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GOOD LATTICE RULES BASED ON
THE GENERAL WEIGHTED STAR DISCREPANCY

VASILE SINESCU AND STEPHEN JOE

ABSTRACT. We study the problem of constructing rank-1 lattice rules which
have good bounds on the “weighted star discrepancy”. Here the non-negative
weights are general weights rather than the product weights considered in most
earlier works. In order to show the existence of such good lattice rules, we use
an averaging argument, and a similar argument is used later to prove that
these lattice rules may be obtained using a component-by-component (CBC)
construction of the generating vector. Under appropriate conditions on the
weights, these lattice rules satisfy strong tractability bounds on the weighted
star discrepancy. Particular classes of weights known as “order-dependent”
and “finite-order” weights are then considered and we show that the cost of
the construction can be very much reduced for these two classes of weights.

1. INTRODUCTION

We consider rank-1 lattice rules for the approximation of integrals over the d-
dimensional unit cube given by

up=[ | s

These rank-1 lattice rules are quadrature rules of the form

(=]

where z € Z% is the generating vector whose components are conveniently assumed
to be relatively prime with n and the braces around a vector indicate that we take
the fractional part of each component of the vector.

Many research papers have been concerned with finding “good” lattice rules. In
order to compare the quality of different lattice rules, some criterion needs to be
chosen. A number of criteria are based on the idea of “discrepancy”. In general
terms, the discrepancy may be viewed as a measure of the deviation from the
uniform distribution of the quadrature points. In some settings, it may also be
considered to be a worst-case error in certain function spaces. Such discrepancy
measures have been considered in [3], [4], [§], and [12], or in a more general work
such as [I3]. A classic example is the star discrepancy which appears in the well-
known Koksma-Hlawka inequality (for example, see [13] or [I8]). In [12] it was
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proved that there exist d-dimensional rank-1 lattice rules whose star discrepancy is
0] (n’l(ln n)d) with the implied constant depending only on d. A component-by-
component (CBC) construction of the generating vectors for such rules was given
in [g].

In this paper we are interested in constructing rank-1 lattice rules by using a
weighted star discrepancy as a criterion of goodness. In [9] it was shown that lattice
rules with good bounds on the weighted star discrepancy exist and can be obtained
by using a CBC construction of z in the situation when n is a prime number and
the weights are of a “product” form (see below). In Sections [3 and H we extend
these results to the general situation where the weights do not necessarily have
this product form. Such general weights have been considered in [2], where it was
shown that good lattice rules can be obtained for integrands belonging to weighted
Korobov spaces. In these spaces the integrands were assumed to be periodic. For
the general weighted star discrepancy considered here, the functions belonging to
the associated function spaces have no such periodicity assumption.

In [B] it is shown that weighted integrals over possibly unbounded domains may
be approximated by suitably transforming points in [0,1]¢. As we shall explain
later in Section 2] the CBC construction presented here will lead to lattice rules
that are appropriate for such weighted integrals.

There are some applications in which it is the low dimensional projections that
are the most important. In such cases, it is useful to introduce general weights that
allow us to model the relative importance of each group of variables. For example,
in some financial applications (see [17] for further details), such a model may be
considered. Asindicated in [2], weights which are “order-dependent” and/or “finite-
order” often provide reasonable assumptions which also present the advantage that
computations are very much simplified. The definition of these particular classes
of weights and the analysis of their computational costs for the CBC construction
are given in Sections [B] and 6

2. GENERAL WEIGHTED STAR DISCREPANCY

Let us consider first the concept of the local discrepancy of a point set in [0, 1]%.
This can be described as the difference between the proportion of the points that
lie in a subset of [0,1]? and the measure of that subset. If P, is a set of n points in
[0,1]¢, then the local star discrepancy of the point set P, at = € [0,1]¢ is defined
by

d
(1) discr(z, P,) == 714([0’2)’]3”) — HZ‘J

Here A(]0,x), P,) represents the counting function, namely the number of points
in P, which lie in [0, ) with © = (21, 23, ...,24). The unweighted star discrepancy
of the point set P, is then defined as
(2) D*(P,):= sup |discr(x, P,)|.
xe[0,1]¢

This is the star discrepancy that arises in the Koksma-Hlawka inequality mentioned
above.

In order to introduce the general weighted star discrepancy, now let u be an
arbitrary non-empty subset of D := {1,2,...,d—1,d} and denote its cardinality by
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lu|. For the vector « € [0, 1]¢, let x, denote the vector from [0, 1]™*! containing the
components of  whose indices belong to u. By (x,,1) we mean the vector from
[0,1]¢ whose j-th component is z; if 7 € u and 1 if j € u.

Suppose @, 4 is the quadrature rule given by

Qualf) == 3 fa)

xzeP,
Then from Zaremba’s identity (see for instance [16] or [I8]), we obtain

[u]
(3) Qnalf)—Ta(f)= > (—1)|u|/ discr((a,, 1), P, )gmuf((mu,l))dxu.

0#uCD [0,1]1!

Now let us introduce a set of non-negative weights {7, }ucp and consider v, as the
weight associated with the set u. We also assume that the weights are independent
of the dimension d. Previous research papers such as [9] have assumed that the
weights are of a product form, that is, v, = H]Eu ~; for each subset u C D, where
7; is the weight associated with the variable ;. Using (B]) we see that we can write

[u]

Qual) =1l = Y (=0, [ diser((eu, 1), Py oS (2, 1)) de

@#ug'D [071]""'

Applying Holder’s inequality for integrals and sums, we obtain

|Qn.a(f) = La(f)] < (max sup %Idiscr((wuvl),Pn))

0AuCD 5 el0,1]lul

. Z 1/01]

0#uCD

amu ((zy, 1))’ dxz,

Thus the weighted star discrepancy Dy, , of the point set P, may be defined by

4 D} . := max su discr((xy, 1), Pp)| .
(W o e s [diser((@ 1), B

We observe that some of these formulae make sense only for strictly positive weights.
If there are some sets u C D for which v, = 0, then we adopt the convention that
0- 00 = 0 (the same convention has been used in [2]). As our interest is in rank-1
lattice rules, from now on we shall assume that P, is the point set {{kz/n}, 0 <k <
n —1}. The corresponding weighted star discrepancy is then denoted by D}, (2).

As mentioned earlier, there are applications for which the lower dimensional
projections are the most important. This suggests that the weight associated with
a set should not be bigger than the weights associated with any of its subsets. So
we shall make the reasonable assumption that for any non-empty subset u C D, we
have

(5) Yu <y forany 0#gCu

The next section presents bounds for the general weighted star discrepancy,
which allows us to prove the existence of good lattice rules, while in Section (] we
present a CBC construction of z.
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3. BOUNDS ON THE GENERAL WEIGHTED STAR DISCREPANCY

Let us first define
E, i ={he€Z™ h#0:-n/2<h; <n/2, 1 <j<m},

for any positive integer m.
From [13, Theorem 5.6], we obtain the following inequality:

R
(6) sup  |diser((2y, 1), Py)| < 1— (1 —1/n) + n(z,u)7
x, €[0,1]1ul 2

where

1
O D DI | vt

heE

n,|ul

h-z,=0 (mod n)

Note that under the assumption that ged(z;,n) =1 for 1 < j < d, then z, is the
generating vector for a |u|-dimensional lattice rule having n points. This result,
together with (), shows that the general weighted star discrepancy satisfies the
inequality

R, (z,u)
* —(1— |4 2= )
(7) Dy, ,(2) < ﬂgtagxb Yu (1 (1—1/n)M + 5 ) .
As an aside, let us remark that the bound in (@) also holds for the extreme
discrepancy of [I3]. This extreme discrepancy is based on the local discrepancy

d
discr(w, z, P,) = M - H(x] —w,),
j=1

where 0 < w; < z; < 1,1 < j < d. The local star discrepancy of () is the
special case when w; = 0. In [5] and [6] it is shown that it is appropriate to approx-
imate weighted integrals over possibly unbounded domains by suitably transforming
points in [0, 1]% that have what is termed a low weighted L., unanchored discrep-
ancy. Since this latter quantity is a weighted version of the extreme discrepancy of
[13], it follows that the CBC construction presented here will produce lattice rules
that also have a low weighted L., unanchored discrepancy. So such lattice rules
are appropriate for these weighted integrals.
Bernoulli’s inequality or a simple direct calculation yields

(1—1/7”L)‘u‘21—M and so 1—(1—1/n)|”|§M.
n n
This then leads to

1
1-(1-1 I“\) <z .
(8) pBAX Y ( (L=1/n)") < = max July,
It follows from the error theory of lattice rules (for example, see [13 Chapter 5] or
[T4, Chapter 4]) that we may write R, (z,u) as

eQTrithj/n

) Rn(z,u):%z_zn 1+ 3 ] -

k=0j€u —n/2<h<n/2
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where the ' on the sum indicates we omit the h = 0 term. Now by defining

’ eQﬂ'ihkz/n
Ck(z) = Z

—r— 0<k<n-1,
—n/2<h<n/2 ‘ |

and using the expansion

[Ta+a) =14+ > [[a

Jj€u P#gCujeg
we have from (@) that

Ro(zu) = *ZH [1+Ch(z)] — 1=~ Z S T Ckz)

k=0 j€u k 0P#£gCujeg
1n71 _
SIS ISRy aer]
0#gCu  k=0j€g 0#gCu

where

(10) Ro="SII| &

k=0j€g \—n/2<h<n/2

/ e27rihkz]~/n
|h

For later use, we note that the theory of lattice rules shows that with
B}, ={h€Zm:—n/2<h;j <n/2, hj #0, 1 < j <m},

we may write Ry (z,g) as

) Rizg= Y Ilgpzo

hEE] | j€s i
h-z3=0 (modn)

Hence we have for any () # u C D that
Yoln(z,0) =7, Y Ru(z,0).
0#gCu
Under the assumption given by (&), we obtain
7u Z 79 ) S Z ’)/an(Z g)
0#gCu 0#gCD
As a consequence, we then conclude that
pIAX Yy Ru(z,w) < Y yuRa(z,u)
0#uCD
This inequality combined with (7)) and (§) then yield the following result:

Lemma 1. If the weights v, satisfy @) for any O # u C D, then

. 1 1
D ;y( ) < ﬁ (br;énaé{D ‘u"Yu Qei,d(z)v
where

(12) enalz)i= Y VR

P#uCD
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This lemma shows we can then analyse the weighted star discrepancy by consid-
ering the quantity ei 4(2).

From now on, we shall assume that n is a prime number. Since we only consider
the fractional part of each component of kz/n, we see that we may take each
component of the generating vector z as belonging to the set Z,, = {1,2,...,n—1}.
We can obtain bounds on e%’d(z) for the case in which n is prime by obtaining an
expression for a certain mean value of e ;(z). The mean is taken over all integer
vectors z € Zg. Thus the mean M, 4 is defined by

M dy = (n— d E :

z€Zd

An expression for the mean is given in the next theorem:
Theorem 2. Let n be a prime number. Then

Ju]
e 3 o 5 ()

" giucD §#uCD

where

ro
Sy = Z m

—n/2<h<n/2

Proof. From the definition of the mean and (I0) and (I2)), we have

1 n—1 , e2mihkz;/n
D D SR £55) 1 | (D S
z€Z2 0#uCD k=0jeu \ —n/2<h<n/2
By separating out the k£ = 0 term, we obtain
1
(13) Mn,dﬁzﬁ Z S + Ta vy,
P#uCD
where
1 n-1 , e2mihkz;/n
R I DR 5301 [ D
z€Z4 0FuCD k=1j€u \ —n/2<h<n/2
e27rihkzj/n
:gZ%ZH Z >
0#uCD k=1j€cu zj—l —n/2<h<n/2

Because n is prime, we have

e27r1thj/n S,

1 n—1 , :
(14) n—lz Z |h T o1

z;=1—n/2<h<n/2

for 1 <k <n—1 (a complete proof might be found, for instance, in [9]). This leads
to

nart XS (2) S (42

@#uCD = 0#uCD

Now replacing the last term in (I3]) with this expression, we obtain the desired
result. (]
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In the case d = 1, it is easy to verify that M1 v,y = 0. This is to be expected
since it is also easy to verify (by using ([0)) that R, (z,g) = 0 whenever |g| = 1.

Corollary 3. Let n be a prime number. Then there exists a generating vector z
such that

1
en q(2) < My gy < e Z I
P#uCD

Proof. The first inequality is obvious. The proof of the second inequality is based on
the proof of the second assertion in Theorem 1 of [2]. We can write the expression
for My,.q~ as

1
Mugny == > 7S+ W,(w),
" P#uCD

where

Wa(w) = (1) (n — 1) ( 1 )ul .

n—1
If |u| is odd, then W, (u) < 0. On the other hand, if |u| is even, then |u| > 2 and

W) < (0= 1) (- )2= !

n—1 n—1

So for |u| either odd or even, we have

dy < Z 7uSh! (1+f1):ni1 > S

Q);éuC’D 0AuCD

which completes the proof. ([l

This corollary and Lemma [] then lead to the following result:

Corollary 4. Suppose the weights satisfy [Bl) and suppose that n is a prime number.
Then there exists a vector z € Z¢ such that the general weighted star discrepancy
satisfies the bound

« 1
any( )S E(Z);émax ‘u‘7u Z VuSlzu‘
0#uCD

From [12] Lemmas 1 and 2] we have

1
S, <2Inn+2w—1In4 + —>
n

m
where w is the Euler-Mascheroni constant defined by w = lim ( > % —In m) . An

m—o0 \p=1
approximate value for 2w — In4 is —0.2319. So for any n > 3, we have S,, < 2Inn.
In fact, a direct calculation shows that this inequality also holds for n = 2. Hence,
we conclude that for any prime n, there exists a vector z € Z¢ such that the general
weighted star discrepancy satisfies the following bound:

Z v 2Inn)H,

0#uCD

1
1 D < - S —
(15) MG glagplul'ru 3 —1)
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Let T = AKX Y53 Since v, < T for all ) # u C D (because of (H)), then in

general, we have (D?aCX |ulv, < T'd. Hence from (I5) we have

I'd 1
D (z) —+ —— v 2Inn)v.
il n 2(n—1) @;D v

Moreover, we have

Z (2 < Z 21nn|“—FZ<> (2lnn)? <T(1+ 2Inn)%

0#uCD 0#uCD
This yields
(16) Dy, ,(2) =0 (n*(lnn)?),

with the implied constant depending only on d and T'.
In the situation when all the weights are equal to 1, then
D! _(z) = max sup |discr((xy,1),P,)| = sup |discr(x, P,
) = s, o [diser(a, 1), Pl = sup [diser(a, )

is the unweighted star discrepancy defined in (Z). For this quantity, the rate of
O (n™'(Inn)?) is essentially the best possible (see [I0] or [13]). Hence the bound
for the weighted star discrepancy given in Corollary [3lis essentially the best possible
and so, we consider such a bound to be “good”.

4. COMPONENT-BY-COMPONENT CONSTRUCTION OF THE GENERATING VECTOR

Since the total number of vectors z € Z2 is (n — 1)9, it is practically impossible
to search over all these vectors to find a good one when d and n are large. In
this section we propose a cheaper construction of the generating vector, namely the
CBC construction, which means that the generating vector is found one component
at a time. When we add a new component to the generating vector, the existing
components will stay unchanged. Such a CBC construction has been successfully
used, for instance, in [2], [§], [9] and the algorithm is given below:
Component-by-component algorithm:

1. Set the value for the first component of the vector, say z; = 1.

2. For m = 2,3,...,d, find 2,, € Z, such that e,%)m(zl, .+ Zm) 1s minimized.
Here _
ei7m(21,...,zm): Z YuRn((z1,- ., 2m), ).
P£uC{1,2,...,m}

Now we are looking to prove that this algorithm does indeed yield good lattice
rules. By good, we mean that the z found this way satisfies the bound for efhd(z)
given in Corollary Bl The following theorem and corollary justify the use of the
CBC algorithm.

Theorem 5. Let n be a prime number. Suppose there exists a z € Z2 such that

(17) en,a(2) oY S

@;éuCD

Then there exists zq41 € Z, such that

1
2
€nd+1(2 Za+1) < 1 Z v S
0#uCDy
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where Dy :=DU{d + 1}. Such a zay1 can be found by minimizing e}, 4, (2, zdt1)
over the set Z,,.

Proof. We have

egz,dJrl(z’ZdJrl) = Z Yuln (2, 2a41), u)
P#uC Dy

D YBa(z W)+ D YV Ra((2 2a11), 1)
0AuCD uCD;
d+1€u

(18)

We recall that if [u| = 1, then R, (z,u) = 0, so we may assume that [u| > 2 without
loss of generality. Also recall that we defined

Crlz)= Y,
—n/2<h<n/2

Then clearly Cy(z) = S,,. For u C D; with d 4+ 1 € u, we then have

, e27rihkz/n

C . 0<k<n-1
|

Rullz ) = 2 S T[Gkz)

k=0j€cu
—1

-5 51 BN  (EECYEn) ReNEnty
k

=0 \jeu—{d+1}

|ul n—1
1
— n + = H Ck(zj) Ck(Zd+1),
" " k=1 \jeu—{d+1}

where the k = 0 term was separated out. Substituting this in (I8]), we obtain

1
2 _ 2 u
€n.dr1(2,2ar1) = en,d(z)_‘_g E ’YuSlLl
uCDy,ful>2
d+1€u

+ Z %i H Ci(z) | Cr(zat1)-

uCDq,|u|>2 k=1 \jeu—{d+1}
d+1eu

Next we average efh d +1(Z7 zq+1) over all possible values of z411 € Z,, and consider

n—1

> enan(z zan).

Zd+1=1

1
n—1

Avg(en 441 (2, zar1)) =

As the dependency of €7 ;. (2, za41) on 2441 is only through the Ck(z441) factor,
we next focus on the quantity

n—1
1
T (k) = — Z Cr(2d+1)-
Zd+1:1
From (I4), we have
Sn,
T,(k)=— , 1<k<n-1
(k) = ——— n
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It follows that

Avg(er 411 (%, zas1))

SR FOREED DR D DI DI | (1!

uCDy [u[>2 uCDy [u[>2  k=1jeu—{d+1}
d+1€u d+1leu

For any u C Dy with d+ 1 € u and |u| > 2, we have

1 n—1 _ Jul]—1 Jul—1

_ ) — _ n <z
- > I Culz) =-Ru(zu—{d+1})+ — <=
k=1jeu—{d+1}

where we have subtracted and added the k¥ = 0 term and used the fact that the
quantities R, (z,g) are positive (see (III)) for any subset g C D. Consequently, we
have

AVg(ei,dH (2,2a+1))

1 1
< a0 St Y sk
n n(n—1)
uCDy,|u|>2 uCDy,|u|>2
d+1cu d+1cu
1
R ST
uCDy,ful>2
d+lcu
1
2
< en,d(z)+m Z v S,
ung
d+1leu
Using the hypothesis, we next obtain
1 1
Avg(ep 4i1(2,2a11)) < 1 Z VuSrllul+m Z Y S
0AuCD uCD;
d+1cu
1
(19 ~ LY s
P#uC Dy

There exists at least one z441 € Z,, such that e%,dﬂ(z, Zd+1) §Avg(ei)d+1 (z,2d4+1))
and this z441 may be chosen by minimizing 672% d+1(%, zay1) over the set Z,,. From
(@3, it is clear now that for the chosen z441, we have

1
2
en,d—i—l(z’ Zd+1) < n_1 Z PYuS‘nu"
P#uCDq

which is the desired result. O
From this result we can deduce the following:

Corollary 6. Let n be a prime number. Then for 1 < m < d we can construct a
vector z € Z2 such that

1
2
en,m(zla"'7zm) < n—1 Z 7uSJzu‘
P£uC{1,2,....,m}
We can set z1 = 1 and for 2 < m < d, every zp, can be found by minimizing

ei,m(zl, ...y 2Zm) over the set Z,.
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Proof. Recall that R, (z,u) = 0 for all subsets u C D with |u| = 1. It follows that
e 1(z) = 0 for any z € Z,, so the inequality (I7) holds for d = 1. The result then
follows immediately from Theorem [Bl (I

Since Sp = 1 and S3 = 2, observe that if n > 3, then |u|] < S Now suppose
that the weights are such that (B is satisfied and

D 1S < Oy, o)’
P#uCD
for some ¢ > 0, where C(~,0) is independent of d and n. Then Lemma [I] shows
that for any odd prime n, the CBC algorithm yields a z for which the weighted
star discrepancy satisfies the strong tractability error bound

* —1+6
D}, (2) < 20(7,8)n~ 145,

An example of weights «, having this property is when the -, are product weights,
that is, v, =[] jen Viv and the 7; are summable. Further details may be found in
[9].

We remark that the approach to the general weight case used here is slightly
different to the approach used in [9] for the product weight case. If we apply the
results obtained here to that case, then the bounds on the weighted star discrepancy
are better than those in [9]. However, the approach in [d] has the advantage that
it yields bounds on the weighted L, discrepancy, whereas here we are essentially
restricted to the L, case.

5. CBC CONSTRUCTION FOR SPECIAL CLASSES OF WEIGHTS

In practical situations the weights may satisfy further assumptions. Special
classes of weights are the so-called “order-dependent” and “finite-order” weights,
which were mentioned in the first section and defined in [2]. The tractability of
multivariate integration for the latter class of weights has been studied in [15].

Assume first that the weights are order-dependent. This means that their depen-
dence on u is only through the cardinality of u. It might be reasonable to assume
that sets having the same cardinality have equal values of the associated weights.
So we assume that instead of using 2¢ — 1 weights, we can use just d weights, say
'y, T, ..., Ty, where I'y denotes the weight associated with any set containing /¢
elements for 1 < ¢ < d. For the bound on the weighted star discrepancy given in
Lemma [I] to hold, we require these weights to be in non-increasing order, that is,
Nh>reg>--->Ty.

The next result follows directly from Theorem [5land Corollary [6l by taking ~, =
I’y whenever |u| = ¢ and noting that the number of subsets of D with cardinality ¢
is (‘;).

Corollary 7. Letn be a prime number and suppose the weights are order-dependent.
Then a generating vector z € Z¢ may be constructed component-by-component such

that J .,
1 d 1 d
r t<_— N\N'r 2Inn).
nflez:; Z(E)S”_nlgz_; 6(6)( nn)

Let us assume now that the weights are finite-order. This means that there exists
a positive integer ¢ such that v, = 0 for all u with |u| > g. We shall take ¢* to be
the smallest integer satisfying this condition. Of course, it makes sense to assume

es 4(2) <
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that ¢* < d, otherwise it will be no different from the situation already discussed.
We then obtain the following result:

Corollary 8. Let n be a prime number and suppose the weights are finite-order.
Then a generating vector z € Z% may be constructed component-by-component such
that

1 1
Fu < Y sk Y g eunk,
uCD uCD
1<u[<q" 1<]ul<q”
We can combine these two classes of weights to consider the situation when the
weights are both order-dependent and finite-order.

Corollary 9. Let n be a prime number and suppose the weights are both order-
dependent and finite-order. Then a generating vector z € Z¢ may be constructed
component-by-component such that

, 1 S, . 1 S d .
en,d(z)gnilzrf I} S”SEZFZ ¢ (21nn) .
£=1 /=1

Lattice rules with order-dependent and/or finite-order weights present the ad-
vantage that the costs of the CBC construction are significantly reduced. The
computational costs of the CBC construction are analysed in the next section.

6. COMPUTATIONAL COSTS OF THE CBC ALGORITHM

6.1. The cost of the CBC algorithm in the general case. In this subsec-
tion we analyse the complexity of the CBC algorithm, which was presented at the
beginning of Section Ml B

In order to analyse the cost of the construction, first recall from (I0Q) that R,,(z, u)
is given by

n—1
R, (z,u) = % Z H Cr(z;), where Ci(z) = Z

k=0j€u —n/2<h<n/2

, e2mihkz/n

|l

It is easy to see that the cost of calculating each ﬁn (z,u) by using this formula is
O (n?|u]) operations. However, it is shown in [7] (see also [9, Appendix A]) that this
cost can be reduced at the expense of extra storage. The idea is based on the fact
that because n is prime, then {kz;/n} = £/n for some ¢ satisfying 0 < ¢ <n — 1.
So to calculate ﬁn(z,u)7 we need the values of

>

—n/2<h<n/2

’ eZ‘n’ihZ/n
I

for 0 < ¢ < n—1. As shown in [7], these n values may be calculated at a total
cost of O(n) operations and then stored. It follows that the number of operations
required to calculate each R, (z,u) is of O(n|u|) operations at the expense of O(n)
extra storage.
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Recall that

ei,m(zlwﬂazm) = Z 'yuﬁn((zl,...,zm),u)
P#uC{1,2,...,m}
= 6%,m71(21,-~72m71)+ Z 7uﬁn((z1,...7zm),u)
uC{1,2,...,m}
meu
= ei,m—l(zla R Zm—l)
n—1
1
(20 Loy Yo I a)
uC{1,2,...,m} k=0 jeu—{m}
meu

Now it may be the case that some of the 2¢ — 1 weights are zero. To take into
account the computational savings that arise, let 7, be the number of non-zero
weights v, for which u C {1,2,...,m} with m € u. Then 0 < 7, < 2™~ Also,
let 7 be the total number of non-zero weights, that is,

d
T = Z T < 20— 1
m=1
Then to find z,, which minimizes eim(zl, .y Zm), we need to calculate the last

term in (20) for all z,, € Z,. This requires O(nm,,) operations. Since there are
n — 1 choices for z,,, this means that the cost of adding a new component z,, to the
already existing components is O(n?m,,) operations for each m. Taking m from
2 to d, we conclude that the total operation count of the CBC algorithm to obtain
a d-dimensional z is O(n%dr).

We observe that if all the weights are non-zero, we have a total of 7 = 2¢ — 1
weights and so the total cost of the construction will be O(n2d24). In practice such
a cost is unacceptable as 2% grows very quickly when d increases, but it can be
considerably reduced under further assumptions on the weights.

6.2. The cost of the construction for finite-order weights. Let ¢* be the
smallest integer for which -y, = 0 whenever |u| > ¢*. In this case the total number

of weights is 7 = Zz; (‘Z). For d > 2 and ¢* < d, it may be proved by induction

that
}
d "
< d? .
> () <

(=1

From the previous subsection, it will follow that the total operation count of the
CBC algorithm with finite-order weights is then O(n?d? *1). As pointed out in [2],
the cost of the construction is exponential in ¢*, but this is not dangerous as long
as ¢* is not large.

6.3. The cost of the construction for order-dependent weights. In this case,
because there are at most d distinct weights, the cost of the construction can be
significantly reduced by using a similar technique as in [2]. First, we observe that



1002 VASILE SINESCU AND STEPHEN JOE

the quantity ef%m(zl, Z9,...,2m) can be expanded as

6i7m(2:1722,...72m) = in Z ]Sun(z,u)

=1 uC{12,.,m}

lu|=¢
m 1 n—1
= ;Fg Z EZ_:HC’C(ZJ)
= ug{‘ll,lllze,m} k=0jecu
1 n—1 m
= E ;O;Fgak m, é

where

or(m,0) = Z HCk(zj) for 1<¢<m.

uC{1,2,...,m} j€uU
|u|=¢

Then we can obtain a recursive formula to compute the quantities o (m, £). Indeed,

we have
Z HCk(Zj) + Cr(zm) Z HCk(Zj)

uC{1,2,....m—1}j€u uC{1,2,....m—1} j€u
[ul= lu|=€—1

= or(m—1,0)+ Ci(zm)or(m —1,£—1),

for m > 2 and ¢ > 2. It is easy to see that ox(1,1) = Ci(z1). We also have

or(m,f)

or(m,1) Z (2;) and og(m,m) 1_[01C 2j).
j=1

For each k, the quantities o;(m,£) may be viewed as being the elements of a
lower triangular matrix. Then to compute the quantities ox(m,£) required for

€2 (21,22, ..., Zm), we can use the following algorithm (with oy (1,1) = Cy(21)):
Set o (m, 1) = il Cr(z).
§=
Set op(m,m) = ﬁ Cr(z).
For ¢ = 2,3,...,]7711— 1 do:
or(m,l) = op(m —1,0) + C(2m)or(m — 1,0 —1).
Now it is clear that if the quantities o (m —1,¢) for £ =1,2,...,m—1 have been

computed and stored using O(m) memory, then the computation of all oy (m, ¢) as
well as of Y, I'yoy(m, ¢) will require only O(m) operations for each k, assuming
that the values of Ci(z,,) have also been stored as indicated in Section Since
there are n possible values for &, the amount of storage required is O(nd) for a com-
plete run of the algorithm. In conclusion, the computation of €3 ,,(z1, 22, .., Zm)
for each z,, requires O(nm) operations, and the total cost of the CBC algorithm
will be O(n2d?). This shows that the complexity of the CBC construction is smaller
for order-dependent weights than for finite-order weights.
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6.4. The cost of the construction for weights which are both order-
dependent and finite-order. If we assume that the order-dependent weights
are also finite-order, then

1 n—1 q*
ey a(2) = - Z ero-k(d7 0).
k=0 £=1
With the assumption that ¢* < d, the total cost of the construction will be reduced
to O(n?dq*), with additional O(ng*) memory required for storage.

6.5. Speeding up the CBC construction. A fast CBC construction has recently
been proposed by Nuyens and Cools in [I1] for shift-invariant reproducing kernel
Hilbert spaces. Their technique is based on writing the CBC algorithm appropriate
for these function spaces in terms of matrix-vector multiplications and then applying
a fast algorithm to do these multiplications. For multiplication of an n x n matrix
with an n-vector, the operation count is reduced to O(nlnn) from the normal
O(n?).

Their technique can be modified so that it applies to the CBC algorithm given in
Section @l Thus for the case of general weights, the O(n2d2¢) operation count may
be reduced to O(nln(n)d2?), while for finite-order weights the operation count
may be reduced to O(nln(n)d? *1). In the case of order-dependent weights, by
first doing a summation over all weights and then applying the fast matrix-vector
multiplication, the total operation count may actually be reduced to O(ndIn(n) +
nd?) with O(nd) additional storage as mentioned in Section Further details of
such a fast algorithm may by found in [Il, Section 4]. In that work, a function of
the form

is minimized. For the weighted star discrepancy considered here, we see from
Section [6.3] that we can apply their fast algorithm by taking

w(x) = Z/

—ncp<n al

2rmihx
< x € [0,1].

Finally, if the weights are both order-dependent and finite-order, then the cost
of the construction will be O(nd1n(n) + ndg*) with O(ng*) additional storage.
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