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Chapter 1

Introduction

In this report we will discuss several approximations of the Riemann—Stieltjes integral [21].
Its formulation allows for both continuous and discrete distributions, and it defines the
expectation over such a distribution or data set. These integrals are often used in compu-
tations that involve data sets. We will only discuss integrals in one dimension. Extending
our methods to more dimensions is a topic for further research; this has a wide range of
applications. Being able to approximate these type of integrals is needed when the function
f is expensive to evaluate, i.e., the number of times it can be evaluated is limited by time or
money. Oftentimes in practice, these functions will be computer simulations. Simulations
are often used in multiple fields. One example from fluid dynamics is the aerodynamics
when building an aircraft, see e.g., [19]. Another example, from stochastic simulation, is
optimising traffic flow, see e.g., [5]. Furthermore, this type of integral has many applications
in probability theory as the law of the unconscious statistician, see e.g., [16].

The approximations we will discuss will be quadrature rules, as the idea of constructing
quadrature rules for data arose when working with Gauss quadrature rules, see [25, Sec. 5.7].
For quadrature rules, we will be evaluating the function in several points and assigning
associated weights. Of course we are interested in doing this such that we obtain a good
approximation of the Riemann—Stieltjes integral.

In Chapter 2 we will first state this more explicitly, and then we will discuss several
known methods that can be useful. Among these methods are existing quadrature rules
and Monte Carlo integration. In Chapter 3 we will describe our own proposed methods.
Here, we will first describe methods to find the optimal points for function evaluations
(representatives), and later the methods for finding the associated weights. In Chapter 4
we will discuss the performances of these methods, based on how well they approximate
the Riemann—Stieltjes integral. Finally, in Chapter 5, we will give a short conclusion and a
discussion regarding our work.



Chapter 2

Problem Description

The goal is to find an approximation of the Riemann—Stieltjes integral [21, p.298-330]
o
Bf(0) = [ f()dMx(o), (21)
—0o0

where f(z) is a continuous function we wish to integrate over the data X, with X a one
dimensional distribution. Mx (z) is the cumulative distribution function of X and if Mx (z)
is continuously differentiable with M’ () = px (), then px(x) is the probability density
function of X. When this exists, and My (z) is continuously differentiable [23], we may
write (2.1) as

Bl = [ " f(x) dM (x) = / " foux(@) de. (2.2)

Let us assume that when Mx (x) is known, then it is continuously differentiable and thus
wx () exists and it is also known. Note that in our problem, the distribution of X might be
unknown, or px(x) or f(x) might be difficult — or even impossible — to integrate analyt-
ically. The approximation we are looking for should be precise enough using a sufficiently
large realisation of X. Let & be an arbitrary realisation of X of size n. The goal is then to
find an approximation for (2.1) or (2.2) that will integrate a polynomial of degree k exactly.
Since we are looking for a quadrature rule [17], this approximation will be of the form

N
> wif(z)
=1

where the z; €  are representatives of the data with corresponding weights w; > 0 and
N the number of representatives used. Since evaluating f might be expensive, we wish to
keep N small.
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Because we are dealing with data, it seems intuitive that we are looking for a method
that will represent this data, i.e., plotting the weights against the representatives will look
somewhat like the density of the data. The methods we will propose in Section 3 will
first use the given data to find representatives, and use these representatives to find the
corresponding weights. We will first discuss several existing methods.

2.1 Existing Methods and Their Limitations

Of course there already exist methods that could be useful. We will go over these methods
in the next sections, and some of our proposed methods in Section 3 will use the ideas of
these methods.

2.1.1 Gaussian Quadrature Rules

Gaussian quadrature rules are approximations of the form

b b N
[ o@de = [ st e~ Y wis(e),
a a i—1

where f(x) is a polynomial and w(z) > 0 is a weight function that generates a class of
orthogonal polynomials [14]. In our case, w(z) is the density function of our data X. Thus
to use this method, the density must be known.

Definition 2.1 (Orthogonal polynomials). A class of orthogonal polynomials is a set P of
polynomials such that each pair of polynomials p,, p, € P in the set are orthogonal with
respect to some inner product, see, e.g., [9]. This inner product depends on a non-decreasing
function W: R — R and is defined by

(g.h) = / o(x) h(z) AW ().

where (-,-) denotes the inner product. Let p, € P be of the form p,(z) = ¢, [[},(z — 1),
with ¢, > 0 a constant. Each p, € P has n real roots ri < ry < --- < r,. If P is a set of
orthogonal polynomials, the following relations hold:

0 if p; # pj,
(pi,pj) = ) i 7P for all p;,p; € P.
1 if p; =pj,

Because of the second relation, the polynomials are also orthonormal polynomials. This
means that, besides the polynomials being orthogonal, they are also normalised. If we
would only require that they are orthogonal, the second relation would require the inner
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product to be nonzero. Notice that if W is continuously differentiable on its domain, and
%W(x) = w(x), the inner product is given by

(p1,p2) = /pl(a:)pg(x)w(:c) dz .

In this case w is called a weight function.

The orthogonal polynomials can be used to compute the Gauss quadrature rules, as is
done in [14]. The representatives are the roots of these orthogonal polynomials. The weights
and the representatives are fixed, given a weight function w(x). The Gaussian quadrature
rules will be exact as long as f is a polynomial of degree at most 2N — 1 [25, Sec. 5.7]. We
will now give two examples of specific Gaussian quadrature rules, and we will use them as a
basis for the methods we propose. These quadrature methods will generate representatives
that are most likely not in . Therefore, to be able to use these methods on data, we choose
the data points that are closest to the representatives generated by the quadrature rules.

Gauss—Legendre Quadrature

When w(z) = 1 we have the Gauss—Legendre quadrature rule. To derive this quadrature
rule we use the interval [—1,1], and this derivation is similar to the one in [25, Sec. 5.7].
Suppose we want to integrate a polynomial of degree three exactly. Since polynomials are
made of monomials, e.g., f(z) = 23, this implies that our approximation should be exact
for all monomials with degree less than or equal to three. This gives us the following
constraints:

N 1
flx)y=1: ;wi:/_lldeQ,

N 1
flx)==a: Zwizi:/ xdr =0,
=1

-1

N 1
2
fz)=2?: E wiz?:/ ?de ==,
i=1 -1 3

1

N
fz) =a3: Zwiz?—/ 3dz =0.
i=1

-1

Take N = 2. By symmetry it holds that w; = we = 1. Then z; = —2z9 and this gives a
solution using the third or fourth equation. This can be extended to an arbitrary interval
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[a,b] by using a linear transformation. This gives

/f <w1f< +b;a>+w2f<b;a@+b;a>>.

A third-degree polynomial can be integrated exactly using the two-point Gauss quadrature
rule.

In general, we can integrate a polynomial of degree 2IN — 1 exactly using N points. In
that case it has to hold that

bk+1

i N b . k1
w; Z; :/ zidr = ———
— a E+1

for k=0,...,2N — 1. The corresponding quadrature rule is

b —a —a
/af(x)dxm <b2 zi+b2 >

Gauss—Hermite Quadrature

When integrating a polynomial over a distribution, we can choose w(x) to be the probability
density function of this distribution. For the Gauss—-Hermite quadrature rule the weight
function is e~ [22], which we can transform to use these quadrature rules for a normal
distribution. The class of orthogonal polynomials are the Hermite polynomials given by

Hy(z) = (~1)Ner” . ;;V (e_xQ) ,

Then the Gauss—Hermite quadrature rule is given by

N
& 2 - . W — ﬁQN_lN!
/;OO f(x) e dl‘ ~ ;wz f( Z) 9 1 NQ(HN_l(:L',L))Q 5 (23)

where z; are the roots of Hy(z) [2, Sec. 25.4.46]. Let Y ~ N(p,0?) be a normally dis-

tributed with mean p and variance o?. Then, using the transformation z = %,

/_ ROE 127re<5?2y> dy = ;7? /_ I+ Vo) da

Finally, define the function h(x) = f(u + v/20z) and use (2.3) to obtain that

/ fy o (54) dy ~ — sz i) |
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with w; as in (2.3) and z; the roots of Hy_j(z). The /7 in w; cancels with the one in the
fraction, and thus

2N-1 NI
)] ~ Zwif(qu V2o;), Vi N Hy (@)

Note that only the representatives depend on this specific distribution, since they are trans-
lated and scaled with the mean and standard deviation respectively. The weights only
depend on the distribution in the sense that we can only do this for a normal distribution,
but they are independent of the mean and the standard deviation.

Limitations When Applied to Data

When applying these quadrature rules to data, assumptions will have to be made about the
probability density function of the underlying data. If it is possible to make an assump-
tion about the data — for example by fitting a distribution — then the density function
might still be difficult to use for constructing orthogonal polynomials. However, this is the
technique proposed by [14], and for some weight functions the quadrature rules are already
known, see e.g., [2, Sec. 25.4].

2.1.2 Monte Carlo

The Monte Carlo integral is defined by, see e.g., [7],

/f z) px (z foz,

where px () is the probability density function of X and x1,...,z, is a random sample of
X.

Notice that this approximation can be viewed as a quadrature rule with n representa-
tives, and each representative having corresponding weight %

When f is expensive or difficult to evaluate, one would rather avoid n f-evaluations.

2.2 Summary

In this chapter we have stated our goal; find an approximation to E[f(X)] of the form
Zfil wj f(z). To do so, we need to find weights w; and representatives z;. This will be
discussed in the next chapter.

Next, we explained two already existing methods. A Gaussian quadrature rule is a
method to approximate an integral using weights and representatives — just as we are
aiming for. The only difference is that these quadrature rules can be constructed for known
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weight functions, see e.g, [14], but in our case the weight function is often unknown. Then we
shortly discussed Monte Carlo integration, which is often used for approximating integrals
like ours. However, when f is expensive to evaluate, Monte Carlo integration is not desirable
due to its many evaluations of f.

In the next chapter we will explore ways of finding weights and representatives, some-
times using the ideas of the existing methods discussed in this chapter.



Chapter 3

Proposed Methods

As mentioned in the previous chapter, our approximation of (2.1) will be of the form
Zf\il w;f(zi). The methods described below are methods to find suitable values of the
representatives and their corresponding weights. The method we propose consists of two
phases. In the first phase, we will search for suitable representatives, and in the second
phase we will search for weights corresponding to the representatives found in the first
phase.

In Section 3.1 we propose methods to find representatives. These methods generally
depend on the data, the number of representatives N we are interested in, and the order k
of the polynomial we wish to integrate exactly. Note that often there is a relation between
N and k, and that to integrate exactly, N will have to be at least £ + 1. We will see this
in Section 3.2.2. Furthermore, N < n, with n the size of the data.

In Section 3.2 we propose methods to find weights corresponding to given representatives.
These methods generally depend on the data, the representatives z (and thus N).

Finally, the methods of these two phases will be combined, giving one method that
consists of two phases, where in each phase one of the discussed methods has been chosen.
We will discuss their performances in Chapter 4.

3.1 Methods to find Representatives

Obviously, we will use the data « to find the representatives. Some of the methods proposed
below make assumptions about the given data, e.g., it follows a certain distribution, and
others do not.

When looking for representatives, it is intuitive to split our data into groups, and take
the data point that is closest to the mean of each group as the representatives. We are
looking for IV representatives, so we have to split our data in N groups. To decide how we
will split our data, we need a penalty function g, which depends on the representatives. For
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this g, we want to find the arguments that minimise it, i.e., the representatives that take
the lowest penalty under g. This penalty function can have different forms, and different
approaches to this penalty function will be described below in the first two methods. The
first is based on the assumption that the density function is known and builds a penalty
function based on this theoretical distribution, rather than the actual data. The second
will build a similar penalty function, yet this penalty function uses the data, and does not
need an assumption about the distribution.

3.1.1 Using the Theoretical Distribution to derive a Minimisation Prob-
lem

We start with the idea of minimising the total squared distance to cluster centroids. Assume
we know our data follows distribution X with known probability density function px (z). Let
x be an arbitrary realisation of X, of size n. Let 2z € RN be the vector with representatives
(21,...,2n)T, which are the variables for which we like to minimise the penalty function.
For each = € x, define the function h as

(2 — 21)? mgL;Q
h(m,z):glei£|x—z|2: (v —2)? P g < EEEL e fo N -1} (3.1)

(2 — 2n)? x>w

to measure the distance of x to the closest representative. It is important to note that when
choosing h this way, we assume that it is optimal to assign a data point z € x to the cluster
of the representative it is closest to. This does not have to be the case when splitting data
into groups in general. Recall that px (x) is known. We now can define the penalty function
g: RY 5 R as

o0

92 = [ h(w.2) px(e) do. (3:2)
—00

We then are interested in the value of z that minimises g. The elements of z are taken from

the data set @, and thus there will always exist a z that gives the minimum value for g(z).

In particular, this leads to an optimisation problem in N variables which is very likely to

involve complicated analytical expressions.

Example 3.1. Let N =3 and X ~ N(0,1), so

[¥]

1 x

u(fv)zme 7.
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Note that the standard normal distribution is symmetric around 0, so when choosing three
representatives it is natural to choose the middle representative as 0, with the first and the
third representative mirrored around zero. This gives the choice z = (—z,0, z)T. Using this
to simplify h we get

(z42)? ifo< -3
h(x,z) = 22 if -2 <ax<3.
2
(x—2)* ifx>3

Definition 3.2 (Error function). Let x € R. The error function and the complementary
error function are defined by, see e.g., [11, Chap. 3|

2 r 2 o
erf(x) = N /0 et dt, erfc(z) =1 —erf(z) = ﬁ/ e dt,

respectively.

Now, the analytic expression for g(z) is given by

(2) 12\/5—Z82+2f<z)
z)=1-— —e 8 z+4 z%erfc | —= | ,
g T 2V/2

and its derivative is

'(2) = —2\/56282 + 2z erfe (Z>
9 o 9v2)

by the product rule for derivatives. In Figure 3.1 we see that ¢ has a minimum, and we
will use the bisection method on ¢’(2) to find the minimum. This is shown in Figure 3.2,
and gives the minimum value for z = 1.2240.

The previous example shows that even if we choose a symmetric distribution and the
number of representatives is small, this method is very likely to be complicated.

Example 3.3. Let N =3 and X ~ N(0,1), as in the previous example. However, we will
choose z = (z1, 22, zg)T without the assumptions that z; = —z3 and zo = 0. Then h will be

2 +
(r—2)% ifow <252

h(z,z) = ¢ (x — 29)? if%gxg% .

2 +
(x —23)° ifx> =235
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14 1.5
1.4
0.8
. 1.3
2 0.6 ?
= 1.2
0.4 - 11
0.2 - 1+
T T T T T T I I I I I |
0 2 4 6 8 10 0 ) 10 15 20 25
z iteration
Figure 3.1: Plotting g(z) on the interval Figure 3.2: Using bisection on ¢'(z) con-
[0,10] we see it has a minimum. verges to the minimum.

Then g: R? — R is even uglier than in the previous example, and given by

g9(z) = % ((zg — 2} erfc (Z;;;?) + (2 — 23) erfo <z2;3>>

9 2
+27 + \/;5’_51*(21“2)2(21 —22) + \/;e_é(z2+Z3)2(22 —z3)+1.

This leads to a minimization problem in three dimensions. Minimizing this function (with
Mathematica) gives z = (—1.22401,4.57-10716,1.22401)7, which is roughly the same result
as in the previous example.

3.1.2 Gradient Descent

Computing the integral (3.2) from the previous section is complicated. If it is possible to
compute this integral, it is likely that it is difficult to find the values of z that minimise it,
at least analytically. Furthermore, when we do not know what the distribution of our data
is, the previous method leads us nowhere. Using the same h as before, we define g: R® — R
as

9(z) =) h(x,z).

Note that this is an approximation of the previous g, where we use all our data without
making an assumption about its distribution. As before, we wish to find the z that minimise
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g(z). We will do this using iterative Gradient Descent with the recursion [10]
yrrD) = (k) _ —Vg( (k)) ——ZVh:Uz
z€x

where the gradient of h is

—2(x — z)1{z < 2322}

Vh(z) = | 2@ - zi)ﬂ{m <z< m}

—2(x — zN)]l{:L' > W}
with 1{-} the indicator function. The step size % is determined by trial. It should be small
enough for the method to converge, but big large enough so the convergence is not too slow.
The method converges when using step size %, though this is by no means the optimal step
size. There might exist step sizes which yield faster convergence to a minimum. Note that
y 1) will most likely not consist of data points. Therefore we will choose 21 to be the
data points that are closest to y(k“), SO

y(kﬂ) = arg min !x - z(k‘“)‘ .

A
The stopping criterion is

Zz(kﬂ) - Zi(k)’ <¢€a, Vie{1,.,N}s

where g, is the accuracy we aim for. Note that with this criterion we might not end up at
the minimum of f if we choose z(9) somewhat random. However, we are probably able to
set (¥ to a good guess of the eventual z. The advantage of this method is that this works
for any distribution, as long as the initial guess 2(9) is good enough; see, e.g., Figure 3.3. In
Figure 3.3a the initial z have been chosen as the mean of the data, and we see that the seven
representatives spread out over the data. As there are more data points around the centre
(in 0), one would expect that the representatives are closer to each other around the centre
and this is indeed what happens. Now consider Figure 3.3b, where the representatives do
not spread out over the data. In the last iteration, each z moved less than ¢,, and g(z)
evaluated in z®*) and z(*+1) hardly differs, thus the algorithm terminates. However, the
minimum we have been looking for has not been reached. Instead we have reached another
point z for which ¢g(z) does not differ more than 2¢,. Recalling Example 3.1 and Figure 3.1,
the algorithm might have terminated for z = 6. This is obviously not a minimum, but the
value of f(z) for z in a neighbourhood of 6 differs only a little.
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0 10 20 30 0 0.10.20.30.4

(a) Taking 2 as the mean of the data, for each point. The 7 points spread out over the data.
4 4

T T T T _4\ T T T

—4 T
0 2 4 6 8 0 0.10.20.30.4

(b) Taking 2 as a point outside the tails of the data, in this case as 4. Two of the points end up
actually representing the distribution, the other five stay at the end of the tail.

Figure 3.3: Different outcomes for different guesses of z(9). On the left is the progress of
20 for each iteration. On the right is the histogram of the data the algorithm runs on, to
get the idea of where the z are at each iteration.
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3.1.3 Clustering

In the previous section we have been looking for the best representatives by minimising
the sum of the squared distances to the closest representatives. A different way of finding
the representatives that minimise this criterion is using Lloyd’s algorithm [18] as described
in [4], an implementation of k-means.

Let y = (y1,---,¥yn) be given initial centroids, where a centroid is the centre of a cluster.
Then the algorithm will switch between the following two phases until the clusters do not
change anymore.

1. Given vy, assign each data point to the cluster of the closest representative. That is,
the cluster C; is the set of points & €  that are closer to y; than to y; for all j # 1.

2. Recalculate y; € y as the mean of each cluster C;. Thus

e

1
Yi = 747
’C ceC;

il

The implementation [20] used here uses the k-means++ algorithm [4] to choose the initial
centroids, instead of choosing them arbitrarily. This improves the speed and accuracy of
the algorithm [4].

In our implementation, we want the centroids to be data points. Therefore, we choose
the representatives as

zi = arg min |z — y;| ,fori=1,...,N.
pASH

3.2 Methods to Find Corresponding Weights

Let us assume that we have found the representatives z = (21,...,2y)" with one of the
methods from above, i.e., z is known. In this section we will propose methods that find
weights corresponding to the given representatives. We will see three different methods.
The first will simply take the normalised sizes of the clusters as weights. The second will
impose constraints on the weights to ensure that the error is small. An extension of the
second method will try to find the weights that satisfy these constraints, and are as close to
the real weights (from the first method) as possible. The third and final method will base
the weights on a polynomial approximation of f and the given data.

3.2.1 Cluster Size

Every data point € x can be assigned to a cluster. Let us assume this is done with
one of the methods described in Section 3.1. Using one of these methods, we have found
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representatives zi,...,zy and these can be used to construct the clusters C,...,Cn by
assigning each x € x to the cluster with the closest representative. Using the method
in 3.1.3 we have found the clusters C1,...,Cy, in which case we do not have construct the
clusters anymore.

When looking at these clusters, it is natural that each representative represents as much
of the data as there are data points in its cluster. Let |C;| be the size of the cluster
represented by z;. Then the weights w; will be computed by

_ Gl
n Y

7

where n is the size of the data @. The weight w; is the fraction of the data represented by
zi, and by construction it holds that

Note that this method is rather fast. The running time of this method is O(nN), where
O is the big-O symbol [6]. It has to do N comparisons for n points in the data set to assign
each point to a cluster and determine the cluster size. When having found a cluster size, it
has to do one operation, namely division by n.

3.2.2 Solving an Underdetermined System

If we want our method to be exact for polynomials of a certain degree, say k, then we have
to impose constraints on either the weights or the representatives to ensure that this method
is exact. Since we have used our representatives to represent our data, we will impose these
constraints on the weights associated with these representatives.

Definition 3.4. We refer to a method as exact when the resulting approximation is equal
to the approximation by Monte Carlo integration. That is

Y 1
Zwif(zi) s ZCEZ
i=1

rex

The data set « is all available information, and thus we cannot guarantee an approximation
that is better than using all that information.

Similar as for the Gaussian quadrature rules explained in Section 2.1.1 we will create a
system of equations. Suppose we wish to integrate a polynomial of degree k exactly (k > 2),
then we want the integrals over the monomials 1, z, ..., zF to be exact. To formulate the
constraints that follow from this, we need the following definition.
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Definition 3.5 (kth sample moment [1]). Let X be a random variable, and let x be a
realisation of X, of size n. The kth sample moment IE[X k] is defined by

BX"] = -3 aF~E[X*],  keN,.
n rTeExT
Now the constraints are

N 9
f(z)=1: Zwi:/ ,u(:n)dlezE[XO],
i=1

— o0

N oo 1 ~
flz)=xa: Zwizi:/ xu(:c)dx:E[X]zﬁZm:E[X],
i=1

¥y (z)de = E[Xk] ~ %ka = ~[Xk] .

:N
floy =t Dt = /

o0
—00

We already have found representatives, so the z; are fixed and we want to find the weights
w; by solving this system of equations. Writing this as a matrix system gives Zw = b with

1 1 1
Z1 o+ ZN E[X
z=|" o b= [,] . (3.3)

From now on when we talk about the matrix Z, we mean the Z as in (3.3). Note that
Z is a transposed Vandermonde matrix, with the following definition of such a matrix, see

e.g., [8].
Definition 3.6 (Vandermonde matrix). Let A € RV*k+1 A is called a Vandermonde
matrix if

1 21 z]]?
1 29 --- 2k
2
A=
1 2y -+ z}“v

The determinant of this matrix is given by [8]

det(A) = det(A") = [[(z — =)

1<j
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Note that the Vandermonde matrix and its transpose are only nonsingular when z; # z;
for all ¢ # j. This means that when there are two or more identical representatives, there
does not exist a solution to (3.3). When we take N = k + 1 we get Z € RV*Y and
there exists exactly one solution. However, we cannot guarantee that w > 0 element-wise.
Therefore we choose N > k 4+ 1 and solve the underdetermined system. This does not
guarantee that w > 0; we will get back to this later. First, we will show the following
result.

Lemma 3.7. Let f be a polynomial of degree k. Then determining the weights solving
the system in (3.3) will give the same final result for the approximation of the integral as
Monte Carlo integration, and thus this method is exact. That is

Z wzf Zz = Z f xz )
where z are computed using any method and the corresponding weights w are computed
solving (3.3).

Proof. Let f(x) = Bo + B1xz + - - + Bra®. This gives

n

*Zf Z(ﬁo + Bimi + -+ + Braf)

=1
1 & 1 &
k
Zﬁo+51n2$i+"'+5knz}%~
1= 1=

By construction it holds that %Z?:l 2l = va Lwizl, for j =0,1,..., k. Using this gives

(2

1 n 1 n N N N
50+5lﬁzxi+m+5kgsz:502%-1-51211%21’+---+ﬁkzwﬂf
i=1 i—1 i=1 i=1 i=1
n
= wif(z)
i=1

And thus %E?:l flzs) = Zfil w; f (i) -

Finding a Positive Solution

We can use the algorithm as outlined in [12] to find a positive solution to a system of the
form Zx = 0, if one exists. From now on, we will refer to this algorithm with Dines’
algorithm. We will elaborate on Dines’ algorithm and why it works below, but first we will
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rewrite our system Zw = b so it is of the from zw = 0. To do this, let us take the vector
b to the left-hand side, and add a 1 to the end of w. This gives the system

1 - 1 -1 wy
z1 - zy  —E[X]
. v —0. (3.4)
: : : WN
4o -Epe) L
This is similar to solving the system
1 - 1 -1 W
21 *** 2N —E[X :
zZw = | . i [ | B =0, (3.5)
: : : Wy
A ok —Bx4] Lavn

with the requirement that wyq # 0.

Claim 3.8. Finding a positive solution to (3.5) gives us a positive solution to (3.4) and
thus to the original system as in (3.3).

Proof. Let w™ be a positive solution to (3.5), thus each element of w™ is strictly greater

than 0. Now take w+ = a%ﬁﬂ this is a scalar-vector multiplication, so
N+1
~ -~ 1 1
w+ = ZT'U.fF = T}ZJ'UJ+ =0.
w w
N+1 N+1

Thus w™ is a positive solution to (3.4), and the first N elements of w™ are a positive
solution to the original system. O

The idea of Dines’ algorithm is to reduce the k£ + 1 equations to a single equation by
first reducing to k equations, then to k — 1 equations, and so on, until we are left with one
equation. In every step of this process we can check if a positive solution still exists. If it
does, the algorithm continues, and if a positive solution does not exist, it will terminate.
Then there exists a positive solution to the final single equation if and only if there exists
a positive solution to the original system of equations, and we can use the positive solution
to the final equation to construct a solution to the original system.

In the following paragraphs we will discuss how the reduction works, how to determine
if a positive solution still exists, and how to recover a solution.
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Reducing m equations to m — 1 equations [12] Given a system with m equations of
[ variables,

l
E aij:ci:O, i:].,...,m,
J=1

we will show how to reduce these m equations to m — 1 equations. While doing this (on
the left), we will also perform the steps at the k + 1 equations of N variables of the system
in (3.5) (on the right).

To begin, we write the first equation in a different form. Let P C {1,...,l} be the set of
indices such that a1y, p € P is positive, and similarly define () as the set of negative indices.
We then write

N
Z aipTy = — Z a1qq, Z Wi = WN41 - (3.6)
=1

peP q€Q

Using the same indices, the other m — 1 equations are written as

N
Z Argly = — Z Arpp —E[X°|ont1 = — Z ziw; , (3.7)
qeQ peEP i=1
with r = 2,...,mand s = 1,..., k. Now we obtain m — 1 equations by multiplying the

left side of (3.6) with the left side of (3.7), and the right side of (3.6) with the right side of
(3.7), for r = 2,...,m. This gives the equations

<Za1pxp> <Zx> _ <Zaquq> <Zx> (3.8)

peP qeQ qeQ pEP
with » = 2,...,m and for our system
N N N
=Y @i -BIX] ==z,
i=1 i=1

with s =1,..., k. Rewriting (3.8) gives
5 gty = 33 arganpgry
pEP qeQ qeQ peP

Let j = pg € P x @, and define for notation » ; = > >  and z; = zpz, for some
p € P,q € Q. Using this to rewrite the previous equation gives

E A1pQrqly = E A1pQrpTy -
J J
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Bringing the right-hand side to the left-hand side we have

Z(alparq - alqarp)xj =0, (3.9)
J
for r =2,...,m. In our example we have
N ~
> (2 — E[X*) @iy 4 =0, s=1,..., k. (3.10)
=1

We now have m — 1 equations in the variables z; for j € P x Q. Observe that we have
|P x Q| = |P| x|Q] > n— 1 variables, given that we had n variables in the previous system
of equations. We can do this reduction again to obtain a system of m — 2 equations, and
we can continue doing this reduction until there one final equation left.

Checking if a Positive Solution Exists After every reduction step, we will check if a
positive solution exists. In the solution, all w; have to be positive. It is easy to see that if
in one of the equations all the coefficients have the same sign, a positive solution does not
exist. Thus to check if a positive solution does exist, we check that every equation has at
least one sign disagreement.

Recovering the Solution Let the solution Z; = Tp, of m —1 equations be given. By the
reduction, the system of m — 1 equations is of the form as in (3.9). Rewriting this equation
gives

Z lrq < Z aqﬂpq) + Z arp ( Z alqa:pq> .

qeQ €pP peP qeQ
Substituting
Tp = Z A1qTpq 5 Ty = Z A1pTpq (3.11)
q€Q peP

in the previous equation gives
n
g ArpTp + g ArgTg = g ariT; =0,
peP qeQ =1

with r = 1,...,m, and n the number of variables in these equations. And thus the expression
in (3.11) is a solution to the m equations.
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In our example, recovering the solution to the k+ 1 equations given the solution to the k
equations is rather simple. Given a solution w;(ny11) = wiwn41 for i =1,..., N, we obtain
the solution to the original system by

WiN+1)  ~
Wy = ——— = W; .
WN+1
This is similar to setting wy41 = 1.

To get a solution for the system of m — 1 equations, we start with solving the final single
equation. From there we use the recovery from above to obtain a solution to the system of
two equations. We can apply the recovery to the solution for the current system until we
reach the system of m — 1 equations.

Let the final equation be given by (3.9), for r = m = 2, so

Z(alp@q — (102p)T; -
J
Let J, be the set of indices for which aipa2q — ai14a2, > 0, and let J; be the set of indices
with aipazq — a1qaz, < 0. Then the solution to this system is

{.CEj = ZieJq A1pQ2q — A1qG2p if j € Jp

rj= Zz’er A1pog — a1qaz, if j € Jg

General Algorithm to find the Minimum Number of Representatives when using
Dines Now we have a method that will find a positive solution if it exists, we can use this
to find suitable weights when we wish to integrate a polynomial of degree k exactly. We can
use Algorithm 1 to always find representatives and corresponding weights, given data and
the degree k. There are situations where Dines’ algorithm will never find a positive solution

Algorithm 1 Using Dines’ algorithm to find weights.

1. procedure DINESFINDWEIGHTS(x, k)

2 N<+—k+1

3 repeat

4 find z1,..., 2y using one of the methods described in Section 3.1
5: build a matrix z as in (3.5)

6 use Dines’ algorithm to find corresponding weights, if they exist
7 N+ N+1

8 until Dines’ algorithm found positive solution or N > U

9: end procedure

(because it does not exist). Recall that the determinant of the Vandermonde matrix is given
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by det(Z) = [],;(zj — z). Thus if there are non-distinct representatives, there does not
exist a solution. Because of this, it is useful to include an upper bound U < n < oo for
the number of representatives one would try, to make sure that the algorithm does not run
forever.

So far we have only discussed finding a positive solution to the underdetermined system,
using Dines’ algorithm. As one would expect, this probably does not assign the weights
to a cluster that correspond to the actual cluster sizes, see Figure 3.4. We wonder if it is
possible to come closer to these ‘real’ weights while retaining that the weights are a solution
to our system. This means that we will look into the solution space of our system, to see
if there are weights that better represent this data. Note that this should not change the
eventual approximation, since the requirements on the weights do not change. This is only
to see how close we can get to the ‘real’ weights.

Minimisation Problem to find Intuitive Positive Solution

Given a matrix Z and a vector b as in (3.3) we have seen that we can find a positive solution
using Dines’ algorithm, if one exists. Let us now use this solution to find a more intuitive
one. To do this, we need the following definitions from linear algebra, see e.g., [13].

Definition 3.9 (Null space). Let A € R™*"™. The null space of A is the set of vectors
y € R", y # 0 for which it holds that Ay = 0. We denote the null space of A by N'(A).

Definition 3.10 (Null basis). Let A € R™*" with m < n. Then there exists a matrix B
such that the columns of B span N(A). This matrix B is called the null basis of A.

Definition 3.11 (Rank). Let A € R™*". The rank of A is the row rank or the column
rank rank! column, where the row rank is the number of independent rows of A and the
column rank is the number of independent columns of A. We denote the rank of A by
rank(A). Note that in particular, rank(A) < min{m,n}.

Definition 3.12 (Vector norm). A function ||-|| : R" — R is called a vector norm if it
satisfies

(i) |lz]| > 0 for all z € R™ and ||| =0 <= x =0,
(ii) ||az| = |af - [|x]| for all ® € R™ and « € R,
(i) Jlz+ yll < 2] + Jy]l for all @,y € R.

The norm is a way to define the distance between vectors, as the absolute value is only
defined on scalars. In particular, the 2-norm is given by

HxHQ = \/ Z?:l :CQ =V (mvm)7

where (x,x) is the inner product of & with itself.
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Let us now define the minimisation problem. Let C; be the set of points z € x that
have the point z; as closest representative, so

Ci:{xex|argmin]z—x’:2’z‘},
zEZ

and ¢ € RY be the vector (|C1],|Cal,...,|Cx|)T. The goal is to minimise ||w — c||§, with
w € RY a solution to the system Zw = b and furthermore w > 0 element-wise. Recall
that in the previous section we found that if a positive solution exists, it is possible to
find a positive solution with Dines’ algorithm. Without loss of generality, let us assume
such a solution exists and call this solution w. Then we want to find v € N (Z) that
minimises [|u+v — ¢|3, uw + v > 0 element-wise. Define the function f: RY — R by
fw) = |v=(c—u)l; = Zf\il(vi — (¢; — u;))?. Note that it holds that f(v) > 0 for all
v € RN, Furthermore, ¢ and u are known vectors, so ¢ — u is a known, and fixed, vector
in RY. Let B be the null basis of Z. Then the minimisation problem is

minimise f(v), u;j+v; >0, fort=1,...,N.
ve(B)
where (B) denotes the space spanned by the columns of B. Let V' C (B) be the set of
allowed solutions in the space spanned by B. The structure of the method we propose to
solve this problem with is given in Algorithm 2. We will explain these steps further in the
following paragraphs.

Algorithm 2 Use the solution found by Dines’ algorithm to find more intuitive weights.
1: procedure MINIMISE(Z, u)
2: Find B such that (B) = N(Z).

3: ¢ + projection of ¢ — u on (B).
4: Find the point on V' C (B) closest to ¢/, where v satisfies u + v > 0 element-wise
forallveV.

5: end procedure

Finding B The columns of B are the vectors v that satisfy Zv = 0, by the definition of
the null space.

Lemma 3.13. Let v € RN. If ZTZv = 0, then also Zv = 0.

Proof. Let us assume that ZTZv = 0 and Zv # 0. This implies that y = Zv is a vector
for which it holds that ZTy = 0. Recall that ZT is a Vandermonde matrix, and thus
Z7 has full column rank. This means that the columns of ZT are linearly independent,
and so the only vector y that can satisfy ZTy = 0 is the zero vector. The result is that
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ZTy =0 = y =0, and this is in contradiction with the assumption that y = Zv # 0.
And thus

Z'Zv=0 — Zv=0.
O

The previous lemma enables us to find the columns of B by finding the eigenvectors to
the eigenvalue 0 for the matrix ZTZ. Note that, because Z has full row rank, the geometric
multiplicity of the eigenvalue 0 of ZTZ is N — (k+1). By the rank-nullity theorem it holds
that rank(Z) + nul(Z) = N, where nul(Z) is the dimension of the null space of Z. Z has
full row rank, and thus rank(Z) = k + 1. Obviously the dimension of the null space is then
N — (k+1), and as the number of columns in B is N — (k+1), (B) will span the null space
of Z. Now we have a representation of the null space, we can use this to create a projection
onto the null space.

Projecting ¢ — u on (B) Let ¢ be the projection of ¢ — u onto (B). Then ¢ is a linear
combination of the columns of B, so

N—(k+1)

= > Bibi,

=1

where b; is the ith column of B, and 3; € R the length of ¢ — u along b;. Recall from linear
algebra the inner product, which satisfies

(bi; € — u) = [[bil, [ — ully cos(6)
where 6 is the angle between b; and ¢ — u. Dividing this by ||b;|| gives

(bj,c — u)

= ||c — ul|5 cos(8) = Bi,

which is exactly the length of ¢ — u in the direction of b;.

Finding closest point to ¢ To argue that finding the closest point to ¢’ gives the
minimises f, we need that f is convex.

Claim 3.14. f(v) is convex, that is, V is a convex set and

Yoy waev Vieo): ftvr + (1 —t)ve) <tf(vr) + (1 —1)f(v2).

When this inequality holds with < instead of <, then we say that f is strictly convex.
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Proof. A set is a convex set if for any two points v,y in the set, the segment from v to y
lies completely in the set. The set V is a subset of RV and in each dimension consists of a
halfplane, thus it is convex.

Let g: R — R be g(x) = 2% and let I: RY — R be I(v) = ||v,. We will first show that
both g(x) and [(v) are convex, and then that (gol)(v) = f(v) is convex.

e g(z) = 2. The second derivative g”(x) = 2 > 0, so g is strictly convex [24, Chap. 2].
e [(v) = ||v||,. Take v,y € RY arbitrary. By the properties of the 2-norm it holds that
loavlly = lal[lvll, — and  flo+ylly < vl + [yl
for all @ € R. Now for all t € [0, 1] it holds that

[tv+ (1 =Dylly < [[tvlly + 11 =t)ylly =t vl + 1 =) lyll, -

Note that [(v) > for all v € RV and that for z > 0 g is non-decreasing. Now for the
composition (g ol)(v) = f(v) = ||v||3 we have that

[tv+ (1= t)yl12 = (g0 ) (tw + (1 - t)y)
< g(tl(v) + (1 = t)l(y)) (I convex, g non-decreasing on [0, 00))
<tg(l(v))+ (1 —1t)g(l(y)) (g strictly convex)
=t]ollz+ 1 —t) |yl -

Thus f(v) is strictly convex. O
Note that f(v) is also convex on RY, as R is also a convex set.

Remark 3.15. Since f is strictly convex on its domain R it has exactly one minimum,
and so this is a global minimum [24, Chap. 2].

Let v € V' be the unique minimiser of f on V. Then v is either the minimiser of f on
R or v is on the boundary of V.

Definition 3.16. Define |¢ — V| = /32N | d2? as the distance from ¢ to V, with d; the
distance between ¢’ and V' in dimension i. Observe that in each dimension, V; = {v €
R: v > —u;}. For each d;, one of the following holds

e d;=0if ¢ €V, and so ¢} > —u;.

o d; #0if cg ¢ V;. In this case, —u; — cg > 0, and this is the distance between u; and
¢;. Thus d; = —u; — .
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Combining these two cases gives
d; = min{—u; — ¢,,0},
and thus
¢~ V| = /SN (minf—u; — ¢, 01)2.

Then, by construction, for the closest point, v, we have that v; = max{c}, —u;} for
ie{l,....,N}.

Summary and comparison to Dines’ weights We have now found the weights that
are a solution to our system, and are closest to the ‘real’ weights of all the solution. By
looking at the null space of our matrix, we have found the subset of the null space where
the solutions are still valid. That is, where the weights are greater than or equal to zero.
From this set, we could then take the weights that were closest to the difference between
the solution we already had, and the ‘real’ weights.

Let us take N =5 and k = 2, and let  be a data set of size n = 5000. In Figure 3.4 we
see the difference between using just Dines to determine the weights, and optimising these
weights to the real weights. We observe that, indeed, the optimised weights look more like
the real weights.

3.2.3 Lagrange Interpolation

In this section we will determine the weights based on both the function f and the data.
We use Lagrange interpolation as described in [25] to approximate the function f with a
degree N polynomial. We will use properties of this interpolation polynomial — it can be
constructed using Lagrange basis polynomials — to construct weights.

To determine the Lagrange interpolation polynomial Ly we need to choose N points
{z1,...,2zn} for which we know the value of f(z;). It makes sense to choose these z; as the
representatives of our data, since we will have to choose these at some point anyway. Ly
is a polynomial of degree N — 1, thus

N-1
LN(I’) = Z Ck+1xk )
k=0

where c¢; are the coefficients of this polynomial. We approximate f, so it should hold
that f(z;) = Ln(z;) for i = 1,...,N. This directly gives a linear system by writing out
c1+cazitcaz 4 -+chZN*1 = f(z;) fori =1,..., N. Using the Lagrange basis polynomials
L n given by

(@ —21)---- (@ — 20 1)@ — 2ps1) - - (@ — zv)
(2 —21) -+ (2 — 2K—1) (26 — 2641) = -+ - (26 — 2N)
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Figure 3.4: Connecting the five points (z,w) for each method to clarify the differences.
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we can write the interpolation polynomial as

N
= fla)Lin(@). (3.12)

Substituting f by Ly(x) in the integral (2.1) gives

N
/ Ly(x)p(r)de = / Z ) Ly (2)p(x) do = > wyf ()
- =1

k=1

with

o
wy, = / Ly, n(z)p(z) dz.
— 0o

Notice that this is an instance of our original problem, and that we are certain that L, () is
a polynomial of degree N—1. We could solve this problem using any of the methods proposed
in this report, but for simplicity we will use Monte Carlo integration as in Section 2.1.2.
Note that Lj n is a polynomial of degree N — 1, and thus easy to evaluate. Finally, this
gives

N 1 n

as the approximation generated by this method.
Furthermore, it is important to note that these weights can be negative, since Ly n(x)
can be negative and p(z) is never negative since it is a density function.

Lemma 3.17. Let f be a polynomial of degree k, x a data set of size n, and z1,..., 2y be
given, with £ < N —1. Using the approximation above gives the same result as Monte Carlo
integration, and thus, by Lemma 3.7, also the same result when determining the weights by
solving the system in (3.3). That is

N
Z;ZLkN xz foz .

k=1 i=1

Furthermore, when k¥ = N — 1, the weights when solving a system or using Lagrange
interpolation are the same.

Proof. Rewriting equation (3.13) gives

Z ZLancz ZZfzk Lin ().

kl i=1 11k1
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Using (3.12) we obtain

n N

—ZZfzk LkNiL'Z = ZLNxz .

i=1 k=1

The Lagrange polynomial was constructed using N points and the value of the polynomial
at those IV points, by solving a system of N equations with N unknowns. The matrix
corresponding to this system is a Vandermonde matrix, and thus the resulting polynomial
is uniquely defined. Since f is a polynomial of degree < N — 1, it holds that Ly (x) = f(z).

When determining the weights by solving a system, we impose the following require-
ments.

N n

1
E wgzg”:ﬁ E x; form=0,...,k. (3.14)
=1 i=1

The Lagrange weights are given by
n
ZUE:ZLZ,N<«T1‘) fOI‘€:1,...,N,

substituting this in the left-hand side of (3.14) gives

N

Z,rllzzé Lngz = ZZZZ LgN $z ,

zlfl

for m = 0,...,k. Define P, (z) = Y0, 2Ly n(x) —a™, m = 0,...,k. Then P(z) is a
polynomial of degree N — 1, due to the Lagrange basis polynomials. In particular, P(z) =0
when x = z1,..., 2y, i.e., P(x) has N roots. A polynomial of degree p has at most p roots,
and since P(x) has more than N — 1 roots it must hold that P(z) = 0 for all . And
thus Y207, 27" Ly n(x) = 2™ for m = 0, ..., k. This gives that equation (3.14) holds for the
Lagrange weights. When & = N — 1 the solution to this system is unique, and thus the
Lagrange weights are also the weights obtained by solving the system. O

3.3 Method Overview

We will give a short overview of the methods discussed in the previous sections. A quick
overview is given in Table 3.1.
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3.3.1 Methods to find Representatives
Theoretical Distribution

We used the assumption that the density of the data is known, and used this to determine
the points that would best represent the data.

Advantages The integral that determines g(z) is difficult to compute analytically.
However, when g(z) is computed for a given distribution and a given number of represen-
tatives, it can be used again and again. So once this integral has been computed once, this
is a fast method.

Disadvantages The density of the data has to be known. Even when it is known, if
might not be a nice function, and the integral that determines ¢g(z) can get really compli-
cated.

Gradient Descent

Since the integral from the previous method is so complicated, we have been looking for
a different way to minimise the function g(z), not necessarily analytically. We defined a
function g(z) that approximated g(z) using the data. Then we used Gradient Descent to
find the minimum of this function.

Advantages There is no need for an assumption about the underlying density of the
data.

Disadvantages When the initial guess for the representatives is bad, the solution found
by this method might not be very good at all.

It is not guaranteed that we find N distinct representatives.

Clustering

We used the existing k-means (or Lloyd’s) algorithm to split the data into clusters. We

then took the points closest to the centres of these clusters as our representatives.
Advantages We do not need an assumption about the underlying data. There exists a

number of (optimised) implementations of this algorithm, and we will use one of them [20].

3.3.2 Methods to find Weights

Cluster Size

To determine the weights given to a representative, we argued that it is natural to assign a
weight that corresponds to the amount of data represented by this representative.
Advantages This method is fast.
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Disadvantages It does not take into account that we wish to integrate over polynomials
exact. Thus most likely, the approximation of the integral when using this method will not
be very good.

Solving an Underdetermined System

The idea is that we wish to integrate polynomials of a certain degree k exactly. We enforced
this requirement by formulating constraints that led to a system of equations. We then
formulated a minimisation problem to have the weights be more intuitive, as they were for
the Cluster Size method.

Advantages This guarantees an approximation that is ‘good’ for polynomials of degree
k. Even though this approximation might not be exact, because the constraints are based
on the sample moments of the data, instead of the analytical value.

Disadvantages There might not always exist a positive solution to the system of con-
straints. In this case we cannot approximate the integral using this method, and we are left
with nothing.

Lagrange

We can use Lagrange interpolation to approximate our expensive function f with a polyno-
mial. We use the Lagrange basis polynomials to find the weights. Polynomials are typically
easy to evaluate, and we could use, e.g., Monte Carlo integration to integrate this polyno-
mial. Note that the real f is still used to compute the approximation, as in (3.13).

Advantages The Lagrange basis polynomials are easy to compute.

Disadvantages The interpolation polynomial can suffer from Runge’s phenomenon [25,
Sec. 2.3]. The effect of Runge’s phenomenon might not be very big here, since in most cases
the tails of this polynomial will get small because of the density of the data. We will not
go into this here, but it is important to keep in mind that this could be a problem.

With Table 3.1 in mind we expect the combination of Clustering with Solving a System
to be the most practical and give the best results. This is because, first of all finding
representatives using Theoretical Distribution is not very practical. Second of all Gradient
Descent might not lead us to N distinct representatives, and so we expect Clustering to be
the best method out of these three. For the latter, Cluster Size simply does not take the
eventual approximation into account, and thus we expect Solving a System to give better
results.

We will implement these methods in the next chapter, and discuss the results.
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Method Goal Assumptions Advantages Disadvantages
Theoretical Representatives Underlying data Fast once inte- Complicated in-
Distribu- gral has been tegral
tion (3.1.1) computed
Gradient Representatives No assumption Might not find
Descent about distribu- distinct repre-
(3.1.2) tion of data sentatives
Clustering Representatives No assumption
(3.1.3) about  distribu-

tion of data
Cluster size Weights Points are repre- Fast Does not impose
(3.2.1) sented by closest requirements on
representative the weights

Solving Weights Points are repre- Guarantees Positive solution
(underde- sented by closest ‘good’ approxi- does not always
termined) representative mation exist

system

(3.2.2)

Lagrange Weights Basis polynomi- Runge’s phe-
(3.2.3) als are easy, an nomenon might

explicit formula
is given

increase error

Table 3.1: An overview of the different proposed methods.



Chapter 4

Implementation and Performance

Now we have the methods, theoretically, but we have not gone into their performance yet.
We will do so in this chapter, by means of simulations. This means that we will implement
the methods from the previous chapters and compare their performances. We will shortly
discuss the implementations used, in Section 4.1, and we will discuss the performance of
the methods in Section 4.2.

4.1 Implementation

These methods were implemented in Python 3.6, using an Anaconda interpreter. The only
method for which an existing implementation is used is Clustering (Section 3.1.3) where the
K-Means algorithm from [20] is used. The other methods were implemented from scratch,
using the NumPy package.

4.2 Performance

There are two performance measures we use to compare our methods. The first is how much
the resulting representatives and weights look like the (empirical) density they represent,
call this the method shape. The second is how well they approximate the integral of interest,
recall that this is

o0
Bf(0) = [ f()dMx(o).
— o0
The error then is the absolute difference between the analytical value of the integral, and
the value of the approximation. We call this error the method error.

Recall that k is the order of accuracy we aim for, thus that the method error should be
small as long as the degree of f is < k, when f is a polynomial. When f is not a polynomial,
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we expect this error to be greater. Furthermore, N is the number of representatives we use,
i.e., how many f evaluations each method will do.

4.2.1 Method Shape

We will first look into the method shapes. To do this, we will
1. Fix ke Ny, N € {3,6}, and n € N;.

2. Generate a data set of size n.

3. Run all the methods to find representatives on this data set. That is, the represen-
tatives will be found by using the theoretical distribution (Section 3.1.1), by using
Gradient Descent (Section 3.1.2), or by clustering the data (Section 3.1.3).

4. Run all the methods to find corresponding weights on each of the results for the
representatives. Recall that finding weights can be done by using the sizes of the
clusters (Section 3.2.1), by solving a system (Section 3.2.2) which can be optimised
to the shape, or by using a Lagrange interpolation polynomial to approximate f
(Section 3.2.3).

Consider Figure 4.1, where we see the shapes of the different methods dependent on the
number of representatives. In Figure 4.1a we see a situation where N = k + 1. The first
thing we note is that we see only two methods. This is due to the fact that N = k+1. This
means that there is a unique solution to the system described in Section 3.2.2, and thus this
unique solution is also the optimal. Furthermore, recall from Lemma 3.17 that the weights
from the Lagrange method are equal to the weights when solving a system. Indeed, in the
figure we see only the Lagrange weights and the Cluster Size weights.

The second thing we note is that the weights found by the Cluster Size are high in the
centre, and lower on the sides, nicely following the histogram of the data. However, the
Lagrange weights do not follow this, and they are rather equal.

In Figure 4.1b we see a situation where N > k 4 1. In this case the Dines weights can
be optimised, and the Lagrange weights are also different from the Dines weights. We see
that the Optimised weights are lower in the tails and the centre, and a bit higher for the
representatives in between, compared to the Dines weights. These Optimised weights are
close the Cluster Size weights, but they are not the same.

Our next observation is that the Lagrange weights are not all positive, and we have seen
in Section 3.2.3 that they do not need to be.

The final thing we notice is that the Gradient Descent representatives are a little bit
more in the centre than the Theoretical or Cluster representatives.

In both cases, the Cluster Size weights are not the same as the Dines weights, and thus
they are not a solution to the system, and that the Method Error will be larger for this
method than for the methods using Dines or the Optimised weights.
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Figure 4.1: Representatives against their weights for each method, with the density of the
data in the background. In both figures, n = 10000 and k = 2.
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We will discuss the influence the Method Shape has on the Method Error in the next
section, by discussing the different methods.

4.2.2 Method Error

We are interested in the Method Error for the different methods. We will discuss two
instances of the function to integrate over. One is a polynomial of degree 2, namely f(z) =
22 4+ x + 1. The other is not a polynomial, but it can be written as a power series, this
function is g(z) = e* =Y 2, ‘f—,l =1+z+ 12?2+ O(2?) [3, Sec. 4.10], where O is the big-O
symbol [6].

The results will be presented in the form of log-log plots. The Method Error will
(hopefully) be between zero and one, and the natural logarithm amplifies this region. For
example, log;(1) = 0 and lim,_,0 log;g(z) = —oo. Furthermore, the derivative of log;q(x)
is 1/x > 0, and thus the logarithm is increasing. This means that when the error is smaller,
the logarithm is also smaller. Thus plotting the logarithm of the error instead of the error
itself will make it easier to compare the errors of the different methods.

Integrating a polynomial of degree k

Recall from Lemma 3.7 and Lemma 3.17 that using Dines and Lagrange to construct the
weights will gave the same final result as approximating the integral using Monte Carlo (MC)
integration, when f is a polynomial of degree at most k. In this case k = 2. Therefore, to
analyse the accuracy of these methods, we use only one of them. We will pick the one that
is the least time consuming. Since we integrate over a polynomial of degree 2, which is not
expensive to evaluate, and the maximum size of the data set we use is n = 2500, Monte
Carlo will be the least time consuming. As in Figure 4.2, we only have to compare Monte
Carlo to the methods using the Cluster Size (CS) to determine the weights.

In Figure 4.2 we see the results when integrating over f(z) = 22 +2x 41 when using three
representatives (Figure 4.2a) and when using six representatives (Figure 4.2b). Of course,
Monte Carlo integration is independent of the number of representatives, and we see that
the results for this method are the same in both figures. In both figures, we see that — when
using Cluster Size to determine the weights — using Gradient Descent to determine the
representatives gives less good results than using Clustering or the Theoretical Distribution.

As expected, the methods that behave like Monte Carlo give better results than the
methods using Cluster Size. Furthermore, the slope of this line is —% in the log-log scales.
This corresponds to a convergence rate ﬁ of the error to zero, with n the size of the data
set. This is what one would expect when using a Monte Carlo method, due to the Law of
Large Numbers, see e.g., [15, Chap. 2]. The convergence rate of the Cluster Size methods
is always less than for the Monte Carlo methods, as we see in both figures.
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Figure 4.2: Log-log plot using the base 10 real logarithm of the Method Error for the dif-
ferent methods. In both figures, n € {100,250, 500, 750, 1000, 2500}, k = 2 and integrating
over f(x) =2 +z + 1.
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Not integrating over a polynomial of degree k

When not integrating over a polynomial of a certain degree, Lemmas 3.7 and 3.17 do not
hold. And so, in Figure 4.3, we compare all methods individually. It should be noted that
in both figures 4.3a and 4.3b the results for Monte Carlo are the same (with convergence
rate %)

In Figure 4.3a, where the number of representatives is three, we see an obvious difference
between the methods using Cluster Size or Dines or Lagrange. Based on this figure, we might
pick Cluster Size as the worst method to determine the weights, as expected. The methods
using Dines and Lagrange behave very similar, and even give the same results for Gradient
Descent and Clustering.

When taking the number of representatives to be six, as in Figure 4.3b, the results look
different. The first thing we observe is that both Lagrange and Dines behave more like
Monte Carlo than in the previous figure. This might imply that increasing the number
of representatives improves the results, which is natural. Furthermore, for bigger n, the
Lagrange methods behave almost exactly as Monte Carlo.

From this figure we can say that using the Theoretical Distribution to find the repre-
sentatives and using Dines to find the corresponding weights is the best method. However,
we have seen before that Theoretical Distribution is not very useful in practice. Therefore
we might suggest the next method with good results, using Lagrange to find the weights.

Finally, from Figure 4.3 we can conclude that increasing the number of representatives
will probably give better results. Furthermore, the best results are obtained using Lagrange
or Dines to find the weights. For Dines, the best method to find the representatives is
Clustering.
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ferent methods. In both figures, n € {100,250, 500, 750, 1000, 2500}, k = 2 and integrating
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Chapter 5

Conclusion

We have seen various ideas to find weights and representatives for the approximation of
E[f(z)]. In the previous chapter we have seen how the different methods performed, and we
concluded that the best results are obtained using either Lagrange (3.2.3) or Dines (3.2.2)
to find the weights. For Lagrange the method of finding representatives is irrelevant, and
for Dines the best representative finding method to be used is Clustering (3.1.3).

Discussion and further research The method(s) we have seen in this report are based
on the Gaussian quadrature rules (Section 2.1.1). This is one possible approach, and most
likely not the only one. We did not look into any other method, and thus cannot be sure
that there exist no other methods that might be faster, easier, or more accurate.

In Chapter 4 we have only verified the performance of the methods for the normal
distribution, and for relatively easy functions. From this we cannot draw the conclusion
that the performance will be similar for any wild distribution or function. More research
will have to be done to verify if this is the case, and if there exist situations where our
method does not work.

Also, we have based the performance of the methods mostly on the results, and not on
the time these methods needed. The reason for this is that we have only tested our methods
on toy functions and data sets, and we did not expect our methods to be faster than Monte
Carlo integration for these relatively easy problems.

Finally, our method is only constructed for one dimension. In practice and real life,
however, a lot of data will depend on multiple parameters, and thus be multi-dimensional.
It would be interesting to see if our method can be extended to more dimensions.
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