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Abstract: We study the Ulam-type stability of a generalization of the Fréchet functional equation.
Our aim is to present a method that gives an estimate of the difference between approximate and
exact solutions of this equation. The obtained estimate depends on the values of the coefficients of
the equation and the form of the control function. In the proofs of the main results, we use a fixed
point theorem to get an exact solution of the equation close to a given approximate solution.

Keywords: stability; inner product space; fixed point theorem; Fréchet equation

1. Introduction

In this paper, we study the functional equation:
A1F(x 4y +2) + AF(x) + AsF(y) + AsF(z) = AsF(x +y) + AF(x +2) + A7F(y +2), (1)

where A4, ..., A7 € Kare constants and K denotes the fields of real or complex numbers,
in the class of functions F : X — Y from a commutative group X into a Banach space Y
over the field K. This equation is a generalization of the following equation:

F(x+vy+2z)+F(x)+F(y)+F(z) =F(x+y)+ F(x+z)+ F(y + 2). )

Equation (2) was used by Fréchet [1] to obtain a characterization the inner product
spaces among normed linear spaces, and it is called the Fréchet functional equation.
For more results concerning the relationship of Equation (2) with inner product spaces,
we refer to [2-8]. Equation (1) is a linear generalization of Equation (2). A nonlinear
generalization of the Fréchet functional Equation (2) was considered in [9].

The set of solutions of Equation (1) was studied in [10]. The main result of that paper
says that if A; # Aj for some i,j € {1,...,7}, then each solution of Equation (1) such that
F(0) = 0 is an additive function. In fact, under the assumption that A; # A; for some
i,j € {1,...,7}, every solution F of Equation (1) is of the form F = a + ¢, where a is an
additive function and c is a constant.

In this paper, we investigate the problem of the stability of Equation (1) considering
possible values of coefficients A; for i € {1,...,7}. Roughly speaking, for an approximate
solution of Equation (1), we are looking for an exact solution of this equation that is close to
the given approximate solution. Some results in this direction obtained under assumptions
on some coefficients A; can be found in [10,11]. The Ulam-type stability problem for
functional, difference, differential, and integral equations was described in more detail in
the monographs [12-14] and survey papers [15,16]. For a comparison of the stability results
for functional equations related to the functional equation considered here, the reader is
also referred to [17-28].
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Equation (1) can be treated as a special case of the general linear equation. The stability
problem of the general linear equation was studied in [29-32]. In this article, we want to
look at Equation (1) in order to get estimates of the difference between approximate and
exact solutions more closely connected to the values of the coefficients of the equation and
the form of the control function.

Let us consider the following system of linear equations:

Ay + A3+ A4 =0

Al +A+A3=0

A1+Ar+ A4 =0

Al +A3+ A4 =0 3)
—Ay—As+Ag+A7=0

—Ay — Ay +A5+ A7, =0

—Asz— Ay + As+ Ag = 0.

Its matrix is the form:

0 1 1 1 0 0 07
1 1 1 0 0 0 0
1 1 0 1 0 0 0
1 0 1 1 0 0 0
0 -1 -1 0 0 1 1
0 -1 0 -1 1 0 1

0 0 -1 -1 1 1 0|

The determinant of this matrix is equal to six. Therefore, in the case where not all parameters
Aj, ..., Ay are equal to zero, at least one of the equations of System (3) is not satisfied.

In [10], the stability of Equation (1) was proven under the assumption that A, + A3z +
Ay # 0. In this paper, we consider the remaining six cases corresponding to the equations of
System (3). They can be grouped into two classes so that each would contain similar cases.
The division into classes is made due to the symmetry of substitutions for the variables
occurring in Equation (1). We formulate stability results for one case from each class.

Now, we list the appropriate substitutions, the equations obtained from Equation (1)
by using these substitutions, and the form of an operator that can be used in a proof of the
stability result corresponding to consecutive cases:

)] x=ty=t z=t

AlF(3t) + (Az + Az + A4)F(t> = (A5 + Ag + A7)F(2t), (4)
A5+ Ag + Ay Aq
Ft) = ————"-F(2t) — ————F(3t
() Ay +Az+ Ay (2t) Ar+ Az + Ay (3t)

(I x=ty=t z=—t

(A1 + Az + A3)E() + AsF(—t) = ASF(21) + (Ag + A7)F(0), 5)

As

Ft)=————F
®) A1—0—A2+A3(

(TIT) x=t y=—t, z=t

Ae + Az Ay

2t — F(—t),
R vy vy WLl vy very Wl )

(A1 + Ax+ Ay)F(t) + AsF(—t) = (As + A7)F(0) + AgF(2t), (6)

At pg)y As F(2t) — LF(—Q,
A1+ Ar + Ay A1+ Ax + Ay A1+ Ar + Ay
(Iv) x=—t y=t z=t

(A1 + Az + A4)F(t) + AzF(*f) = (A5 + A6)P(O) + A7F(2t), (7)
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As + Ag Ay Ap
F(t) = F F2t) — — 22 p(—p),
Ol vy veriy wil Ll verny verny wil C0 Rl sarny parny pli St
V) x=t y=t z=0

(Ag + A7 — Ay — A3)F(t) = (A1 — As)F(2t) + A4F(0), 8

_ A1 — As
 Ag+ Ay — Ay — As

+ =
Ag+A7 — Ay — A3

F(2t) F(0),

(A5 + A7 — Ay — Ay)F(t) = (A1 — Ag)F(2t) + A3F(0), )
Ay — Ag
F(t) =
(*) As+ A7 — Ay — Ay
(VII) x=0,y=t z=t

A3
F
R Wy v p—

F(2t) (0),

(A5 + Ag — Az — A4)F(t> = (Al — A7)F(2t) + AzF(O), (10)

_ A1 — Ay Ay
A5+ Ag— Az — Ay As+ Ag — Az — Ay

As mentioned above, Case (I) was considered in [10]. In this paper, we deal with Cases
(II) and (V) chosen from classes consisting of Cases (II)-(IV) and (V)—(VII), respectively.
The remaining cases in each class are analogous to those selected.

The proofs of our results are based on the fixed point theorem quoted below. The fixed
point approach to the Ulam-type stability problem can also be found in, e.g., [33-36].

F(t) F(2t) + F(0).

Theorem 1 ([37]). Let the following three hypotheses be valid.

(H1) S is a nonempty set; E is a Banach space; and functions fi, ..., fx : S = Sandly,..., Iy : S —
R are given, where R denotes the set of nonnegative reals.
(H2) T : ES — ES is an operator satisfying the inequality:

k
17¢(x) = Tu(x)| < ;li(x)H‘:(fi(x)) —u(fi))|,  GueExes. (1

(H3) A RS — R, is defined by:

Ad(x) == fli(x)(s(fl-(x)), seR 5, xeS.
i=1

Assume that functions e : S — R and ¢ : S — E fulfil the following two conditions:

[To(x) - p(x)|| <e(x), xe€5, (12)
e (x) = i A"¢e(x) < oo, x €S. (13)
n=0

Then, there exists a unique fixed point ¢ of T with:

lo(x) —=p(x)[| <e*(x),  x€S. (14)

Moreover,
P(x) := lim T"¢p(x), x €6S. (15)

n—oo
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2. The Main Results

In this section, we prove the stability results for two chosen cases from the above list.
In Case (II), we assume that X is a commutative group. However, in Case (V), we can work
under the more general assumption. Namely, similar to Case (I) considered in [10], we
assume that X is a commutative monoid.

We start with Case (II), which corresponds to the second equation of System (3).

Theorem 2. Let (X, +) be an abelian group, Y be a Banach space, and A, ..., Ay € K € {R,C}.
Assume that Ay + Ay + Az # 0. Let a function L: X3 — [0, o) satisfy the condition:

L(kx,ky, kz) < c(k)L(x,y,z), (x,y,z) € X3,k € {2,0,—-1}, (16)
with ¢(2),¢(0),c(—1) € [0,00) such that b := ¢(2)d(2) +¢(0)d(0) + ¢(—1)d(—1) < 1, where:

A
A1+ Ay + Az

Ag+ Ay

— Ay
! d<0) T ’A1+A2+A3

,d(—1) i = |————|. 17
( ) ’A1+A2+A3 ( )

d(2) = ’

Assume that f: X — Y is a function such that:
[ALf(x +y+2) + Aof (x) + Asf(y) + Asf(2) — Asf(x +y) — Aef(x+2)  (18)
~Arfy+ Dl < Loy, (xyz) € X
Then, there exists a unique function F : X — Y satisfying (1) such that:
[f(x) —F(x)[ <pL(x), x€X, (19)

where:

(x) = L(x,x,—x)
PL T |A1+A2+A3‘(1—b)’

xeX. (20)

Proof. Taking x =y =t, z = —t in (18), we obtain:
|(A1+ A+ A3) f(t) + Asf (—t) — Asf(2t) — (Ae + A7) f(0)|| < L(t,t,—t), teX.

Hence, for each x € X:

Ay Asg Ag+ Ay H
H+—"-f(—t)———————f(2t) - ———— <e(t), (21
70+ G a0~ s i @)~ a0 <0, @
where ¢(t) := %. Put:
. A5 A6+A7 . A4 _ X
TE() = A1+A2+A3§(2) At At A A1+A2+A3§( t), feYX teX. (22)

Let us note that the operator 7 is linear. From (21), we get that:

IfF(8) =Tf(Ol <e(t), teX
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Fix & u € YX. For every t € X, we have:

As Ag+ Ay

ITE) - (ol = mezw - 0(20) + A A (1(0) - 0(0)
Ay
A1+A2+A3 H
As Ag+ A
\Wna - ﬂ(—Zt)||+‘M’IIC(O)—V(O)II
e e = w0l
Thus:
ITE() ~ Tw(Ol < d@) 220 — kD) +4O)50) ~ kO]
Ca D Bl 1% @)

We showed that Condition (H2) is satisfied withk =3,5S = X, E =,
fl(t) = 2t/ fZ(t) = O/ f3(t) = 7t/
h(t) =d(2), L(t)=4d(0), I5(t)=d(-1),

ie.:
- X
ITet) = Tu®ll < Y LOISSE) —plfit)l, EmeY™ teX.
i=1
Define an operator A : R, %X — R, % by:
3
= Y LHn(fit)), teX
i=1
for every 57 € R, X. Then, for each 7 € R, %, we have:

Ay(t) = d(2)n(26) +d(O)(0) +d(~1)y(~1), teX.

Let us note that the operator A is monotone, i.e.,: forall,{ € R+X ,ify < ¢, then Ay < AC.
Moreover, by (23):

ITE() = Tu®| < AUE—ul)(B), EpeY¥teX. (24)
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Now, we show that e*(t) := Y_;" ; A"e(t) < oo for each t € X, i.e., the function series
Yoo A"e(t) is convergent for each t € X. Fixa t € X. In view of (16), we have:

Ae(t) =d(2)e(2t) +d(0)e(0) +d(—1)e(—t)

=d(2) |i1(12121§;+223, +4(0) |All:£0f,12’—(i)-)A3|
4 d(—l)m
e By B
+ d(_l)c(_l)m
— (d(2)c(2) +d(0)c(0) + d(l)c(l))m.
Thus:
Ae(t) <be(t), teX. (25)
By induction, we show that:
A'e(t) <b'"¢(t), teX,nmeN. (26)

For n = 1, Condition (26) coincides with Condition (25). For n = 2, by the monotonicity
and linearity of A, we get from (25):

Azs(t) = A(Ae)(t) < A(be)(t) = bAe(t) < bzs(t)
for all t € X. Now, suppose that (26) holds for some n € N. Then, for every t € X, we have:
A”Hs(t) = A(A")(t) < A(b"e)(t) = b"Ae(t) < b”“s(t).

From (26), we receive the following estimate for each t € X:

f = 2 Amer) < S ey = EB _ L(bt=D)
e(t)_n;OAe(t)Sngobg(t)_l_b_|A1+A2+A3|(1_b).

By Theorem 1 (with S = X and E = Y), there exists a function F: X — Y such that:

,L Ag + Ay _ Ag _
F) = A1+A2+A3P(2) A1+ Az + A3 ) A1+A2+A3F( ) re X 27)
and:
L(t t —t)
H —F(t)| <e*(t) < id , t e X. 28
Moreover,

F(t) = lim T"f(t), teX.

n—oo
Next, by induction, we show that for every (x,y,z) € X3, n € Ny := NU {0}:
AT f(x+y+z) +AT"f(x)+ AsT"f(y) + AsT" f(2) (29)
—AsT"f(x+y)—AsT"f(x+2) — A;T"f(y+z)||
<b"L(x,y,z2), (x,y,2) € X3.
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For n = 0, Condition (29) is simply (18). For n = 1 using (22), we have:

|AIT f(x +y+2) + AT f(x) + AsTf(y) + AsT f(2)

AsTf(x+y) — AT f(x+2) — A7T f(y +2)|

— e A @y 2) 241 (0)
- A (4 2)
b A )+ R ()

- A (x)
b Aaf @) + T A )
- mz‘hﬂ*y)
b A () + T A (0)
- Af(2)
As Ag + Az

mASf( (x+y)) - AL+ A+ As 5£(0)

Ay

mASf( I(x+y))

As

_A1+A2+A3

Ay

. S—
* A1+ Ay + As of (=

As+ Ay

Asf(2(x +z2)) — ml%f(o)

1(x 4 2))

As Ag + Az
——A 2(y + - A-f(0
A1+ Ay + Az 7f( (]/ Z)> A1+ Ax+ Az 7f()
Ay
— A/ f(-1
o arf(1 )
A5 A6+A7
< |———|L(2x,2y,2 ———1L(0,0,0
- ‘A1+A2+A3 (x Y Z)+‘A1+A2+A3 ( )

s

|
A1+ Ax+ Az

L(—x,—y,—z)

< (d(2)e(2) +d(0)c(0) +d(=1)c(=1))L(x, y,2)

bL(x,y,z).

Now, suppose that (29) holds for some 1 € Ny. Then, for every (x,y,z) € X3, we have:
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AT f (x +y +2) + AT f(x) + AT f (y) + AT f(2)
AsT"™  f(x+y) — AT " f(x+2) — AT f(y +2) |

As " Ag + Ay n
e | 2 _ LT 4 0
HA1+A2+A3 1T f( (x+y+2))+Al+A2+A3 17"£(0))
A
C AT ATy a)
As Ae+ Az
5 A 46T 4 0
T At Ayt A, 2T"f(2x) + AL+ Ay + As 2T7£(0)
A
S A AT AT )
Asg Ag+ A7
—A n % 7 n 0
A A T A sT"f(2y) + At A, A sT"£(0)
Ay
A i AT As AT f(—y)
As Ae + Ay
TS AT 0T AT
A T A+ A, 4T7f(22) + Ay + Ax + Ag T0)
Ay
T AT A AT
As A+ Ay
5 A 6T 4 0
AT AT A 5T f(2(x+y)) At At A 57" £(0)
A
+m1‘157—nf(_1(x+y))
A A6+A7 n
T A A Ay T Q) = g R AT 0)
A n
+mA5T f(*l(X‘FZ))

As Ag+ Ay
__AST" + - T"f(0
A1+A2—|—A 7 f( (]/ Z)) A1+ Ar+ Az 7 f( )

Ay
+ mA7Tnf(_l(y +Z>)||

Ae + Ay
A1+ Ay + Aj

IN

b"L(0,0,0)

b"L(2x,2y,2z) + ’

As
(avirs
A4 n
AT U )
< V"(d(2)c(2) +d(0)c(0) +d(—1)c(—1))L(x,y,z)
= "L(x,y,z2).

Thus, by induction, we obtain Condition (29). Letting n — oo in (29), we get:
A1F (x +y+2z)+ AxF(x) + A3F(y) + A4F(z) (30)
=AsF(x+y) + A¢F(x +z) + A7F(y + 2), (x,y,z) € X°.

Thus, we proved that there exists a function F : X — Y satisfying Equation (1) for all
x,Y,z € X and such that:

1f(x) = F(x)[| <e(x) <pr(x),  xeX (31)

Finally, we prove the uniqueness of the exact solution F satisfying (19). To this end,
we show by induction that for every n € N:

IT"¢(x) = T u()ll < A*(IE = ulD(x), G pueY®xeX (32)
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For n = 1, Condition (32) is simply (24). For n = 2 using (24) and the monotonicity of A,
we have:

1726 (x) = T2 ()| = I T(TO)(x) = T(Tw) ()l < AXITE = Tull)(x)
< AA(IE = pD) (x) = A2(IE = ul)(x), x€X

forg,u € YX. Fix P TIRS YX, and assume that for an n € N, Relation (32) holds. Then,
by (24):

1718 () = T () || = (I T(T"2) (x) = T(T ") (1)
<SA(ITE =T 'ul)(x), xeX.

Hence, by the inductive hypothesis and the monotonicity of A, we obtain:
1T () = T () || < AA"(1E = ) (x) = A2 =l (x), x € X.

Let G : X — Y be also a solution of (1) such that ||f(x) — G(x)|| < pr(x) for x € X.
Then:

[G(x) —F(x)l| <2p.(x), x€X. (33)
Hence, by (32), we obtain:

2A"e(x)
STy

since A is linear and monotone. Letting n — oo, by the convergence of the series
Yoo A"e(x), we get:

|IT"G(x) — T"F(x)| <2A"pr(x) x € X,

Tim [|T"G(x) - T"F(x)|| =0,  xeX.

Hence, ||G(x) — F(x)|| = 0 for x € X, since G and F are fixed points of 7. Consequently,
G(x) = F(x) forevery x € X. O

Let us point out that the numerator |A¢ + Ay| of the constant d(0) can be much
smaller than the sum |Ag| 4 |Ay| in the case where the numbers Ag, A7 have opposite
signs. Therefore, for some values of coefficients A;, the above theorem can give the better
approximation of the exact solution of Equation (1) than the known results. Moreover,
replacing |Ag| + | A7| with |Ag 4+ A7| causes a larger set of coefficients to be covered by the
stability results, since the above theorem contains the assumption b < 1, and analogous
assumptions occur in the known results concerning the stability of more general equations.

Let us note that if L(0,0,0) # 0, then by (16), we get that ¢(0) > 1. However, in the
case where L(0,0,0) = 0, without loss of generality, we can put ¢(0) = 0. Then, the constant
b occurring in (20) is of the form:

b=c(2)d(2) + c(~1)d(-1), (34)

where d(2) and d(—1) are given by (17). Hence, if Ay = A5 = 0, then d(2) = d(—1) = 0.
Thus, b = 0, and consequently, *(x) = €(x). In this case, we can easily determine the exact
solution of the considered functional equation.

Corollary 1. Let (X, +) be an abelian group, Y be a Banach space, and A, . .., A; € K € {R,C}.
Assume that A1 + Ay + Az # 0and Ay = As = 0. Let a function L: X3 - [0, c0) satisfy the
conditions L(0,0,0) = 0 and:
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L(kx,ky, kz) < c(k)L(x,y,z), (x,y,2) € X3,k € {2,-1},

with some c(2),c(—1) € [0,00). Assume that f: X — Y is a function such that Condition (18) is
fulfilled. Then, there exists a unique function F : X — Y satisfying (1) such that:

1f(x) =F)[ <pr(x), x€X,

where:
L(x,x,—x)
X)i=——", x e X.
o) = T AT Ay
Moreover, F is a constant function given by the formula:
As + A7
F(x) = ——————f(0), x € X. 35
() = 1 O (39)

Proof. From (22), under our assumption on coefficients A;, we get that:

T¢(t)=—"—"-¢(0), eY® teX.
20 = 7T, ¢
Moreover, by (27), we have:
Ag+ Az
F(t) = —————F(0), te X. 36

By (17) and (34), we obtain that b = 0. Hence, by (26):

A'e(t) =0, teX,neN,
where:
L(t,t, —t
e(t) = _ Lkt ,
| A1+ Ay + Az

From (28), we obtain that F(0) = f(0), since L(0,0,0) = 0. Hence, by (36), we get
Formula (35). O

te X.

Now, we proceed to Case (V).

Theorem 3. Let (X, +) be a commutative monoid, Y be a Banach space, and A4, ..., A7 € K €
{R,C}. Assume that —Ay — Az + Ag + A7 # 0. Let a function L: X3 — [0,00) satisfy
the condition:

L(kx,ky, kz) < c(k)L(x,y,z), (x,y,2) € X3,k € {0,2}, (37)
with ¢(2),c(0) € [0, 00) such that b := ¢(2)d(2) + ¢(0)d(0) < 1, where:

Ay
Ag+ A7 — Ay — Asz|

Ay — As
d2) .=
() Ag+ A7y — Ay — Aj

, d(0) = ‘ (38)

Assume that f: X — Y is a function such that Condition (18) is fulfilled. Then, there exists a
unique function F : X — Y satisfying (1) such that Condition (19) holds, where:

(x) = L(x,x,0)
PLY) = TA T Ay — Ay — A5|(1—b)’

x € X. (39)
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Proof. Taking x =t, y =, z = 0in (18), we obtain:
|| (A6 + Ay — Ay — Ag)f(t) — (A1 — A5)f(2t) + A4f(0) || < L(t, t, 0), te X.

Hence, for each x € X:

Ay — As Ay
— — <

Hf(t) Ag+ A7 — Ay — Az @) Ag+ A7 — Ay — A3f<0) H < elt) 40

L(£4,0) ,

Where E(t) = m Put:

A1 — As Ay X

t) := 2t 0), ey, teX 41
TC() A6+A77A27A3§( )+A6+A77A2*A3€() 6 ( )

Let us note that the operator 7 is linear. From (40), we get that:

If() =TfB) <e(t), teX

Fix & u € YX. For every t € X, we have:

B Ay — As Ay
ITE0) = T = | 5 g €20 =00 + 2 (60) — o))
Ay
P e ORI CAL
e e N SO RO |

Thus:
ITE(t) =Tl <d@)l|g2t) —p20)[[ +d(0)[I5(0) —p(0)], teX.  (42)
We have shown that Condition (H2) is satisfied with k = 2,5 = X, E =Y,
Al =2t fH(H) =0, L) =d2),  b(t)=d0),

ie.:

N

I7¢() - < Y LWISS®) —ufit)l, &uneYXteX.

i=1
Define an operator A : R X — R, X by:
2
An(t) == ) L(n(fi(t), teX
i=1
for every 7 € R %. Then, for each y € R}, we have:

An(t) = d(2)5(2t) +d(0)(0), te€ X.

Let us note that the operator A is monotone, i.e., for all 77,{ € Ry X if § < ¢, then Ay < AZ.
Moreover, by (42):

ITE() = Tu®ll < AIE—ulD(®), &ueYXteX (43)
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Now, we show that e*(t) := Y_;" ; A"e(t) < oo for each t € X, i.e., the function series
Yoo A"e(t) is convergent for each t € X. Fixa t € X. In view of (37), we have:

Ae(t) = d(2)e(2t) + d(0)e(0)

B L(2t,2t,0) L(0,0,0)
=4) |Ag + A7 — Ay — A3 +d(0) [Ag + A7 — Ay — A3
< d(2)c(2) L(t,1,0) +d(0)c(0) (5 40)

|Ag + A7 — Ay — Ag|

= (d(2)e(2) +d(0)e(0)) ot Al

|Ag + Ay — Ay — Az

Thus:
Ae(t) < be(t), teX. (44)
By induction, we show that:
Ale(t) <b"e(t), teX. (45)

For n = 1, Condition (45) coincides with Condition (44). For n = 2, by the monotonicity
and linearity of A, we get from (44):

AZe(t) = A(Ae)(t) < A(be)(t) = bAe(t) < be(t)

forall t € X. Now, suppose that (45) holds for some n € N. Then, for every t € X, using
the inductive hypothesis, we have:

A"e(t) = A(A"e)(t) < A(b")(t) = b"Ae(t) < b"Hle(t).
Using (45), we obtain:

RN ne Y "e(t) = el _ e
S(t)_n;)A (t)Sngb () =173 |Ag + A7 — Ay — As|(1—b)

foreach t € X. By Theorem 1 (with S = X and E =Y), there exists a function F: X — Y
such that:

Al—A5 A4
F(r) — F(2t) + FO),  teX,
R P N A v Py W
and:
L(t,t,0)
t)—F(t)|| <e*(t) < . PEX
If(t) = F(t)[| < ()—|A6+A7—A2—A3|(1_b)
Moreover,

E(t) = im T"f(t), teX.

n—oo

Next, by induction, we show that for every (x,y,z) € X3,n € Ny := NU {0}:

AT f(x+y+z) + AT"f(x)+ AsT"f(y) + AsT" f(2) (46)
—AsT f(x+y) — AsT"f(x+z)— A;T"f(y+ 2)|
<b"L(x,y,2),(x,y,2) € X3,

For n = 0, Condition (46) is simply (18). For n = 1 using (41), we have:
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|AIT f(x +y+2) + AT f(x) + AsT f(y) + AsT f(2)

IN

IN

—AsTf(x+y) — AeT f(x +2) — A7 T f(y +2) ||

||A6+i;:£i_ABAlf(Z(x+y+z))+ A6+A7‘i4A2_A3A1f(0)
i Ag + i; : ii —As Aof(2) ¥ Ag + A7{4A2 — Az 42£(0)

A Jj; = ﬁj M)+ 5 A:‘*Az — 4 A 0)

T Aet fx; - fxi M BT g AfA2 —4, A/ (0)

T As+ ﬁ; - ﬁi — 4, A5/ Qx4 y)) = 4 A7A_4A2 —; 4f(0)
- Ast i; = Izi — g, Aef2x+2) - g A:4A2 — 4,4/
Ast 2 - ii —a R =g A7{4Az =, 4710
waiﬁi_,% L(2x,2y,2z)+‘AﬁAi‘*Az_A3 L(0,0,0)

(d(2)c(2) +4d(0)c(0))L(x,y, )
bL(x,y,z).

Now, suppose that (46) holds for some 1 € Ny and for every (x,,z) € X>. Then, we have:

AT f(x+y+2) + AT f(x) + AT f(y) + AT f(2)

AT f(x +y) = AT fx+2) = A7T"H f(y +2)|

= A T TG D) g AT
T A i; - gi A v A7{4Az —a, 2T
Ag + fl; - fli my A gy A7A—4A2 — 4, T
Ag + ﬁ; : ﬁi — Az ATTf(22) + Ag + A7é4A2 — Az AT(0)
T Agt 2 - I:i — a4, T2 +y) = 7 A7A—4Az my e S
T Ag+ i; = ii — 4, ATl F2) — 7 A7{4Az —a; 7 f0)
T Ag+ i; = gi TRy~ g A7A—4Az —A 7T
ey v = A B )
< (d(2)e(2) +4d(0)e(0))L(x, y,2)
= "L(x,y,2).
Thus, by induction, we obtain Condition (46). Letting n — oo in (46), we get:
ArF (x +y+2) + AyF(x) + AsF(y) + A4F(z) (47)

=AsF(x+y) + A¢F(x +z) + A7F(y + 2), (x,y,2) € X°.
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Therefore, we proved that there exists a function F : X — Y satisfying Equation (1) for all
x,Y,z € X and such that:

1f(x) = F(x)[| <e(x) <pr(x),  xeX (48)

Finally, we prove the uniqueness of the exact solution F satisfying (19). To this end,
we show by induction that for every n € N:

IT"¢(x) = T u()ll < A"(IE = ulD(x), G ueYtxeX (49)

For n = 1, Condition (49) is simply (43). For n = 2 using (43) and the monotonicity of A,
we have:

1726 (x) = T2l = I T(TE)(x) = T(Tw) ()l < AXITE — Tull)(x)
< AA(IE = pD) (x) = A2(IE = ul)(x), x€X

forg,u € YX. Fix ¢,u e YX, and assume that for an n € N, Relation (49) holds. Then,
by (43):

1718 () = T () || = [T (T"8) (x) = T(T ) (x)]|
<A(IT"E =T "ul)(x), xeX.

Hence, by the inductive hypothesis and the monotonicity of A, we obtain:
178 (x) = T ()| < AA(IE = D) () = A (1§ = pl)(x), x€X.

Let G : X — Y be also a solution of (1) such that ||f(x) — G(x)|| < pr(x) for
x € X. Then:

IG(x) = F(x)[| <20L(x),  x€X. (50)

Hence, by (49), we obtain:

" 2A"e(x)
| T"G(x) — T"F(x)|| <2A"pp(x) < T 00

since A is linear and monotone. Letting n — oo, by the convergence of the series
Yoo Ae(x), we get:

x € X,

Tim [|T"G(x) - T"F(x)|| =0,  xeX.

Hence, ||G(x) — F(x)|| = 0 for x € X, since G and F are fixed points of 7. Consequently,
G(x) = F(x) forevery x € X. O

Similar as before, let us note that if L(0,0,0) # 0, then by (16), we get that c(0) > 1.
However, in the case where L(0,0,0) = 0, without loss of generality, we can put c(0) = 0.
Then, the constant b occurring in (39) is of the form:

b=c(2)d(2), (51)
where d(2) is given by (38). If A; = As, then b = 0, and consequently, e*(x) = &(x).
Corollary 2. Let (X, +) be a commutative monoid, Y be a Banach space, and A4, ..., Ay € K €
{R,C}. Assume that Ag + A7 — Ay — A3 # O0and Ay = As. Let a function L: X3 — [0, )
satisfy the conditions L(0,0,0) = 0 and:

L(kx,ky, kz) < c(2)L(x,y,z), (x,y,z) € X5,
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with a constant ¢(2) € [0, 00). Assume that f: X — Y is a function such that Condition (18) is
fulfilled. Then, there exists a unique function F : X — Y satisfying (1) such that Condition (19)
holds, where:

L(x,x,0)
x) = p x e X.
o) |Ag + A7 — Ay — A3
Moreover, F is a constant function given by the formula:
Ay
F(x) = 0), x € X. 52
)= 4 i g (52)

3. Applications

For each of Cases (I)-(VII), we can obtain the estimation:

1f(x) = E(x)[| < pr(x)

of the distance between an approximate solution of Equation (1) and its exact solution
obtained by using Theorem 1. We list below the formula for the function p; and respective
constants for consecutive cases (cf. Relations (4)—(10)).

o L(x,x,x) o
O pr(x):= Aot A7 — Ay — A (1=D)’ b:=c(2)d(2) +¢(3)d(3) < 1,
As+ Ag+ Ay Aq
d2):=|—-—+>—"21,d(3) i= |—-+——1|;
() ’A2+A3+A4 () ‘A2+A3+A4
@M pp(x) = —— &% =) b= c(2)d(2) + c(0)d(0) + c(—1)d(-1)) < 1
P = A T As+ Al (T—b) ’
Asg Ag+ A7 Ay
dQ2):=|—--""—1,4d(0) := |——"—1,d(-1) i=|—————|;
(2) 'A1+A2+A3 (> ‘A1+A2+A3 ( ) ‘A1+A2+A3

B L(x,—x,x)
AL+ Ax + Ag|(1 - D)

) pr(x): b= c(2)d(2) + c(0)d(0) + c(—1)d(~1)) < 1,

e e A B e e AL Bl e e
V) pu(x) = fjgj T |()1 —py b= cd(2) +e(0)d(0) + e(~1)d(-1) <1,
10 = | 10 = |5 R 10 = [
V) P = i ey b e(2d(2) 4 e(0)d(0) <1,
d(2) = ‘A6+2;:32—A3 ,d(0) = ‘A6+A7A—4A2—A3 '
VD p(x) Liz,0,7) bim c(2)d(2) +c(0)d(0)) < 1,

T [As+ Ay — Ay — Ag(1—Db)’
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Ay — Ag
As+ Ay — Ay — Ay

. As
,d(O) T ‘A5+A7—A2—A4

7

d(2) = ‘

L(0,x,x)

VID oL(¥) = g — A5 — A1 =)’

b= c(2)d(2) + c(0)d(0)) < 1,

A1 — Ay 4(0) := ‘ A
As+ Ag — Az — Ay " |As 4 Ag— Az — Ay
Now, we give some examples. Let X be a normed space. Consider the control function
L: X% — [0,00) given by:

d(2) = ‘

L(x,y,2) = [P +lyll? + llzllP,  (xy,2) € X3, (53)
with some p € R such that p > 0. It satisfies the condition:
L(kx,ky, kz) < c(k)L(x,y,z), (x,y,z) € X°

with ¢(k) = |k|? for each k € Z, since L(kx, ky,kz) = |k|PL(x,y,z). Hence, ¢(0) = 0 and
c(k) > 1forallk € Z\ {0}. Thus, for this ¢, we have the following assumptions:

M d2)+dB3)<b<1, d(2)+d(3):‘§iiigiﬁi ’Az+2+fl4;

a d2)+d(-1)<b<1, d(2)+d(—1)=‘A1+‘:i+A3 +‘A1+‘2‘;+A3;
) d@2)+d(-1)<b<1, d2)+d(-1)= ‘A1+‘:§+A4 +‘A1+§2+A4;
V) d(2)+d(-1)<b<1, d(2)+d(—1)=‘Al+§Z+A4 +‘A1+§§+A4;

A —As
Ag+ A7 — Ay — As

(V) d2)<b<1, d(2)= ’

7

A1 — Ae
As+ A7 — Ay — Ay

(V) d2)<b<1, d(2)= ’

7

Ay — A7
As+ Ag — Az — Ay

(VI) d(2)<b<1, d(2)= ’

Now, we show how one can use Theorems 2 and 3 to prove the stability of Equation (1)
for some particular values of coefficients A;. To apply Theorem 2, let us take:

Al =6,Ay=1,A3=2,As = As = 3,A¢ =4, Ay = 5.

By (17), we have:
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whence by (34), we get that:

2F 1
b= c(2)d(2) +e(~d(~1) = 2 + 1.
Consequently, b < 1 if and only if p € (0,1). In particular, for p = 1, we have
b= 7‘/23“ and:
L(x,x, —x 242
pL(x) = ( ﬁﬂ) == [ESD
9(1 - ¥5=)
Thus:

17 - F)ll < 252

F(x)=a(x)+c, x€X,

where F is of the form:

with an additive functiona : X — Y and ¢ = f(0).

Let us note that we obtain the same approximate if, e.g., A = 100 and A; = —91,
since the constant b occurring in Theorem 2 depends on |Ag + A7| and the values of Ag
and Ay taken into account separately have no effect on b.

To prove the stability of Equation (1) for these values of the coefficients, we can also
use Theorem 3. Then, by (38) and (51), we have d(2) = % and:

2P
b=1c(2)d(2) = —=.
2
Consequently, b < 1if and only if p € (0,1). In particular, for p = %, we have b = % and:

oL(x) = L(x,x,\%) _ 2—|—3\/§\/m'
6(1—%°)

Thus:

2+V2
I£(x) = F@) | < =55l

Summing up, for the considered values of coefficients, Theorem 3 gives a better approxi-
mation than Theorem 2, since in the case p € (0,1), we have:
» _» 1
2 3 3
Now, let us take:
A=Ay =A3=2 A =As=A¢=A;=1

First, we use Theorem 2. By (17), we have:

whence by (34), we get that:

b= c(2)d(2) + c(~1)d(~1) = % +2

Consequently, b < 1 if and only if p € (0,log,5). In particular, for p = 1, we have
b=} and:
L(x,x,—x) L(x,x,—x)

pL(x) = G- 3 = [|x]].
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Forp = %, we have b = @ and:

L(x,x,—x)  L(x,x,—x) 3(5+2)
pr(x) = = = v/ lIx]l = 0.8366,/[|x]].
6(1 _ \/§6+1) 5— \/i 23

To prove the stability of Equation (1) for these values of the coefficients, we can also
use Theorem 3. Then, by (38) and (51), we have d(2) =  and:

op
b=c(2)d(2) =—.
2
Consequently, b < 1if and only if p € (0,1). In particular, for p = %, we have b = % and:
L(x,x,0
pu(x) = ZEED (5.4 v3), ] ~ 34102, ],
2(1-%7)

Thus, now, Theorem 2 gives a better approximation than Theorem 3, since for p > 0,

we have:
» 1 2

= < .
6 + 6 2
Moreover, in this case, using Theorem 2, we obtain a wider interval for p.

4. Final Remarks
LetL: X3 5 K satisfy:

L(kx,ky, kz) <c(k)L(x,y,z), (x,y,2) € X3
for some k € Z. Define L : X*> — K by the formula:
Z(x,y,z) =L(x,y,z)+96,
where 6 > 0. Then, if ¢(k) > 1, then:

L(kx, ky, kz) = L(kx, ky,kz) 4+ 0
<c(k)L(x,y,z)+6

1)
(k)(L(x,y,z) + @)
(k)(L(x,y,2) +0) = c(k)f(x,y,z).

Let L be given by (53). Then:

<c
<c

L(x,y,2) = |x[I” + lylI” + [zII” +6,  (x,y,2) € X°. (54)
and the condition:
Z(kx,ky, kz) < E(k)f(x,y,z), (x,y,2) € x3 (55)

holds for each k € Z\ {0} with &(k) = |k|P. For k = 0, we have L(kx, ky, kz) = & for all
(x,y,z) € X3. Hence, Relation (55) holds with ¢(0) = 1, since ¢ is the minimum of L. Thus,
we obtain:

o [ KPP, if k0,
(k) ‘_{ 1, if k=0.

Let:
A=Ay =A3=2,A4, = A5 =Ag=A;=1.
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By Theorem 2

b = &(2)d(2) + E0)d(0) + &(—1)d(—1) = 2p6+3.

Hence, b < 1 if and only if p € (0,1og, 3). For p = 1, we have b= % and:

L(x,x,—x) ~
pr(x) = ——= = L(x,x,—x) = 3||x||V + 4.
6(1—32)

Now, let Ay = A3 = 2, Ay = Ay = As = Ag = Ay = 1. By Theorem 2,

- .
b= %, since:

Then, b < 1if and only if p € (0,1). In particular, for p = 1, we obtain:

_3+42 _ L(x,x,—x)  3/[x[[+6  2+V2
b—T,pL(x)—m_HTﬁ)— oy i (3\/M+5).

By Theorem 3 with the same constants as above, we get that b= 1, and b < lifand only if
p € (0,00), because d(2) = 0, d(0) = 1. The estimate is:

L(x,x,0)
pr(x) = === = 2[|x|[" + 4.
2(1-3)

For p = %,we have b = %,and pr(x) =2/ x|[ + 4.

5. Discussion

In order to obtain a solution of a generalized Fréchet functional equation, we used
the iterative method based on a fixed point theorem. The distance between the obtained
exact solution and the approximate solution being the starting point of the iterative process
depends on the length of the first step of this process and the parameter b controlling the
length of the subsequent steps. The choice of the operator generating the iterative sequence
tending to the exact solution has a big impact on the accuracy of the estimation of the
distance between this solution and the initial approximate solution.

In this paper, we distinguished seven cases depending on the conditions met by the
coefficients of the generalized Fréchet equation having constant coefficients. The result for
the first of these cases was presented in [10]. It gives a good estimate for some values of
the coefficients of the considered equation. However, for other values of the coefficients,
these estimates may not be very accurate. Therefore, we distinguished other cases in order
to compare the obtained estimates. For each of these cases, we provided an estimate of the
distance between the exact and approximate solutions of the generalized Fréchet equation.
For the given values of the coefficients of the equation, we can choose the case that gives
a good estimate after checking if its assumptions are met. In particular, we showed an
example of the coefficients for which Theorem 2 gives a better estimate than Theorem 3
and an example where Theorem 3 gives a more accurate result.

The system of linear equations defining the list of cases was selected so that, on the one
hand, for any values of the coefficients, at least one of the cases was satisfied, and on the
other hand, the operator defining the iterative sequence did not have too many summands.
One can try to use such a system for a generalized Fréchet functional equation with variable
coefficients, but then, it may happen that an equation of the system is satisfied for some
values of X, y, and z, and for others, it does not hold.
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6. Conclusions

In this paper, we study the dependence of an estimation of the distance between
approximate and exact solutions of the generalized Fréchet functional equation from the
values of coefficients A; of this equation. We distinguish seven cases, of which at least one is
always true. However, usually more than one of these cases holds, and then, we can choose
the one that gives the best estimate among them. Generally speaking, we try to group the
coefficients of the equation in a way that gives a good estimation of the distance between
the approximate and exact solutions. The division into groups is important because within
the groups, we sum up directly the coefficients and not their absolute values.

The desired estimate depends not only on the coefficients of the equation, but also
on the control function L, as we showed in the examples. Nevertheless, grouping the
coefficients may also be useful in investigating the stability of more general functional
equations than the equation discussed in this article.
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