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Abstract

In this paper we present and analyze a quasi-Monte Carlo method for solving elliptic bound-
ary value problems. Our method transforms the given partial differential equation into an
integral equation by employing a well known local integral representation. The kernel in this
integral equation representation can be used as a transition density function to define a Markov
process used in estimating the solution. The particular process, called a random walk on balls
process, is subsequently generated using quasirandom numbers. T'wo approaches of using quasir-
andom numbers for this problem, which uses an acceptance-rejection method to compute the
transition probabilities, are presented. We also estimate the accuracy and the computational
complexity of the quasi-Monte Carlo method. Finally, results from numerical experiments with
Sobol and Halton quasirandom sequences are presented and are compared to the results with
pseudorandom numbers. The results with quasirandom numbers provide a slight improvement
over regular Monte Carlo methods. We believe that both the relatively high effective dimension
of this problem and the use of the acceptance-rejection method impede significant convergence
acceleration often seen with some quasi-Monte Carlo methods.

1 Introduction

Monte Carlo methods (MCMs) are powerful tools for solving multidimensional problems defined on
complex domains. MCMs are based on the creation of statistics whose expected values are equal to
computationally interesting quantities. As such, MCMs are used for solving a wide variety of elliptic
and parabolic boundary value problems (BVPs), [20, 4, 12]. While it is often preferable to solve a
partial differential equation with a deterministic numerical method, there are some circumstances
where MCMs have a distinct advantage. For example, when the geometry of a problem is complex,
when the required accuracy is moderate, when a geometry is defined only statistically, [7], or when
a linear functional of the solution, such as a solution at a point, is desired, MCMs are often the
most efficient method of solution.

Despite the universality of MCMs, a serious drawback is their slow convergence. The error of MCMs
is stochastic, and the uncertainty in an average taken from N samples is O(N -1/ 2) by virtue of the
central limit theorem. One generic approach to improving the convergence of MCMs has been the
use of highly uniform, quasirandom, numbers (QRNs) in place of the usual pseudorandom numbers
(PRNs). While PRNs are constructed to mimic the behavior of truly random numbers, QRNs are
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constructed to be distributed as evenly as mathematically possible. Quasi-MCMs use quasirandom
sequences, which are deterministic, and may have correlations between points, and they were de-
signed primarily for integration. For example, with QRNs, the convergence of numerical integration
can sometimes be improved to O(N~1). In fact, quasi-Monte Carlo approaches to integral equations
have been studied, but much less than the problem of finite dimensional quadrature, and there are
several examples of quasi-MCM success in solving transport problems, [9, 14, 15, 21]. However, the
effective use of QRNs for convergence acceleration when the probability density of a Monte Carlo
statistic is defined via a Markov chain is problematic. The problem we consider in this paper is of
this type.

In this paper we continue the process of studying the applicability of QRNs for Markov chain-
based MCMs, [10, 11]. We consider an elliptic BVP and investigate a quasi-MCM version of the
random walk on balls method, see [6]. The paper is organized as follows. In §2 we present a brief
overview of QRNs. In §3 we than present an elliptic BVP and describe a MCM based on the walk
on balls process for its solution. In §4 we discuss how the MCM can be realized using QRNs. Using
one of the methods described, we then, in §5, present some numerical results that confirm that our
quasi-MCM solves the problem and behaves consistent with the previously presented theoretical
discussion. Finally, in §6 we draw some conclusions, and discuss opportunities for related future
work.

2 QRNs and Integration

QRN are constructed to minimize a measure of their deviation from uniformity called discrepancy.
There are many different discrepancies, but let us consider the most common, the star discrepancy.
Let us define the star discrepancy of a one-dimensional point set, {azn}gzl, by

N
1
Dy = Dy(x1,...,zN) = su —E Tp) — U 1

where X[g.,) 1s the characteristic function of the half open interval [0,u). In statistical terms, the
star discrepancy is the largest absolute deviation of the empirical distribution of {z,})_; from
uniformity. The mathematical motivation for quasirandom numbers can be found in the classic
Monte Carlo application of numerical integration. We detail this for the trivial example of one-
dimensional integration for illustrative simplicity.

Theorem (Koksma-Hlawka, [8]): If f(z) has bounded variation, V(f), on [0,1), and 1,..., N €
[0,1] have star discrepancy D*, then:

< V(f)Dx, (2)
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The star discrepancy of a point set of N truly random numbers in one dimension is

O(N~1/2(log log N)'/?), while the discrepancy of N quasirandom numbers can be as low as O(N~1)!.
In s > 3 dimensions it is rigorously known that the discrepancy of a point set with N elements
can be no smaller than a constant depending only on s times N~!(log N )(S_l)/ 2. This remarkable
result of Roth, [19], has motivated mathematicians to seek point sets and sequences with discrep-
ancies as close to this lower bound as possible. Since Roth’s remarkable results, there have been
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LOf course, the N optimal quasirandom points in [0, 1) are the obvious:



many constructions of low discrepancy point sets that have achieved star discrepancies as small as
O(N~!(log N)*~1). Most notably there are the constructions of Hammersley, Halton, Sobol, Faure,
and Niederreiter, description of which can be found in Niederreiter’s monograph [17].

While QRNs do improve the convergence of applications like numerical integration, it is by no
means trivial to enhance the convergence of all MCMs. In fact, even with numerical integration,
enhanced convergence is by no means assured in all situations with the naive use of quasirandom
numbers, [1], [16].

3 Random Walks on Balls

In this section we give the formulation of the elliptic BVP under consideration, and a MCM for its
solution. A full description of the MCM can be found in [6, 4, 3].

3.1 Formulation of the problem
Let G C R? be a bounded domain with boundary dG. Consider the following elliptic BVP:
5. 92 )
Mu = ;(WP + bl(x)a—%)u(x) + c(z)u(x) = —o(x), x€eG (3)
u(z) = Y(z), x € 0G. (4)

Assume that the data, ¢(x), (x), and the boundary OG satisfy conditions ensuring that the
solution of the problem (3), (4) exists and is unique, [13]. In addition, assume that V - b(z) = 0.
The solution, u(z), has a local integral representation for any standard domain, T, lying completely
inside the domain G, [13]. To derive this representation we proceed as follows.

The adjoint operator of M has the form:

3 2
M =3 (s~ b)) + )

i=1 Oz
In the integral representation we use Levy’s function defined as:
R
Ly(y.2) = 1m(B) [ (1fr = 1/p)plp)dp, v < R,
T

where

() = (7)), () = [ plp)ip,

1/2
p(r) is a density function, and r = |z — y| = (Z‘?Zl (z; — yj)Q) / . Then the following integral
representation holds, [6]:

u(e) = [ (@M Ly 7) + Ly, 2)o(w)dy

3 ou OL(y,x
+ [(L(yw) T W#) - bj<y>u<y>L<y,x>] 4,5,

where v = (v1, 12, 13) is the exterior normal to the boundary 0G, and T is any closed domain in G.



For the special case when the domain is a ball 7' = B(z) = y : |y — z| < R(x) with center x and
radius R(z), B(z) C G, and for p(r) = e™*", k > b* + Rc* (b* = max,cq |b()|, ¢* = max,eq |c(x)],
the above representation can be simplified, [4]:

mszmMﬂmwm@@+Lm%m@mwy (5)

Moreover, My L,(y,z) > 0, y € B(z) for the above parameters k,b* and c*, and so it can be used
as a transition density in a Markov process.

3.2 The Monte Carlo Method

Consider a Fredholm integral equation of the second type:

u(z) = /Gk(x,y)u(y)dy + f(z), or u=Ku+ f, (6)

and a MCM for calculating a linear functional of its solution:
T(u) = (hyu) = / w(z)h(z)dz. (7)
G

To solve this problem via a MCM?, we construct random walks, using h to select initial spatial
coordinates for each random walk, and the kernel &, suitably normalized, to decide between termi-
nation and continuation of each random walk, and to determine the location of next point. There
are numerous ways to accomplish this.

Consider the following random variable (RV) whose mathematical expectation is equal to J(u):

h [o.¢]
o] = TS Qi) 0
j=0
where Qo =1; Q; = Qj—lMJ =1,2,.... Here &,&;, ... is a Markov chain (random walk)
p(&-1,5)

in the domain G with initial density function 7(x) and transition density function p(x,y), which is
equal to the normalized integral equation kernel.
The Monte Carlo estimate of J(u) = E[f] is

1 N
T(w) = Bl ~ v > {6} 9)
s=1

where {0, }s is the s-th realization of the RV 6 on a Markov chain with length ks, and N is the
number of Markov chains (random walks) realized. The statistical error is erry ~ o(0)N =3 where
o(0) is the standard deviation of our statistic, 6.

We can consider our problem (5) as an integral equation (6) with kernel:

M:L,(y,x) ,when z ¢ 0G
_ yLp
k@, y) = { 0 ,when z € 0G,

*We develop the solution in a Neumann series under the condition ||[K™|| < 1 for some ng > 1




and the right-hand side given by

f) = /B(:c) Ly(y,z)¢(y)dy , when z ¢ 0G
Y(x

) , when x € 0G.

However, for the above choice of k(x,y), ||K]|| = 1, and to ensure the convergence of the MCM, a
biased estimate can be constructed (see [6]) by introducing an e-strip, G, of the boundary, 0G,
0G. = {z € G : d(x) < €} where d(x) is the distance from z to the closest point of the boundary,
O0G. We now construct a MCM for this integral equation (8), (9), and a finite Markov chain with
the transition density function:

p(z,y) = k(z,y) = My Ly(y,z) = 0, (10)

|x —y| < R, where R is the radius of the maximal ball with center x, and lying completely in G.
In terms of (8) this transition density function defines a random walk &;, s, . . ., k. such that every
point &, j =1,...,k. — 1 is chosen in the maximal ball B(z;_1), lying in G, in accordance with
density (10). The Markov chain terminates when it reaches 0G., so that &, € 0G..

If we are interested in the solution at the point £y, we choose h(z) = d(z — &) in (8). Then
u(&o) = E0(&)], where

ke—1

e = 3 [ Lol &)y + 0lEr). (1)

3.3 The Algorithm

The Monte Carlo algorithm for estimating w(&p) consists of simulating N Markov chains with a
transition density given in (10), scoring the corresponding realizations of 0[§y] and accumulating
them. This algorithm is known as the random walks on balls algorithm and is described in detail
in [4, 3]. Direct simulation of random walks with the density function p(x,y) given by (10) is
problematic due to the complexity of the expression for M L(y,x). Tt is computationally easier
to represent p(x,y) in spherical coordinates as pi(r)p2(w|r). Thus, given &;_;, the next point is
§j = -1 +rw, where the distance, r, is chosen with density

pi(r) = (ke™*) /(1 — ™M), (12)

and the direction, w, is chosen according to:

3 R 2 rR ,—k
D bZ 5 _ 4
pa(w/r) =1+ Yoo bi(z +rw)w; + c(x + rw)r / e—kogy clx+rw)r / e . (13)

e—kzr e—kr )

To simulate the direction, w, the acceptance-rejection method (ARM) is used with the following
majorant:

(R,
h(r)zl—l—e_kr/ e "Pdp. (14)



Thus the algorithm for a single random walk with 6 = 0, £ = £ initially is:
1. Calculate R(€).
2. Simulate the distance r with density p;(r) as given in (12).
3. Simulate the direction w using the ARM:
3.1. Calculate the function h(r) via (14).
3.2. Generate random w uniformly on the unit 3-dimensional sphere.
3.3. Calculate pa(w|r) according to (13).
3.4. Generate v uniformly in [0, 1].
3.5. If yvh(r) < p2(w]|r) go to step 4 (acceptance), if not, go to step 3.2 (rejection).
4. Compute the next point as £ = £ + rw.
5. Update (&) using 11.
6. If £ € 0G. then stop, if not, go to step 1 and continue.

The computational complexity of this MCM is equal to
S = NE[k.](to + Sy 't1 + ta),

where N is the number of walks (Markov chains), E[k.] is the average number of steps in a single
random walk, Sy is the efficiency of the ARM, ty is the number of operations to simulate r and
to compute h(r), t; is the number of operations to simulate w and to compute po, and ty is the
number of operations to compute 0(&). If the radius, 7, of every ball is fixed then according to [20]
the average number of steps in the random walk is: E[k.] ~ %. Here R is the radius of the
maximal ball lying in G with center at . The conditions for E[r] € (aR,0.5R), for o € (0,0.5)
can be found in [3]. Combining these results we obtain:

1
Elk.] ~ = |ine].

We now estimate Sy, the efficiency of the ARM. For a general ARM, let us assume that the density,
u1(z), has an easily computable majorant function, us(z), with 0 < wui(x) < wus(x), for all z, and
Ui = Joui(xz)dx and Uz = [, uz(x)dz. Let ) be a random variable distributed via us(z)/Us and
let v be uniformly distributed in [0, 1]. It has been shown [5] that if yus(n) < wui(n), then 7 is
distributed with density ui(z)/U;. The value Sy = Uy /U, is called the efficiency of the ARM, and
so Sy !'is the average number of attempts to obtain a single realization of uy(x)/U. Thus, in our

case
1

1+ 5 (1—e kR

1
= > —.
So 122

4 Quasi-Random Walks

In this section we discuss how to construct a quasi-MCM for the problem considered here. We will
need to figure out how to use quasirandom sequences to simulate the previously defined random
walks. We propose a method that combines pseudorandom and quasirandom elements in the con-
struction of the random walks in order to take advantage of the superior uniformity of quasirandom
numbers and the independence of pseudorandom numbers.

Error bounds arising in the use of quasi-MCMs for integral equations is based on Chelson’s esti-
mates. Below Chelson’s results are rewritten in terms related to our particular problem:



N
u(Eo) ~ 5 D_05(60)| < V(0*) Dy (@) (15)
1

where () is a sequence of quasirandom vectors in [0, 1)dT, d is the number of QRNs in one step of a
random walk, T" is the maximal number of steps in a single random walk, and 6* corresponds to 6
for the random walk &p, &1, ..., &k, generated from () by a one-by-one map. Space precludes more
discussion of the work of Chelson, but the reader is referred to the original for clarification, [2].
This digestion of Chelson’s results is the integral equation analog of the Koksma-Hlawka inequality.
It ensures convergence, but it’s rate is very pessimistic due to the high dimension of the quasirandom
sequence. There are many other examples of the successful use of quasirandom sequences for
solving particular integral equations, including transport problems, [9, 14, 15, 21]. In addition,
Spanier proposed a hybrid method which combines features of both pseudorandom and quasirandom
sequences that is similar to what we propose below.

The effectiveness of quasi-MCMs has some important limitations. First of all, quasi-MCMs may
not be directly applicable to certain simulations, due to correlations between points of the quasir-
andom sequence. This problem can be overcome in many cases by rewriting the quantity which is
statistically sampled as an integral or by judicious scrambling of the QRNs used, [18]. However,
as the resulting integral is often of very high dimensional, this leads to a second limitation as the
improved accuracy of quasi-MCMs applied to integrals is generally lost in very high dimensions.
In the MCM described in this paper, a random walk is a trajectory

So— & — ... — &k

where & is the initial point and the transition probability from &;_1 to &; is p(§;-1,&;), (see (10)).
Using quasirandom sequences in this problem is not so simple. One approach is to follow the
methods proposed by Chelson and other authors, i. e., to use a k-(1 + 35y 1) ~~ Tk.-dimensional
sequence with length N for N random walks. Here k. is the length of a Markov chain and Sy is
the efficiency of the ARM. Here we interpret the trajectory as a point in G x ... x G = G**!, and
the density of this point is:

pi(€0, €15+ &) = p(60,&1) - - - P(&i-1,8i)- (16)

The difficulty here is that the dimension of such a sequence is very high (several hundreds) and,
consequently, the discrepancy of such a high dimensional quasirandom sequence is approximately
that of a pseudorandom sequence and therefore of no improvement over ordinary MCMs.

Another possibility is to assign a different one-dimensional sequence to each trajectory. The length
of such sequence is k-(1 + 3Sp). Without some kind of random scrambling, this will cause the
trajectory to repeat the same pattern over and over, and the method will not converge. These
difficulties can be avoided by using a single one-dimensional sequence of length N (k-(1 4+ 3/50)).
Thus we assign the first (k-(143/S0)) QRNs to the first trajectory, the next (k-(1+3/Sp)) QRNs
go with the second trajectory, etc. This is another way to fill the (k-(1 + 3/Sp))- dimensional unit
cube with quasirandom points; however, there are large holes meaning large discrepancy and so the
convergence is not any better than the previously mentioned method.

However, one can also try to use QRN-PRN hybrid to generate the walks. We have N points in
the first ball because every trajectory starts at its center, &. This means that it is most important
to sample the the next N points, (£1)s, which are located in this ball, with the density p(). The
first possibility is to use a 7-dimensional QRN sequence with length N to find the next point, &,



for each of the N walks. We can extend this approach for the first M balls in every walk by using
QRNs for them and PRNs for the other balls further along in the walk. Thus we can reduce the
error if the internal contribution in §(;) for j = 1,... M is relatively large, which can only occur
when ¢ # 0. We can also use QRNs to simulate unit isotropic vectors with the ARM and can
use PRNs for uniform random variable needed in the rejection decision. This is motivated by the
fact that it is more important for the vector to be uniformly distributed than to be independent.
However, for the random number used for comparison it is more important that it be independent.
The length of every walk depends on ¢, and on the coefficients of the considered BVP (b* and c*).
In addition, the efficiency of ARM depends again on these coefficients. So, a careful analysis of this
problem has to be made in order to choose the best way to use QRN sequences.

5 Numerical Results

We consider the following problem in the unit cube G

3
d : 3
Mu = Au—i—jz_:lbj%ju—i—c(x)u =0, in G=10,1]

with the boundary conditions
u(zy, g, x3) = eco(@1taatas) (z1,29,23) € 0G

Here by = bo(xg — x3), by = bo(xs — 1), bg = bo(x1 — x2), and so the condition V - b(z) = 0 is
satisfied, and c(z) = —3.0c2.

We performed numerical tests of compare our MCM to our proposed quasi-MCM. In the MCM, the
algorithm is implemented using PRNs. The quasi-MCM version of the algorithm uses N PRNs to
simulate the distance r and a 3-dimensional Sobol sequence of length 2N to simulate the direction
w via the ARM. We used QRNs in this way because in our particular numerical example the
right-hand side of the BVP is 0. If this were not so, the first hybrid strategy would have been
used. Relative errors of the MCM and the quasi-MCM in the solution at the center (0.5,0.5,0.5)
are presented on Fig. 1. In addition, the average length of random walks versus € are presented
on Fig. 2. The results show that even in this complicated case the quasirandom sequences can be

used successfully and that the quasi-MCM has a better accuracy and a faster convergence than the
MCM.

6 Conclusions

In this paper we presented a quasi-Monte Carlo algorithm for the solution a 3-dimensional elliptic
BVP. Our method, based on the random walks on balls method, converts the partial differential
equation into an equivalent integral equation. The method then uses functions derived in the
conversion to integral equation form to define a Markov process and statistic on paths defined by
that Markov process whose expected value equals a linear functional of solution of the original
problem. We then presented several approaches for the use of QRNs to generate samples of the
statistic in question, and used one of these strategies to numerically solve a particular elliptic
BVP with a quasi-MCM. Our quasi-MCM was slightly more accurate and less costly than the
corresponding MCM. This result is quite encouraging, as the effective dimension of this problem
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Figure 1: Relative errors in the solution of the MCM and the quasi-MCM at the center point:
(0.5,0.5,0.5).
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is quite high. So high, in fact, that it was doubtful if quasi-MCMs had any real chance of beating
MCMs.

The improvement seen suggests opportunities for further work to obtain even greater gains in
convergence rate with quasi-MCMs applied to boundary value problems. Clearly, the high effective
dimension of the problem makes the use of QRNs very problematic. Thus, we feel that approaches
to reduce this effective dimensionality should be explored. In addition, the use of the ARM removed
quasirandom points from the QRN sequence. This is clearly not a good thing to do, as omissions
in a QRN sequence leave holes that result in increased discrepancy. However, a general approach
to quasirandom sampling from distributions while using the ARM is still a hard and open problem.
Finally, it is important to recognize that the definitions of discrepancy and the Koksma-Hlawka
inequality are so closed tied to numerical integration, that it is our belief that new measures of
uniformity for random walks should be explored. Given such a tuned quantity, a more powerful
way to generate and analyze uniform random walks may be possible. This would most assuredly
lead to better convergence and more optimistic error estimates for a broad array of quasi-MCMs
employing random walks.
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