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A formula for calculation of metric
dimension of converging sequences

LADISLAV MISIK JR., TIBOR ZACIK

Abstract. Converging sequences in metric space have Hausdorff dimension zero, but their
metric dimension (limit capacity, entropy dimension, box-counting dimension, Hausdorff
dimension, Kolmogorov dimension, Minkowski dimension, Bouligand dimension, respec-
tively) can be positive. Dimensions of such sequences are calculated using a different
approach for each type.

In this paper, a rather simple formula for (lower, upper) metric dimension of any
sequence given by a differentiable convex function, is derived.

Keywords: metric dimension, limit capacity, entropy dimension, box-counting dimen-
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Let X be a totally bounded metric space and let € be a positive real number.
Denote by N (e, X) the least number of closed balls with diameter € covering X.
For simplicity we use also the notation N(¢) when dealing with a fixed metric
space.

The following characteristic of the space X

dim X = lim inf M
r>0 —logr
was first defined in [P—S] and it is called the lower metric dimension (limit ca-
pacity, entropy dimension, box-counting dimension, Hausdorff dimension, Kol-
mogorov dimension, Minkowski dimension, Bouligand dimension, respectively) of
the space X. Similarly,

dim X = limsup M
r>0  —logr
is known as the upper metric dimension (limit capacity, entropy dimension, box-
counting dimension, Hausdorff dimension, Kolmogorov dimension, Minkowski di-
mension, Bouligand dimension, respectively). In case dim X = dim X we say that
for X there exists metric dimension.
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For a countable set, these dimensions can be positive, whereas the well known
Hausdorff dimension of a countable set is zero. Hence the metric dimension,
which is always equal to or greater than the Hausdorff dimension, provides a more
sensitive characteristic for some sets. The only method of calculation of (upper)
metric dimension of sequences, according to authors knowledge, was developed
in [H, Theorem 3.1]. The result was based on the paper [B-T] and it allows to
calculate the metric dimension of compact nowhere dense subsets of the set of real
numbers by means of convergence of infinite series. Some examples of calculation
of metric dimension can be found in [K—-A].

The aim of our paper is to give an analytic formula for the calculation of the
metric dimension of converging sequences by means of limits. Notice that the sig-
nificance of converging sequences in the theory of metric dimension is documented
by the result of [M—-Z] which says that in each compact metric space there exists a
converging sequence having the same upper metric dimension as the whole space
does.

In this paper we consider the class of decreasing sequences of positive real
numbers converging to zero. For such sequences {a,} we will write A = {an}
instead of A = U {an} U { lim an} = U {an} U {0}. All logarithms in the

paper are taken to the base greater than one

Definition 1. By a convez sequence (c-sequence, in short) we mean a decreasing
sequence of positive real numbers converging to zero, which is convex as a function
defined on the set of all positive integers.

This means that a sequence {a,}2° ; is a c-sequence iff for all n € N

an — Ap+41 > A4l — An42 -
In general, the function N (-, X) fulfills the condition
lim N(r,X)+1< lim N(r,X)<2- lim N(r,X),

r—7) r—ry r—>7’:{

for a set X C R and for any point rg of its discontinuity ([M-Z, Theorem 3]).
In the case of c-sequences a more precise estimation holds.

Proposition 1. Let A = {an} be a c-sequence. Then for any point rq of discon-
tinuity of the function N(-,A),

lim N(r,A) = lim N(r,A)+1

r—rqy 7’—>r0+

PROOF: Let ¢ be a point of discontinuity of the function N (-, A). Note that a
covering of A by the least number of closed intervals of lengths rg can be chosen
such that right endpoints of all intervals in a covering are members of the sequence
{an}. Thus take C = {C;}7_; = {(pi,ax,)}I—;, a minimal covering of A. Now
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consider the system of intervals C' = {C/}" ; = {(p; — d;,ap,+1)}}~;, where
d; = ay; — aj,+1. As differences between successive members of A are decreasing,
the system C’ possesses the following properties:

(i) C’ covers A except ay;

(i) both Cy, and O}, contain an infinite number of members of A. On the
other hand, if C; contains m; members {ag,, ..., a, +m,—1} of A then, C/
contains at least m; members {ag,y1,...,ak,4m,} of A;

(iii) @g,;+m, is greater than the left endpoint of the interval CZ(, 1=1,...,n—1,
i.e., ag,+m; > pi — d;. The endpoint of C;L is a negative number, say hy,.

Denote by h; the positive number ay, 4, — (p; —d;) foralli =1,...,n —1 and
choose a positive €, 0 < ¢ < min{h;: 1 <i<n—1}.

The system C” = {(p; — d; + €, ay,+1)}]—, covers A except a; as well. Thus
the system C” U (a1 — rg +¢&,a1) is a covering of A by n + 1 intervals of diameter
ro — €, which yields the requested equality. (I

Many examples of converging to zero sequences are given by differentiable
convex functions. For example, {ap} = {n—lk} is derived from the function f(z) =

=% by the relation a, = f(n). Similarly, the sequences {kin}, {@} can be

obtained from the functions f(z) = k=% and f(z) = (logz) ™!, respectively. The
resulting sequences are c-sequences.

The opposite is also true. For any c-sequence {a,} there exists a differentiable
convex decreasing function f: RT — R, with limit zero at infinity, such that
an = f(n). Any such C'-function will be called an associated function to this
sequence.

The construction of an associated function to a convex sequence is shown in
the following example.

Example. Let {ay,} be a convex sequence. Put d; = 2(ag — a1) and define dy, =

fntl fn=l for each n = 2,3,4... . Then evidently dp < an41 — an < dpt1 < 0.
—_ n -2 n n

Further, let p; = %%%‘;1 and p, = m_zg—ﬁ}a—:ﬁl for n > 1. Define p,(z) =

(dpt+1 — dn)(x — n)P* + dy, for x € (n,n+ 1) and for each n = 1,2,3... . Let

fu(x) = an+ [ on(t) dt. Finally, define the function f in pieces by f(z) = fn(z)
for each n = 1,2,3... and all z € (n,n + 1). The straightforward computation
yields that f is an associated function to the sequence {ay}.

Lemma 1. Let A = {an} be a c-sequence and let r < a1 — ay be a positive
number. Let f be any associated function to A. Then there is a unique integer
ny and a unique real number x € (ny,n, + 2), such that

(1) anp+1 — anp42 S r< an, — Qn,.+1,

and

r=—f(z).
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PRrROOF: The existence of an index n, fulfilling (1) is obvious. The Mean Value
Theorem implies the existence of a u € (ny,n, + 1) and v € (n, + 1,y + 2) such

that ap,+1 — an, = f'(u) and ap,+2 — an,+1 = f'(v). By (1)
_f,('U) = a/nr“l‘l - an7-+2 S r < a/nr - an7-+1 = _f/(u)

From the Darboux property of derivatives there is an z € (u,v) C (ny,ny + 2)
such that r = — f/(z). Due to monotonicity of f’ this x is unique. O

Remark. As the function —f’ is positive and decreasing, Lemma 1 provides a
one-to-one correspondence between positive real numbers r tending to zero and
positive real numbers x tending to infinity.

Lemma 2. Let A = {an} be a c-sequence and let r < a3 — ag be a positive
number. Let n, be the integer from Lemma 1. Then

2) np+ 1+ 22 2 Ny <y g2 Drt2

2r r
ProOOF: Fix i > n, and cover the sequence A by intervals of length r as follows.
ai,--.,a; can be covered by ¢ intervals and the rest of the sequence A by [%} +1
intervals. Thus N(r) <i+ L”T“ + 1, so the right inequality is proved.

On the other hand, to cover the first n, + 1 terms of A we need n, + 1 intervals
of length r. Any covering of the rest of A consists of some number of intervals of
the length r, and some number of gaps between these intervals. The number of
gaps is less than the number of intervals. Since A is a c-sequence, the definition
of n; yields that the length of each gap is less than . Hence the sum of lengths of
covering intervals is greater than one half of the length of the interval (0, an, +2).

Therefore the number of intervals needed to cover ay,4+2,an,+3,... is greater
than %, so the total number of intervals to cover the whole sequence A is
greater than n, + 1+ 22£2, O

Lemma 3. Let A = {an} be a c-sequence and let f be any associated function
to A. Then for each x > 1,

f(z) _flz) )
=2+ —F7~ < N(—- <z 424 —+.
PROOF: Since f is an associated function to A, we can write f(n) instead of ay,
n=1,2,... . Substituting r = — f/(x) in (2) gives
2 2
(3) nr+1+M§N(_f/(x))§nr+2+M

—2f(x) —f'(z)

The Mean Value Theorem guarantees the existence of a number ¢ € (x,n, + 2)

such that
flnr +2) = f(2) + f'(t)(ny +2 — @),
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Substitute this to (3) to get

f(x) + f'(t) (nr+2—1)

ny+1+ <N(—fl(z)) <nr+2+

—2f'(=) f'(x) ’
f(2) _ ~f'(t) n 0 —
<np+2+ fe) =0 (nr +2 — ).

—f'x)  —f(x)

As f is a decreasing convex function, the function f’ is negative and increasing.
Therefore

(1)
0< e <L
By Lemma 1, z € (n,,ny, + 2), hence n, + 2 — x < 2 and so
—1'(t) N
Y (nr+2—-2) <1
So the left side of the first inequality in (4) can be minorized
f(x) —f'(t)
) et S 2 TR
_ f(z) —f'(t)
=+ Sy + (1~ S 2= )
f(z)

Similarly, as %/((;))(nr + 2 — x) is a positive number, the right side of the second

inequality in (4) can be majorized

i L I L VPP ()
O e S T e RO S Sy
Using (5) and (6) in (4), we obtain the assertion of the lemma. O

Theorem. Let A = {a,} be a c-sequence with an associated function f. Then

f(z)
log (z + =%
dim A = lim inf ( f (x)) ,
g ()
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and

f(z)
log (x + -
dim A = lim sup 1( ( (())))
T—00 — 10g

Proor: Evidently,

r—2+

/() /() f(2)
—Qﬁ@)<I+2+—ﬁ@ﬂ<2<x_2+—%%ﬂ>’

for # > 6. Taking logarithms and dividing by positive number —log(—f’(z))
gives

log(x 2+ g](“() )) <log(a:—|—2+ ];(2)) _ log 2 +log(a: 24 g](“()m))
—log(—f'(z)) — —log(—f'(x)) ~ —log(—f'(z))  —log(—f'(2))

Since lim — 1082
2=00 —log(—f'(x))

= 0, the lim inf of the outer terms are equal and therefore

f(z) f(x)
log(x —2+ e log $+2+_,x
lim inf ( —2/'( )) = lim inf ( it ))

T—00 —log(—f (x )) T—00 —log(—f/(l'))

Obviously,

f(z) f(z) f(z)
log (v — 2+ —ff5) _log (o4 i) log (v -2+ 575)
—log(—f'(z)) = —log(—f'(x)) ~  —log(—f'(x))

and, from the assertion of Lemma 3,

log( — 2+ gj(“()x)) _ log( ( f’(:z:))) - log (:C+2+ J;(,a(c)))
—log(—=f"(x)) = —log(—f'(x)) —  —log(—f'(x))
Hence

o 1 + f(x)
i A — i B @) s (4 )
) Y g )

by Sandwich Theorem. L
The same result is true for dim A, considering lim sup instead of lim inf. (I

The following Corollary 1 is an immediate consequence of Theorem.
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Corollary 1. Let A = {ay} be a c-sequence with an associated function f. Then

f(z)
- : . . log (x - f'(fw)
dimA=dimA=dimA= lim o
o z—=00 —log(—f'(z))

provided the last limit exists.

The following consequence of Corollary 1 will be useful.

Corollary 2. Let A = {ay} be a c-sequence with an associated function f. Then
— 1 1
dimA=dimA=dimA= max{ lim LI/ ,1— lim M},

v=00 —log(—f'(z)) "~ w=oolog(—f'(v))

provided both limits exist.

PROOF:
f(x) f(z) f(z)
max{a 05} <2 f5 < oo, T
as both x and _J;(,:E;) are positive. Consequently
f(z)
ogr__ 1ox (i)
max ,
—log(—f'(z)) " —log(~f'(x))
_ =) f(z)
log (= — £155) o g2 log x los (f525)

 —log(—f'(x)) ~ —log(—f'(x)) —log(—f'(z)) " —log(—f'(x))

for sufficiently large x.
Take limits in the last inequalities, apply the Sandwich Theorem and notice
that

f(x
oz (i) | los(/()
—log(—f"(x)) log(—/f(x))
to finish the proof. O

Examples

1) Let {an}>2; = {1/n%}>2,, @ > 1, with an associated function f(z) = z7°.
Then

/() o
dim{1/n%} = lim M _ . loe (“’ + W)
z—o0 —log(—f/(z)) @—oo —logaz—T)
log (z + &) 1

im = :
z—oo —loga+ (a+1)logz  a+1
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2) Let {an}p2, = {r"}52,, 0 < r < 1, with an associated function f(z) = r*.
Then

_ f(z) _ r®
dim{r"} = lim —log (:C f/(x)) = lim o (:C ~ logr)
T—00 — log( f’(x)) r—00 — log(—rx log T‘)
1
i log (:v — 1—Ogr)
= 1m =
z—oo —log(—logr) — zlogr

3) Let {an}2%; = {1/logn}2 ,, with an associated function f(z) = (logz)~!.
Then

log (x — f,(m) ) 1 1
dim{1/logn} = lim B S A C) VAN T og(Lx;g:v)
T—00 —log( f’(x)) T—00 log(z(log a:))
i logz + log(1 +logxz)
oo logx + 2log(logz)
4) Let {an};2; = {§ — arctann};2 , with an associated function f(z) =
arctanx. Let us apply Corollary 2. Calculate
. log x .
lim —————— = lim

wmoe —log (@) #=o g (1)

[SE]

log x

e
~a—>ocolog (1 +22) 27
and
lo log (5 — arcta:
1+ lim —g(f( )) =1+ lim g( a 2n:c)
T—00 — log( f’(:v)) z—oo  log (1 + 2?)
-1
T 1
=1+ lim (f_ar"ta;x)(”xz) =1— lim —2&
T—00 1—1——?(:2_ T—00 5 — arctanx
-1
52 1 1
=1- lim -2 =1-3=3.
Thus - oo 1
dim{— — arctan n} = —.
2 n=1 2
5) {an}p, ={1—-e ”}n 1, with an associated function f(z) =1—e z. Cal-
culate
I log . log =
e Zlog (—F/(z)) oo =1
z—oo —log(—f'(z)) = w—log(e—xz—)
. log x . log x 1
= lim ————— = lim T, 35>
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and
log(f(x log l—ex)
1+ lim ((/)) =1+ lim T
v—o0 —log(—f'(z)) 00 Jog (:10265)
=1
e T
=1+ lim loez — =1+ lim 2196_1
T—00 1 —eT r—00 = 1
2zeT +a2 =5
22er
2 1 1
2z—1
=14 B ZDT g o
T—00  _o3 2 2
x2
Thus
di 1 —1yoco 1
lm{ — € n}nzl = 5
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