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Abstract In the present article, the notion of expansion between quasi par-
tial metric spaces through aggregation is defined. With the help of aggregation
functions, the concept of projective W-expansion is introduced and some fixed
point results are obtained through this notion. Furthermore, sufficient con-
ditions are provided to characterize aggregation function and to ensure the
existence and uniqueness of fixed point. All the results presented in this paper
are new and an application to asymptotic complexity analysis is also given
after the results.
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1. Introduction and Preliminaries

Borsik and Dobos [3] investigated the problem of aggregation for a collection of
metrics (which need not be finite). They studied the properties of those functions
that permit a collection of metrics to be merged in a single one.

Throughout the paper, N,R and R™ will denote the set of natural numbers, the
set of real numbers and the set of non-negative real numbers respectively.

Definition 1.1. A function ® : R — R is said to be homogeneous if ®(ax) =
a®(x) for each x € R} and o € Ry.

Borsik and Dobos [3] defined the notion of metric aggregation function as follows:

Definition 1.2 ( [3]). A function ® : RZ — R, is a metric aggregation function
provided that the function dg : X x X — R, is a metric for every pair of metric
spaces (X1,d;) and (X3, ds), where X = X; x X5 and

d<1>((x>y)7 (Z7U))) = <I>(dl(xv 2)7d2(ya w))

for all (z,y), (z,w) € X.
The authors of [3] defined the monotonicity and sub-additivity of ® as:
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Definition 1.3 ( [3]). A function ® : R? — R, is said to be monotone if z <
y = ®(x) < ®(y) for all z,y € R’} and sub-additive if ®(z +y) < ®(x) + ®(y) for
all z,y € R} where < stands for the following pointwise order relation on R’} :

r=y & ; <y ; i=1..n.

In 1994, Matthews [12,13] introduced partial metric spaces with an application
in denotational semantics and program verification. Many authors worked with
this notion afterwards such as Heckmann [7] defined weak partial metric following
Matthews’ notion, Romaguera et al. [16] presented Scott topology based on com-
plete partial metric space, Romaguera and Valero [17] introduced a quantitative
computational model for partial metric spaces with formal balls. After that many
authors worked in the similar directions, some of them are [6,18,19].

Massanet and Valero [11] were motivated by the application of partial metrics to
computer science and the fact that many partial metrics used in computer science
can be obtained via aggregation.

In 2013, Karapinar [8] presented a generalized version of Matthews’s work by
introducing quasi partial metric spaces by removing the symmetry axiom.

Definition 1.4 ( [8]). For a nonempty set X, a mapping ¢ : X x X — R is said
to be a quasi partial metric if the following conditions hold:

(q1) if 0 <q(z,z) = q(z,y) = q(y,y), then z =y;
(¢2) q(z, ) < q(z,9);

(¢3) q(z,x) < q(y,2);

(¢4) q(x, 2) < q(z,y) +q(y,2) — q(y, )

for all z,y € X. Then the pair (X, ¢) is called a quasi partial metric space (QPMS).
If ¢(y, x) = q(z,y) for each z,y € X, then (X, q) reduces to partial metric space
(PMS). Also, for a quasi-partial metric ¢ on X, the mapping d; : X x X — R
defined by
dq(2,y) = q(z,y) + a(y, x) — q(z,2) — q(y,y)
is a (usual) metric on X.

Karapinar [8] defined the concept of convergence and completeness in quasi
partial metric space in the following way:

Definition 1.5 ( [8]). Let (X, q) be a quasi partial metric space (QPMS). Then

1. asequence {z,} C X is called a Cauchy sequence iff lim,, »,—y00 ¢(Z, z,) and
limy, 1100 ¢(%n, T, ) exist and are finite;

2. the quasi partial metric space (X, q) is said to be complete if every Cauchy
sequence {z,} C X converges to some = € X such that ¢(z,z) = lim,, 0
(T ) = My, —so0 ¢(Tn, Tim)-

Definition 1.6 ( [8]). Let (X,q) be a quasi partial metric space (QPMS). Then
a Cauchy sequence {z,} C X converges to x € X iff q(z,z) = lim, o0 ¢(x,2,) =
lim, 00 q¢(Tp, ).

Following are some relevant results in the field of quasi partial metric spaces
presented by Karapinar [8]:
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Lemma 1.1 ( [8]). Let (X,q) be a QPMS. Let (X,pq) be the corresponding PMS
and let (X,d,,) be the corresponding metric space. The following statements are
equivalent:

1. The sequence {x,} is Cauchy in (X, q).

2. The sequence {x,} is Cauchy in (X,pq).

3. The sequence {xy} is Cauchy in (X,d,,).
Lemma 1.2 ( [8]). Let (X,q) be a QPMS. Let (X,pq) be the corresponding PMS
and let (X,d,,) be the corresponding metric space. The following statements are
equivalent:

1. (X,q) is complete.

2. (X,pq) is complete.

3. (X,dp,) is complete.

Moreowver,
i dy, (2,20) = 06 py(w,2) = Hm py(w,0n) = Hm  pg(zn, 2m)
A C](JJ, l‘) = nh—>H;o Q(xa xn) = ny}'ilgloo(I(xnv xm)
= lim Q(xrux) = lim Q('rnuxn)'
n—oo m,n— oo

On the other hand, Wang et al. introduced the notion of expansion mappings
for a metric space in [20].

Theorem 1.1 ( [20]). Let T : X — X be an onto mapping defined on a complete
metric space (X,d) satisfying the condition

d(Ta,Tb) > cd(a,b) Va,be X.

where ¢ > 1. Then T has a unique fixed point in X .

Later on, various authors extended this result by using more generalized expan-
sion conditions.
Recently, Dhawan et al. [5] defined expansion in quasi partial metric spaces and

proved some fixed point theorems stated below:

Lemma 1.3 ( [5]). Let (X, q) be a quasi partial metric space and {x,} be a sequence
of points of X. If there exists a number k € (0,1) such that

q(xn+171'n) < kq(znaxn—l); n= 1727

Then {zy} is a Cauchy sequence in X .

Theorem 1.2 ( [5]). Let (X,q) be a complete quasi partial metric space and D :
X — X be a bijective mapping defined on X. Suppose that there exists ¢, ca,c3 > 0
such that ¢1 + co +c3 > 1 and

q(@]},@y) Z Clq(xa y) + CQQ(%‘,@J)) + C3q<ya©y)a any S X.

Then © has a fized point in X.
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Proof. For more details, the reader can refer to [5]. O

Corollary 1.1 ( [5]). Let (X,q) be a complete quasi partial metric space and ® :
X — X be a bijective mapping. Suppose that there exists a constant ¢ > 1 such that

(D, Dy) > cq(,y), Vz,y € X.

Then © has a unique fized point in X.

After that many authors worked on aggregation functions, some of them are
[2,4,11,14,15].

The main focus of this paper is to introduce the notion of expansion mappings
in quasi partial metric spaces with the involvement of aggregation functions in such
a way that the previous results existing in literature can be retrieved as a particular
case of our new ones.

The manuscript is organized as follows: Section 2 presents quasi partial metric
aggregation with some properties and conditions required to characterize aggrega-
tion functions. In section 3, Projective W-expansion is introduced via these notions
and some fixed point results are obtained through it. Section 4 presents some useful
examples. In section 5, an application to computer science is presented.

2. Quasi Partial Metric Aggregation

Inspired by the notions of metric aggregation functions due to Massanet and Valero
[11] and quasi partial metric due to Karapinar [8], the new notion of quasi partial
metric aggregation functions is presented in this section.

Definition 2.1. A function ¥ : R} — R, is said to be a quasi partial metric
aggregation function provided that the function Qg : X x X — [0, +00[ is a quasi
partial metric for every collection of Quasi partial metric spaces {(X;, ¢;) }_;, where
X = X1 X X2 X Xn and

qu(m,y) = \I/(QI (331»?/1)’ ) Qn($n7yn)>

for all x = (z1,..z,) € X, y = (y1,...yn) € X.

Following results will help us to characterize quasi partial metric aggregation
functions.

Proposition 2.1. Let ¥ : R} — R, be a quasi partial metric aggregation function,
then ¥ is monotone.

Proof. Consider the quasi partial metric ¢ : Ry x Ry — R, defined as ¢(z,y) =
maz{(z—vy), y—z)}+a V z,y € Ry. Since VU is a quasi partial metric aggregation
function, therefore the function Qg : R} x R} — R defined by

Q\p($7y) = \I](Q(ﬂ?l,yl), ey Q(xn’yn))

for all x = (x1,..2n), ¥ = (y1,--.yn) € R} is a quasi partial metric.
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Consider z,y € R} where x < y. Then

U(z) = V(xy,...,Tn)
= V(q(z1,21), -, @(Tn, Tn))
= Qu(z,2)
< Qu(z,y)
= U(q(1,91); s (T, Yn))
= \I/( Yt 7yn)
= ¥(y)
= U(z) < U(y).

O

Proposition 2.2. Let U : R} — R, be a quasi partial metric aggregation function,
If U(z) =0 for some x € R"}, then & =0 where 0 = (0, ...,0) € R"..

Proof. Let us assume that W(z) = 0 for some x € R’. Since ¥ is a quasi partial
metric aggregation function, therefore, by Proposition 2.1, ¥ is monotone and thus
¥ (%) < U(x) which implies that ¥ (%) = 0.

Consider the quasi partial metric Qg : R} xR’ — R, introduced in Proposition

2.1. Now
0 (35) =% (0(50) o (5.)
= ¥(z) =0,
Qu(z,x) = ¥(q(z1,71), ., q(Tn, T0))
= W) =0,
0 (3 2) = (025 a (5.52)
x
=v(5)=
Thus, by definition of quasi partial metric, § = z and therefore, z = 0.

Lemma 2.1. For every u,v,w,t € Ry such that v < w+t — v where v <
and v < t, there exists x,y,z € R% for which ¢(z,y) = w+t—v, §(z,2)
w, q(z,y) =t and §(z,z) = v where ¢ : RE x RY — Ry is the quasi partial
metric defined by §(z,y) = maz{zs,y1} + maz{zs, g2} + maz{(ys — 21),0} for
every x = (r1,22), Y= (Y1,%2) € Ri-

e 0O

Proof. It can be easily seen that ¢ is the quasi partial metric defined on Ri.
Furthermore, the following points of Ri satisfy the required conditions:

b (i) =3
- 29) YT \' 7)) 2T \ga)-

Lemma 2.2. For every u,v,w € Ry such that uw > v and u > w , there exists x,y €
IR) for which §(z,y) =u, §(zx,z)=v and §(y,y) = w where ¢ : [(R) x I[[R) —
R, is the quasi partial metric defined as §(x,y) = max{xa,ya} — min{z1, 1} +
mazx{(y1 —x1),0} for every x = [x1,22], y = [y1,y2] € [(R) where I[R) denotes an
interval in Ry.

O
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Proof. It can be easily seen that ¢ is the quasi partial metric defined on I(R).
Furthermore, the following elements of I(R) fulfill the required conditions:

z=[-v,0], y=[-u,—u+uwl
O

Theorem 2.1. ¥ :R"? — Ry is a quasi partial metric aggregation function if and
only if for each x,y,z,w € R}, we have

(1) U(z) + U(y) < ¥(z) + ¥(w) whenever z+y<z+w, y=<2z yIw.
(2) U(z) =V(y) =V(z) =>x =y =2 whenever y =<z, z3x.
Proof. Suppose that ¥ is a quasi partial metric aggregation function. Let x,y, z,
w € R} where z +y 2 z+w, y =2, y =X w. Then by Lemma 2.1, there exists
£5,9i, 2 € RY such that (£,9:) = 2z +wi —ys, @(%5,%) = 2, (%, 9;) = w; and
G(Zi, %)=y, foralli=1,...,n

Let X =[], Ri and & = (£1,...,20), U= W1,y Yn)s 2= (%1,...,2n). Then
z, 74,2 € X. Consider the quasi partial metric Q¢ defined on X by

Q\I/(‘%vg) = \Ij((j(flvyAl% 767(xAn7yAn))
for every z,y € X. Then
V(z+w—y)=Qu(®,7) < Qu(#,2)+Qu(Z,9) — Qu(z 2)
=U(z) + ¥(w) — ¥(y)
=V(z+w—y) <V(z)+ V(w) - U(y).

Also, monotonicity of ¥ implies that

U(z) <¥U(z+w-—y) <V(2)+ ¥(w) - ¥Y(y)
=T (z) + U(y) < V(2) + T(w).

Thus, condition (1) is proved.

Now, let x,y,z € R} where y X x, z X x. Then by Lemma 2.2, there exists
Lf?,]] S I(R) such that (j(.fi,.fi) = Y, (j(]jz,:%) = z;, and Lj(l?i,y}) = x; for each
i=1,..,n Let X =[], I(R) and & = (&1, ...,7%), § = (Y15, Un), 2 = (Z1s e, Zn)-
Then 2,9,z € X.

Consider the quasi partial metric Q¢ on X defined by

Q\I/(:%vg) = \Il((j(fhzjl)v ceey Q(xAnvyAn))

for every z,y € X.

Let ¥(2) = ¥(y) = ¥(2) for &,9,2 € R7. It is easy to see that Qu(Z,7) =
Qu(%,2) = Qu(y,7) and therefore, by deﬁnltlon of quasi partial metric, = §. By
Lemma 2.2, & = [—y,0] and § = [z, —z + 2] and Consequently, = y = z. Hence,

condition (2) is proved.

Conversely, let us assume that conditions (1) and (2) hold. We will show that ¥
is a quasi partial metric aggregation function. Let {(X;,¢;)}?; be a family of quasi
partial metric spaces and X = [[;_, X;. Let 2,y € X and Qu(z,y) = Qu(z,z) =
Qu(y,y). Then, by condition (2) and Lemma 2.1, we have ¢;(z;,y;) = q:(z;,2;) =
qi(Yi,y;) YVi=1,...,n. It follows that z; = y; Vi=1,...,n and thus, x = y.
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Now, set y = w = 0 in condition (1). Since ¥ is monotone and g;(x;,z;) <
qi(zi,v:), qi(xi, @) < qi(yi,x;) Vi=1,...,n, we obtain

Qu(x,2) = V(g1 (x1,21), oy @n (T, Tn))
S qj(Ql(xlvyl)» "'7Qn(xnvyn))
= Qu(z,y).

Similarly, Qg (z,z) < Qu(y, ).
Also, by (1), for each z,y,z € X,

Qu(z,2) = V(gi(ws,2:))
< U(qi(wi,yi)) + V(i (vir zi) — (qi(viryi))
= Qu(z,y) + Qu(y,2) — Qu(y,y)-

Thus, all the axioms are satisfied for quasi partial metric Qg induced through
aggregation of quasi partial metrics ¢; where i = 1, ..., n. O

3. Projective expansion and Quasi Partial Metric
Aggregation

This section presents some fixed point theorems in quasi partial metric spaces
through aggregation. For this, the notions of expansion and completeness in the
aforesaid context are firstly introduced.

Remark 3.1. Let {X;}! ; be a collection of nonempty sets and X = []"_, X;. Let
© be a self mapping defined on X with coordinate functions ®; : X — X;, 1 =1,..n
such that

D(z) = (D1(2),..., Dn(z)) forall ze X.

Definition 3.1. Let {(X;,¢;)}; be a family of quasi partial metric spaces and
X =TI", Xi. Let ¥ : R? — Ry be a quasi partial metric aggregation function.
Then the mapping © : X — X is called a projective W-expansion from (X, Qy)
into itself, if there exists n constants Ay, ..., \,, > 1 such that

ql(gl(x)7©2(y)) > Aiqj((h(xla y1)7 qn(mn»yn))

for all x,y € X, where Qg is the quasi partial metric induced by aggregation of the
collection of quasi partial metric spaces {(X;,¢;)}7, through aggregation function
v,

Note that if we put n = 1 and ¥ an identity function in Definition 3.1, then, the
notion given by Wang et al. becomes a particular case of W-projective expansion
(see Theorem 1.1).

Example 3.1. Let X; =[0,1]; ¢ = 1,2 and ¢ be the quasi partial metric defined
as q(z,y) = maz{(x —y), (y—z)} +z for all (x,y) € [0,1] x [0,1]. Let {(X;,q)}7,
be the complete quasi partial metric spaces where ¢ = g = g and ¥ : Ri — Ry
be the function defined as W((z1,z2)) = 2522 + L for all z € R2.

It can be easily verified that conditions (1) and (2) hold in the statement of
Theorem 2.1 and therefore, it is a quasi partial metric aggregation function.
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Define the mapping ® : RZ — R? by D(z) = (2,2) for each z = (z1,22) € R2.
It is not hard to see that © is a projective ¥- expansion as for x = (1,0), y = (0,0),
we obtain by definition of q,

q(Di(z), Diy)) = q(2,2)
=2 Z %W(ql(lvo)aQQ((LO))

for all z,y € Ri.

Example 3.2. Let X; =R,; i=1,2 and ¢ be the quasi partial metric defined as
q(z,y) = maz{(z —y),(y — )} + = for all (x,y) € Ry x Ry. Let {(X;,q:)}2 be
the complete quasi partial metric spaces where ¢g; = ¢ = ¢ and V¥ : Rf_ — R, be
the function defined as W((z1,22)) = (21 + x2) for all z € R?.

It can be easily verified that conditions (1) and (2) hold in the statement of
Theorem 2.1 and therefore, it is a quasi partial metric aggregation function.

Define the mapping © : RZ — R3 by D(z) = (4(x1 + 22),4(x1 + x2)) for each
x = (x1,29) € Rﬁ_. It is not hard to see that ® is a projective U- expansion as

Case I: For x = y, we obtain by definition of q,

q(Di(x), Di(y))

q(4(z1 + 22),4(y1 + y2))
8(z1 + 22) — 4(y1 +y2)
3[2(w1 + w2) — (Y1 + v2)]
AV (g1 (71, y1)q2(72, y2))

vVl

for all z,y € Ri where A =3 > 1.
Case II: For z = y, we obtain by definition of q,

q(Di(x), Di(y))

q(4(z1 + 22),4(y1 + y2))
4(y1 +y2)
3(y1 + y2)
AV (q1 (21, y1)q2(22,Y2))

AV

for all z,y € Ri where A =3 > 1.

The next result will be crucial in order to prove the existence and uniqueness of
fixed point in quasi partial metric spaces considered via aggregation.

. = )
We will set 1; = (0,...,0, 1 ,0,...,0) foralli=1,..,n

Lemma 3.1. Let ¥ : R} — R, be a homogeneous quasi partial metric aggregation
function such that U(1,..,1) = 1 = U(1;) for all i = 1,..n. Let {(X;,q¢)}4
be a family of complete quasi partial metric spaces and X = [[i—, X;. Then the
quasi partial metric space (X, Qg) is complete, where Qy is quasi partial metric
aggregation induced by V.

Proof. Let {zP},en be a Cauchy sequence in (X, Qw). Then there exists [ € Ry
such that lim, , Qu(2?,2") = [ and for given ¢ > 0, there exists py € N such that
Qu(zP,z") < e+ 1 for all p,r > po.
This implies that

U(qr (2, 2]), oy qu(2l,2l)) <e+1.
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Since VU is a quasi partial metric aggregation, therefore ¥ is monotone and thus we
have
U(gi(2f, 2}).1;) < W(gi(al,z})) <e+1 forall i=1,..n,

and as ¥ is homogeneous, it follows that

qi(af,xl) = qi(af, 2]) U (1;) = U(gi(a?, a]).1;) <e+1

177 7771

for all i = 1,...n and for all p,r > po.

This shows that there exists z; € X; such that lim, ¥ = x; and lim,, , ¢; (2, 27) =
¢i(zi, 2;) = limy, g; (@, 2¥) = limy, ¢; (2, 2;) = 1 for all i = 1,...n. Also, since (X;, ¢;)
is complete quasi partial metric space for all i = 1,...n; therefore for given ¢ > 0,
there exists mg € N such that g;(z;,2") — qi(z;, ;) < § for all m > mg and for all
t=1,...,n.

By Theorem 2.1, we obtain

Qu(z,2™) — Qu(z,z) = V(g1 (71, 27"), .., 1 (70, 2,")) — U(q1 (21, 21); s q1(Tns Tnr))

o5
- §W(1,...,1) <e,

as ¥ is homogeneous and ¥(1,...1) = 1.

Thus, Qu(z, zm)—Qu(z,z) < € forall m > mg and lim,, Qv (z, zm) = Qu(z, x).
Similarly, we can show that lim,, Qg (zm, z) = Qu(z, x).

Also, Qu(z,z) = Y(q1(x1,21), ..., q1(Tn, ) = ¥(,..01) = 1¥(1,..1) = [
Hence the quasi partial metric space (X, Q) is complete. O

In the next theorem, we shall show that every projective U-expansion satisfying
the condition ¥(1,...,1) > 1, is an expansion.

Theorem 3.1. Let {(X;,q;)}7, be a family of quasi partial metric spaces with
X =TI, Xi. Let ¥ be a homogeneous quasi partial metric aggregation function
such that U(1,...,1) > 1 and ® is a projective V-expansion. Then, ® is an expansion
from the quasi partial metric space (X, Qwy) to itself where Qg is the quasi partial
metric induced by aggregation.

Proof. It follows from Proposition 2.1 that ¥ is monotone. For x,y € X, mono-
tonicity of ¥ and nature of mapping ® implies

Qu(D(2),D(y)) = ¥(q1(D1(2),D1(y)), -+, 4 (Dn(2), Dn(y)))
> UM (qi(z1,91), 5 Gn(Tn, Yn))s
e AW (@1 (1, Y1) 05 Gn (T, Yn)))
> WAV (q1(z1,Y1)s - @@y Yn))s - AY(q1 (21, Y1) 0 Gn(Tn, Yn)))

where A = min{\1, ..., \,}. Homogeneity of ¥ yields

Q(A\Ij(ql(xlvyl)v 8] Qn(xnvyn))v "‘/\\I}(Ch(xlvyl)v "'7Qn(xnvyn)))
= AU(L, o, DU (qu (@1, Y1), ooy G (T Yn))-

Thus, above inequality becomes

Qu(®(x),D(y)) > \¥(1,...,1)Qu(x,y)
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Hence, the mapping D is an expansion from the quasi partial metric space (X, Q)
to itself. O
Next we shall show the existence and uniqueness of fixed point.

Corollary 3.1. Let {(X;,q;)}", be a family of quasi partial metric spaces with
complete metrics q;; i =1,....,n and X = H;L:l X;. Let ¥ be a homogeneous quasi
partial metric aggregation function such that U(1,...,1) =¥(1;,) =1; i=1,..,n
and ® is an onto projective V-expansion. Then ® has a unique fived point x*.
Proof. By Lemma 3.1, it follows that the quasi partial metric space (X,Qg) is
complete and by Theorem 3.1 shows that © is an expansion from the quasi partial
metric space (X, Qv) to itself. By Corollary 1.1, we see that © has a unique fixed
point z* in X. O

According to these results, every projective W-expansion is an expansion but
does the converse hold? Example 4.1 gives an answer to this query i.e. every
expansion mapping need not be a W-projective expansion.

4. Examples

Example 4.1. Let X; = Ry; ¢ = 1,2 and g be the quasi partial metric defined
as q(z,y) = maz{(x —y), (y — )} +« for all (z,y) € Ry x Ry. Let {(Xi,q:)}i;
be the collection of complete quasi partial metric spaces where ¢; = ¢ = ¢ and
¥ :R2 — Ry be the function defined as ¥((z1,z2)) = (z1 + 22) for all z € R2.

It can be easily verified that conditions (1) and (2) hold in the statement
of Theorem 2.1 and therefore, it is a quasi partial metric aggregation function.
Moreover, ¥(1,1) = 2 > 1. Define the mapping © : RZ — R by D(z) =
(2(z1 + 22),2(z1 + 22)) for each x = (z1,22) € R%. It is not hard to see that
® is an expansion as

Qu(®D(2),D(y)) = Qu((2(x1 + x2),2(z1 + 22)), (2(y1 + y2),2(y1 + ¥2)))
= U(q1(2(z1 +22),2(y1 +y2)), ¢2(2(z1 + 22),2(y1 + y2)))-

Case I: For = > y, we obtain by definition of q,

Qu(D(z),D(y)) = 8(x1 +22) — 4(y1 + y2)
> 2[2(z1 +22) — (y1 + v2)]
=2V (221 — y1,222 — ¥2)
=2V (q1 (71, 1), g2(72, y2))

= Qu(D(2),D(y)) > A\Quw(z,y)

for all z,y € Ri where A =2 > 1.
Case II: For = < y, we obtain by definition of g,

Qu(D(2),D(y)) = 4(y1 + y2)
> 2(y1 +y2)
= 2U(q1(z1,1), q2(22,92))
= Qu(D(2),D(y)) = Mw(z,y)

for all z,y € Ri where A =2 > 1.
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It follows that © is an expansion from quasi partial metric space (Rf_, Qv) into
itself. Next we show that © is not a projective W-expansion.

Consider z,y € R? with z = (0,1) and y = (1,0). Then ¢(D;(z),D;(y)) =
q(2,2) = maxz{0,0} +2 = 2 and ANV (q1 (z1,y1), ¢2(22,y2)) = A¥(q1(0,1),¢2(1,0)) =
AT(1,2) = 3.

Thus, ¢(D;(),Di(y)) Z AV (q1(z1,91), g2(72,y2)) as A > 1.

The next example shows that the assumption ‘U is homogeneous’ cannot be
omitted in the statement of Theorem 3.1.

Example 4.2. Let ([0, 1], ¢) be the complete quasi partial metric space such that ¢
denotes the restriction of the quasi partial metric introduced in Proposition 2.1 to
[0,1]. Consider the family of complete quasi partial metric spaces {([0, 1], ¢;) }i=1.2
such that ¢; = g2 = ¢. Define the function ¥ : R — Ry by U(z) = z1 + 22 + i
for all z € R3. It is easy to see that for the function ¥ assertions (1) and (2) hold
in the statement of Theorem 2.1 and, thus, it is a quasi partial metric aggregation
function. Moreover, it is clear that U(1,1) > 1. However, ¥ is not homogeneous.
Indeed,

17 18
U(2,2) = — # — =2¥(1,1).
(2,2) = - # - =20(1,1)
Next, consider the mapping @ : [0,1]2> — [0,1]? defined by D(z) = (0,0) for all
x € [0,1)2. Tt is clear that ® is a projective W-expansion. Nevertheless, ® is not an
expansion from ([0, 12, Qg ) into itself, where Qy is the quasi partial metric induced

by aggregation of the family of quasi partial metric spaces {([0, 1], ¢;) }i=1,2., through
U, Indeed,

Qu(D(0,0),9(0,0)) = Qu((0,0), (0,0)) = ¥(0,0) = 1.
Therefore, there does not exist A > 1 such that

In the next example, we show that the assumption ¥(1,...,1) > 1 cannot be
omitted in the statement of Theorem 3.1 in order to guarantee that a projective
U-expansion is also an expansion from (X, Qy) into itself.

Example 4.3. Let {([0,1],¢;)}; = 1,2. be the family of complete quasi partial
metric spaces such that ¢ = ¢2 = ¢. Define the function ¥ : Ri — R4 by
U(z) = % for all x € ]Rf_. It is easy to see that ¥ is a homogeneous quasi
partial metric aggregation function. Nevertheless, ¥(1,1) = % < 1.

Next, consider the mapping ® : [0,1]> — [0,1]? defined by D(z) = (2(z1 +
x2),2(w1 + 13)) for all z € [0,1]2. Then we have for z = y,

q4(Di(2),Di(y)) = q(2(x1 + 22),2(y1 + y2))
= 4(z1 + x2) — 2(11 + y2)

2 1
<3($1 + x2) — g(yl + y2))
)“I/(Q(xlayl)ﬂ(f%yﬂ) with A=3>1

>

w

for all x,y € [0,1]? and for i = 1,2. Similar is the case for z < y. So, D is a
projective W-expansion. However, ® is not an expansion from the quasi partial
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metric space ([0, 1], Qy) into itself where Qy is the quasi partial metric induced by
aggregation of the family of quasi partial metric spaces {([0, 1], ¢;)}i=1,2., through
V. Indeed, take z,y € [0,1]? given by = (0,0) and y = (0,1). Then there does
not exist A > 1 such that

Since

Qu(D(0,0),D(0,1)) = Qu((0,0), (2,2)) = ¥(2,2) = 5.

5. Application

In the field of computer science, the objective of complexity analysis is to assess
which of the algorithm is most suitable or in other words, the algorithm which
takes minimum running time with minimum space even with large inputs and other
suitable resources. This is usually done by means of asymptotic analysis where the
running time of an algorithm A is denoted by a mapping T4 : N — (0,00). The
time or space taken by an algorithm to solve the problem under consideration is
denoted by T'4(n) where n € N represents the size of input data to be processed.
Let S(T4) denotes the set of all functions from N to (0, c0).

When the complexity analysis of an algorithm has to be determined, one ap-
proaches to asymptotic complexity analysis rather than exact analysis. So, they
try to find such an algorithm that takes "approximately” minimum running time,
minimum space even with large inputs and other suitable resources.

Let f € S(T4) denote the running time or space taken by an algorithm. Then,
we can define an asymptotic upper bound for f in the following way:

If there exists ng € N, k € RT and a function g € S(T4) such that f(n) < kg(n)
for all n € N such that ng < n. Then, g gives an asymptotic upper bound of f, and
represents an “approximate” information of the algorithm. We write it as f € U(g).
Similarly, we can also define an asymptotic lower bound for the algorithm. The
notation f € L£(g) means that there exists ng € N, k € R* and a function g € S(T4)
such that kg(n) < f(n) for all n € N such that ng < n. The best situation is the
case when we can find such a function f which satisfy the condition f € U(g) where
U(g) = U(g) N L(g). In this case, the function f represents a ’tight’ asymptotic
bound of algorithm i.e. it represents the total asymptotic information about the
most suitable resources to solve the problem under consideration.

Let the pair (C,d¢) represents the complexity space, where

o0
1
C=qfeSTa): 27— — < 0
Pesn: St <a)
and d° is the complete quasi partial metric on C defined by

c o = “"max 1 - L ! - ! :
d (f,g)—n;2 {f(n) g(n)’ g(n) f(n)}+f(n)'

The members of C are called complexity functions and d°(f, g) represents the com-
plexity distance from f to g. Then d°(f,g) = 0 means ’f is as efficient as ¢
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We will solve the problem by using Divide and Conquer method given in [16]. In
this procedure, we will split the problem into subproblems (depending upon different
resources) and solving them separately using same algorithm to find the suitable
solution. After obtaining the solutions of the subproblems, we will aggregate all
subproblems to obtain a global solution to the original problem which will represent
an algorithm with all approximately suitable resources.

The next result explores the significance of above theory.

Proposition 5.1. Let © be an onto self mapping defined on C with coordinate
functions ®; : C — C;, i =1,...n such that

D(f)(n) =@.(f)(n), ... Du(f)(n)) for each feC andneN.
satisfying the expansion inequality

di(Di(f)(n),Di(g)(n)) = Ni¥(di(f1,91),--d7,(fn, gn))
forall fi,g;€C,i=1,2,....,n and A1, ..., A, > 1. Then © € U(g).

Proof. We construct the members C;, i = 1,2,...n; n € N of complexity class
C in such a way that they will be based on different resources such as time, space,
data etc. and C = [[;_, C;. It is easy to see that (C;,df) is a collection of complete
quasi partial metric spaces. Let ¥ : R} — R be the function used to aggregate
these members and it is defined in such a way that ¥(1,1,...,1) > 1. Let © be an
onto self mapping defined on C with coordinate functions ®; : C — C;, i = 1,..n
such that

D(f)n) = ®D.(f)(n)y.... Du(f)(n)) for each feC andn e N.
satisfying the expansion inequality

di(Di(f)(n);Di(g)(n)) = MiW(di(f1,91), -5 (fns gn))

for all f;,9; €C,i=1,2,....nand Ag,..., A\, > 1.
Thus, all the conditions of Corollary 3.1 are fulfilled and therefore, © has a fixed
point f* i.e. ® € L(g) NU(g). It follows that © € U(g). O
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