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Abstract

Characterisations are provided of the Hermite normal form of certain integer
circulant and skew-circulant matrices. These matrices are associated with rank-
1 circulant and skew-circulant lattice rules. Previous computer searches for
lattice rules of specified trigonometric degree have indicated that there is some
merit in searches of such lattice rules.

We also consider the question of whether a Hermite normal form with the
characterisation for these rank-1 circulant lattice rules is actually associated to a
circulant lattice rule. Though the answer is negative in the general case, several
examples where the answer is positive will be given.
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1. Introduction

Here we provide characterisations of the Hermite normal form of certain
integer circulant and skew-circulant matrices. We recall:

Definition 1. An s x s integer matrix H is in Hermite normal form (HNF)
when H is upper triangular and

Oghij<hjjfor1§i<j§s.

For a given integer matrix B with | det(B)| = n, there is a unique H in HNF
such that
H=UB with det(H)=n,

where U is some unimodular matrix (an integer matrix with determinant +1).
We shall call H the HNF associated to B. Information about the HNF may
be found in [9], but note that the results there assume a lower triangular HNF
obtained by elementary column operations whereas here we assume an upper
triangular HNF obtained by elementary row operations. The results there may
be easily translated to the situation here.
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The integer circulant and skew-circulant matrices of interest here are those
associated with rank-1 circulant and skew-circulant lattice rules. Lattice rules
are used to approximate the s-dimensional integral

/ f(z) de
[0,1]®

and make use of n points in [0,1)® that belong to some integration lattice.

Definition 2. An s-dimensional lattice is an infinite set of points in R® that is
closed under addition and subtraction and has no limit points. An integration
lattice A is a lattice that contains Z° as a sublattice.

Corresponding to any lattice is a generator matrix.

Definition 3. An s X s matrix A is termed a generator matriz of the s-dimen-
sional lattice A when A comprises precisely all points of the form

r = ES:)\ZG,L = )\A,

i=1
where X = (A1,..., ;) € Z® and a; is the i-th row of A.

Note that in this paper, all points and vectors are written row-wise, so that,
for example, © = (x1,2,...,25_1,2s). More general information about lattice
rules may be found in [7] and [10]. Generator matrices for integration lattices
are considered in detail in [4].

Related to A is B = (AT)~!. The matrix B is a generator matrix for the
dual lattice A*. This dual lattice is conventionally defined by

peAt e p-xeZvVe e,

where - denotes the dot product. If A generates an integration lattice A, then
all elements of B are integers and | det(B)| = n, where n is the number of points
belonging to [0,1)* N A.

For choosing a ‘good’ lattice rule, some criterion needs to be chosen. Some
criteria, such as high trigonometric degree, result in computer searches using B.
Computer searches by Cools and Govaert [1], Cools and Lyness [2], and Lyness
and Sgrevik [5] based on high trigonometric degree showed there was merit in
lattice rules for which the associated matrices B were integer circulant or skew-
circulant matrices. We refer to these lattice rules as circulant or skew-circulant
lattice rules.

For a circulant lattice rule, the associated B is of the form:

bo by by -+ bs_o bs—
be—1 bo b1 -+ bs—z bs_2
bs—2 bs—l bO e bs—4 bs—3

by bs by - bo by

b1 by b3 -+ bso1 by |




where the bg,...,bs_1 € Z. Skew-circulant matrices differ from circulant ma-
trices by a change of sign of the elements below the main diagonal. For a
skew-circulant lattice rule, B is of the form:

bo b1 by oo bs—2 bs
—bs—1 bo bi o bs—z s
_b572 _bsfl bO o b574 b573
B = . ) ) ) .
by =by  —bi o by by
by by by o by by |

For a given n, one may wish to do a computer search through the circulant
(or skew-circulant) matrices B with |det(B)| = n to find good matrices B.
The problem is that for a given lattice, there are many choices for B, even if
restricted to integer circulant matrices. If U is an s X s unimodular matrix, then
U B generates the same lattice as B. The matrix UB results from performing
elementary row operations on B.

For an efficient computer search, it would be useful to have information
about which HNF's are associated with circulant or skew-circulant lattice rules,
so that we can just search through these lattice rules. This has led to the
results in this paper which provide characterisations of the HNF associated to
integer circulant and skew-circulant matrices when the HNF is of the form given
below in (2). However, the results obtained are not entirely satisfactory. The
comments in the next paragraph and the contents of the final section mean that
a computer search among HNF's with such a characterisation may include lattice
rules which are not circulant and may omit some circulant lattice rules.

Here we restrict ourselves to HNFs which are of the form

1 00 - 0 hy]
1 0 - 0 hy
00 1 --- 0 hs

H=|. (2)
00 0 - 1 he,
000 -~ 0 =n |

where 0 < hy <n, 1 <k <s—1,and n = |det(B)| is the number of points in
the associated lattice rule. Currently, it is not known which circulant and skew-
circulant lattice rules have an associated HNF of the form given in (2), though
a simple necessary condition for such a circulant or skew-circulant lattice rule is
that ged(bg, b1, ..., bs—2,bs—1) = 1. Moreover, lattice rules associated to such an
HNF have to be what are known as rank-1 lattice rules. When n is square-free,
all lattice rules with n points are rank 1 (see Section 9.2 of [10]). Lattice rules
of higher rank do not have a HNF of the form (2). We remark that though the
interest here is in numerical integration, lattices are of relevance in lattice-based
cryptography (for example, see [8] and [12]). In these two references, a HNF of
the form (2) is called an ‘optimal’ HNF.



In the next section, we provide relationships between the hq,...,hs_1 in
(2) when H is a Hermite normal form associated with a B for rank-1 circulant
and skew-circulant lattice rules. In the final section, we look at the question
of whether a Hermite normal form satisfying these relationships (as given in
Theorem 1 in the next section) is actually associated to a rank-1 circulant
lattice rule. Though the answer is a negative one in the general case, the final
section considers several examples where the answer is positive.

2. Main results
The first result we consider is the one for circulant lattice rules.

Theorem 1. Let H be of the form (2) and suppose it is the HNF associated
to a rank-1 circulant lattice rule having n points. Then the elements in the last
column of H satisfy the following:

hi=(-1)° (mod n) (3)

and
hi = (=1)*'hY  (modn), 2<k<s—1. (4)

Remark 1. Since 0 < hy < n, 1 <k < s—1, then fixing hy € [1,n — 1] fixes
all the other values ho, ..., hs_1.

Remark 2. When s is even, h;y = 1 is a solution of (3), while hy = n — 1 is
always a solution since (n — 1)* = (=1)* (mod n). When hy = n — 1, then
(—=1)*=1h% = —1 (mod n) which shows that hy = hy =---=hs_ 1 =n— 1.

Remark 3. Bounds on the number of solutions of the equation
hi=(-1)° (mod n)

are known. For example, if n is prime, Lagrange’s theorem shows there are at
most s solutions modulo n for hy (see [11, Theorem 6.3]).

Before giving the proof, we state in Lemma 1 a property of circulant matrices
that is needed in the proof. Such a property may be found in the monograph
by Davis [3]. It is a simple consequence of the fact that any circulant matrix
may be written as a polynomial of the cyclic permutation matrix T introduced
in the proof below. As shown in [5], the Lemma below is also true if occurrences
of ‘circulant’ are replaced by ‘skew-circulant’.

Lemma 1. Let C and D be two circulant matrices of the same size. Then CD
is a circulant matriz and CD = DC.



PROOF. For the proof of Theorem 1, we introduce the cyclic permutation matrix

01 0 0 0
0 0 1 0 0
T= Do : o
00 o0 --- 01
100 --- 0 O

Clearly, T is a circulant matrix. Then Lemma 1 shows that the powers T%
for 1 < k < s —1 are circulant as well. Being a permutation matrix, 7 is a
unimodular matrix and a cofactor expansion down the first column of 7' shows
that det(7") = (—1)*~!. Hence the T* are also unimodular matrices.

Let B be an s X s integer circulant matrix and suppose its associated HNF
is of the form given in (2). So we can write H = UB for some unimodular
matrix U. Then for any k satisfying 1 < k < s — 1, we have

HT* =UBT".
For circulant B, Lemma 1 shows that BT* = T*B. Hence
HT* =U(T*B) = (UT*)B.

Since UT* is unimodular, then HT* and B generate the same lattice. But since
H generates the same lattice as B, it then follows that HT* and H generate
the same lattice.

Now we have assumed that H is an HNF of the form given in (2), namely,

1 00 - 0 M
1 0 -~ 0 hy
00 1 -+ 0 by
H= | . . . . I
00 0 - 1 hyy
000 -~ 0 =n |

where 0 < h, <n,1 <k <s—1, and n = |det(B)|. Let e; be the j-th standard
unit vector (treated as a row vector) and

hi
ha
T — :
hsfl
n
This allows us to write
T
H = [el ,eQT, ,eST_l,h



Then for 1 < k < s —1, we have

k __ T T T T _T T
HT” = |:657k+1 (mod s)’esfk+2 (mod s)""7esfl7h 7617...,657k:|,

where b’ is the k-th column of HT*, and for convenience of notation, we take
€y — h.
Now consider the first row of HT* when 1 < k < s — 2. This row is given by

r=1[0,0,...,0,h1,1,0,...,0],

where hy is in the k-th position. As r (considered as a point of a lattice)
belongs to the lattice generated by HT", it must belong to the lattice generated
by H. It then follows from Definition 3 with & = r and A = H that there exist
Al,..., As € Z such that

r = M[1,0,...,0,h1] + X2[0,1,...,0,ho] + -+ As_1[0,0,...,0,1, hs_1]
+24[0,0,...,0,0,7]
s—1
= (A2 An Y A+ An
j=1

Matching the first s — 1 components of r yields Ay = h1, Agy1 =1, and A; =0
for 1 <j<kand k+1 < j<s—1. Moreover, matching the last component of
T yields

0= hihr + hi+1 + Asn.

Hence
hk+1 = 7)\377, — hlhk

which leads to
hi41 = —hihg  (mod n).

By taking k =1,2,3,...,s — 2 in turn, we then conclude that
hisr = (=1)"RE™ (mod n)

for 1 < k < s — 2, which shows (4).
To show (3), we see from this last equation with k = s — 2 that

hihs_1 = hi(=1)*"2h57Y  (mod n) = (—=1)°h; (mod n). (5)

Now we have
[y T T T
HT = [h el el el .

The (s — 1)-th row of this matrix is given by [hs_1,0,...,0,0,1]. This row
(considered as a point of a lattice) must belong to the lattice generated by H.

Hence, similar to the above, there exist A1,...,\s € Z such that
s—1
he1,0,...,0,0,1] = A, Agy oy Ae1, D Ajhy 4+ Asn
j=1



This then means that Ay = he—1 and A; = 0 for 2 < j < s — 1. The last
component of the point on each side of this last equation yields

1= hs_1h1 + Asn.
Hence hs_1h1 = 1 — Agn, which leads to
hs—1h1 =1 (mod n).
This together with (5) then shows that

(=1)°hi =1 (mod n),

which then leads to (3). This completes the proof. O
Example 1. Let
5 33 8
B = 8 5 33
33 8 5

Then the HNF associated to this circulant B is

1 0 16789
H=]0 1 12281
0 0 32614

One may verify that
16789 = —1 (mod 32614) and 12281 = —16789% (mod 32614).

The result for skew-circulant lattice rules is similar.

Theorem 2. Let H be of the form (2) and suppose it is the HNF associated to
a rank-1 skew-circulant lattice rule having n points. Then the elements in the
last column of H satisfy the following:

hi=-1 (mod n)

and
hy =hY (modn), 2<k<s-—1.

Proor. For this proof, the circulant matrix T in the proof of the previous
theorem has to be replaced by the skew-circulant matrix

o10 --- 00

001 .- 00
T=| o :

0 0 O 0 1

-1 0 O 0 0



As T is a skew-circulant matrix, Lemma 1 shows that the powers T* for
1 <k < s—1 are as well. A cofactor expansion down the first column of T
shows that det(T") = (—1)%. Hence T and the T* are unimodular. As in the
previous proof, we conclude that H " generates the same lattice as H.
With
H= [elT,eQTw..,esTfl,hT ,

then for 1 < k < s— 1, we have
rk T T T T T T
HT" = T€s—k+1 (mod s)’ " €s—k+2 (mod s)""vfes—lﬁfh 1€1y s €k

where eg = h. The full details of the rest of the proof are then similar to those
given in the proof of the previous theorem and so are omitted. O

3. The sufficiency of the characterisation for circulant lattice rules

In this section, we look at the question of whether a Hermite normal form
of the form (2) and that satisfies the relationships (3) and (4) of Theorem 1 is
actually associated to a rank-1 circulant lattice rule. In other words, whether
such a HNF is the HNF of an integer circulant matrix.

Unfortunately, it is not difficult to see that the answer is negative in the
general case. In the case s = 2, suppose we have

[ 1 hy ]
H= { 0 n |’
where hZ =1 (mod n). Now for s = 2, an integer circulant matrix has to be of
the form )
_ | bo b
b= [ bi bo |’

where by, by € Z. Since n = |det(B)| = |b3 — b?|, n has to be expressible as a
difference of two squares. This means that n Z 2 (mod 4); see [11, Problem 25
of Exercise 8.1]).

Even if n is the determinant of an integer circulant matrix, the answer is
still negative in the general case. To see this, suppose

1 1
H{o ba—bﬂ’

where by, by € Z with 0 < by < by. Then this H satisfies the relationship (3) of
Theorem 1. If this H is associated to an integer circulant matrix B, there must
exist a unimodular matrix U such that H = UB or B = U~'H. However, it is
easily checked that

s[5 w10 ey 1o wlal



For this U™!, its inverse U does not have integer entries and hence is not a
unimodular matrix. So the given H cannot be the HNF associated to an integer
circulant matrix.

We now give some examples of H of the form (2) that satisfy the relationships
(3) and (4) of Theorem 1 and which are associated to circulant matrices having
a known form. Here we shall make use of some of the matrices considered in
Newman [6]. As we saw above in the case s = 2, the determinant of an integer
circulant matrix can take on only certain values. The paper of Newman [6]
considers the possible values of the determinant of integer circulant matrices.

Suppose we have an H of the form (2) such that the relationships (3) and (4)
of the theorem (with det H = n) are satisfied. If we can find an integer circulant
matrix B with det(B) = n and an integer matrix W such that WH = B, then
H must be the HNF associated to B. To see this, we note that WH = B or
H = W~!B. Since W is an integer matrix with det(W) = 1, then W1 is a
unimodular matrix.

From the form of H, we see that the first s — 1 columns of W are identical
to those of B. So the first s — 1 columns of W are integers if B is a circulant
matrix of the form (1). More specifically, we have

wk,j:b(jfk)modm 1Sk§5a 1§j§5_1
From (1) we see that the elements of B in the last column are given by
bk,s = bs—k7 1<k<s.

Then by considering the last column of B = W H, we have for 1 < k < s,

s—1 s—1
bk,s = bs—k = § wk,jhj + Wk,sT = E b(jfk) mod shj + Wk, s
j=1 j=1

So for 1 < k < s, the elements in the last column of W are given by

bs—k — Z;:{ b(j—k) mod sh;
n
k—1 s—1
o bsmk = 5 bowhy — 3050, bj-khy (©)

n

Wg,s =

)

with the usual convention that empty sums have the value zero. If we have
wg,s € Z for 1 <k < s, then W is an integer matrix. In this case, H is the HNF
associated to the integer circulant matrix B.

Example 2. Let g be a positive integer and let H be the s x s matrix given by

1 00 0 gs(s—1)—1]
10 0 gs(s—2)—1
0 01 0 gs(s—3)—1
H= : (7)
oo0o0 - 1 qgs —1
L0 00 -~ 0 qs> ]




The first s — 1 entries in the last column are given by hy = ¢s(s — k) — 1,
1 < k < s—1. For positive integer m, we have

= st ==Y (7 )tasts = vy -pym
=0
= 21: (T) (gs(s —1))"(=1)™" (mod gs?)

i=0
((=1)™ +mgs(s = )(=1)™"")  (mod gs°)
((—1)m — mqs(—l)mfl) (mod qs2).

With m = s and m = k, we obtain
h = (—1)* (mod ¢s?) and (—1)*7'hY = (=1 —kgs) (mod g¢s?).

Since hy, = gs(s — k) — 1 = (—gsk — 1) (mod ¢s?), we see that the h;, satisfy
both (3) and (4) of Theorem 1 with n = ¢s?.

As we shall show below, the H given above is the HNF associated with the
integer circulant matrix B having

bO:q+17 blzq_17 bj:(L 2SJSS_17

when s is odd or both s and g are even. The matrix H has determinant n = ¢s>
as does the integer circulant matrix B. This latter result and this circulant
matrix may be found in the proof of Theorem 4 in [6].

To verify that this H is indeed the HNF associated to this B, we make use
of (6) and show that all the values of wy, s are integers. Because by, b1, and the
other b;, 2 < j < s — 1, have differing values, we need to use (6) with the three
possible values of bs_.

For k = s, we have from (6) that

bo — 51 bihy

Ws,s = )

qs
_ @+ —(g-Dh — 430k
qs?
(a+1) —(a=Dlos(s = 1) = 1) —a X s(as(s =)~ 1)

qs?

One may verify that this last expression simplifies to 1 — ¢(s — 1)/2 which is
integer when s is odd or both s and ¢ are even.

10



For k = s — 1, we have from (6) that

b1 — Z}:f bj+1hj —bohs—1

Ws—1,s = q52
4135 hy — (g + Dha
_ -
g—1—qY " as(s —j) — 1) — (¢ +1)(gs — 1)

qs>

This last expression simplifies to —g(s — 1)/2 which is integer when s is odd or
both s and ¢ are even.
For 1 < k < s — 2, we have from (6) that

k— s—
bs—i = 21 bswjrhy = 30575 bj—khy

Wg,s = q82
=X~ (@ Dhe— (0= Do — 05500l
qs*
= aXiTiasts =) = 1) = (g+ Dlgs(s —k) = 1)
_ e
C(a=D(as(s =k —1) = 1) g 3574 a(as(s —5) — 1)
gs* '

This last expression also simplifies to —g(s — 1)/2. Hence the H given in (7) is
indeed the HNF associated to an integer circulant matrix when s is odd or both
s and ¢ are even.

Example 3. The previous example requires that s be odd or that both s and ¢
are even for the H given in (7) to be the HNF associated to the integer circulant
matrix having

In the case s = 2, we have

g+1 ¢-11 [q+1 —q/2 1 29—1
g—1 qg+1 | | ¢g—1 1—gq/2 0 4q ’

So when ¢ is even, this last matrix is the HNF associated to the integer circulant
matrix on the left-hand side of this last equation. However, when ¢ is odd, we
have

(REDREE S !

This last matrix is the HNF of the generator matrix for what is called a rank-2
lattice rule. Since ged(bg, b1) = ged(g+1,¢—1) = 2 when ¢ is odd, the comments

11



in Section 1 show why we do not have a HNF associated to a rank-1 circulant
lattice rule.

Numerical calculations for s = 6 show that the previous example cannot be
extended to the case of even s when ¢ is odd.

For the case s = 4, we do find that the matrix product

g+1 g—1 ¢ (1—3q)/2 1 0 0 4¢—1
q g+1 ¢g—1 (1-3q)/2 0 1 0 8-—1 (8)
q ¢ q+1 (=1-3q)/2 00 1 12¢—1
qg—1 q q (1-3q)/2 0 0 0 16¢
is given by
g+1 g—1 q q
qg q+1 g-—1 q
) 9
q q q+1 ¢g—1 Q
qg—1 ¢ q q+1

When ¢ is odd, then (+1 — 3¢)/2 is an integer. Moreover, one may verify that
(4g—1)* =1 (mod 16q), 8¢—1 = —(4¢—1)? (mod 16q), and 12¢—1 = (4¢—1)3
(mod 16¢). In other words, the elements of the last column of the second matrix
in (8) satisfy the relationships (3) and (4) of Theorem 1. Then a matrix of this
form is the HNF associated to the integer circulant matrix given in (9) when ¢
is odd.

Example 4. For the final example, consider

100 -+ 0 n—1]
010 -« 0 n—1
001 - 0 n—1
H =
000 -« 1 n—1
(000 -~ 0 =n |

As mentioned in the second Remark after Theorem 1, the values n—1 in the last
column of H satisfy the relationships (3) and (4) of Theorem 1. Now suppose
n is such that ged(n,s) = 1. Then it is claimed that this H is the HNF of the
integer circulant matrix B given by

bp=br=-=b_1=q+1, b=bg1=-=bs_1=g,

where n = gs + r for integers ¢ and r with 1 <r <s— 1.

To verify this claim, we again look at the elements in the last column of
W where WH = B and show they are all integers. We have h; = n — 1 for
1 < j <s—1. Each row of B has r values of ¢ + 1 and s — r values of q.

In the case when 1 < k < s —r, we have b,_, = ¢. This leaves r values of
g+ 1 and s —r — 1 values of ¢ in the k-th row of B. It then follows from (6)

12



that

g—rl@+DHmn—-1) - (s—r—1gn-1)
n
—qgsn+qn —rn+qs—+r

= =—gs+qg—r+1cZ,
n

Wg,s =

where we have made use of n = gs + 7.

Similarly, when s —r 4+ 1 < k < s, we have bs_; = g+ 1. This leaves r — 1
values of ¢ + 1 and s — r values of ¢ in the k-th row of B. From (6), we then
obtain
g+1-(-1g+)mn-1)—(s—r)g(n—1)

n
—gsn+qn—rn+n-+gqgs+r c
n

Z.
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