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1 Introduction

This short note gives an introduction to the Riemann-Stieltjes integral on R and R™. Some
natural and important applications in probability theory are discussed. The reason for dis-
cussing the Riemann-Stieltjes integral instead of the more general Lebesgue and Lebesgue-
Stieltjes integrals are that most applications in elementary probability theory are satisfac-
torily covered by the Riemann-Stieltjes integral. In particular there is no need for invoking
the standard machinery of monotone convergence and dominated convergence that hold for
the Lebesgue integrals but typically do not for the Riemann integrals.

The reason for introducing Stieltjes integrals is to get a more unified approach to the
theory of random variables, in particular for the expectation operator, as opposed to treating
discrete and continuous random variables separately. Also it makes it possible to treat
mixtures of discrete and continuous random variables: It is for instance not possible to
show that the expectation of the sum of a discrete and a continuous r.v. is the sum of the
expectations, without using Stieltjes integrals. There are also many advantages in inference
theory, for instance in the discussion of plug-in estimators.

In Section 2 we introduce the Riemann-Stieltjes integral on R. In Section 3 we discuss
some important applications to probability theory. In Section 77 we introduce the Riemann-
Stieltjes integral on R™. Section 3 contains applications to probability theory.

2 The Riemann-Stieltjes integral on R

The Reimann integral corresponds to making no transformation of the z-axis in the Reimann
sum

n

> g€ (@i — i)

i=1
Sometimes one would like to make such a transformation.
Thus let F' be a monotone real-valued transformation of I C R, so

F: 1w F(I).

Now assume that h is a real-valued step-function on the interval I, so that we can write

h(t) = En:cil{tEIi};
i=1



for some constants ci, ..., c,, and with I = Uj"_;I; a partition, and with I; intervals. Then
we define the Reimann-Stieltjes integral of h as

n

/h(u)dF(u) = S GlF(L).

=1

Note that |F(I)| = F(max(l;)) — F(min(Z;)), and that if I; = (a;, b;) then |F(L;)| = F(b;) —
F(b;), and that then

/Ih(u)dF(u) = Y eilF() — Flap).

We can next make the following definition.

Definition 1 Let F' be an increasing function defined on the interval I, and let g be a
function defined on I. Then g is called Riemann-Stieltjes integrable, w.r.t. F, if for every
€ > 0, there are stepfunctions hi,he such that hy < g < hy and

/ ho(u) dF (1) — / h(u)dF(u) < e
I I
If g is Riemann-Stieltjes integrable, we define the Riemann-Stieltjes integral of g as

/g(u) dF (u) = sup{/ h(u) dF (u) : h < g, h step function.}
I I

One can check that the integral is well defined, similarly to the Riemann integral.

Note 1 The Riemann integral is a special case of the Riemann-Stieltjes integral, when
F(x) =id(z) = x is the identity map. Thus in that case, if g is Riemann integrable,

/g(x) dF(z) = /g(a:) dx
when F(z) = x. O
Theorem 1 If g is continuous and bounded, and F is increasing and bounded on the interval
1, then g is Riemann-Stieltjes integrable on I.

Proof. That F' is increasing and bounded on I = [a, b] means that

—oo<c::F(a):iIIlfF§supF:F(b) =: C < 0.
I

(7): Assume first that I is finite. Thus since g is continuous on the compact interval I it
is uniformly continuous so there are €, d such that

z—y| <6 = |g(y) —gl)] <e



for €,6 not depending on x,y. Next let U}"_;I; = I be an arbitrary finite partition of I, with
I; intervals that satisfy |F'(I;)| < ¢ (this is possible to obtain since F' is bounded), and let

;= fo(t
mi = jofelt).
M; = supg().

tel;

and note that M; — m; < €, by the uniform continuity of g. The step functions
n
hl(t) = Zmil{t € Ii}7
i=1

ho(t) = iMil{tGIi}v

satisfy hy < g < hy. Furthermore

/m ) dF (u ZmZ\F < S MF(I)] :/Ihg(u) dF (u)
i=1

so that
/h2 ) dF (u /h1 VaF() < S (M —m)|F (L \<6Z\F )| = e|F(D),
=1

where the last equality follows since the sets F(I;) are disjoint (by the monotonicity of F'
together with the fact that I; are disjoint). Since for every € > 0 we can get hj, ho step
functions so that this holds, we have shown that g is Riemann-Stieltjes integrable.

(7i): Next, assume I not finite. Then since F is increasing it is also piecewise continuous.
Therefore for every € > 0 there is finite I C I such that

max(sup F' —sup F,inf F —inf F') < €.
I i I I

Also, since g is absolutely bounded,

suplg| < G
NI

so that
~G<g<GonlI\I,
/ GdF(u) —/ _GdF(u) < 2Ge
N JaVi

Thus we can use the construction under (i) on I, and concatenate to get the step functions
hi = conc(—G, h1,—G), hy = conc(G, he, G) bounding g on all of I and such that

/hg dF(u /h1 dF (u) = /hg )dF(u /h1 )dF(u

+ ~GdF(u)—/ _GdF(u)
JaVi N

e|F(I)] + 2Ge.

IN



Since ¢, € are arbitrary we have shown that g is Riemann-Stieltjes integrable. O

The Riemann-Stieltjes integral can be obtained as a limit of Riemann-Stieltjes sums. We
prove the statements for continuous functions g:

Theorem 2 Assume g is continuous and F' increasing on the interval I. Then

/I g(z)dFz = lim S g6 (F(ar) — Flaioa)),

maXj<i<n |$7,7-777, 1“>0 =1

where minl = xg < 1 < ... <z, < max I are partitions of I, and & are arbitrary points in

(%51, 7).
Proof. Use a similar construction of hi, ho as in the proof of Theorem 1. Thus we have
hy < g < ha.

and

/h1 ) dF (u gz F(zi1)) /h2 ) dFu.

Since g is integrable, we can let € | 0, and make the partition finer and finer as n — oo, so
that the difference between the right hand side and the left hand side (which is smaller than
€) goes to zero, which shows the result. O

We note the following two important special cases.

Lemma 1 Assume F' is (an increasing) step function on I, so that

N
> ail{t <t}
=1

with tg = min(I) < t1... <ty =max([), and a; > 0'. Then, if g is contiunous,
N
[o@ar@ = 3 gta,

I i

Proof. When forming the Riemann-Stieltjes sum

S g6 (Fla:) — Flai))
=1

!The condition a; > 0 ensures that F is increasing. An equivalent way to write F is

N

F(Z’) = Z(al — a,-_1)1{t S (ti_l,ti)}.

=1



in Theorem 4, the factor F(x;) — F(x;—1) is

' ‘ - ap if < x;_1 <tp <z, and x; — x;—1 small enough,
Fzi) = F(wi) = { 0 if (z;-1,x;) Pty for any k.

Thus for large enough n

n N

Y g€ (F(zi) — F(zih)) = > g(&)as,

i=1 i=1

Since ¢ is continuous, and £ — ¢; as n — oo, we obtain g(§) — ¢g(t;), so that
n N
Jim. z; 9(&)(F(xi) = F(zi1)) = lim. z; 9(&i)ai
1= 1=

N
= Zg(ti)ai,

which ends the proof. O

Lemma 2 Assume F if differentiable with F' = f continuous. Then if g is integrable

Jowarw = [ gt du.

Proof. We derive the result via Riemann-Stiltjes sums: In the sum

n

> 9(&) (F(z:) — Flwi))

i=1
the factor (F'(z;) — F(zi—1)) = f(n:)(x; — x;—1) for some n; € (x;_1,x;), by the mean value
theorem. Therefore

n n

Y o9& (F(xi) = Flzicn)) = > g(&)f () (@i — wima),

=1 =1

which we recognize as a Riemann sum for the integral [ ¢f du, and the result is proven. O



3 Application to probability theory

In probability theory the basic setup is a probability space (€2, F, P). Here {2 is the outcome
space, i.e. the set of all possible outcomes for the random experiment we want to model.
The set F is a collection of subsets of €1, satisfying the three following conditions, making
it into a o-algebra:

(i) 0OeF,
(i) AeF=A°cF,
(iii) A, € Ffori=1,2,...= U2 A4; € F.

The function P is a probability measure defined on F, i.e. a function P : F — [0, 1] such
that:

(iid)  P(UZ A4;) = P(4;), if A;NA; =0 when i # j.
=1

We suppose in (i¢) that A € F, and in (i7) that A; € F for every ¢ for us to be able to
apply P to the resulting sets; the corresponding conditions (i), (7i) in the definition of a
o-algebra ensures that this is alright.

A r.v. X is a function 2 — R, such that

{w: X(w)<z} € F

for every x € R; this condition is called measurability. It ensures that one can define the
distribution function F' of X, which is defined as

F(z) = Pw:X(w)<x),
since the set {(w : X(w) <z} is in F, and therefore we can apply P on it.

Definition 2 Assume that X is a r.v. with distribution function F. The expectation E(X)
of X is defined, if it exists, as

E(X) = / 2 dF(z).

Note 2 The interpretation of the expectation E(X) is clear from the Riemann-Stieltjes ap-
prozimation

n

B(X) =~ Y &(F(x;)— F(zi-1))

i=1

with § € (zi—1,x;]. Namely one takes a value that X can take, &, and multiplies it with
(F(z;) — F(xi-1)), which if x; — x;—1 is small is close to P(X = &), and sums over all
possible such values &;. O



This can be simplified in the following two (extreme) cases, that can be derived by
Lemmas 1 and 2.
(i) F a step function with jumps at the points x;. Then

B(X) = Y wi(F(x;)— F(zi-))
k=1
(i1) F is differentiable with derivative f = F’. Then

E(X) = /xf(x)d:v

Exercise 1 Prove the previous statement, using Lemmas 1 and 2. O

Let g be a function g : R — R such that [g(z)dF(z) < oo and such that
{w:g(X(w)) <u} € F,
for every u € R.?2 This implies that we can define the distribution function of Y, Fy by
Fy(y) = Pw:Y(w)<y).
Then we can of course define the expectation of Y as

BY) = [ydby ().

if it exists. The next theorem tells us that it is not necessary to derive the distribution of
Y, in order to calculate the expectation E(Y).

Theorem 3 If X is a r.v. and g as above then the r.v. Y = g(X) has expectation
E(Y) = / g(z) dF (z).
Proof. A Riemann-Stieltjes sum for the left hand side is
Zni<FY(yi) = Fy(yi-1)) = ZmP(Y € (Yi-1,¥il)
= 2 mPe(X) € (i1, 3:))
= 2 mP(X g v ul}),
with 7; € (yi—1, ys]. Note that

ni € (yiet,yi] & & =g () € g {(yim1,yi]}
& g(&) € (Yi-1, 9

2This means that g(X) is measurable.



Therefore the above is equal to

Zg(ﬁi)P(X € g {wi-1,v}).

with & € g~ {(yi—1, vi]}-

Note furthermore that if the intervals (y;—1,y;] form a partition (so are disjoint and
have as union the whole interval), then the intervals (x;_1,z;] = ¢~ {(yi_1,vi]} also form a
partition. Therefore the above can be written as

Zg(&)P(X € (wi—1, i),

with & € (x;—1,x;], which is a Riemann-Stieltjes sum for the right hand side, and we are
done. O

The statement of the theorem, can be written, in the two special cases of F' a step
function and F differentiable with derivative f = F”

| @)@ ds,

The special case of g(X) = 1{X € A} for A a set in R is of particular interest. This is a
Bernoulli random variable, it’s distribution function is a step function with jumps at 0 and
1, so that

E({X € A}) = O0(F(0)— F(0—-))+ 1(F(1) — F(1-))

[
Juegpn: e

= P
Note also that the left hand side of this is
E(1{X € 4}) = /1{x € AYdF(z)

- [ ar@).

and thus we get the very useful (and important!) formula
P(X€A) = / dF ().
A

Note that in particular 1 = P(X € R) = [p dF(z).



Lemma 3 Let X be a r.v. with distribution function F. Then
E(aX +b) = aE(X)+b.

Proof. We have that

E(aX +b) / (az + b) dF (2)

= a/xdF(x)+b/dF(x)
= aFE(X)+0.

We next define the variance of a random varible.

Definition 3 The variance of a r.v. X with distribution function is defined (if it exists) as
Var(X) = E((X - p)?),

with p = E(X). O

We immediately get the following easy (and very important) formula for calculating the
variance:

Var(X) = B((X - p)?) = B(X* = 2Xp + %) = B(X?) — 2uB(X) + 2
— B(X?) -2 + 4% = B(X?) — 12 = E(X?) — (E(X))~

We state this as a simple Lemma.

Lemma 4 If Var(X) exists then

Var(X) = E(X?) - (E(X))>2

Note 3 The expectation E(X) of a random variable is a measure of where the distribution
is concentrated. Compare for instance the two distributions Un(0,1) and Un(1,2) A random
variable X1 which is distributed according to Un(0,1) has expection E(X) = [21{0 < z <
1}de =1/2. A rov. Xy distributed according to Un(1,2) has expectation E(X) = [x1{1 <
2}dx = 3/2. Check that the two variables X1, Xohave the same variance!

The variance Var(X) of a random wvariable is a measure of how spread out the distri-
bution of X is. The two random variables Y1 € Un(—1,1) and Yo € Un(—2,2) have the
same expectation E(Y1) = E(Y3) = 0. Check that Var(Y1) < Var(Ys). Draw a graph of the
distribution functions. Does this make sense? O



Example 1 We calculate the expectation and variance of X € Bern(p),Y € Exp(0).
Since

B(X) = [adFx(a) =X aif (@) =0J(0) + 1/() =0(L—p) + 1p =

B(X?) = /xQdezzxiﬂxi)— 27(0) +12f(1) = 001 =p) + 1p = p.

we have
Var(X) = E(X?)—(BE(X))2=p—p>=p(l—p)
Also
E(Y) = /dey =/yf / yze V0dy=... =09,
E(Y?) = /yZdFy(y) Z/Ooy — 26%,
so that

O
Lemma 5 Let X be a r.v. with distribution function F'. Then
Var(aX +b) = a*Var(X).
Proof. Note first that E(aX + b) = aF(X) 4+ b. Therefore
Var(aX +b) = E((aX 4+b—aE(X)—-b)?)
= E((aX - aBE(X))?
= B(a*(X —p)?)
— G2B((X - p)?).
O

Note that since the variance has an another dimension than X, namely the dimension of
Var(X) is dim(X)?2, we introduce the standard deviation D(X) as

D(X) = /Var(X),

which exists if the variance exists.

Example 2 If X € Exp(0) then D(X) = 6. O

10



4 The Riemann-Stieltjes integral on R"

In analogy with integration over R, assume F' : R® — R is a function that is increasing in
each variable (when the others are kept fixed). Let h be a step function that is piecewise
constant (equal to ¢; say) on the rectangles I; = [a%,b%] x ... x [a,,b}] in R™, and I = U,
is a partition. Then we can define the integral

/Ih(:c)dF(x) — S alF(I),

=1

with |F'(I;)| the area of the transformed rectangle F'(I;). To see how we should define the
area of the rectangle let us remind ourselves that the area of the rectangle I; is
L] =0 —ai) ... (0, — ap).

n —

We would like to write the transformed area, in analogy with this and in increments of F'.
Recall that in one dimension the area of a interval I = [a,b] is

lI| = b—a,

and the area of the transformed interval is

In two dimensions the area of the rectangle I; = [a}, bi] x [ab, bb] is
o= 0 -a)t-ah)
biby — aiby — byas + ajay,
and we define the area of the transformed rectangle F'(I;) as
[F(I)] = F(by,by) — F(a,b) — F(b, ab) + F(aj, a))

Note that in using F' we are making a generalization of the ordinary area measure, for which
the area of the interval I = [0,b1]---[0,b,] C R™ is |I| = by ---by, to the area measure
|F(I)] = F(by,...,by).

For general dimension, let us use the notation

A]F(Il) = F(xil,...,Ij,17b§,$j+1,13n)*F(CEl,...,$j,1,a§-,l‘j+1,$n).

(Note that the argument is fixed at all positions except at position j where we have the
increment). Then we define the area by

IF(I)| = Ar...AF(IL)

Definition 4 Let F' be an increasing function defined on the interval I C R™, and let g be
a function defined on I. Then g is called Riemann-Stieltjes integrable, w.r.t. F, if for every
€ > 0, there are stepfunctions hi, ho such that hy < g < hy and

/ ho(u) dF (1) — / h(u)dF(u) < e
I I

11



If g is Riemann-Stieltjes integrable, the Riemann-Stieltjes integral of g is defined as

/g(u) dF(u) = sup{/ h(u) dF (u) : h < g, h step function.}
I I

We start by noting that this is indeed an generalization of the ordinary Riemann integral in
several dimensions.

Note 4 The Riemann integral on R™ is a special case of the Riemann-Stieltjes integral, with
F(I) = |1|, for every interval I, the ordinary area length. In that case, if g is integrable, we
write

[o@ar@ = [ g da.

To see this more explicit, let us look at the case of dimension n = 2. Then for I; =
[a},bt] x [ab,bs] the area of F(I) becomes

AN F(I;) = !("Lbé)'\—l\(ai,l?é)!—l( 1,a3)| + |(af, ab)|
(b — a1)(by — a3)
= |4l

Therefore the Riemann-Stieltjes integral of step functions g as above becomes in this case

n

/ng = ZCZ‘IZ|

=1

= /gdx.

Thus to check that a function g is Riemann-Stieltjes integrable over R™ is the same as check-
ing that it is Riemann integrable over R™. O

Similarly to for one-dimensional case, the Riemann-Stieltjes integral can be obtained as
a limit of a Riemann-Stieltjes sum.

Theorem 4 Assume that g is integrable and F is bounded. Then

n

/1 gdF = Tim > g(&)|F(L)],

max; |I;|—0 =1
where Ui I; = I is a partition and with § € 1;.
Proof. The proof is similar to the proof of Theorem 2. O

We will mainly use Theorem 4 as a convenient device to prove nice results. The following
two special cases are of particular importance.

12



Lemma 6 Assume that F' : R™ — R is such that %F =: f exists and is continuous,
and assume that g is R-S integrable. Then

/ng = /gfdx.

Proof. We can approximate the area in the Riemann-Stieltjes sum, with the use of e.g. an
intermediate value theorem, to obtain

n n an
;9(&)’}7(@)\ = ;9(&)81 — 8nF(?7i)’Ii\
= > g(&)f(m)|L]
i—1

with n; € I;. We see that this is (approximately) an ordinary Riemann-sum for the integral
J gfdx and this together with the fact that f is continuous, implies that the sum converges
to the integral [ gfdz. O

Lemma 7 Assume F is a step function, with jumps on the grid G C I, of size

Ay AR =

Then, if g is continuous,

/ng = > 9y

yeG

Proof. If I = U]"I; is a partition fine enough, each interval I}, will contain at most one point
v € G. Let J be the indices for those Ij,’s that contain one grid point. Then Ay ... A, F(I;) =
f for some g € G, if j € J. For all other j & J, Ay...Ap,F(I;) = 0. Thus, if the partition
is fine enough, the Riemann-Stieltjes sum is

m

D og(€)Ar. . AGF(IL) = > g(&) s

i=1 yeG
which converges to the right hand side in the statement of the Lemma, if ¢ is continuous. O

3

5 Applications to probability theory

Let X1,...,X, be a random vector with distribution function F' = Fx, . x,. Assume
g : R™ — R is a function (nice enough) such Y = ¢g(Xj,...,X,) is a random variable. Then
Y has a distribution function F, and we can of course define (if it exists) it’s expectation

E(Y). The next result however is often handy.

3Skriv ner fAtr resultatet fAtr blandningar av diskreta och kontinuerliga s.v.

13



Theorem 5 If X = (X1,...,Xy) is a random vector with distribution function F, and
g :R™ = R a function, then the r.v. Y = g(Xi,...,X,) has expectation

EY) = /g(ml,...,xn)dF(:cl...,a:n).

Proof. The proof is similar to the one-dimensional case. Thus a Riemann-Stieltjes sum for
the left hand side is

Zm(Fy(yi) — Fy(yi-1)) = Zm‘P(Y € (yi—1,vi])
= ZmP(g(X) € (Yi—1,vi))

= an‘P(X € g H{wi-1,ul}),

with n; € (yi—1,y;]. Since

mi € (et yil & &i=g " () € g {(yim1, v}
< 9(&) € (Yim1,yil-

Therefore the above is equal to

Zg(fi)P(X € g {(yi-1.uil}),

with & € g~ {(yi-1, il }-

If the intervals (y;—1,y;] form a partition of an interval in R (so are disjoint and have
as union the whole interval), then the intervals I; = ¢~ 1{(y;_1,:]} form a partition in R™.
Therefore the above sum can be written as

> gl()P(X € 1),

with & € I;, which is a Riemann-Stieltjes sum for the right hand side, and the theorem is
proved. O

In particular if ¢ is an indicator function X beeing in a subset A C R" we get as a
consequence that

P(X€A) = E({XeA}) = /1{95 € AVdF(z) = /AdF.

Further consequences are summarized in the following Lemma.

Lemma 8 If X1, X5 are random variables, and a1, as are real numbers then

(Z) E(a1X1 =+ agXQ) = alE(Xl) =+ CLQE(XQ).
(44) Var(a1 X1 + a2 Xs) = a%Var(Xl) + a%Var(Xg) + 2a1a2Cov (X7, X2).

In particular if X1, Xo are independent then

Var(X; + X3) = Var(X;) + Var(Xy).

14



Proof. To show (i),
E(a1X1 + CLQXQ) = /(CLlZL‘! + CQl‘Q)dF(l’l, 1‘2)

= /alxldF(xl, 1’2) + /QQIEQdF(CEl, $2)
= E(ale) + E(GQXQ)
= alE(Xl) + GQE(XQ).

For (i), let g = E(X1), p2 = E(X2). Then

Var(a1 X1 + a2 X2) = E[(a1 X1+ asXo —ajp — a2M2)2]
= El(a1 X1 —a1p)* + (a2 X2 — agpz)?
+2(a1 X1 — arp)(ae X2 — aspo)]
= El(a1 X1 — a1p)?] + E[(a2X2 — asp2)?]
+2E[(a1 X1 — a1pn)(ae X2 — agp2)]
= a?Var(Xy) + a3Var(Xs) + 2a;a:Cov(X1, Xo),

where the third equality follows from the linearity of the Riemann-Stieltjes integral. O

Note 5 Since we have define expectation using the Riemann-Stieltjes integral, and thus ob-
taining a general formula that holds for continuous and discrete r.v.’s as well as for miztures,
we can define the expectation of a sum X +Y where X is continuous and Y is discrete.
The expectation of X +Y as above is not possible to define if we define (only) the
expectation of discrete and continuous r.v. cases separately, as sums and ordinary Riemann
integrals respectively. This is a flaw with most introductory texts on Probability Theory, and

s one of the main reasons that we define and use the Riemann-Stieltjes integral in this text.
O

15



5.1 Integration on R

Let I be a finite or infinite interval in R and assume that h : R — R is a step function, i.e.
a function that can be written

]’L(t) = icil{t S Az},
=1

where U} A; = I is a partition of I, so A;NA; =0 if i # j, and {¢;}}_, are finite constants.
Then we can define the integral of h over the interval I by

n

/Ih(u)du = Zci|Ai|

i=1

with |A| the length of A.
Recall the elementary definition of integrability of a function g : R — R over a finite
interval I.

Definition 5 Assume that for every e > 0 there are step functions hi, ho such that hy <
g < ha, and such that

/Ih2(u)dU—/Ih1(U)dU < e

Then we say that g is (Riemann) integrable. |

If g is integrable, we next define [; g du.

Definition 6 Assume g is Riemann integrable. Then we define

/g(u) du = sup{/ h(u)du : h step function, h < g}
1 1

To see that the definition makes sense, note that if A* is a fixed but arbitrary stepfunction

such that h* > g then
/h*duZ/gduz/hdu
I I I

for every step function h < g. This means that the set
C = {/ hdu : h step function, h < g}
I
is a set of real numbers that is bounded from above, by [; h* du, and therefore it has a least
upper bound, i.e. sup C exists, and this is what we define as [; g du.

It is easy to see (reasoning as above), that if ¢ is integrable then also

/gdu = inf{/hdu : h step function, h > g}.
I

16



Exercise 2 Prove this!
What functions are Riemann integrable?

Theorem 6 Assume that I is a finite interval, and that g is a continuous function. Then
g is Riemann integrable.

Proof. Since g is continuous on I, it is uniformly continuous, i.e. for every € > 0 there is a
d > 0 such that

lz—yl <6 = |g9(y) —g(x)| <

and the same 0, € can be used for every z,y. With this choice of €,d, now let U, I; = I be
an arbitrary partition of I, with I; intervals of length |I;| < 0, and define

. = inf g(t
m; tlglig(),
M; = supg().

tel;

Then we have M; — m; < €. Define the step functions
n
hl(t) = Zmzl{t S IZ},
i=1

hao(t) = f:Mil{tGIi},
i=1

and note that h; < g < he. Then
/h1 (u) du = Z m;0 < Z M6 = /hg(u) du,
1 =1 i=1 4

1=

and

n

/Ihg(u)duf/lhl(u)du = 5Z(Mifmi) < den < €|I|.

=1

Since for every € > 0 we can get hi, ho step functions so that this holds, we thus have shown
that g is integrable. O

Corollary 1 Assume that g is piecewise continuous on I. Then g is Riemann integrable.

Proof. Let I = UleJk be a partition of I such that g is continuous on each J. Then g is
integrable on each Ji and we can define

/Ig(a:) dr = i-/]k g(z) dz.

(To explicitly exhibit upper and lower step functions hi, he that satisfy the condition in the
definition of integrability on all of I choose

hiy = conc(hgl),...,hgk)),
hy = conc(hél),...,hék)),

17



with conc denoting the concatenation of functions.) O

If g is Riemann-integrable one can obtain the integral [; g dz as a limit of Riemann sums.
We prove the result for continuous functions:

Theorem 7 Assume g is continuous. Then?

n

/I g(z)dz = lim S (&) (@ — i),

maxi<;<n |J?l'—l‘i_1 ‘—)0 i=1

where minl = xg < 1 < ... <z, < max[ are partitions of I, and & are arbitrary points in
[Ti-1,2:).
Proof. Since g is continuous is it Riemann integrable. Let z1 < ... < z, be a partition

of I. Form the (upper and lower) step functions hi,hs, (via the bounds M;, m;,) using
I; = [zi—1,7;) as in the proof of the previous theorem. Note that m; < ¢(§;) < M; for
arbitrary & € [x;—1,x;) and every i such that

h1 < g < hs.

Therefore
/Ihl(u) du < ;g(@)(xi —3) < /IhQ(u) du.

Since g is integrable, letting € | 0, i.e. making the partition finer and finer as n — oo, the
difference between the right hand side and the left hand side (which is smaller than €) goes
to zero which shows the result. O

5.2 Integration on R"

What has been covered for R can be readily extended to R"”
Indeed, if I is a finite or infinite interval in R™ and A : R™ — R is a step function,

h(t) = zn:Cil{t S Az},

with U, A; = I a partition of I and ¢; constants, then we can define the integral of h over
the interval I by

n

/Ih(u)du = Zci|Ai|

i=1

with |A| the Euclidian length of A.
As for the univariate we can define integrability of g : R™ — R.

4The limit is a limit as n — oo if we with the extra condition that the maximum grid length max |z; —x;—1
goes to zero.
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Definition 7 Assume that for every € > 0 there are step functions hi, ho such that hy <
g < ho, and such that

/Ihg(u)du—/lhl(u)du < e

Then we say that g is (Riemann) integrable. O

If g is integrable, we next define [; g du.

Definition 8 Assume g is Riemann integrable. Then we define

/g(u) du = sup{/ h(u)du : h step function, h < g}
1 1

As for the univariate case it is easy to see that the definition is sensible. The next theorem
has a proof that is analogous to the univariate case.

Theorem 8 Assume that I is a finite interval, and that g is a (piecewise) continuous func-
tion. Then g is Riemann integrable.
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