument k
by k + m. We get

0 .
eCr S e Ay -1) = (k) (3.8)
j=—m+l
for k € Z°,,. We rewrite the last formula as
k B(k i O Bk i
BCt S e " ayi-1+ S e " ap(i-1) =gk).  (3.9)
j=-—m+l j=k+1
Due to the definition of the discrete matrix delayed exponential, the first sum becomes
k " ) k
-—m-— . .
> oem UAy(j-1= > Ay(i—1)=y(k)—y(-m) (3.10)
j=-m+l j=—-m+1
and the second one turns into zero vector. Finally, since

k=1, kez°,, (3.11)
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relation (3.9) becomes

C+y(k) —y(-m) = o(k) (3.12)

and one can define
(k)= gk), ke Ci=y(-m)=p(-m). (3.13)
In order to get formula (3.3) it remains to put C and y into (3.4). O

Example 3.2. Let us represent the solution of the problem (2.1), (2.2) with the aid of for-
mula (3.3). Inthiscasem =3, n=1,B =b, p(=3) = 1, Ap(-3) = Ap(=2) = Ap(-1) =0,
and for k € Z%;, we get

0
x(k) =B p(—m)+ > e " agp(j-1)
j—fm+1

(3.14)

= efFo(- Z e P Ag(j 1) = ek,
j=-2

This formula coincides with corresponding formula given in Section 2.1.

3.2. Representation of the solution of nonhomogeneous initial problem. We consider
the nonhomogeneous problem (1.1), (1.2)

Ax(k) = Bx(k —m)+ f(k), keI, (3.15)
x(k) = (k), ke, (3.16)

We get this solution, in accordance with the theory of linear equations, as the sum of the
solution of adjoint homogeneous problem (3.1), (3.2) (satisfying the same initial data)
and a particular solution of (3.15) being zero on initial interval. Therefore we are going
to find such a particular solution. We give some auxiliary material.

Definition 3.3. Let a function F(k,n) of two discrete variables be given. The operator Ag
acting by the formula

ArF(k,n):= F(k+1,n) — F(k,n) (3.17)

is said to be a partial difference operator, provided that the right-hand side exists.

In the following formula (which proof is omitted) we suppose that all used expressions
are well defined.

LEMMA 3.4. Let a function F(k,n) of two discrete variables be given. Then

k

k
Ak[zF(k,j)} =F(k+1,k+1)+ > AF(k, ). (3.18)

j=1
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Now we are ready to find a particular solution x,(k), k € Z%,,, of the initial Cauchy
problem

Ax(k) = Bx(k —m) + f(k), ke Zzf, (3.19)
x(k)=0, keZ°,. (3.20)

TuEOREM 3.5. Solution x = x,,(k) of the initial Cauchy problem (3.19), (3.20) can be rep-
resented on Z%,, in the form

em "V f(j-1). (3.21)

M»

xp(K) =

j=1

Proof. We are going to find particular solution x, (k) of the problem (3.19), (3.20) fol-
lowing the idea of the method of variation of arbitrary constants (see, e.g., [1]) in the
form

km])

\|Ma~

xp(k) = (3.22)

where w: Z7 — R" is a discrete function. We put (3.22) into (3.19). Then

[Z e "y } [Z S )}+f(k). (3.23)

With the aid of (3.18) we obtain

k k—m )
Bkt D)=m=(k+1) (ke + 1) + k " =B ei(k_zm_])w |+ fk).
m w(j) (j) |+ f(k)
j=1 j=1
(3.24)
Using formula (2.8) we get
Aebkmm=i) _ peBlk=2m=j) (3.25)
and the last relation becomes
. k- < B(k-
BCMe(k+1)+ B Z ey [Z ey }+f(k. (3.26)
Since efn =T and
K B(k—2 o Blk—am-j d B(k—2m—j
Slem Vol = S lem "o+ Y fen Vo), (327)

j=1 j=1 j=k—m+1
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where due to the definition of the discrete matrix delayed exponential

el =@, jerk ., (3.28)
the relation (3.26) turns into
Bk j = Bk
wk+1)+B > [en " w(j)] = B[ em2m=i) ] + f(k). (3.29)
j=1 j=1
We define
w(k):=f(k-1), kezy, (3.30)
and we put this function into (3.22). This ends the proof. O

Collecting the results of Theorems 3.1 and 3.5 we get immediately the following.

THEOREM 3.6. Solution x = x(k) of the problem (1.1), (1.2) can be on Z%,, represented in
the form

0
x(k) = Brop(-m)+ > en " ap(i-1) +Ze(k "D EG - 1. (3.31)

j=-m+l j=1
Example 3.7. Let us represent the solution of the problem

Ax(k) = bx(k—3)+k+1,

x(=3) =x(-2) = x(-1) = x(0) = 1, (3.32)

b # 0, b € R, by formula (3.31). Taking into account the representation of the solution of
the problem (2.1), (2.2) given in Example 3.2, we get (in our case f (k) :=k+1)

=~

0
x(k) = eBro(-m)+ > eptk=m=i) p p(j—1)+ z km] (j-1)

j=-m+1 j=

0 4 k ' k '
= effp(=3)+ X & ag(i -1+ X T G- = el 3 e

j=—2 j=1 j=1
(3.33)

4. Concluding remarks

Method of representation of solutions developed in the paper can be used to the inves-
tigation of some boundary value problems for linear discrete systems with constant co-
efficients on finite intervals. Moreover results obtained can be useful in investigation of
such asymptotic problems as describing the asymptotic behavior of solutions and the
investigation concerning boundedness, convergence, or stability of solutions. With the
aid of different methods (Liapunov type technique and retract principle), some of these
problems have been investigated, for example, in the recent papers [2-9, 11-13].
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