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STABILITY OF FUNCTIONAL EQUATIONS
IN DISLOCATED QUASI-METRIC SPACES

BEATA HEIJMEJ

Abstract. We present a result on the generalized Hyers—Ulam stability of
a functional equation in a single variable for functions that have values in a
complete dislocated quasi-metric space. Next, we show how to apply it to prove
stability of the Cauchy functional equation and the linear functional equation
in two variables, also for functions taking values in a complete dislocated quasi-
metric space. In this way we generalize some earlier results proved for classical
complete metric spaces.

1. Introduction and preliminaries

The stability of functional equations is a problem originating from the
following question formulated by S.M. Ulam (see [5, [I1]) for group homomor-
phisms:

Assume that (G1,+) and (Ga,+) are groups, (Gz2,d) is a metric space and
€ > 0. Find § > 0 such that for any function ¢: G1 — Go with

d(p(z +y), o(x) + ¢(y) <6, z,y € Gy,
there exists a group homomorphism F: G1 — Ga such that

d(p(z), F(z)) <e, x € Gy.
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The first partial answer to it was published by D.H. Hyers [5] in 1941
and since that year, a lot of analogous results have been appearing (see, e.g.,
3. 61).

In this paper we consider a similar problem for so called dislocated quasi-
metrics (dg-metrics) instead of metrics. Namely, we show that [4, Theo-
rem 2.1], proved for classical metric spaces, is valid also for dg-metric spaces.
Moreover, we present some applications of that result, analogously as in [4].

Dislocated quasi-metrics play a crucial role, among others, in computer
science and cryptography. Below we recall the definition of them.

Let Y be a nonempty set with a function d: ¥ x Y — [0,400), which
satisfies the following two conditions:

(Ql) d(iL’,y) = d(yax) =0=z=y,

(Q2) d(z,y) < d(z,2) + d(z,y)

for all z,y,z € Y. In this case d is said to be a dislocated quasi-metric (dg-
metric for short) and (Y, d) is called a dislocated quasi-metric space (dg-metric
space for short) (see [10,9]). If d is a dgq-metric in Y, which is symmetric (i.e.,
d(z,y) = d(y,x) for z,y € Y), then (Y, d) is called a metric-like space (see [I]).

ExXAMPLE 1.1 ([9]). A function d: R x R — [0,00) defined by d(z,y) = |z|
for x,y € R is a dislocated quasi-metric.

ExaMPLE 1.2 ([1]). Ifd: RxR — [0, 00) is given by d(z,y) = max{|z|, |y|}
for x,y € R, then (R,d) is a metric-like space.

We say that x € Y is a limit of a sequence (x,)52; of elements in a dq-
metric space (Y,d) iff d(x,,,z) — 0 and d(z, x,,) — 0; we then write x,, — .
It is easy to check that a limit of a sequence is unique if it exists. Indeed,
if z,y € Y are limits of a sequence (z,)5%,, then for all n € N we have
0 <d(z,y) < d(z,zy) +d(zy,,y). Thus, d(x,y) = 0 and similarly, d(y,z) = 0,
SO T =Y.

A sequence (z,)52

> 1 is said to be a Cauchy sequence if
Ves0 dNen vm,n}N d(:L‘n, xm) <e.

A dg-metric space (Y,d) is called complete if every Cauchy sequence has
a limit in this space.
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2. Main theorem

Let (Y,d) be a complete dg-metric space. Consider a nonempty set K and
functions ¥: Y — Y, a: K — K, and hy, he: K — [0,400). Assume that ¥
satisfies the Lipschitz condition with a Lipschitz constant A € (0, +00), i.e.,
d(¥(z),¥(y)) < Ad(z,y) for all z,y € Y, and H(z) := > 2  A'hj(a’(x)) is
convergent for every x € K and j =1, 2.

THEOREM 2.1. Let f: K — Y be a function such that

d(Vo foa(x), f(z)) <hi(z), z€K,
d(f(xz),¥o foa(x)) < ha(z), z€K.
Then the limit

F(z):= lim ¥"o foa"(x)

n—oo

exists for every x € K and the function F: K — Y is a unique solution of
the equation W o F oa = F such that

d(F(z), f(z)) < Hi(z), x€K,
d(f(z), F(x)) < Hy(z), z€K.

PrOOF. We claim that for all n € N the following two inequalities hold:

(2.1) Ao foa" (), 1)) € 3 Nha(e(@), # € K,
(2.2) d(f(z),¥" o foa"(x)) < Z Nhy(ai(z)), =€ K.

For n = 1 these inequalities hold by the assumption. Let n € N and
suppose that (2.1)) and (2.2]) are true. From the triangle inequality (Q2), the
Lipschitz condition, the assumption and the induction hypothesis we have

d(I" o foa™ M (z), f(z)) < AT o foa™(x), Vo foalz))
+d(Vo foa(z), f(z))
< A(Y" o foa™(a(z)), fla(z))) + hi(z)
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n—1

)\Z)\hl 2) +hi(x) =Y XN hy (@ (@) + ha(2)

=0
= thl )+ ha(z Z/\lhl

for all x € K. Analogously, we can prove that
(f(:()) gntl g fo an-i—l ZAth
for every z € K, so the claim follows.

Now, we show that for all m € N, k € NU {0} we have

m+k—1
(2.3) d(I™ o foa™(x),T¥ o foa(z)) < Z Nhy(a'(x)), = € K,

m+k 1

(2.4) d(¥* o foa(x), ¥ o foa™F(2) Z Nhy(ai(z)), z € K.

Let m € N. For k = 0 these conditions are simply the inequalities ([2.1]
and (2.2]) with n = m. Thus, take any k € N and suppose that (2.3)) and (2.4))
are true. Then

d(UmHEFL o foqmPRHL () TR o f o oF (1))

< )\d(\I/erk ofo am+k(a(x))7 UF o fo ak(a(x)))

m+k—1

<A DY Nha(ef(a(z)))
i=k

m+k—1 m—+k
_ Z )\H-lh (az-‘rl Z /\zhl (I’)
i=k i=k+1

for all x € K. In the same way we can show that

m+k
d(\I/k"'1 ofo ak+1(:r), ymtktl fo am+k+1(:c)) < Z )\ihg(ai(aj))
i=k+1

for every x € K. Therefore inequalities (2.3)) and (2.4) are proved.



Stability of functional equations in dislocated quasi-metric spaces 219

We conclude from this that for all m € N, k € NU {0}

AU o f oo™ (z), ¥F o foak(z)) < Z)‘ihl(ai(x))’ z € K,

d(U* o foak(x), ™o foa™ () < ix'hz(o/(x)), r € K.

Consequently, for every x € K and for every € > 0 there exists k € N such
that for all m,l € N we have

A o o @), W o f o alt(z)
< AU o foa™ R (), W o foak(x))

+d(T* o foak(z), ¥ o foalth(z))

< Z Ahy(af () + Zkihz(ai(m)) <e
i—k

i=k

It means that (0" o foa™(z))52, is a Cauchy sequence for every z € K. The
space (Y, d) is complete, so the limit F(z) := lim,,_,o, "o f o a™(z) exists for
every x € K.

Observe that

d(F(z), f(z)) < d(F(x),¥" o foa™(x)) +d(¥" o foa”(z), f(z))
< d(F(x), ¥ o f 0 a™(x)) + Hi(x)
for x € K,n € N, what implies d(F(z), f(z)) < Hy(x) for all x € K. Similarly,

we can show that d(f(x), F(z)) < Hy(z) for every x € K. Furthermore, for
every x € K we have

0 < d(¥ o Foolx), F(x))
< d(U(F(a(z))),¥" o foa™(z)) +d(¥" o f oo™ (z), F(x))
< M(F(a(2)), ¥ o foa™(a(x))) +d(¥" o foa™ (x), F(x)),

thus, d(Wo Foa(z), F(z)) =0 for z € K. Similarly, d(F(x),¥oFoa(x)) =0
for x € K. This implies that Vo Foa = F.
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Suppose that G: K — Y is a function such that ¥ o Goa = G and

d(G(z), f(z)) < Hi(x), €K,
d(f(z),G(x)) < Ha(x), =€ K.

By induction we obtain ¥"oGoa™ = G and V"o Foa™ = F for alln € N, so
0<d(F(x),G(x)) =d(¥" o Foa"(x),¥"oGoa"(x))
< A(F(a"(z)), G(a"(x)))
SA'[d(F(a™(2)), f(a"(2))) + d(f (" (2)), G(a" (z)))]

< )\nz)\z‘h z+n(x) + )\nz)\z z+n ;C))
=0

=D AT ha (@ (@) + 3 AT ha (a7 (2))

=0

:i)\ihl(a +th2 e

for all x € K and n € N. This implies that d(F(z),G(z)) = 0 for z € K.
In the same way we obtain d(G(z), F(z)) = 0 for z € K, so F' = G and the
theorem follows. O

3. Applications

If (G,+) is a groupoid (i.e., G is a nonempty set and + : G2 — G is a
binary operation, not necessarily commutative), then we say that it is uniquely
divisible by 2 if for every x € G there exists a unique y € G such that
r =y +y =: 2y. In this case y is denoted by %x or 3. A groupoid (G, +) is
called square symmetric iff 2(x 4+ y) = 2z + 2y for all z,y € G.

Consider the following notations: 2°z = z, 21z = 2(2"x) for x € G and
n € N. Moreover if (G,+) is uniquely divisible by 2 we write 271z = l:ﬂ
27" lp =271(27"g) forx € G, n € N.

Let (X,+), (Y, +) be square symmetric groupoids. Assume that (X, +) is
uniquely divisible by 2, (Y, d) is a complete dg-metric space and the operation
+:Y xY — Y is continuous, i.e., if x,, - x and y, — y then x,, +y, = z+vy
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for all sequences ()5 1, (yn)52, of elements of the space Y and z,y € Y.
Consider also a nonempty set K C X and functions y;: K x K — [0,00),
i=1,2.

With this notations we have the following corollary from Theorem [2.1]

COROLLARY 3.1. Suppose that %K C K and that there exist constants
m,n2, € € (0,00) such that n;e <1 and

Xl(%a%)gan’t(may)a m7y€K7 i:1727
d(2z,2y) < ed(z,y), z,yeY.
Let o: K —'Y be a function that satisfies the conditions:
d(p(x) + ¢(y), o(x +y)) < xa(z,y),
d(e(z +y),0(x) + ¢(y)) < x2(z,y)

forall xz,y € K, x +y € K. Then there exists a unique solution F': K —'Y
of the equation

Flz4+y)=F(x)+Fly), z,ye K,x+yeK

such that
A(F (@), o) < DD g
1-— me
and
d(p(z), Fla)) < 22®2) e g
1-— 28&

PROOF. By the assumption, for every = € K,
d(2¢(5).¢(@) =d(p(5) +2(5).¢(5+3) <xl53)
and similarly
d(p(x),20 (%)) <x2(%.%), re K.

Setting f = ¢, ¥(x) =22, A = ¢, hi(x) = x4 (%, %) ,i=1,2,and a(z) = 5 in

Theorem [2.1] the limit F(z) = lim,,_,o 2"¢(27"z) exists for every z € K and
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it is a unique solution of the equation 2F(27'x) = F(x), z € K, such that for
every ¢ € K,

- 7 T ;T 0 y -
d(F(iU)7Q0(x)) < ZE X1 (2 572 5) < Z@ X1 (57 5)
= i=0
S mxa(@,o) i(ﬂh)" _ ma(,o)
. | i=0 1—me
and analogously,

_ e, )

d((ﬁ(l’),F(Q?)) XX 1_ e , I € K.

Let z,y € K,z +y € K. Observe that for all n € N we have
d(2"p(27 ") +2"p(27"y),2" (27" (z + y)))
<ed(p(27"r) +9(27"y), 027" (z + 9)))

<e"x1(27"x,27"y) < (em)"xa(z,y).

Thus,
lim d(27p(27"2) +27p(27"y), 2"p(27" (2 + 1)) = 0.
Similarly,
Jim d(2p(27" (x +y)), 2"p(27"2) + 2" (27"y)) = 0.
Foralln € N
0 <d(F(z)+ F(y), F(z+y))

d
S d(F(z) + F(y), 2"p(27"x) +2"p(27"y))
+d(2"p(27"z) +2"p(27"y), 2" p(27" (z + v)))
+d(2"p(27"(x +y)), F(z +y)),

what implies d(F(z) + F(y), F'(z +y)) = 0. In the same way we can prove
that d(F(z +vy), F(x) + F(y)) =0, hence F(x +y) = F(z) + F(y).
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Suppose that a function G: K — Y satisfies the conditions:

Glx+y =G@)+Gy), zyekK, z+yeckK,

771X1(%$)
<L =L 72
d(G (), p(x)) < g CER

d(p(2), G(x)) < W veK.

Then

20 (5) -6 (5) o 5) -5 +3) e

for every z € K, so by the uniqueness in Theorem [2.I we obtain F = G. O

Assume that (X,+) and (Y, +) are abelian groups, ¢ € X, C' € Y. Let
a,b: X - X, A,B: Y — Y be homomorphisms such that a ob = b o a and
Ao B = Bo A. Suppose that the function a: X 3 x — a(z) + b(z) + ¢ €
X is bijective and (Y,d) is a complete dg-metric space. Assume also that
z, — x and y, — y implies A(z,) + B(yn) + C — A(x) + B(y) + C for
all sequences (z,)02 1, (yn)o2; of elements of the space Y and z,y € Y and
consider a nonempty subset X C X and functions y;: K x K — [0, 00),
i = 1,2. The next corollary corresponds in particular to the recent results in
[2, 17, §].

COROLLARY 3.2. Suppose that a='(K) C K and that there exist constants
m,n2, € € (0,00) such that n;e <1 and

(3.1 xi(z,y) <mixi(a(z) +b(z) +c,aly) +b(y) +¢), zyeK, i=12,
(3.2) d(A(z) + B(z) + C, A(y) + B(y) + C) < ed(x,y), xz,y€Y.

Let o: K —'Y be a function that satisfies the conditions:

33)  d(A(e(x)) + B(e(y)) + C, pla(x) + b(y) + ¢)) < xa(x,y),

(34)  d(e(a(z) +b(y) + ), A(e(z)) + Ble(y)) + C) < xa(z,y)

for all x,y € K, a(z) +b(y) + ¢ € K. Then there exists a unique solution
F: K =Y of equation

Fla(z) +b(y) +¢) = A(F(z)) + B(F(y)) + C, z,y€ K,a(x)+by)+ce K
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such that

anl(wam) = K,

A(F(@). o(a)) < T

772X2($U,~T) e K.
1-— 28&

N

d(p(x), F(z))
PROOF. Define operations x: X x X - X and¢: Y xY — Y by:
zxy=a(@)+bly)+c, zy€eX,
zow=A(z)+Bw)+C, zweY.

Then (X, *) and (Y,©) form groupoids that are a square symmetric, because
a,b and A, B are homomorphisms such that aocb=boa and Ao B = Bo A.
Moreover, since the function « is bijective, (X, «) is uniquely divisible by 2.
Note that 22 =z xx = a(z) for x € X and 2z = z0 2 = A(2) + B(z) + C for

z€Y,s0 and take the forms
xi(z,y) < nixi(2z,2y), z,yeK,i=1,2,
d(2z,2y) < ed(x,y), z,y€Y,
and and can be written as
d(o(z) o (y), p(zxy)) < xa(z,y),
d(p(zxy), p(x) 0 p(y)) < xa2(2,y)

for all z,y € K, z xy € K. From these observations and from Corollary [3.T]
the statement follows. O
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