FUNCTIONS OF BOUNDED VARIATION

NOELLA GRADY

ABSTRACT. In this paper we explore functions of bounded variation. We
discuss properties of functions of bounded variation and consider three re-
lated topics. The related topics are absolute continuity, arc length, and the
Riemann-Stieltjes integral.

1. INTRODUCTION

In this paper we discuss functions of bounded variation and three related topics.
We begin by defining the variation of a function and what it means for a function to
be of bounded variation. We then develop some properties of functions of bounded
variation. We consider algebraic properties as well as more abstract properties
such as realizing that every function of bounded variation can be written as the
difference of two increasing functions.

After we have discussed some of the properties of functions of bounded variation,
we consider three related topics. We begin with absolute continuity. We show
that all absolutely continuous functions are of bounded variation, however, not all
continuous functions of bounded variation are absolutely continuous. The Cantor
Ternary function provides a counter example. The second related topic we consider
is arc length. Here we show that a curve has a finite length if and only if it is of
bounded variation. The third related topic that we examine is Riemann-Stieltjes
integration. We examine the definition of the Riemann-Stieltjes integral and see
when functions of bounded variation are Riemann-Stieltjes integrable.

2. FUNCTIONS OF BOUNDED VARIATION

Before we can define functions of bounded variation, we must lay some ground
work. We begin with a discussion of upper bounds and then define partition.

2.1. Definitions.

Definition 2.1. Let S be a non-empty set of real numbers.

(1) The set S is bounded above if there is a number M such that M > x for
all x € S. The number M is called an upper bound of S.

(2) The set S is bounded below if there exists a number m such that m < x
for all x € S. The number m is called a lower bound of S.

(3) The set S is bounded if it is bounded above and below. Equivalently S is
bounded if there exists a number r such that |x| < r for all x € S. The
number r is called a bound for S.

Definition 2.2. Let S be a non-empty set of real numbers.
1
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(1) Suppose that S is bounded above. A number [ is the supremum of S if 8
is an upper bound of S and there is no number less than 8 that is an upper
bound of S. We write 3 =sup S.

(2) Suppose that S is bounded below. A number « is the infimum of S if a is
a lower bound of S and there is no number greater than « that is a lower
bound of S. We write o = inf S.

We can restate Definition 2.2 (1) in equivalent terms as follows.

Theorem 2.1. Let S be a non-empty set of real numbers that is bounded above,
and let b be an upper bound of S. Then the following are equivalent.

(1) b=supS

(2) For all € > 0 there exists an x € S such that |b — x| < e.

(3) For all € > 0 there exists x € S such that x € (b — €, b]

A proof of Theorem 2.1 can be found in Schumacher’s text [3]. We often refer to
sup S as the least upper bound of S and to inf S as the greatest lower bound of S.

The following axiom is often useful for determining the existence of the least
upper bound of a set.

Axiom 2.1. Every non-empty set of real numbers that is bounded above has a least
upper bound.

Definition 2.3. A partition of an interval [a,b] is a set of points {xg, 1, ..., Tn}
such thata = xg < 11 < T9--- < x, =Db.

With these definitions in hand we can define the variation of a function.

Definition 2.4. Let f : [a,b] — R be a function and let [c,d] be any closed subin-
terval of [a,b]. If the set

S = {z": |f(zi) = f(zi1)| : {@i 2 1 < i < n} is a partition of [c, d]}
=1

is bounded then the variation of f on [c,d] is defined to be V(f,[c,d]) = sup S. If
S is unbounded then the variation of f is said to be 0co. A function f is of bounded
variation on [c,d) if V(f,[c,d]) is finite.

2.2. Examples. We now examine a couple of examples of functions of bounded
variation, and one example of a function that is not of bounded variation.

Example 2.1. If f is constant on [a,b] then f is of bounded variation on [a,b].

Consider the constant function f(z) = ¢ on [a,b]. Notice that

n

S 1f@i) = fwioa)]

i=1
is zero for every partition of [a,b]. Thus V(f, [a,b]) is zero.

Another example of a function of bounded variation is a monotone function on
[a, b].

Theorem 2.2. If f is increasing on [a,b], then f is of bounded variation on [a,b]

and V(f,[a,b]) = f(b) — f(a).
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Proof. Let {x; : 1 <i < n} be a partition of [a,b]. Consider

D 1) = flaim)l =D (F) = flxima)) = £(0) = f(a).
i=1 1=1
Because of the telescoping nature of this sum, it is the same for every partition
of [a,b]. Thus we see that V(f,[a,b]) = f(b) — f(a) < co. Thus f is of bounded
variation on [a, b].

O

Similarly, if f is decreasing on [a,b] then V (f,[a,b]) = f(a) — f(b).
For the next example we first recall a theorem involving rational and irrational
numbers.

Theorem 2.3. Between any two distinct real numbers there is a rational number
and an irrational number.

We will not prove this here, but a proof is provided in Gordon’s text [1].
Example 2.2. The function [ defined by

| 0 ifx is irrational
() = { 1 if z is rational

is mot of bounded variation on any interval.

Proof. Let n € Z and n > 0. Let [a,b] be a closed interval in R. We construct
a partition P = {xg, 21, ..., xny2} of [a,b] such that V(f,[a,b]) > Z?;Lf |f(z:) —
f(ziz1)| > n as follows.

Recall that by definition g = a. By Theorem 2.3 we know that between any two
real numbers there is a rational number and an irrational number. Take x; to be an
irrational number between a and b. Then take x5 to be a rational number between
x1 and b. Continue like this, taking x9;41 to be an irrational number between xo;
and b, and x9; to be a rational number between x9;—1 and b. Finally x,42 = b.
Thus we have created a partition that begins with a and then alternates between
rational and irrational numbers, until it finally ends with b. Now consider the sum
Z?:Jrlz |f(z;) — f(x;—1)|, which we know is at most the variation of f on [a,b]. Thus

n+2
V(f[a,b]) = Z|f($i)*f($i—1)|

-

> Y |f(@i) = fl@io)]
i=2

= |flw2) = fla) + - + [f(@ng1) = flzn))]

= |[1-0/+]0—-1]+ --+[1-0]

= 1+1+14---+1

Thus V(f,[a,b]) is arbitrarily large, and so V (f,[a,b]) = oco. O

We have now examined a couple of examples of functions of bounded variation,
and one example of a function not of bounded variation. This should give us
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some insight into the behavior of functions of bounded variation and motivate the
exploration of some algebraic properties of these functions, which we do in Section
2.3.

2.3. Algebraic Properties of Functions of Bounded Variation. In this sec-
tion we consider some of the properties of functions of bounded variation. Properties
that are listed but not proven have proofs in Gordon’s text [1].

Theorem 2.4. Let f and g be functions of bounded variation on [a,b] and let k be
a constant. Then

(1) f is bounded on |a,b];

(2) f is of bounded variation on every closed subinterval of [a,b];

(3) kf is of bounded variation on [a,b];

(4) f+g and f — g are of bounded variation on [a,b];

(5) fg is of bounded variation on [a,b];

(6) if 1/g is bounded on [a,b], then f/g is of bounded variation on [a,b].

We begin with a useful lemma.

Lemma 2.1. Let f: [a,b] — R be a function, let {z; : 0 <i < n} be a partition of
[a,b], and let {y; : 0 < i < m} be a partition of [a,b] such that {z; : 0 <i<n} C
{y; : 0 <i<m}. Then

I

Z [f (@) = flwi)l < )1 (yi) = fyi1)]-

=1

Proof. We begin by showing that adding one point to the partition {z; : 0 < i < n}
gives the desired result, and then appeal to induction.

Let {z; : 0 < i < n} and {y; : 0 < i < m} be partitions as in the statement
of the lemma. Suppose y € {y; : 0 < i < m}. If y = x; for some j then the sum
does not change. Thus we will suppose that y # x; for all j. In this case y falls
between two points z;_1 and xx in {z; : 0 < ¢ < n} for some k. We take the sum
Sy 1 f(xi) = f(xi—1)| and write it out as follows:

k—1 n
D OIf(@i) = f@i)l + () = fl@)+ D> [f@:) = fli)l.
=1 i=k+1

We focus on |f(xr) — f(xg—1)|. We know that

|f(zr) — flae-1)| = [f(zx) — flae-1) + fly) — f(v)]
|f(zr) = fy)l + 1 f(vi) = fzr-1)]

by the triangle inequality. We relabel the partition with the extra point as {z; :
0 <i<mn+1}. Thus, since all the addends are positive, we can write

IN

n n+1
Z |f(xi) = f(2ic1)] < Z |f(@:) = flziza)]-

Because there are at most a finite number of the y; the desired results follows by
induction. (]
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Lemma 2.1 tells us that if we add points to a partition the sum of | f(z;)— f(z;—1)|
either does not change, or increases. This is useful when we are trying to prove
things about the supremum of such sums, as we need to when looking at functions
of bounded variation.

Now we prove parts of Theorem 2.4.

Proof. To prove (2) we begin by assuming that f is of bounded variation on [a, b].
Thus V(f, [a,b]) = sup{d>_i—, | f(xi) — f(z;—1)|} = r where r is a real number. Let
[e,d] be a closed subinterval of [a,b] and {z; : 1 < i < n} be a partition of [c,d].
Then extend this partition to [a, b] by adding the points a and b, and relabeling.
So {x; : 0 <i <n+ 2} is a partition of [a,b] such that 1 = ¢, 2,41 = d. Then

n+1 ntl
Z |f(xi) = flxic)l < [f(@1) = fla)] + Z (i) = f@ia)| + [ £(b) = f(zn)]
<r

Because the original partition of [c,d] was arbitrary we can conclude that r >
V (e, d]).
To prove (3) we begin by letting {z; : 1 <i < n} be a partition of [a, b]. Consider

S olkf) = kf@io)l = kD> |f@:) = flai))|
=1

i=1
< [kIV(f,]a,b]).
Because the partition was arbitrary kf is of bounded variation. Further, we can
observe that V(kf, [a,b]) = |k|V(f,][a,b]).
To prove (4) we begin again by letting {z; : 1 < i < n} be a partition of [a, b].
By repeated use of the triangle inequality we write

n

S O If @) + g(xi) = f(zia) — g(wi)]

i=1

IN

Z |f(zs) — floio1)] + Z lg(z:) — g(zi-1)]

S V(fv [a7b])+V(g, [aab])

Notice that V(f, [a,b])+V (g, [a, b]) is finite and the partition we chose was arbitrary.
Thus by the least upper bound axiom (Axiom 2.1) f + g is of bounded variation.

To prove that f — g is of bounded variation on [a, b] we simply note that f —g =
f+(—1)g. Since (—1)g is of bounded variation on [a, b] by Theorem 2.4(3) we know
from what we have just shown that f — g is of bounded variation on [a, b].

A proof of (5) is provided in Gordon’s text [1].

To prove (6) we assume that f and g are of bounded variation on [a,b] and that
% is bounded on [a,b]. Thus we know that there exists a number M such that
for all z € [a,b], |1/g(z)| < M. By Theorem 2.4(5) it suffices to show that 1/g is
of bounded variation on [a,b]. Thus we begin by taking {z; : 0 < i < n} as an
arbitrary partition of [a, b] and consider the usual sum,
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n

> |ier

g(wi—1) — g(x:)
“lglw)  g(wia)

Q(Ii)g(l’z‘—l)

n
i=1

< MY g(w) — glai)]
i=1

< M2-V(g.[ab).

Because the partition was arbitrary, we see that the sum is bounded above by
M? - V(g,[a,b]) and so by the least upper bound axiom (Axiom 2.1) 1/g is of
bounded variation. (]

Theorem 2.5. Let f: [a,b] — R be a function and let ¢ € (a,b). If f is of
bounded variation on [a,c] and [c,b], then f is of bounded variation on [a,b] and

V(f:[a,b]) = V(£ a, c]) + V(£ e, b])
A proof of Theorem 2.5 is provided in Gordon’s text [1].

2.4. Examples. We now consider some functions that are not of bounded varia-
tion on a particular interval. These examples are helpful for gaining insight into
what kinds of functions we might expect not to be of bounded variation, and for
examining the mechanics of showing that a particular function is not of bounded
variation.

Example 2.3. If f: [a,b] — R is of bounded variation on every closed subinterval
of (a,b) it may yet fail to be of bounded variation on [a,b).

We can see this by a counterexample. Consider the following function,

fz) =

This function is increasing on (0,1) and so on every closed subinterval of (0, 1)
it is of bounded variation by Theorem 2.2. However, because it has a vertical
asymptote at z = 1 we can make the sum > . |f(z;) — f(z;—1)| as large as we
like by choosing partition points close to 1. Thus V(f,[0,1]) = oo and f is not of
bounded variation on [0, 1].

The following example is especially interesting because it shows that a continuous
function need not be of bounded variation.

ﬁ7 when x # 1;
0, when x = 1.

Example 2.4. The function [ defined by

| ¥xsin(n/z), forx #0;
f(x){ 0, if £ =0;

is not of bounded variation on [0, 1].

We begin by making a partition of [0,1]. We assume, without loss of generality,
that the number of partition points is even, so n is even. We make our partition as
follows: x,, =1, T(n—(2k+1)) = 1/(k + 3), T(n—2k) = 2/(2k + 3), for k =1,2,... and
o = 0.

Then
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V(f[0,1] > Z|f(zi>—f<xi_1>|

n/2

> Z |f(w2541) — fl@2)]-

That is to say that we remove every other interval from the sum. Over the remaining
intervals, our function has some convenient properties. The intervals we are now

considering have the form [1/(k+3),2/(2k+ 3)]. Also notice that |f(2/(2k+3))| =
V/2/(2k +3) and f(1/(k+3)) = 0. Because /x is an increasing function, sin(w/z)

is the only component affecting when f is increasing or decreasing. Knowing how
the sine function behaves we can see that f is monotone on each interval of the
form [1/(k + 3),2/((2k + 3)]. Thus

n/2

V(f,[0,1] > Z|f($2i)_f($2ifl)|

= D _1f1/(k+3))) - f(2/(2k +3))|
k=1

n

D

k=1
i V2
— 2k +3)

Notice that each term is smaller than the last, since the denominator is getting
larger as k increases. Thus

N
(2k +3)

n 3 n

3 vz S !

Pt 2k +3 Pt vk +3
n+1

>3

= —.

k=2 Vk

This is a p-series, with p = 1/3, so we know that it diverges. This means that by
choosing n large enough we can make the sum

oo
= V(2k+3)

as large as we like and thus V'(f, [0, 1]) = oo. Thus, though the function is contin-
uous it is not of bounded variation on [0, 1].

2.5. Functions of Bounded Variation as a Difference of Two Increasing
Functions. In this section we examine the fact that a function of bounded variation
can be written as the difference of two increasing functions. Later in the section we
refine this property, showing that a function of bounded variation can be written
as the difference of two strictly increasing functions.
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FIGURE 1. The graph of f(x) = Jxsin(n/z). This graph was
created in Maple.

Theorem 2.6. If f : [a,b] — R is a function of bounded variation then there exist
two increasing functions, f1 and fo, such that f = f1 — fs.

We define an increasing function as a function f such that if z; < x5 then
f(z1) < f(z2). Before we begin the proof of Theorem 2.6 we introduce Lemma 2.2
and 2.3.

Lemma 2.2. For a function f, V(f,[a,b]) = 0 if and only if f is constant on [a,b].

Proof. Suppose that f is constant. Then f is a monotone function and by Theorem
22 V(f,[a,b]) = f(b) — f(a). However, f(b) = f(a) and so V(f,[a,b]) =0

For the other direction we proceed by contraposition. Suppose that f is not
constant on [a,b]. We wish to show that V(f,[a,b]) # 0. Since f is not constant
on [a,b] there exist an x; and an x5 such that both x; and z5 are between a and b
and such that f(z1) # f(a2). If we take these two points as a partition of [a, b] we
have

V(f:la,0]) = |f(z1) = fa)| + [f (22) = flz)| + [ f(b) — flz2)]-
However, we know that |f(z2) — f(x1)| > 0. Since each other addend is at least
zero, we see that the sum must be greater than zero, and thus V' (f, [a,b]) > 0 and

V(f,la,b]) # 0. 0

Lemma 2.3. If f is a function of bounded variation on [a,b] and x € [a,b] then
the function g(x) =V (f,[a,x]) is an increasing function.

Proof. We begin by introducing x; and x5 such that x; < xs. We wish to show
that g(x1) < g(z2). Because f is of bounded variation on [a, b], by Theorem 2.5

V(fv [aaxQ]) = V(f? [avml]) +V(f7 [xlva])

V(fa [a,l‘g]) 7V(fa [CL,.Tl]) = V(fa [zlaxQD

9(@2) —g(x1) = V([ [z1,22]).
Since V(f, [x1,x2]) > 0 we see that g(z2) > g(x1). Furthermore, by Lemma 2.2
we have equality only if f is constant on [z1, z2]. O

Now we prove Theorem 2.6.
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Proof. We begin by defining f; = V(f, [a, z]) for z € (a,b] and fi(a) = 0. We know
this function to be increasing by Lemma 2.3. Define f5 as fo(x) = fi(x) — f(z).
Then f = f1 — fo. We need only show that fs is increasing.

Suppose that a < x <y < b. Using Theorem 2.5 we can write

fily) — fi(x) = V(£ [z, y])
> |f(y) = f(=)]
> fly) — flz).

From this we see that

fily) = fix) = fly) - f(=)
) —fly) > filz) - f(=)
f2(y) = fala).

This shows that f is increasing on [a, b] and so completes the proof.

Corollary 2.1 is a refinement of Theorem 2.6.

Corollary 2.1. If f : [a,b] — R is of bounded variation on [a,b] then f is the
difference of two strictly increasing functions.

Proof. We know from Theorem 2.6 that f can be written as the difference of two
increasing functions. We call these functions f; and fs and write f = f; — fo where
f1 and fy are increasing.

Create two new functions, g;(x) = fi(x)+x and g2(z) = fa(x)+2x. Because both
fi and x are increasing functions, their sum is also increasing. However, since z is
a strictly increasing function, the result of this addition is also a strictly increasing
function. Thus we write

f(@) = fi(x) = fo(x) = (fr(2) + 2) = (fa(2) + 2) = 91(2) — g2(2)
where g1 and go are strictly increasing functions.
O

2.6. Continuity and Functions of Bounded Variation. The following theorem
gives us some interesting properties of functions of bounded variation involving
continuity.

Theorem 2.7. Let f : [a,b] — R be a function of bounded variation on [a,b] and
define a function V on [a,b] by V(a) =0 and V(z) = V(f, [a,z]) for all x € (a,b].
Then

(1) Ifa<z<y<bthenV(y)—V(z)=V(f [x,v].

(2) V is increasing on [a,b].

(3) If V is continuous at ¢ € [a,b] then f is continuous at ¢ € [a,b].

(4) If f is continuous at c € [a,b] then V is continuous at ¢ € [a,b].

(5) If f is continuous on [a,b] then f can be written as the difference of two

increasing continuous functions.
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Proof. The proof of (1) is contained in the proof of Lemma 2.3. Part (2) is Lemma
2.3. To begin the proof of (3) let ¢ > 0. By the continuity of V' choose ¢ such that
if |x — ¢| < 6 then |V (z) — V(c)| < e. Notice the following.

Ife<azthenV(z)—V(c) =V(f [c,z]). fz <cthen V(c)—V(x)=V(f [z, c]).
Thus

V(f;[e,z]) = [V (x) = V()|
== { VD ZVE Ve

This shows that when |z — ¢| < § we have |f(z) — f(c)] < [V(z) — V(c)] < e
Thus f is continuous.

To prove (4) we us (2), which tells us that V' is an increasing function. Thus,
both one sided limits exist at all points in ¢ € [a,b]. We have only to show that
lim, . V(x) = V(c). We will do this by showing that the right-hand limit of V()
as  — c is equal to V(¢). The case for the left-hand limit is similar.

Let € > 0. Choose 6 > 0 by the continuity of f at ¢ such that | f(z) — f(c)] < €/2
when 0 <z —c < 4.

Find partition P = {pg, p1,...pn} of [c, b] as follows. We know, by the definition
of V(f,[e,b]), that there exists a partition P such that

1) VI [eb) < 170 — Foioa)l + 5

If p1 — ¢ < § then we are finished. If p; — ¢ > ¢ we take a point, z such that
x —c¢ < ¢ and add it to the partition. By Lemma 2.1 this does not influence
the inequality in (1). This is now the partition P, and x = p;. Notice that
V(£ [, 8) = 3255, £ (pi) = f(pi-a)l-

Consider

V(e) =V(e) = V(flez])

To prove (5) we begin by assuming that f is continuous on [a,b]. Thus, by
part (4) we know that V' is continuous on [a,b]. Since the difference of continuous
functions is also continuous, we know that V — f is also continuous. Thus we
can write f =V — (V — f) and f is the difference of two continuous, increasing
functions. O

Now we turn to possible discontinuities of functions of bounded variation.

Theorem 2.8. Let f be a function of bounded variation on [a,b].

(1) The function f has one-sided limits at each point of [a,b].
(2) The function f has at most countably many discontinuities on [a,b].
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Before we can prove this theorem we need a few theorems which can be found
in most real analysis books, or specifically in Gordon’s text [1].

Theorem 2.9. Let I be an interval. If a function f : I — R is a monotone function
on I then f has one-sided limits at each point of I.

Theorem 2.10. If a function f : [a,b] — R is monotone, then the set of disconti-
nuities of f in [a,b] is countable.

Now we are ready to prove Theorem 2.8.

Proof. To prove (1) we begin by assuming that f is of bounded variation on [a, b].
By Theorem 2.6f can be written as the difference of two increasing functions, f;
and fo, such that f = f; — fo. By Theorem 2.9 we know that f; and fo both have
one-sided limits at each point of [a,b]. Let ¢ € [a,b) be an arbitrary point in the
domain of f. Because the difference of limits is the limit of the difference we can
write

lim f(z) = xllrgc (fl(x)*fg(l'))

zt—ec
- AN e A

Because both these limits exist, we see that lim,+_,. f(x) exists as well. A proof
for left-handed limits can be found by replacing all the right-handed limits with
left-handed limits and considering ¢ € (a, b].

To prove (2) we once again rely on the fact that f can be written as the difference
of two increasing functions such that f = f; — fo where f; and f; are monotone
increasing functions. Thus by Theorem 2.10 we know that f; and fs each have
countably many discontinuities. Let the set D; = {x|f1 is discontinuous at =} and
the set Dy = {z|f2 is discontinuous at x}. By Theorem 2, D; and D5 are countable.
Then let D = D,UD5y. Now, f can not be discontinuous at a point where neither f;
nor fy was discontinuous. Thus we can conclude that the number of discontinuities
of f is at most the number of points in D. Since the union of two countable sets is
countable we see that f has a countable number of discontinuities on [a, b]. (]

3. ABSOLUTE CONTINUITY

In this section we discuss absolute continuity and its relationship to bounded
variation. We begin by defining uniform continuity and absolute continuity, and
show that absolute continuity implies uniform continuity.

3.1. Introduction to Absolute Continuity.

Definition 3.1. Let I be an interval. A function f : I — R is uniformly continuous
on I if for each € > 0 there exists 6 > 0 such that |f(y) — f(z)| <€ for all z,y € T
that satisfy |y — x| < 4.

We need the following definition in order to define absolute continuity. Two
intervals are non-overlapping if their intersection contains at most one point.

Definition 3.2. Let I be an interval. A function f : I — R is absolutely contin-
uous on I if for each € > 0 there exists & > 0 such that > ., |f(d;) — f(ci)| < €
whenever {[c;,d;] : 1 < i < n} is a finite collection of non-overlapping intervals in

I such that " (d; — ¢;) < 6.
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Theorem 3.1. An absolutely continuous function is uniformly continuous.

Proof. This result is a trivial consequence of the definition of absolute continuity.
We choose n = 1 in Definition 3.2 and the desired result follows immediately. [

We now consider a specific example of an absolutely continuous function.
Example 3.1. The function g(x) = \/z is absolutely continuous on [0,1].

We begin by letting € > 0 and taking {[¢;,d;] : 1 <14 < n} to be a non-overlapping
collection of intervals in [0, 1] such that Y., (d; — ¢;) < €2. Choose a = €*/4. Now
we break the sum ", [g(d;) —g(c;)| into two parts, those mtervals that are in [0, a]
and those that are in [a, 1]. If @ happens to fall in the middle of an interval we break
the interval at a. By Lemma 2.1 this will only make the sum Y ., [g(d;) — g(c;)]
larger if it has any effect. We will say that a = d,,.

Now we consider the sum over the intervals that are in [0, al,

m

dolold) —gle)l = Y IWdi— e
' i=1
< Va

€/2.
This follows from the fact that /x is an increasing function.

Now we consider the sum over the intervals that are in [a, 1]
n

o lgd) —gle)l = > Wdi— Vel

i=m-+1 i=m-+1

_ Vi + /el
- i%ﬂf Vel Va+ el

n di—Ci
N ._Z Vd; + /e

i=m-+1

IA
N
NE
4

<

Combining these two sums we see that

<
—~
u
S
N
|
s
—~
o
N
-
AN

Z lg(di) — g(ci)| + Z lg(di) — g(ci)]

< €/2+¢
< 2e
Thus g(z) = v/ is absolutely continuous on [0, 1].
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Now we consider some general examples of absolutely continuous functions, such
as Lipschitz functions. We also consider some of the algebraic properties of absolute
continuity.

Definition 3.3. Let f : I — R be a function with I an interval, and let k € R such
that k > 0. Then f satisfies a Lipschitz condition with constant k if | f(b) — f(a)] <
kb — a| for all a,b € I. The function f is called a Lipschitz function.

Theorem 3.2. If f: I — R is a Lipschitz function with Lipschitz constant k > 0
then f is absolutely continuous on I.

Proof. Let € > 0 and choose 6 = €/k. Let {[c;,d;] : 1 < i < n} be a finite set of
non-overlapping intervals in I such that > . ,(d; — ¢;) < §. Using the Lipschitz

condition we obtain
n

Zlf(di)_f(ci)| Szk(di—ci) < % <e

Thus f is absolutely continuous on 1. ([

Notice that a linear function of the form f(z) = az + b is Lipschitz with k& = |a|
on all of R and so linear functions are absolutely continuous.

Theorem 3.3. If f : I — R is absolutely continuous then so is |f|.
Proof. Notice that

D_NIF) = (el < 3 1f(di) = F(es)]

and because f is absolutely continuous on I we can make > ., |f(d;) — f(c;)
arbitrarily small. Thus |f]| is absolutely continuous on I. ([l

The following two theorems tell us that the sum and product of two absolutely
continuous functions are also absolutely continuous.

Theorem 3.4. If f and g are absolutely continuous on the interval I , then f+ g
is absolutely continuous on I.

Proof. Let € > 0. Choose ¢y > 0 and §, > 0 according to the definition of absolute
continuity such that >0, |f(d;) — f(e;)] < €/2 and Y i |g(bi) — g(a;)| < €/2.
Define 6 = min{d¢,d,}. Let {[z;,4;] : 1 < i < n} to be a finite collection of non-
overlapping intervals in I such that Z?zl(yi — ;) < 0. Then, with repeated use of
the triangle inequality, we can deduce that

SIS+ 9w — (F+ @)l < Y1) — F@ol + 3 lglws) — glan)| < e

i=1 i=1 i=1
and so f + g is absolutely continuous on I. (I

Theorem 3.5. If f and g are absolutely continuous on [a,b], then fg is absolutely
continuous on [a,b].

Proof. Notice that because f and g are absolutely continuous on [a,b] both are
continuous on [a,b] and so achieve a maximum value on [a,b]. Choose M; and
M, such that My > |f(x)| and My > |g(z)| for all z € [a,b]. Let € > 0. Choose
07 > 0 and 9, > 0 according to the definition of absolute continuity such that
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Dicy f(di) = fei)l < €/2M, and 370, |g(di) — g(ci)| < €/2M;. Define § =
min{ds,d,} and let {[c;,d;] : 1 < i < n} be a finite collection of non-overlapping
intervals in [a, b] such that Y ;" (d; — ¢;) < &. Consider the following:

n n

Do d)g(di) = fleglen)] =D g(di)lf(di) = Fleo)] + flen)lg(ds) = g(ei)|

i=1 i=1

< z (@] |£(ds) — Fe)] + z 7] o) — g(eo)
< z [Fds) — Flen)| + My z l9(ds) — g(c:)
< M, ﬁ + M- ﬁ

Thus fg is absolutely continu;s Zn [a, b]. 0

3.2. Connecting Absolute Continuity to Bounded Variation.

Theorem 3.6. If a function [ is absolutely continuous on the interval [a,b] then
f s of bounded variation on [a,b].

Proof. Suppose that f : [a,b] — R is absolutely continuous. Use this fact to
find a & > 0 such that Y ., |f(d;) — f(c;)] < 1 when Y ;" (d; —¢;) < & and
{[ci,d;] : 1 <i < n}is a finite set of non-overlapping intervals in [a,b]. Round up
(b —a)/é to the nearest integer value and call it k.

Now construct a partition of [a,b] as follows. {z; = a +i(b—a)/k : 0 <
i < k}. Now, each subinterval of this partition has length (b — a)/k < §. Thus
V(f,[zi,zi—1]) < 1 by the absolute continuity condition. There are at most k of
these subintervals and so by Theorem 2.5 we know that V(f, [a,b]) < k and so f is
of bounded variation on [a, b]. O

We next use Theorem 3.6 to provide an example of a function that is uniformly
continuous but not absolutely continuous. This example is important as it shows
that there is indeed a difference between the two kinds of continuity.

Before the next example we need to recall a theorem from analysis.

Theorem 3.7. Let X be a compact set and f a continuous function on X. Then
f s uniformly continuous on X.

Example 3.2. The function f defined by f(x) = Jxsin(n/x) when z # 0 and
f(0) = 0 is uniformly continuous but not absolutely continuous on [0,1].

In Example 2.4 we showed that this function is not of bounded variation on [0, 1],
and thus by Theorem 3.6 we know that it is not absolutely continuous. However,
this function is uniformly continuous. Because f is continuous on [0, 1], a compact
set, it follows from Theorem 3.7 that f is uniformly continuous on [0, 1].

Theorem 3.8. If f : I — R is an absolutely continuous function then f can be
written as the difference of two increasing, continuous functions.

Proof. Because f is absolutely continuous on I we know that f is continuous and,
by Theorem 3.6, that f is of bounded variation. Thus, by Theorem 2.6, we know
that f can be written as the difference of two increasing continuous functions. O
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3.3. Connecting Absolute Continuity and Derivatives. When the derivative
of a continuous function f is bounded, we can conclude that f is absolutely con-
tinuous. This provides a tool for showing that a function is absolutely continuous,
and thus of bounded variation.

Theorem 3.9. If f is continuous on [a,b] and f' exists and is bounded on (a,b),
then f is absolutely continuous on [a,b).

Proof. Suppose that |f'(z)] < M for all z € (a,b). Let € > 0 and consider
St 1f(di) — f(ei)| where {[¢;,d;] : 1 < i < n} is a finite collection of non-
overlapping intervals in [a,b] such that Y., |d; — ¢;| < ¢/M. Then we observe
that

Z|f Z'f o=l -

The Mean Value Theorem tells us that for every 7 there exists a value z; € [¢;, d;]

such that ) — e
i) = J\CG)
di—ci| flw) < M.

Thus we can write
n

|f(di) — f(ci) -
ZWM’ —al < ;Mldi - cil

= Mi: |dz - Ci|
i=1

€
ME
< M

- €.

Thus f is absolutely continuous on [a, b]. a

Example 3.3. A continuous function with an unbounded derivative may be abso-
lutely continuous.

Consider f(z) = /z on [0,1]. In Example 3.1 we saw that this function is

absolutely continuous. However, f'(z) = 3 f which is not bounded on (0, 1).

Example 3.4. The function f(xr) = z?|sin(1/x)| for * # 0 and f(0) = 0 is
absolutely continuous on [0,1].

Consider first the function g(x) = x?sin(1/z) when z # 0 and g(0) = 0. No-
tice that |g(z)| = f(x). By Theorem 3.3 we need only show that g is absolutely
continuous on [0, 1].

Now, when z # 0, ¢'(z) = 2z sin(1/z) — cos(1/z). Notice that sin(1/z) <1 and
—cos(l/x) <land z <1, so

lg'(x)| = |2z sin(1/z) — cos(1/z)| < 2|z||sin(1/z)| + |cos(1/z)| < 3.

Thus ¢/(z) is bounded on [0,1] by three and by Theorem 3.9 we know that g(x)
is absolutely continuous on [0,1]. Thus |g(x)| = f(x) is absolutely continuous on
[0,1].
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We can use Example 3.4 to demonstrate that absolute continuity does not hold
up under composition.

Example 3.5. The composition of two absolutely continuous functions need not be
absolutely continuous.

Consider h = f o g where f(r) = /z and g(z) = 2?|sin(1/z)| on [0,1]. We
know that f and g are absolutely continuous on [0, 1] from Examples 3.1 and 3.4,
respectively. Now, h = x+/|sin(1/z)| and h is increasing on intervals of the form
[2/(2n+1)7,2/(2n)n]. The intervals over which A is increasing are non-overlapping,
so by Definition 2.4

n

V(0 [0.1]) 2 32V, [2/(2i + 1.2/ (20)7)
i=1
for all n. The variation on each of these subintervals is known, however. Because

h is increasing from 0 to x we can use Theorem 2.2 to find that V(h,[0,1]) >
i, 2/2imw. That is

n

2

20w
i=1
n

v

V(h,[0,1])

11

Pl 1

which is a harmonic series and so diverges as n — oco. Thus V'(h, [0, 1]) is unbounded
so0 h is not of bounded variation and thus can not be absolutely continuous on [0, 1]
by Theorem 3.6.

4. CANTOR TERNARY FUNCTION

In this section we explore the Cantor ternary function. This function provides an
interesting example of a function that is uniformly continuous on a closed interval
and of bounded variation on the closed interval but is not absolutely continuous.
The closed, bounded interval that we work on is [0, 1].

First we discuss ternary representations of the numbers in [0,1]. For all real
numbers z € [0,1] there is a sequence of integers t; € {0, 1,2} such that

tr1 2% te3 2%
T=—+ S+ttt
3 32 33 34
That is to say, x has a ternary expansion. We assume this in our discussion of
the Cantor ternary function. The ternary expansion of a number can be written in

decimal form as x = t,1t,9t,3 - --. Further, the two ternary expansions
t ty 13 tn
-+ S5+=+++0+04+0+---
3 32 33 3k
and
t1 1o i3 t, — 1 2 2 2

3 "32 "3 a 3k 3k+1 T 3k+2 3k+3+'”
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are equal. This is the only way for two distinct ternary expansions to represent the
same number. These two representations are similar to representing the number
one in base 10 as either 1 or 0.99.

Definition 4.1. The Cantor ternary function is a function f : [0,1] — R such that
if the digit 1 does not appear in the ternary expansion of x then

Ntk /2
f(x) = Z LI
k=1
If the digit 1 does appear in the ternary expansion of xz, let j, = min{k : t = 1}
and then

Je—1

zk/2 1
CEDIE =R

k=1

Observation 4.1. The Cantor ternary function is well defined.

Proof. We show that f is well defined by considering two possible representations
of a number z and showing that f gives the same value for both. In the ternary
expansion of a number, the only way for two numbers to be the same is for them
to be of the following forms.

t t t tn
(2) x::§+§+£+m+§+m0w+m
tq to t3 t, — 1 2 2 2
(3) r = §+3*2+3*3++ 3k +3k+1+3k+2+3k+3+”.

Now suppose we have a number x represented in both these ways. If one of the
ti such that k < n is one, then for both representations we have

f) =y H2

2k i
k=1

Since in this case j, is the same for both representations the value of the function
at either representation is the same.

Now, suppose that there are no ones before ¢, and t, = 2. Then f of the
representation in line (2) is

f) = Y=

2k
k=1
n—1
o Z tzk/2 + i
N 2k on’
k=1

In line (3) t,, = 1 and so we have j, = n giving us

n—1

ton/2 1

flz) = Z ok +27'
k=1

Thus the two representations yield the same result.
Finally, suppose that there is no one before ¢,, and t,, = 1. The representation
in line (2) gives us
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Z /2 1
j— 2 n .
The representation in line (3) gives us

o0

tr/2 1
o) - S0y L
k=1 k=n+1
Ly L
N ok on
k=1

where the second step follows from simplifying the geometric series. Thus we see
that the two representations give the same result in any case, and so the Cantor
ternary function is well defined. O

Observation 4.2. The Cantor ternary function, f, has values such that 0 <
f(z) <1 for all x € [0,1].

Proof. First notice that all of the addends in either sum are either positive or zero,
and thus f(z) >0
If flz) =1y t”"/Q then we know

o tan/2
fla) = Z ok
k=1
— 1
< Do
k=1
= 1
: : : _ jm_l twk/Q
Similarly, if f(z) = Y77, “5= + 5+ we know

Ja—1
B /2 1

k=1
- |
k=1
_ o, 1
= =5t
< 1.
Thus f(x) is always smaller than 1 and greater than 0 on [0, 1]. O

Observation 4.3. The Cantor ternary function, f, is increasing on [0, 1].

Proof. If y > x then we know that their ternary representation is the same to some
point, and at the digit where they differ the digit in y is larger than the digit in =.
Writing « and y in the decimal form of their ternary expansion with y > = we have
the following;:
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y = Odytg -ty

r = 0.5182:--8,-"

where t,, > s, and t; = s; for 1 <i < n. '

If one of the t; =1 = s; for 1 <1 < n, then f(y) = f(x) = 2;11 t’;k/Q + 2, and
so f(y) = f(=).

Suppose that there are no ones in the ternary representation of y or x up to n,
and suppose further that t,, = 2. Then we have

n—1

ter/2 1
fly) = > i+ +K
k=1
and
n—1
tr/2 1
f(x) Y b Tom
2 2
k=1
or

n—1
tr/2
fl@)y = Y LT e
k=1
where C' and K are the sum of the remaining terms that are not 1. Notice that

=1 1
C< ) m=m
k=n-+1

and thus f(y) > f(x) in this case.
The last remaining case is when ¢,, = 1. We find a similar scenario:

n—1
/2 1
f@) = > S5+
2 2
k=1
n—1 tk/2
k=1
Once again
C< i r_1
- 2k an
k=n-+1
and f(y) > f(x) and so f is increasing on all of [0, 1]. O

Example 4.1. Determine the intervals on which f is constant.

From Observation 4.3 we know that f is increasing, so we need only find two sep-
arate points where f gives the same value to know that it has the same value at ev-
ery intermediate point. Consider intervals of the form [0.000 - - - 0100, 0.000 - - - 0200]
where these are the ternary expansions in decimal form. In other words, we are
looking at intervals of the form [1/3™,2/3"]. If the non-zero digit is in the nth
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place, f evaluates to 1/2™ at both these endpoints. Inspection shows that any
value greater than the right endpoint or smaller than the left gives a different value
of f. Thus these are the largest intervals where f is constant at the value of 1/2".
We can generalize this observation by noticing that inserting a two at any place
value gives a similar effect. So intervals of the form [2/3% 4 1/3" 2/3% 4-2/3"] also
give constant values of f, and no larger interval will do. Overall, then, f is constant
on intervals of this form,

2 1 2 2

[ > gt 2 3k+3n:|'
kter=2 k3ty),=2

On a number line this would be the middle third of the interval [0, 1], the middle

third of each of the remaining intervals, the middle third of each the remaining

thirds after that, and so on.

‘l_l [ [ l_l‘
‘V_V 1 1 V_V‘
oL 21 278 1 2 19207 8 2526 q
2727 9 92727 3 327279 9 27 27

FIGURE 2. A number line showing some of the intervals for which
the Cantor ternary function is constant.

Example 4.2. Find the sum of the lengths of the intervals where f is constant.

From Example 4.1 we know the form of these intervals. The length of one interval
of this form is

2 2 2 1 2 1 1
2. Frmo X mtm T mom c g
kStge=2 kStke=2

Each interval of this length will appear 2" times in the interval [0, 1], so we
multiply by 2" and sum as n gets large:

(o) n oo n
2 1 /2
Z(3> _ Zg'<3) -~ 1
n=1 n=0

Observation 4.4. The Cantor ternary function is continuous.

Proof. We know already that the Cantor ternary function is increasing on [0, 1].
Thus, since the Cantor ternary function is monotone increasing, the only possi-
ble discontinuities are jump discontinuities. If we show that the Cantor ternary
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function maps from [0, 1] onto an interval, then we know that there are no jump
discontinuities and that the function must be continuous.

Suppose y € [0,1). We would like to show that there exists an « such that f(z) =
y. We know that y must have a binary expansion. We create the ternary expansion
of a number by using the digits from the binary expansion of y multiplied by two.
Notice that this number, z, has only zeros and twos in the ternary expansion, and
also that = € [0,1]. Now consider f(z):

oo

fo) = Y2

k=1

This is exactly the number y that we started with. Thus we see that f([0, 1]) hits
every point in [0,1). Fortunately, we also know that f(1) = 1, and so we can say
that f([0,1]) in fact hits everything in [0, 1] and thus has no jump discontinuities.
Therefor the Cantor ternary function is continuous. (]

Theorem 4.1. The Cantor ternary function is not absolutely continuous.

Proof. Let e = 1/2. Consider the following sets of intervals.

0.1/3,  /30)

0/ /3 BT, )

[0,1/27], [2/27,1/9], [2/9,7/27], [8/27,1/3],
[2/3,19/27), [20,27,7/9], [8/9,25/27], [26/27, 1]}

To obtain one set from the next, we remove the middle third of the previous
intervals. Label these intervals {[c;,d;] : 1 <i <mn}. Then f(d;) = f(ci+1), that is
to say the value of f at the right end point of an interval is the same as the value
of f at the left end point of the following interval. Because f(0) =0 and f(1) =1
we see that

Z [f(di) = fle)l = [f(d) = FOO]+ [f(d2) = flex)] +--- + [F(1) = fen)]

= —f(0) + [f(d1) = flea)] + -+ [f(dn-1) — f(ca)] + f(1)
— 040404---+0+1
= 1

for any set of intervals chosen this way. Now, if we show that a set of intervals
of this type may be made as small as we like, we will have shown that f is not
absolutely continuous.

The length of each interval in the set is 1/3™ for some n. Also, when the length is
1/3™ then there are precisely 2" such intervals in the set. Thus the length of the sum
of these intervals is given by (2/3)"™. However, we also know that lim,,_,~,(2/3)" =0
and thus, for large enough n we can make this as small as we like. That is to say,
for any ¢ we can find a set of intervals whose lengths sum to less than 6 but where
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the sum of the variance of f over those intervals is always 1. This shows that f is
not absolutely continuous. ([

5. ARC LENGTH

In this section we explore a connection between bounded variation and arc length
and show the equivalence of two definitions of arc length. We begin with a definition
of arc length.

Definition 5.1. Let f be a continuous function defined on [a,b]. The arc length
of the curve y = f(x) on the interval [a,b] is defined by L = sup{S} where

{Z V(@i —xio1)2 + (f(xs) — f(xio1))? 2 {x - 1 < i < n}partitions [a,b]}

If S is unbounded, then f is said to have infinite length on the given interval.

We now state and prove the theorem connecting arc length and the variation of
a function.

Theorem 5.1. The length of a curve is finite if and only if f is of bounded variation
on [a,b].

Proof. Suppose that the arc length is finite, of length L, and {x; : 0 <i <n}isa
partition of [a,b]. Then we write

Z|f( i) = f (@i 1|<Z\/ i—xio1)? + (f(2) = f(zi1))? < L.

Thus the variation of f is bounded and f is of bounded variation onla, b].
Now, suppose that f is of bounded variation. Recall that /22 + 32 < |z| + |y|.
Consider that

Z% i~z + (F@) — f@)

IN

Z |x; — x| + Z |f(z:) — f(ziz1)]

= b—a+Z|f flziz1)|

(4) < b—a+V(f,[a,b]).

Since the variation of f is finite, line (4) is finite, and so the arc length is finite.
O

Now we show that when f has a continuous derivative on [a, b] then Definition

5.1 is equivalent to L = ff V14 (f'(z))?dz, another definition of are length. We
take this as a series of lemmas.

Lemma 5.1. The inequality /(d— )2+ (f(d) — f(c))? < fbd V14 (f(z))2dx
holds when [c,d] is a subinterval of [a,b] and f is a function with a continuous
derivative on [a,b].
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Proof. Let [c,d] be any subinterval of [a, b]. Define the following.

r=\(d=¢)>+(f(d) - f(0))?, a:dic,and g {@ -1

Consider the following:

d
/ a+ Bf' (z)dx

d

ax + Bf(z)

_ ald—)+ 8 - £(e)

— $.(d_0)+w.

- V@- P+ T@D-F@P.
Also,

IN

d d
/ a+ Bf (z)dx / a+ Bf (z)dx

IN

d
[ o+ b1 @lds.
Recall that |z| = v22. Thus we write fcd la+ Bf(z)|dx = fcd V(a+ Bf(x))2dx

In two dimensions, the Cauchy-Schwartz inequality says that
(ac +bd)? < (a® + b?)(2 + d?).
Takinga=a,b=0,c=1,and d = f'(x)

d d
/\/(a—kﬂf’(z))?dajg/ Va2 + 321+ (f(z))%de.

Finally, notice that v/a2 + 32 = 1 when we substitute our expressions for o and
(. Stringing all these observations together we have the following inequalities:

d
N RN ) / o+ Bf (x)de

IN

d

[ ot a7 @iz

d

/ VaZ 1 BT (F (@) da
d

/\/1—|—(f’(x))2dx.

IN

Lemma 5.2. The inequality

ZJ )2+ (J@0) = f@i1)? / T () da
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continuous derivative on [a,b].

holds where {x; : 0 < i < n} is a partition of [a,b] and f is a function with a

Proof. Let P ={z; : 1 <i <n} be a partition of [a,b]. Consider the following. By
Lemma 5.1 we know that

Voo G @k < [ VIT @R

and summing over ¢ we have

Z\/ i —zi1)? + (f (@) — f(wi1))?

IN

Z/ JIT (@) dz
b
:/ 1+ (//(2)2da.

O

We use the Mean Value Theorem to define a tagged partition associated with P.
We start with a definition.

Definition 5.2. A tagged partition, P, of an interval [a,b] is a partition of [a,b],
P={x;:0<i<n}, and a set of points, {t; : 1 <i < n}, such that x;—1 < t; < x;
for 1 <i<n. We denote this by 'P = {(t;, [xi_1,2;]) : 1 <i < n} and say that ' P
is a tagged partition associated with P.

So a tagged partition is a regular partition where we have picked out a particular
point within each subinterval. Consider the following.

Lemma 5.3. For any partition P of [a,b] there exists a tagged partition P asso-
ciated with P such that

Z\/ i —xi—1)? + (f(x) — f(zi-1))? = Z(ﬂﬁi—xi—l) L+ (f/(t:))>2

Proof. Let {z; : 0 <i < n} be a partition P of [a,b]. By the Mean Value Theorem
we know that there exists a ¢; within each subinterval [x;_1, ;] such that
f(xi) — flzi_
piey - F@) = fa).
Ti— Ti—1

Thus we write
n

Z\/ i —wim1)? + (f(2) = f(i-1))? = Z(%‘*ﬂ%—l) L+ (f'(t:))>.

=1

We take the t; to form a tagged partition, ! P associated with the partition P.
O

Now we can put everything together. By Lemma 5.2 we know that
b
Z V=4 (Fe) ~ fa)P < [ VT (Fla)Pda.
Thus, L = sup { SV (@i — i)+ (f(z) — flziz) } de.

We need only show that we have equality.
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We know that f is Riemann integrable, so there exists § > 0 such that for all

tagged partitions P of [a,b] with [|!P|| <&

n

b
/ T (F@)Pde — e < S (i — 2 )V/I T (P02
@ i=1
However, we also know by Lemma 5.3 that for one of those tagged partitions

n

D (@i =z )1+ ()2 _Z\/ i—xic1)? 4 (f (@) — flziz1))?.

i=1

Thus

b n
/ V14 (f'(x))2dr — € < Z V(@i —zio1)? + (f(2:) — f(wio1))?

and, as shown above,

/ﬁdx>wp{z¢ T m P ) TP

Thus fa v 1+ (f'(x))%dz is indeed the supremum, since nothing smaller will work.

Thus we have shown that

—SHP{Z\/ i —zic1)? + (f (@) — f(wiz1)) } /de

6. RIEMANN-STIELTJES INTEGRATION

In this section we define Riemann-Stieltjes integration and consider some exam-

ples of Riemann-Stieltjes integration. Finally, we present some theorems regarding

Riemann-Stieltjes integration and use these theorems to discover a relationship be-
tween functions which are of bounded variation and functions which are Riemann-

Stieltjes integrable.

Definition 6.1. Let « be a monotonically increasing function on [a,b]. For each
partition P = {x; : 0 <i < n} of [a,b] write Aja = a(x;) — a(z;—1). For any real
function f that is bounded on [a,b] and any partition P we define the upper and

lower sums, respectively, as

UP, f.0) =Y MiAja L(P, f,0) = Y1 miNa

i=1

where M; and m; are the supremum and infimum of f on the interval [z;_1, 2;].

Finally we define the upper and lower integrals, respectively, as

/abfda
/abfdoz

inf{U(P, f,a) : P is a partition of [a,b]}

sup{L(P, f,«) : P is a partition of |a,b]}.
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If these two are equal their common value is the Riemann-Stieltjes integral of f

over «, denoted f; fda. When fab fda exists we say that f is Riemann-Stieltjes
integrable with respect to a and write f € R(«).

The Riemann-Stieltjes integral with o = x is the regular Riemann integral.
Consider @ = . We know that « is monotonically increasing on all intervals [a, b].
Also, Aja = (x; — x;—1) = Az. Then the upper and lower sums reduce to the
Riemann sums. If both these sums converge to some common value, we call this
value f; fdx which is the Riemann integral of f.

We now proceed with a series of theorems that lead to a relationship between
bounded variation and Riemann-Stieltjes integration. Proofs of Theorems 6.1 and
6.2 can be found in Rudin’s text [2]. These proofs are similar to those of similar
results involving Riemann integration.

Definition 6.2. We say the partition P* is a refinement of the partition P if
P C P*. If P, and P, are partitions then their common refinement is P = P U Ps.

Theorem 6.1. If P* is a refinement of P then L(P, f,a) < L(P* f,a) and
U(P7f7a) Z U(P*7f7a)'

Theorem 6.2. The upper and lower integrals of f with respect to « over [a,b] are

—b
related by iifda < [ fdo.

Theorem 6.3. A function f is in R(a) on [a,b] if and only if for each € > 0 there
exists a partition P such that U(P, f,a) — L(P, f, o) < e.

Proof. Suppose that for each e > 0 there exists a partition P such that U(P, f, ) —
L(P, f,a) < €. Let € > 0. By the definition of the upper and lower integrals and
Theorem 6.2 there exists a partition P such that

b )
L(P, f,a) < / fda < / fda <U(P, f,a).

Thus

b b
/fda—/fdagU(P,f,a)—L(P,f,a)<e

Since € > 0 was arbitrary, we conclude that f;fda = f;fda. Thus, by Definition
6.1, f € R(a).

Now suppose that f € («) and let € > 0. Because [ fdo is defined as the com-
mon value of the supremum and infimum of U (P, f,«) and L(P, f, «), respectively,
there exist partitions P; and P, of [a,b] such that

U(P27f7a)—/fda<e/2 and /fda—L(Pl,f7a)<e/2.

Let P be the common refinement of P, and P,. By Theorem 6.1 we know that

U(P, f,a) <U(Py, f,a) and  L(P, f,a) < L(P, f, «).
Thus



FUNCTIONS OF BOUNDED VARIATION 27

U(P. f,0) < U(Py, fa) < /fda L e/2 < L(Py foa) + ¢ < L(P. f.0) + ¢
and
UP, f,a) —L(P, f,a) <e.
O

Theorem 6.4. If f is monotonic on [a,b] and « is continuous (and monotonic)
on [a,b] then f € R(a).

Proof. Suppose that f is monotone increasing. The case where f is decreasing is
similar. The function « is continuous on [a, b], and because [a, b] is a closed interval
« is also uniformly continuous on [a, b]. Thus, we choose § > 0 such that

€

la(z) — ay)| < 0 = fl@)

Then we take n € N such that (b — a)/n < . We now create the partition

when |z —y| <.

b—a

P=A{z;:z;=a+i , 0<i<n}

Notice that because f is monotone increasing M; = f(z1) and m; = f(z;—1).
Consider

U(Pa s Oé) - L(Pa f,Oé) = Z(f(xl) - f(xi—l))Aa
(f(zs) = f(2i-1))

1

f(b) = f(a) £

= e
Thus, by Theorem, 6.3 f € R.
O

Theorem 6.5. Suppose that f is bounded on [a,b] and has only finitely many
points of discontinuity. Suppose further that v is continuous everywhere that f is
discontinuous. Then f € R(a).

Proof. Let € > 0. Because f is bounded on [a, b], we can set
M = sup{|f(z)| : € [a,]]}.

Let E = {e; : f is discontinuous at e;, 0 < ¢ < m}. Because « is continuous
at each point, e;, in F, we know that there exists an interval [u;,v;] such that
ei € (ui,v;) and a(u;) — a(v;) < ¢/4mM. Furthermore, these intervals can be
made to be disjoint. The set of intervals L = {[u;,v;] : 1 < i < n} covers E. The
set K = [a,b]\ L is compact, and f is continuous on K. Because K is compact f is
in fact uniformly continuous on K. Thus there exists a  such that when s,t € K
and |s —t| < ¢ then |f(s) — f(t)] < €/2(a(b) — a(a)).

Make a partition P = {z; : 0 < ¢ < n} as follows. Each u; and v; is in P. No
point in the segments (u;,v;) is in P. Unless x; is one of the v;, Az; < 6. That
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is to say, each subinterval formed by the partition points has length less than §,
unless it is an interval of the form [u;, v;].

Let M; and m; be as in Definition 6.1. Notice that M; — m; < 2M. Let
m = {i : x; = v; for some i} and my = {i : x; # v; for some i}. Notice that if

x; € Mo then M; —m; < W by the uniform continuity condition on f.
Consider the following:

n

Z(MZ — mi)Aia

U(P,f,a)—L(P,f,a)

i=1
1EM] 1€

Consider the first sum in Equation (5).We know that each of the Ao = [u;, v;] <
T+ We also know that M; —m; < 2M. There are exactly m terms in this sum,
because there are exactly m of the intervals [u;,v;]. Thus

€ €

1€Em

Next we attack the second sum in Equation (5). Here we know M; —m; <

€

) —a(@) by the uniform continuity of f. Thus

2(a(b) — a(a))

Thus each sum in Equation (5) is smaller than e/2. We conclude that

Z (Mz — mi)Aia <

1€

(a(b) = afa)) = 5.

U(P,f,a)*L(P,f,Oé) < €
and so, by Theorem 6.3, f € R(a). O
Lemma 6.1. If f = f1 + fo and P is any partition of [a,b] then

(6) L(P7f17a)+L(Pvf27a) SL(P7f7O[)
(7) <U(P f,a) <UL f1,0) +U(P, f2,c)
Proof. We already know that L(P, f,a) < U(P, f,«). Thus we have only to prove
the inequalities in (6) and (7). We begin with the inequality in line (6).

Recall that if A = {a1,a2---a, : a; € R}, B = {by,ba,---b, : b, € R}, and
A+B = {a1 +bl,a2 +b2,an+bn} then

(8) inf{A} + inf{B} < inf{A + B}.
Let P = {xg,21,...2,} be a partition of [a,b]. Let

P =inf{fi(x): = € [z, 1]},
I =inf{fa(z) : x € [vi, 2i_1]},
and

m; = inf{f(z) : x € [x;, xi—1]}-



FUNCTIONS OF BOUNDED VARIATION 29

Thus, by the inequality in line (8), m} +m? < m;. Consider

L(P, fi,0) + L(P, fo,0) = > miAja+Y miAa
i=1 i=1

n

= Z:(Tm1 +m) A«
i=1

< Z(mi)Aia

i=1

— L(P,f0).
The proof for the inequality in line (7) is similar. O
Theorem 6.6. If f € R(a) on [a,b] and c is a constant then cf € R(«a).

Proof. Because f € R(«) there exists a partition P = {xg, 21, -} such that
U(P,f,OZ) _L(Pvfaa) < 6/|C|' Let

M; =sup{f(x):x € [x; — xi—1]},
m; = inf{f(z) : x € [z; — zi-1]},
M? =sup{cf(x):x € [z; —zi—1]},
and
m{ = inf{cf(z) : v € [x; — x;-1]}.
If ¢ > 0 then M{ = cM; and m§ = cm;. If ¢ < 0 then M{ = cm; and m§ = cM;.

In either case, the following is true.

n

U(P,cf,a) — L(P,cf,a) = Z MSAa — meAia

i=1 1=1
‘C| <Z M,'AZ‘Oé — Z m,-Aioz>
i=1 i=1
el
|
€.
This proves that cf € R(«).

It can further be shown that f; cfdo = cf; fda.
Theorem 6.7. If fi and f2 are in R(«) on [a,b] then fi1 + fo € R(«a).

Proof. Let € > 0. Then we know that there exist partitions P; and P, such that
U(Pl,fl,a) - L(Pl,fl,a) < € and U(Pg,fg,a) — L(PQ,fQ,Oé) < €. Let P be the
common refinement of P, and P,. Then by Theorem 6.1

(9) U(P7f1,Oé)—L(P7f17OZ)<6
(10) U(P, fa,;0) = L(P, f2,a) <.
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By adding the inequalities in (9) and (10) and applying Lemma 6.1 we have
U(P, f,a) — L(P, f,«a) < 2¢. By Theorem 6.3 f € £(a).
(]

It can further be shown that [*(fi + fo)da = [ fida + [2 fada.

Now we are ready to relate bounded variation and Riemann-Stieltjes integration.
Suppose that f is of bounded variation on an interval [a,b]. Then f can be written
as the difference of two increasing functions, so f = f; — fo where f; and f; are
increasing. By Theorem 6.4 we know that f; and f2 are in R(«) whenever « is
continuous. Further, by Theorem 6.7 we know that f € ®(«) when « is continuous.

Because f; and f> are increasing on a closed, bounded interval, we know the
functions are themselves bounded on [a,b]. Thus, if they have finitely many dis-
continuities on [a,b] and « is continuous at these discontinuities, we can conclude
that f1 and fy are in R(«). Further, by Theorem 6.7 we know that f is also in
R(cr) when these conditions are met.

7. CONCLUSION

In this paper we examined functions of bounded variation and provided proofs
for some important properties of these functions. Perhaps the most important
and interesting property is the fact that a function of bounded variation can be
written as the difference of two increasing functions. We then considered three
related topics. The first was absolute continuity. We showed that a function that
is absolutely continuous is also of bounded variation. To provide an interesting
example of a function that is continuous and of bounded variation but not absolutely
continuous we explored some properties of the Cantor Ternary Function. The
second related topic we considered was arc length. Here we showed that the length
of a curve is finite on an interval if and only if the function is of bounded variation
on that interval. We then considered Riemann-Stieltjes integration. Here we used
the fact that a function of bounded variation can be written as the difference of two
increasing functions to find conditions under which functions of bounded variation
are Riemann-Stieltjes integrable. For instance, if f is of bounded variation then f
is Riemann-Stieltjes integrable over a whenever « is continuous. Similarly, when f
is of bounded variation then it is Riemann-Stieltjes integrable over o whenever f
has a finite number of discontinuities and « is continuous where f is not.

We have only briefly considered each of these related topics. Any one of them
could be explored in more depth by the interested reader. Most especially, there are
other connections between Riemann-Stieltjes integration and functions of bounded
variation that were not covered in this paper. For instance, if f and « are bounded
on [a,b], f is continuous on [a,b], and « is of bounded variation on [a,d], then

f € R(a).
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