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We discuss lattice reduction in complex and quaternion vector spaces, together
with properties of random unimodular lattices that hold statistically, mainly in
two dimensions. The computational problem of applying lattice reduction in
complex and quaternion lattices is taken up. We give a unified proof of con-
vergence of the appropriate analogue of the Lagrange-Gauss algorithm in the
real case to the shortest basis. After specifying a meaning of random lattices,
a decomposition of the invariant measure is given it in the coordinates with
respect to the shortest basis, and integration over the latter gives rise to proba-
bility density functions of certain statistics. Numerical implementation of the
lattice reduction algorithms allows for those statistics to be generated by sim-
ulation, and excellent agreement with the theory is obtained in all cases.
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Chapter 1

Introduction

An 2-dimensional unimodular real lattice is an integer span of a basis of
R?, with its determinant having modulus 1, i.e. Zb; + Zb, and | det[b; by]| = 1.
Such a concept can be generalised to N dimensions. Each lattice is associ-
ated with a reduced basis, in the sense that the basis consists of the shortest
linearly independent vectors, which can be found by using lattice reduction
algorithms. If the lattice is random its basis is a random matrix, following
some distributions, and of particular interest is the statistically properties of
this random basis such as the length of each basis vector and the angles be-
tween each pair of basis vectors. In a recent work [13], the functional forms of
such statistical properties of 2-dimensional real random lattices in the sense of
Siegel [32] are obtained exactly by integrating over the fundamental domain
(set of all reduced lattices). In the same paper a procedure to generate those
random lattices is also introduced and by applying a Lagrange-Gauss lattice
reduction algorithm (see e.g. [1]), samples of the random basis are obtained
and histograms are implemented showing the excellent agreement with the
exact PDFs.

Exploring analogous questions in higher dimensional lattices is then a
natural problem. However, the problem is complicated, as for example the
Lagrange-Gauss algorithm only generates the successive minima up to dimen-
sions N = 4 [31, 24], and in higher dimensions this task is costly and compli-
cated. In random matrix theory, matrix groups with entries from any of the
three associative normed division algebras R, C or H are fundamental [11].
As such, attention is drawn to extending the considerations of [13] to the case
of complex and quaternion vector spaces C* and H?. One remarks that lat-
tices in these vector spaces, with scalars equal to the Gaussian integers for C?,
and Hurwitz integers for H?, received earlier attention for their application to
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signal processing in wireless communication [39, 15, 5, 35], and their conse-
quences for lattice packing bounds [37] respectively. The study [23] extends
the LLL lattice reduction algorithm to these settings.

This motivates us to undertake a study of the 2-dimensional complex and
quaternion lattice reduction problems, with some results applying for general
dimensions. In Section 2 it is shown that an /N-dimensional quaternion lat-
tice can be viewed as a 2/N-dimensional complex lattice or a 4/N-dimensional
real lattice, with some symmetry. In Section 3, we show that the main reason
why a greedy reduced basis is that the shortest basis is the "integers" permit
a Euclidean algorithm, and 2-dimensional complex and quaternion lattice re-
duction algorithms with respect to Gaussian and Hurwitz integers is therefore
built by imitating the real Lagrange-Gauss algorithm. In the 2-dimensional
complex case, the probability density function (PDF) for the lengths of the re-
duced basis vectors and the scaled inner product | u;'uz/|luy|[|uz|| | are com-
puted analytically in Section 4. Analogous considerations are applied to the
quaternion lattice, but the corresponding measure is much more complicated
to deal with. We find the shortest vector behaviour with length less than 1 by
using Siegel’s mean value theorem [32], and the asymptotic behaviour of the
second shortest linearly independent vector with length tending towards infin-
ity. The exact functional form of the PDF for the scaled inner product of the two
basis vectors is also found. In Section 5 a way to sample matrices from SLy (C)
and SLy (H) with a bounded operator norm is found. As for the case of SLy(R)
discussed in the first paragraph of this chapter, we take the viewpoint that the
columns of these matrices specify bases for C and H" respectively, and then
implement the Lagrange-Gauss algorithm in the complex and quaternion case,
obtaining histograms approximating the PDF for the lengths of the reduced
basis vectors and the scaled inner product | u;"us/||uy||[[uz| |, and where pos-
sible compare against the analytic results. Furthermore, we have found the
reason why bounded set gives a good approximation of the whole space in the
sense of lattice reduction, and derived that the error produced by the cut-off
is bounded by the tail of the PDF of the second shortest basis vector. A few
related topics are discussed in Section 6.




Chapter 2

Lattices and reduced basis

Real and complex lattices

Let N > 1and x;, X, ..., Xy be a basis of RY. A (real-valued) lattice with
dimension N and basis X1, Xa, ..., Xy is defined as the integer span of the basis
vectors:

N
L= {Zanxn:VXn e RY, VYa, EZ}.
n=1

The basis forms an N x N matrix X = [xy, ..., Xy, where the vector x; corre-
sponds with the i-th column. The determinant of the lattice L with the basis
X1, Xg, ..., Xy is defined to be

det £ = | det X].

Proposition 2.1. Although there are infinitely many basis for a lattice, the determi-
nant of the lattice does not depend on the choice of basis.

Proof. Follow the prove given from [1, Corollary 1.11]. Suppose X and Y are
the matrix forms of two basis generating the same lattice, then X = BY, Y =
CX with B and C being N x N matrices consisting of integer entries, and so
X = BCX. Since X is a basis, it is invertible and the equation becomes BC =1,
which gives

det(B) det(C) = 1. (2.1)
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Because B and C have only integer entries, it follows either det(B) = det(C) =
1 or det(B) = det(C) = —1. Hence |det(Y)| = |det(CX)| = | £ det(X)| =
| det(X)]. O

This allows us to discuss the volume spanned by basis vectors, sometimes
called covolume, which has the same value as the absolute determinant of the
lattice. Therefore, real lattices can be classified according to their determinants
and the unimodular lattices, which have determinant 1 are of interests, since
for any N dimensional lattice £ with determinant ), a corresponding lattice
L with determinant 1 can be constructed by scaling each basis vector using a
factor A7/,

This concept can be generalised into a complex-valued lattice (or complex
lattice), defined as the Gaussian integer span of the complex-valued basis vec-

tors:
N
L= {Zznxn :Vz, € Z[z’]},
n=1
where x,, € CV and the notation Z[i], defined as {a+bi € C : a,b € Z}, denotes
the set of all Gaussian integers.
Proposition 2.2. The determinant of a complex lattice, defined as the modulus of the
determinant of one of its basis, does not depend on the choice of basis either.

Proof. Following the settings of Proposition 2.1 with complex matrices and
Gaussian integers replacing real matrices and integers respectively, equation
(2.1) is obtained. Taking the modulus of both sides we have | det (B)| | det(C)| =
1, and since the modulus of non-zero Gaussian integers must be greater than 1,
| det (B)| = | det (C)| = 1 also holds and so does the same equality | det(Y)| =
| det(CX)| = | det(C)| | det(X)| = | det(X)]. O

A complex number 2 can be expressed as a pair of real numbers, or a 2 x 2
block matrix:

z:a+bz’<:>[a b] (2.2)
-b a

where the matrix addition, multiplication, inversion and conjugation coincide
with the corresponding operations in the complex field, for example:

(a+ bi)(c+ di) = (ac — bd) + (ad + be)i
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<:>ab c d| |ac—=bd ad+bc| | c d||a b
b a] |-d c¢|  |-ad—bc ac—bd| |—-d c||-b a]’
Although general matrix multiplication is not commutative, the multiplication
of such Hermitian matrices commutes. Then it is natural to think of the equiv-
alence between N-dimensional complex lattices and 2/N-dimensional real lat-

tices. Consider a 4-dimensional real lattice £ whose basis can be written in the
following matrix form:

by b b bl
—byy by —by, b
by by by by
—by b by b

A:[al Ay as 34]:

where each column represents a basis vector a;. For integers 2%, 2%, 2] 21 write

I R I R I I
T biy by by by <1
R I R I R R
Ty R —byy by —biy by 21

. I R I _
= alzl + agzl + 3322 + 34212 = bR bI bR bI 7l - (23)
21 21 22 22 29

w3 —bjy b —biy by |2
The vector [z! 2 2L 2] is therefore an element of the lattice £. Denote z; =
o+ afi, zj = 2] + zfi and b, = by + 0! 4i for j, k € {1,2}, from the rule of
matrix multiplication equation (2.3) is equivalent to:

Fl] =z {511] ¥ 2 {512} _ {511 blZ] [2’1]
T2 ba1 bao bai  baa| |22
where the 2 x 2 matrix represents a basis of C?, z1, z; are Gaussian integers,
and the vector [z; 2] " is an element of a 2-dimensional complex lattice. This

can be generalised to N dimensions. For a N-dimensional complex lattice with
basis B, the complex mapping x = Bz can be equivalently expressed as

[fm(z1) Re(z;) Im(z2) Re(x,) ..] = A [Im(z) Re(z;) Im(zo) Re(z) ..] |

where A is a 2NV x 2N matrix, obtained from B by writing each complex entries
into a 2 x 2 block using (2.2). Hence, any N-dimensional complex lattice can
be viewed as a special case of a 2/N-dimensional real lattice. Sometimes con-
cepts and results can be formulated directly for complex lattices with minor
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modification from the real ones.

Quaternions and quaternion lattices

The idea of using 2 real numbers to represent a complex number is called
the Cayley-Dickson construction, with which we can construct new number
systems. Define a new imaginary unit j with j> = —1. Now writing

q:z+wj4:){z_ Qf},z,wEC (2.4)
z

—w

gives us a definition of quaternions. Denote by H the number system of quater-
nions. All operations defined in it including addition, multiplication, inver-
sion and conjugation follow the rules of corresponding operations defined in
GL,(C), the set of 2x2 invertible complex matrices. Multiplication here is not

commutative since
0 72/ [z O i 0110 1
B e A R

and therefore H is a non-commutative division ring. Another expression for
the quaternions is the Cartesian form ¢ = a + bi + c¢j + dk where a, b, ¢, d are real
numbers and the three imaginary units 7, j, k follow the multiplication rules

=2 =k*=—1, ij = k.

These two expressions are equivalent in the setting z = a + bi and w = ¢ + di.
There is one real part and three distinct imaginary parts of a quaternion:

Re(q) = a, Im;(¢) = b, Im;(q) = ¢, Imy(q) = d.

It can also be checked that quaternions inherit the property of complex num-
bers:

4G=qg=a’+b+ +d* €R
and this is defined to be the modulus of a quaternion |q|.

Recall the Euclidean space R and its generalisation C", which consists
of all N-tuples (column vectors) of real or complex numbers respectively. For
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any real or complex vectors u and v, the inner product defined on these spaces
can be written into the same form:

N
u'v = Z Up Uy, - (2.5)
n=1

We use the physicists” definition, as it is convenient to analyse column vec-
tors. In this definition, the inner product is commutative, linear in the second
argument, and positive definite:

u'v = viu, uf(av, + v,) = aulv, + u'vy, ulu >0

where the last one holds as an equality only for u = 0. The norm induced by

this inner product is a real-valued function defined as |[u| = /3., G,u, =

Vvutu. Since completeness of the norms hold, those spaces are Hilbert spaces.
An important result of vectors in R and C" is the Cauchy-Schwarz inequality:
[vha] < [lulf[|v]].

Unlike C%, it is only possible to discuss the H-module instead of a vector
space, since H is not a (commutative) field. Define H" as a right H-module con-
sisting of all N-tuples of quaternions, together with addition and right scalar
multiplication over H. With u and v viewed as N x 2 complex matrices, the
inner product can also be defined as (2.5) with commutativity. The linearity
here is changed to

u'(via 4 vy) = u'via + ulv,

as « is a quaternion and the multiplication is not commutative. Also for u =
(QIa e QN)T;

N N
u'u= Z(ann = Z |Qn|2 >0
n=1 n=1

where the equality holds only for all ¢, = 0 and this gives a positive definite
inner product. The norm induced by the inner product can be defined in the
same way, and the Cauchy-Schwarz inequality also holds since if we let A =
IvII=*v'a,

0 < flu—vAl?

= HuH2 — viu) = viul + HVHQ)\;\

= [[ul® = IvI*viul® = viu > [u]|lv].
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However, since H is a non-commutative division ring, H" is not a Hilbert
space.

A quaternion — valued lattice (quaternion lattice) can be then defined as
the Hurwitz integers span of quaternion-valued basis vectors:

N
L= { > gux, 1 Vg, € H}, (2.6)
n=1

where x,, € HY and H defined as {a+bi+cj+dk € H: a,b,c,d € Zor a,b,c,d €
Z + %}, denotes the set of all Hurwitz integers. Their distinguishing feature
from the obvious Lipschitz integers, defined as the quaternions with each com-
ponent an integer, is that they allow for a Euclidean algorithm (see e.g. [22]).
Proposition 2.3. The determinant of a quaternion lattice, defined as the modulus of
the determinant of one of its basis, again does not depend on the choice of basis.

Proof. Analogous to Propositions 2.1 and 2.2, we follow the same settings in
Proposition 2.1 except replacing real matrices and integers with quaternion
matrices and Hurwitz integers, and then by the same steps we eventually get
(2.1). Since the modulus of a non-zero Hurwitz integer is bigger than 1, the
equality

|det (B)| = |det(C)| =1

holds as well, and using similar discussion one can finish the proof. O

We can show the equivalence between N-dimensional quaternion lattice
and 2N-dimensional complex lattice as above. For an N-dimensional quater-
nion basis B and column vector z with Hurwitz integer entries, x = Bz gives
all elements in the quaternion lattice. This is equivalent to

[ Re(x;) + iIm;(x;) [ Re(z) + ilm;(z,)
Im;(x;) + iImy(x;) Im;(z1) + ilmy,(z1)
Re(x;) 4 iIm,(x2) | = A | Re(za) + ilm,(zs)
Im;(x2) + iImy,(x2) Im;(z2) + ilmy(z2)

where A is changed from B by writing each quaternion entries into a 2x2 block
using (2.4), an analogue of (2.2). Here, due to the special structure of Hurwitz
integers that it contains two sub-lattices, one of which consists of translated
Lipschitz integers, the corresponding "complex integers" should be such that
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at the (2n — 1)-th and 2n-th places both are Gaussian integers or half Gaussian
integers, with1 <n < N.

A convenient notation of real, complex and quaternion number systems is
introduced:

]F:

R, =1
C, =2
H, =4
where the label 3, borrowed from the random matrix theory, denotes the num-
ber of independent real parts. Lattices are considered to be F-valued without

further description. Units in IF are sometimes uniformly represented by e, with
0 <r < B — 1 for consistency, i.e.

126077::617].:627]{::63-

Furthermore for the corresponding "integers" in each number system, we use
Z®) to denote Z, Z[i] or H, specified by the 3.

Reduced basis

Denote the set of unimodular lattices F§§>, where N is the dimension and
$ denotes the number system. This is also specified by the quotient space
SLy(F)/SLy(Z®), or the fundamental domain. Other than a set of discrete
points, a concise way to specify a lattice is to consider the collection of "short-
est" vectors that generates this lattice, which is also called the reduced basis,
uniquely (up to multiplication by an integer of unit modulus) associated with
each lattice. The fundamental domain F%B) can be then viewed as the set con-
sisting of all those reduced basis.

Definition 2.1. A basis {by, ..., by} of a real lattice £ is said to be (Minkowski)
reduced if for all 1 < i < N, b; has the minimal norm among all lattice vectors

such that {by, ..., b;} can be extended to a basis of the lattice £, i.e.
bl < baff < -+ < [[bll,

Hbz + 1’1b1 R .I'iflbile S HbIH7 V.TZ € Z(m, V2 S 7 S N.
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It is a known theorem that a Minkowski reduced basis corresponds to the
shortest linear independent vectors in the lattice for dimensions N = 2,3 and
4 and in fact we will give a proof for N = 2 with general IF in the next chapter.
However in the case N = 5 the shortest linearly independent vectors may not
form a basis. This is a classical result due to Korkine and Zolotareffin 1870’s.
Consider the matrix of basis vectors

<

I
S O O O N
O O O NN O
O O NN OO
SN O O O
— = = =

One observe that (0,0, 0,0, 2) is a closest vector, but so replacing the last col-
umn does not allow the vector (1,1,1,1,1) to be generated by integer linear
combinations.

Given a SLy(F) matrix B (a basis), there must be a unique (up to sign)
matrix V € FE\?) (a reduced basis), such that they span the same lattice. This
corresponds to multiplying M to the right of B, where M € SLy (Z) i.e.
V = BM, and the choice of M is also unique. Similar discussion for F = R
appears in [1, 13]. Finding the unique M for a given basis is called the lattice
reduction algorithm, which is discussed later on.
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Chapter 3

Two-dimensional Lattice Reduction
Algorithms

Our study of lattice reduction in C? and H? draws heavily on the theory of
lattice reduction in R?. For the logical development of our work we must revise
some essential aspects of the latter, presenting in particular theory associated
with the Lagrange-Gauss algorithm.

The Lagrange-Gauss algorithm for lattice in R*

Let B = {by, by} with ||b;|| < |/bo]| say, be a basis for R?, and let £ =
{n1b1 + nobg | n1,n9 € Z} be the corresponding lattice. The lattice reduction
problem in R? is to find the shortest nonzero vector in £ (call this e), and the
shortest nonzero vector linearly independent from « (call this 3) to obtain a
new, reduced basis.

Let us suppose that a fundamental cell in £ has unit volume. Then with
a, B written as column vectors, the matrix B = [b; by| has unit modulus for its
determinant, which we denote B € SL; (R). Similarly with V = [a 3] we have
V € SL3(R). The matrices B and V are related by

V =BM, M < SL(Z). (3.1)
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The Lagrange-Gauss algorithm finds a sequence of matrices M; € SL; (Z)
(i =1,...,r*) such that

M =M;M,---M,., M,—
1 2 % 1 |:1 O

(in fact for B chosen with invariant measure, M samples from SLj (Z) uni-

formly; see [25]). Define

—mj 1

BjH:BJ[ 1 0], B, = B = [b by, (33)

the first column of B; is the second column of B, so that we can now set
B; =[b;b;]

for some 2 x 1 columns vectors b;, b,;_;. Then (3.3) reduces to a single vector
recurrence
bj+1 = bj,1 — mjbj. (34)

The integer m; in (3.4) is chosen to minimise ||b;;|| and is given by

blb, ;
7

m; = , (3.5)

J { DIk J
where [ - | denotes the closest integer function (boundary case [ | = 0), and so

b/b;_;

bj+1 = bj—l B TN bj. (36)

bl

Geometrically, the RHS of (3.6) is recognised as the formula for the component
of b;_; near orthogonal to b;. The qualification "near" is required because m
is constrained to be an integer so that b, € L.

A basic property of (3.4) is that successive vectors are smaller in magni-
tude whenever m;., # 0.
Lemma 3.1. Suppose m;;1 # 0. We have

;] < [yl (3.7)
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Proof. Generally
] =z +e —
and so
[z — [z]|] = 0. (3.8)

Now, taking the dot product of both sides of (3.6) with the vector b; and divid-
ing both sides by ||b;||?, use of (3.8) with z = b, - b;_; /||b;||* implies

-
o
Comparing the LHS of (3.9) with the definition of m,,, as implied by (3.5) by
writing
{b? bj+1J _ {Hbﬂlu? by ijJ
[Ib; 2 b1 [[bj4a]?
we conclude that if m;; # 0 then (3.4) holds, as required. [

Since the vectors in £ with length less than some value R form a finite set,
Lemma 3.1 implies that for some j = r we must have m, = 0. Then (3.4) gives
b,+1 = b,_;. If at this stage ||b,|| > ||b,_1||, the algorithm stops with r* = — 1
in (3.2), and outputs

a=Db,_;, B=Db, (3.10)

as the reduced basis. If instead ||b,|| < ||b,—1||(= ||by+1]]) the algorithm stops
with 7* = r in (3.2) and outputs

a=b, B=b (3.11)

as the reduced basis.

For both (3.10) and (3.11) it follows from (3.9) with j = r, — 1 respectively,
and the relative length of b, , b, that

a'p
aof <8, [—J =0 (3.12)
or equivalently
a'Bl 1
ol < |81, ‘— < - (3.13)
ledl < 181 |1om| < 5
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Proposition 3.2. The inequalities (3.12) are equivalent to
1B +ma| > [|B] = [laf}  ¥m € Z. (3.14)

Proof. Denote m, = —a'3/||a|/?, where we notice that (3 + m.a) '« = 0,
and thus among all 3 + ma for m € R, 8 + m,a has the shortest length. For
integers m; and my define Am; = m; — m, and Ams = my — m, such that
|Am;y| < |Amsg|. One has

18+ mia|? = [|B + m.a + Amyal® = ||B + m.a” + |Amy | [le]?
and
18 + maar|? = [|B + m.a + Amaa|? = ||B + m.al” + | Amy] [le?,

and therefore ||3 + moc|| > ||3 + mia|. This can also be done backwards to
show that for any integers m; and m, satisfying ||3 + mqax|| > |8 + m1 ||, one
has |Am1] < |Am2|

So on the one hand, if [m.| = 0, the closest integer to m, is 0 and then 3
is the shortest among all 3 + ma for integer m. On the other hand, if (3.14)
holds then 3 is the shortest among all 3 4+ ma for integer m, and therefore
0<m,<1—m,or0>m,>—1—m, whichimply |m.| < 3. O

A basis satisfying (3.14) is said to be greedy reduced in two dimensions
[24]. Of fundamental importance is the classical fact that a greedy reduced
basis in two dimensions is a shortest reduced basis (the converse is immediate).
Proposition 3.3. Let {a, B} be a greedy reduced basis. Then {a, 3} is a shortest
reduced basis.

Proof. We follow the proof given in [14], which begins with the greedy reduced
basis inequalities (3.14). Let v = n;a + no3 be any non-zero element of £. In
the case either n;,ny = 0 it is immediate that ||v|| > ||8|| > ||||. In the case
ny,ny # 0, write ny = gqng + r with ¢, r € Z such that

0<7r < |nal. (3.15)

Then
v =ra+n(8+ qa)
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and thus by the triangle inequality

VIl = |n2| I8 + gadl| — rlle| (3.16)
= (In2| =) B + qe|| + r([I8 + ge|| — [lex]])

Now by (3.14), |3 + qo|| — ||| > 0 and so
V[l = (Jno| =) 1B + qeel| = (I8 + qex]], (3.17)

where the second inequality follows from (3.15). Finally, applying (3.14) gives
VIl = {18l = [lex[| as required. U

Lattice reduction in C?

Recall that with B = {by, by}, a basis in C? such that |det[by, bs]| = 1
restricting the fundamental unit cell to have unit generalised area, the corre-
sponding lattice is defined as

L = {miby + mybg | mi,my € Z[il},

where Z[i] denotes the Gaussian integers. The complex Lagrange-Gauss al-
gorithm proceeds by generalising the working of the real case as presented
above. The equation (3.1) holds with M € SL*,(Z]i]) and the matrices M; in
(3.2) are now elements of SL; (Z[i]) with m; € Z[i]. To minimise ||b, || in (3.4)

requires
bib;_,
77
s — (3.18)
j { B J
where [z] := [Re(z)| +i[Im(z)]| , and so the analogue of (3.6) reads
bib; ,
bj1=bj1— | =1 bj. (3.19)
bl

Next, we would like to establish the analogue of Lemma 3.1.
Lemma 3.4. Define b, 1 by (3.19), and with m; defined by (3.18), suppose m 1 # 0.
Then we have the inequality

byl < [[byl]-
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Proof. Analogously
1 1
2 =247, [Re(r)| <5, [m(r)] < 5

and so
[z—[z]] =0. (3.20)

Now, taking the dot product of both sides of (3.19) with the vector b; and
dividing both sides by ||b;|?, use of (3.20) with z = bib;_;/||b;||? implies

||bj+1||2 b;-&-lbj _ b;r'bj"’l -0 (3 21)
[bjl[* (b2 [bj[?

Comparing the LHS of (3.21) with the definition of m,.; as implied by (3.18)
we gain the required conclusion. O

The complex Lagrange-Gauss algorithm terminates with outputs (3.10) or
(3.11) depending on the validity of ||b,+1]| > |/b,|| as in the real case, and the
vectors o, 3 satisfying

el <l |22 =0 62
or equivalently
el <l Re( 20} <l m(20) <
a2/~ 2 a2/~ 2
Proposition 3.5. The inequalities (3.22) are equivalent to
18+ mall > ||B]| = laf|  Vm € Z[i]. (3.23)

Proof. Denote m, = —a' B/||a|>. We notice that (8 + m.a)'a = 0, and thus
among all 3 + ma for m € C, B + m.a has the shortest length. For Gaussian
integers m; and m, define Am; = m;—m, and Amy = my—m,. Then by similar
discussion to proposition 3.1, |Am,| < |[Amg| < ||B + maa|| > |3 + mia||. So
on the one hand, if [m, | = 0, the closest Gaussian integer to m. is 0 and then
3 is the shortest among all 3 + ma for Gaussian integer m. On the other hand,
if (3.23) holds then 3 is the shortest among all 3 + ma for Gaussian integer m,
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which implies m is inside the corresponding Voronoi region of 0 in the complex
plane, directly giving [m| = 0. O

The fact that Z[i] is a Euclidean domain with the absolute value as norm
allows to deduce the complex analogue of Proposition 3.3.
Proposition 3.6. For complex lattice, let {cx, B} be a complex greedy reduced basis,
then {a, B} is a shortest reduced basis.

Proof. We follow the proof of Proposition 3.3, now setting v = njo + ny3,
ni,ny € Zlw]. In the case n; # 0, the fact that Z[i] is a Euclidean domain with
the absolute value as norm allows us to write

nm=qna+r, ¢q,r €7l

with
0< |T’| < |7’LQ|

Equations (3.16) and (3.17) again hold, with r replaced by |r|, implying ||v| >
18Il > ||| as required. O

Lattice reduction in H?

The definition of the quaternion number system was revised (2.6). With
by, by € H? and | det[b; by]| = 1 we make use of the Hurwitz integers to define
the quaternion lattice

Lg= {m1b1 + mobg ]ml, mo € H} (324)

Around each Hurwitz integer z is its Voronoi region, consisting of all
points in H closer to z than to all the other Hurwitz integer. Associated with
this is a quantizer Dy, mapping a given ¢ € H to the closest Hurwitz integer
(uniquely provided ¢ is not on the boundary of the Voronoi region)

Dp(q) = argmin || — ¢||. (3.25)
\eH
Since the Hurwitz integer consists of two disjoint unions of rectangular lattices

H={a+bi+cj+dk:a,bc,decZ}
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1
U{(a+bz’+cj—|—dk)—|—5(1+i—|—j+k):a,b,c,dEZ}

Denote them H; and H, respectively. Then

Dy, (2) = [Rez| + Z e, [Im,, 2| (3.26)

-
=
—~

N
SN—

I
- 1
=
@)
~—~
N
|
N | —
N—
|
+

N
)
<
N
——|
[—
g
N
—~
N
|

- ;)D +%(1—|—i+]+k5) (3.27)

Dyl(q) = argmin A —ql. (3.28)
AG{DHl (q)’DHQ (q)}

The lattice quantizer is relevant to the formulation of a quaternion Lagrange-
Gauss algorithm. Thus the reasoning leading to (3.19) tells us that

b bib;
J

bib;_

We will see below that the analogues of Lemmas 3.1 and 3.4 remain true. Itera-
tion of (3.30) typically gives smaller vectors, as known in the real and complex
cases from Lemmas 3.1 and 3.4.

Lemma 3.7. Define b1 by (3.30), and with m; defined by (3.29), suppose m1 # 0.
Then we have the inequality ||b, || < [|b;]|-

Proof. Generally
Du(Q) =¢+r,

where r is an element of the Voronoi region of the origin in H, telling us that

Dy (¢ = Dg(¢)) =0

(cf.(3.8) and (3.20)). Choosing ¢ = b;bj_l /IIb;]|?, after taking the dot product
of both sides of (3.30) with respect to b} it follows that

T T
Hbj+1H2 bj+1bj bjbiﬂ
Dy = Dy = 0. (3.31)
( b [I> byl by |2
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Comparing the definition of m;; and (3.31) we see that if m;,; # 0, then we
must have ||b;1|| < ||b,||, as required. O

As in the analogous setting for lattice reduction in R? and C?, it follows
from Lemma 3.7 that the quaternion Lagrange-Gauss algorithm terminates,
and furthermore that the output vectors ¢, 8 can be chosen to satisfy

T
lel <ligll. pu(25) =0 6.32)

[lex][?
Proposition 3.8. The second condition of (3.32) is equivalent to requiring that

118 +mal| > |8, VYm € H. (3.33)

Proof. Denote m, = —a'3/|a|?, where we notice that (3 + m.a)'a = 0, and
thus among all 3+ma for m € H, B+m.a has the shortest length. For Hurwitz
integers m; and m; define Am; = m;—m, and Amy = my—m,. Then by similar
discussion to proposition 3.1, |Am;| < |Ams| < [|B + maa| > ||B + miatf|. So
on the one hand, if Dy (m.) = 0, the closest Hurwitz integer to m, is 0 and
then 3 is the shortest among all 3 + ma for Gaussian integer m. On the other
hand, if (3.33) holds then 3 is the shortest among all 3 + ma for Hurwitz
integer m, which implies m is inside the Voronoi region of 0 in H, directly
giving Dy (m) = 0. O

Thus {a, 3} is a greedy basis. But we know from the proofs of Proposi-
tions 3.3 and 3.6 that subject only to the set of integers — here the Hurwitz
integers H — being a Euclidean domain with absolute value for norm, the
greedy basis {c, 3} is the shortest reduced basis. It has already been remarked
that as distinct from the Lipschitz integers the Hurwitz integers do allow for
a Euclidean algorithm, and it furthermore is true that the absolute value func-
tion is the norm. Hence we have a quaternion analogue of Propositions 3.3 and
3.6.

Proposition 3.9. Let {ca, 3} be a greedy basis for the Hurwtiz integer quaternion
lattice. Then {c, 3} is a shortest reduced basis.

Proof. We follow the proof of Propositions 3.3 and 3.6, now setting v = n;ax +
neB, ni,ny € H. In the case n; # 0, the assumption that H is a Euclidean
domain with the absolute value as norm allows us to write

n=qng+r, q,r€H
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with

0 <|r| < |nsl.
Equations (3.16) and (3.17) again hold, with r replaced by |r|, implying ||v|| >
18] > |let|| as required. O
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Chapter 4

Random lattices and their statistics

Random matrices and random lattices

Lattices can be represented as a matrix of reduced lattice vectors, so to con-
sider random lattices one is naturally led to the topic of random matrix theory.
Recall a random variable is a measurable function G : {2 — E where () refers
to a probability space and E is a measurable space. If we let £ = Maty (F), the
set of N x N F-valued matrix, the random variable becomes a random matrix.
Another equivalent viewpoint is to consider an F-valued random matrix as a
matrix with F-valued random variable entries.

A particular measure that is widely used in random matrix theory is the
invariant measure. Generally it is defined as a measure ;. on the Borel subsets
of a locally compact Hausdorff topological group G, such that for all Borel
subsets S C G and g € G one has u(gS) = u(Sg) = p(S). Haar measure
is the invariant inner regular measure that does not vanish identically (see
e.g. [27, 28]). According to Haar’s theorem, if G is compact, up to a positive
multiplicative constant, there is a unique positive Haar measure. In particular,
one can uniquely specify a Haar measure on G by imposing the normalization
such that ;1(G) = 1, this assuming the measure is normalisable.

As an example let us consider the scalar case first. Let = Zr | Ty €
F, and recall the Lebesgue measure dz = [[7_, dz, has the property of being
unchanged by translation. Thus for a fixed (¥ € F,

B

d(x—l—x(o)):H (2, + z¥ der—dx

r=1
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The modification of Lebesgue measure needed to have invariance with respect
to scalar multiplication is

dx
du(z) = Bk (4.1)
as one can check that | det %| = |al’ for any a € F. Therefore du(z) is

uncharged by replacing = with ax.

Consider the invariant measure of matrices. Let G € GLy(F). For a fixed
A € GLy(F),
(dAG) = (AdGA) = |det A|"M (dG)

(these follow from e.g. [12, Prop. 3.2.4]). One therefore has that

(dG)

Al 42
|det G|V (42)

is unchanged by both left and right group multiplication, and is thus the left
and right invariant Haar measure for the group. Note that in (4.2) the case
N = 1 reduces to (4.1), and in the case of GLy(R) and thus § = 1 (4.2) was
identified by Siegel [32]. Matrices in SLy(F) form a subgroup of GLy(F) with
unit determinant and using a delta function distribution to implement the con-
straint the invariant measure is written as

5(1 — det G)(dG) (4.3)

We point out the fact that neither (4.2) nor (4.3) is normalizable. Another matrix
group of importance is the unitary group:

Un(F) := {G € GLy(F) : GIG =1}.

We denote the Haar measure of G € Uy/(F) as (G'dG). For F = R and C this
was first identified by Hurwitz [17]; the extension of Hurwitz’s ideas to the
case of unitary matrices with quaternion entries is given in [8]. The precise
value of its volume vol(Uy(F)) depends on the convention used to relate the
line element corresponding to the differential (G'dG) to the Euclidean line
element; see [13, Remark 2.3]. This convention can be uniquely specified by
integrating (5.4) against Gaussian weighted matrices — see [13, Remark 2.3] -
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with the result [7, Eq. (1) with m = n]

N
vol Uy(F) = 2" [ (4.4)

Siegel [32] introduced the notion of a random lattice. The construction
of Siegel of a random lattice requires first the specification of the unique in-
variant measure for the matrix group SLy (R) as identified in (4.3) above; each
such matrix is interpreted as having columns forming a basis B. One also re-
quires the fact that the quotient space SLy(R)/SLy(Z) can be identified with
the lattice £, and that this quotient space has finite volume with respect to the
invariant measure.

Such construction can be extended to general F. After applying a lattice
reduction algorithm, the domain of the basis is restricted in the quotient space
SLy(F)/SLy(Z®) and the invariant measure (4.3) holds

Xeer@d(1 — det G)(dG) (4.5)

This measure is normalizable [32, 33], and with volume denoted as vol <F§5)>
gives the normalization.

Statistics for the real lattice

As already noted in [12], the Haar measure for SLy(R) with N = 2 can
be parametrised in terms of variables convenient for the computation of statis-
tics. The variables of interest come about by writing V € SLy(R) in the form
V = QR, where Q is a real orthogonal matrix with determinant +1 and R is
an upper triangular matrix with positive diagonal entries,

T T
R = |: (1)1 T;z:| N T99 = 1/7’11. (46)

With V = [a 8], the matrix Q can be used to rotate the lattice so that « lies
along the positive z-axis. Thus (4.6) gives a = (r11,0), 8 = (r12,1/711) and the
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inequalities (3.13) read
iy 13 >, 2] < (4.7)

Further, [12, Ex. 3.2 g4 (i)] tells us that applying a QR decomposition on a 2x2
real random matrix V gives

(AV) =111 (dR)(Q'dQ). (4.8)

Substitute (4.6) and (4.8) to (4.5) and the invariant measure in the coordinates
r11 and 72 is proportional to

Xr2,>r2 —1/r2, X|ri2|<r11/2 dryidrs. 4.9)

The factor 27 coming from integrating (Q'dQ) is not included in this expres-
sion as it effectively cancels out by the requirement that the probability density
functions be normalised. The value 27 is equal to one half of the value implied
by (4.4) due to the requirement that det Q = +1. In [13], volume and probabil-
ity density functions for the length of the basis vectors of 2-dimensional real
lattice are discussed, as well as the angle between basis vectors.

Proposition 4.1. Let the volume associated with (4.9) be denoted vol Fél). We have

vol TSV = % (4.10)

The probability density function of the length of the shortest basis vector is given by

6 2
p <Xr<1r t Xi<r<(4/3)1/2 (7’ — 5V rd — 1)) . (4.11)

The probability density function of the length of the second shortest basis vector is
given by

12

s

(X1<S<(4/3)1/2 V st—1 + Xs>(4/3)1/2 <S2 — Vst — 1)) . (412)

The probability function of £ := cos 0, where 0 is the angle between those two basis

vectors, is given by
3 log(4€?)

o1&

Proof. For notation convenience write r; = r and 72 = z. The inequalities

0< [ <1/2. (4.13)
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(4.7) tells us that the maximum value of r occurs when (r/2)? = r?1/r? = r =
(4/3)Y/2. Tt follows that the p.d.f for the shortest basis vector is

1
VOI—FS) (2Xo<r<1/X0<x<r/2d$+2X1<r<(4/3)1/2/X\/m@@/zdx)

and the fact that its integration over r equals 1 gives the volume. Together

we obtain (4.11) and (4.10). The length of the second shortest vector is s :=
2?4+ 1/r2, and applying the change of variable r = 1/v/s? — 22 to (4.9) gives

1 s
WXac2§s2—1/s2Xx2+1/(4x2)282 md%
2

simplified to (4.12). For the angle ¢ = x/+/2? + 1/r?, we consider the transform
r=¢&/(ry/1—¢£2) and (4.9) becomes

. 1
- T - —d’f’,
vol IV (1 — ¢2)3/2 /X<4£2/<1 @)Hir<(-g)/i

simplified to (4.13). O
Remark 4.2. Expanding (4.12) for large s gives

6 (/1 1 1
- (§+E+O(ﬁ)> . (4.14)

In the variable § = 1/s, the leading term in the § — 0 expansion is thus 65/, which
is precisely that exhibited by the PDF for the shortest vector.

Statistics of the shortest reduced basis for the Gaus-
sian integers

In the real case the inequalities (3.13) specifying a shortest reduced ba-
sis can also be obtained by transforming the basis vectors to a Gram-Schmidt
basis. In the complex case this can be achieved by writing V = UT, where
U € SL,(C) and

tn )+ ity

T = ,  ti1 > O, tog = 1/t11. (415)
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Making use of the known change of variables from the elements of V to {U, T}
(see e.g. [12, Eq.(3.23)]) the invariant measure (4.5) for N = 2 can be written

S(1 — ty1tgo)t3 topdty dtyn(UTAU). (4.16)
Also, with a = (#11,0), B = (t(r) + @2&%2), 1/t11) the inequalities (3.22) read
< (5P + (12)° + ()’ 25| <ty 23 <t (@17)

Integrating over ¢y, shows that as a function of the variables {¢1,¢ 12), t Z)} the
invariant measure restricted to the domain of the shortest reduced basis is
equal to
t Aty ) dt'y (4.18)
11Xt2 (tm)2+(t(”)2+(1/t11)2X2\t(”\<t11X2|t(Z)|<t 11%612 Y2~ :
This does not include the integration over (U'dU), which according to (4.4)

evaluates to 27%; being a constant this effectively plays no role in subsequent
calculations.

The statistics of the corresponding shortest basis vectors are determined
by appropriate integration over (4.18) — ¢1; is the length of the shortest vector,

1/2
((t@)? ()2 4 (1/410)? ) is the length of the second shortest vector, while
for the complex analogue of the cosine of the angle between a and 3 we have

a'p _ t§2) + Zt(l)
« r v
o081~ ey + 02 + (1)

These variables should be held fixed when computing the corresponding PDF.
Integrating (4.18) over all variables gives a volume vol '”, which occurs in the
computation of the PDFs as the normalisation. Our first task is to compute this
volume.

Proposition 4.3. Let the volume associated with (4.18) be denoted vol . We have

(4.19)

C
vol ') = oY (4.20)

where C denotes Catalan’s constant.
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Proof. For notational convenience in (4.18) we write ¢;; = t, tgg) = Y1, t%) = Yo.

Integrating over y; and y, gives

tdt / Xlyl2>2-1/£2 X|y1 | <t/2X |yo| <t/2dY1dYs2, (4.21)

where y = (y1,92). Geometrically, the integral here corresponds to the area
overlap between the outside of a disk of radius t* — 1/t (¢ > 1) centred at the
origin, and a square of side length ¢ centred at the origin. For ¢t < 1 the first
inequality is always true, and the integral is equal to the area of the square, 2.

It follows that with V5(a, b) denoting the area of overlap between a disk of
radius a, and square of side length b, both centred at the origin, (4.21) can be
written

(PXo<ter + Xxesat (12 = Vo (22 = 1/1%)/2,/2))) dt

= (t3X0<t<1 + X1t (tQ — (2 = 1/tHV, (1, 20— tl/t2)1/2>)> dt. (4.22)

According to Problem 96-19, SIAM Review 39 p.779-786 (1997), or alternatively
by direct calculation

4a?, 0<a<1/V2
Va(1,a) = < 4ay/1 — a® 4 4arcsina — 7, 1/v/2<a<1 (4.23)
m, 1<a

thus reducing (4.22) to

(kaﬁ et — T — 1))

X (4/3)1/1<t<21/41 (t2 — (* = 1/t*)(4aV1 — a? + 4arcsina — 7T)|a:2(1§2—1t/152)1/2) )dt.
(4.24)

Elementary integration and/or use of computer algebra gives for the integral
overt

1
/X0<t<1t3dt =1 (4.25)
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/X1<t<(4/3)1/4t(t2 —7(t? — 1/t?))dt = % (14 7(—1 + log(64/27))) (4.26)

/X(4/3)1/4<t<21/4t (tz — (= 1/t*)(4dav'1 — a® — ”)lfl:z(fz_f/tz)l/z) dt

1
-= (—4 + 27 — 3rlog(3/2) — 2v/3log(2 — \/3)) (4.27)
34 arcsi ! dt = V31log(7 — 4V/3
X(4/3)1/4<t<21/21"4 arcsin et T -+ og(7 — )) .

(4.28)

However the remaining integral

4 . t
X(4/3)1/1<t<21/4 7 ATCSILL 2(12 — 1/12)1/2 dt

does not yield immediately to such an approach. For this integral, to be de-
noted J, we begin with some simple manipulation and the change of variables

1/t* = s to obtain
J = / — arcesin ————ds.
1

/2 8 2(1 — s)1/2
Computer algebra now gives
C 7 9
= —+ —log - 4.2
J 3 + 18 g (4.29)
where C denotes Catalan’s constant. Adding (4.25)-(4.29) gives (4.20). ]

In the proof of Proposition 4.3 the expression (4.24) corresponds to inte-
grating (4.18) over t{7 and ¢\%), and thus after normalisation by dividing by
(4.20) and removal of d¢ corresponds to the PDF of the length of the shortest
basis vector.

Proposition 4.4. For random complex lattices in C?, the probability density function
for the length of the shortest basis vector is equal to

3

6{X0<t<1t3 + X1<t<(4/3)1/4t(t2 - W(tQ - 1/752))

+ Xaysyacicays (t3 B34/ (P — 1)1)

— 4(t* — 1/t) arcsin 2= Ii/ﬁ)l/?) } (4.30)
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As noted in the second paragraph of this chapter, the length of the second
shortest basis vector is given by r = (y? +y2 + 1/t*)'/2, with y, y», t as specified
above (4.21). Changing variables from ¢ to r and imposing the ordering and
sign restriction ¢/2 > yo > y; > 0 the functional form in (4.18) transforms to

8r

(7’2 — y% — yg)g Xy%+y%<r2fl/r2 Xr2<y%+y§+1/4yf Xo<y1<ys - (431)
Integrating over y; and y, and normalisation by (4.20) gives the explicit form
of the corresponding PDEF.
Proposition 4.5. In the setting of Propositions 4.3 and 4.4, the PDF for the length of
the second shortest basis vector is equal to

3 rt—1
O Xa<r</)r/am + X(4/3)1/1<r<21/4
v e S r? PV3IT—d-2t 42 o«
X (Z 3t — 4+ or <arctan T + arctan e _ 5))
r rt—1 r+rt—2 o«
+ Xp>21/4 (Z<T2 —Vrt— 2) + (arctan m — 5)) }
(4.32)

Proof. Regarding r > 1 as a parameter, there are three ranges of r values giving
a distinctly shaped region as defined by the three inequalities in (4.31), see
Figure 4.1.

0.5
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FIGURE 4.1

The latter can then be divided into subregions which allow for explicit
parametrisation of the ranges of integration. Thus for 1 < r < (4/3)1/4,

a =

dy,

/ dyl/ dya, b :/ /
0 V=22 Jo

dys ;
0
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or (4/3)Y4 < r < 214,

(r2—r—2)/2 Y1 r/2 \/m
A=/ dyl/ dya B:/ dyl/ dys
0 (y1/r2)V/3r =4 (

y1/r? (r2—r=2)/2 y1/r2)V3ri-4
(r2—v/rt-1)/2 (y1/72)V/3r1—4 /2 (y1/r?)V/3ri—4
C:/ dyl/ dy2, D :/ dyl/ dys;
0 0 V=22 r2—yt—1/(4y})

and for r > 21/4

(r2—vri=1)/2 Y1 (r2—v/r1=1)/4 Y1
= | dy [y, d= an [ dyp.
0 0 (r2—Vrt=1)/2 r2—y?—1/(4y7)

To compute the PDF of the second shortest basis vector, each of these inte-
grations should be extended to include the function 1/(r* — yi — y3)? for their
integrand, as required by (4.31). The resulting integrals can all be computed
explicitly. Multiplying the result by 8r as also required by (4.31), and normal-
ising by (4.20) we obtain (4.32). O

Remark 4.6. Expanding (4.32) for large r one obtains

371 2 1
el +am o))
In the variable s = 1/r, the leading term for the expansion as s — 0 is thus 3s%/C.

This coincides with the small t behaviour of the PDF for the shortest vector (4.30), and
in particular has the same functional dependence on the arithmetic constant C.

The final quantity to be considered is the complex analogue of the cosine
of the angle between the shortest reduced basis vectors (4.19). We write
o)
, &= 12 K
VED? + 12 + 178, VED? + (12 + 178,

Their joint distribution can be calculated according to the following result.
Proposition 4.7. The variables g, & specified by (4.33) have joint distribution with
PDF equal to

en = at

3 log4max(|€r[% 161]%)
C 41— — &)

(4.34)
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supported on
max(|€p|?, &%) < 1/4. (4.35)
Proof. 1t follows from (4.33) that

(r) _ €r G &

tl? - ) t12 - .

The Jacobian for the change of variables from (tgg), t%)) to (&g, &r) is thus

o !
det | %5 % || = .
oy I 12, (1 — €% — £2)2

Hence the functional form in (4.18) transforms to

1

2 oo Xt <—2 X, 2 X, 162,
tn(l =&, — &) g T gy e ety

Integration over ¢;; in this expression is elementary, and after dividing by the
normalisation (4.20) the PDF (4.34) results. [

Corollary 4.8. Let (g = £cosf, { = Esinf, & > 0,0 < 6§ < 27 so that § =
(€4 + €2)1/2. The PDF of ¢ is equal to

: X0<e<1/2 <2 log & C) X " log(4§2 cos? 0)do
<E<L
C(1 — €2)2 £ © 1/2<€<1/V2 arecos(1/26)

Proof. The Jacobian for the change of variable to polar coordinates is dzd¢; =
£€dédé. For 0 < £ < 1/2, the inequality (4.35) is valid for all 0 < 6 < 27, and the
integral over 6 in (4.34) is equal to

—LS /ﬂ/4 log(2€* cos® §)dd
wia-ey Jy
which evaluates to the first case in (4.36). For 1/2 < ¢ < 1/4/2, and restricting

6 to the range 0 < 6 < 7/4, the inequality (4.35) is valid for arccos(1/2¢) < 6 <
7/4, and this implies the second case in (4.36). O
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Statistics of the shortest reduced basis for the Hur-

witz integers

As for the real and complex cases, a convenient parametrisation of the
shortest basis is obtained by using the Gram-Schmidt basis. Thus one decom-
poses V. = UT where U € SLy(H) and

3 v
T — {tll D s Eutls

, t11 >0, oo =1/t13.
0 t22 1 11 22 /11

Since in the Gram-Schmidt basis

3
o = (t11a0)7 /6 = (Zel/tlf27 1/t11>7
v=0

the conditions (3.32) characterising the shortest basis give

3

3
B =18 < DY etla/tn) =0.
s=0

v=0

Also, the Jacobian associated with the Gram-Schmidt basis is %2, (see
e.g. [12, Ex. 3.2 q.5(1)]). Thus for F = H the (normalised) invariant measure
(4.5) in the variables {t11, t29, {5, }?_,} after integrating out over ¢, reads

1

3
3 v
1@ Xe3, —1/43, SZizo(tﬁg)QXDH(zji:O eyt’{z/tu):otlldtll H dtis, (4.37)
VO 2 v=0

where vol FéA‘) is the normalisation.

The functional form of the PDF for the length ¢ of the shortest basis vector
can be read off from (4.37) in the region ¢ < 1.
Proposition 4.9. Let vol Fgl) be as in (4.37). For 0 < t < 1 the PDF for the length of
the shortest basis vector is equal to
1t

— (4.38)
vol (! 2
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Proof. Rewrite (4.37) as

3
1
@ lel/tillSZi:o w2 XDy (23:0 euyy)zotzldtll H dy,, (4-39)

with y, = t,/t1;. With t = t4;, for 0 < ¢ < 1 the first of the two constraints in
(4.39) — and the only one involving ¢, is always valid. Noting that

3
/ XDH(ZZ:O eVyV)ZO H dyV = VOI ‘/’ (4.40)
v=0

where V' denotes the Voronoi cell, then noting that vol V' is equal to the volume
of a fundamental cell for the lattice in R* corresponding to the Hurwitz inte-
gers, the task is to calculate this latter volume. Since the lattice corresponding
to the Hurwtiz integers can be generated by

1/2
1/2
1/2
1/2

o O = O
O = O O
_— o O O

we conclude vol V' = 1/2, and (4.38) follows. O

From the definition of the Hurwitz integers and the quantizer Dy, the

constraint Dy (320 _, e,t%,/t11) = 0 can be characterised by the inequalities

3

1

tol < 5tu (v=0,....3) and D [ths] <t (4.41)
v=0

We have not succeeded in extending the method of the proof of Propositions
4.1 and 4.3 for a direct calculation of

3

3
3 v
voll's = / Xt%rl/tisﬁ:o(tﬁz)?(HXIthIStHﬂ)Xzi:o e tndin [ ] dt,
v=0 v=0

(4.42)
where in obtaining this integral we have used the fact vol I'y ; is the normalisa-
tion in (4.37). But we can deduce its value, as we now proceed to demonstrate.
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First, we obtain a numerical estimate. A simple change of variables, and
use of the fact that (4.42) is even in each t}, allows (4.42) to be rewritten

volI'y p = 4/X2>u>oxu1/2_u—1/2§23_0 22

3 3
X ( H X21/4/2>xy>oxxugul/4/2> XZE:O iUuSul/4 du H dlL’V. (4.43)

v=0 v=0

This is well suited to estimation by a Monte Carlo rejection method, which
with 10° trials gives the estimate 0.105.

In [13, Remark 4.5] it was noted that the PDF for the length of the shortest
lattice vector in the real case, which for 0 < s < 1 was found to equal 6s/7, is
consistent with a corollary of Siegel’s mean value theorem [32] requiring that
the expected number of vectors in a disk of radius R be equal to the area of the
disk. Siegel’s mean value theorem in [32] applies to the case of real lattices, so
to find out the exact value of vol I'}" using similar method, we first make note
of a general statement of the mean value theorem, but without proof.
Theorem 4.10 (Siegel). duy (L)) denotes the invariant measure of a F-valued lat-
tice L% with dimension N and index B. Let p(x) : F¥ — F be a compactly supported
and bounded Borel measurable function. Then

[ X e = [ Kty (4.44)

BN
2eLB) {0} R

where K is a scale factor equal to the dilation implied by the natural embedding of the
integers.
Proposition 4.11. We have

vol Fgl) =

%(03) ~ 0.1051799... (4.45)

Proof. A similar argument as [13, Remark 4.5] can be given in the quaternion
case. Taking p(r) = x|z|<r gives

S —#{seL®—{0}: ] <R},

zeL®—{0}

Consider a 2-dimensional quaternion lattice with shortest basis {by, bo} (||b|| <
|ba]|). By restricting R < 1, only multiples of b, appear inside the circle with
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radius R. Denote N(z) the number of nonzero Hurwitz integers with length
less than or equal to z, then the LHS of Siegel’s mean value theorem is

LHS = /# {qb; € LB — {0} : [|gby|| < R} dpn (£@)
- /#{q € H—{0}: ||gll < R/|bu|} dpun (L™
/ N(R/s)s"ds = ———— i /det

" ovol r(4) 2vol r( ) t9

where we substitute (4.38) and make a change of variable ¢ = R/s. Further-
more let M (x) be the number of Hurwitz integers with length exactly being «.
There exists an ordered sequence 0 < t; < ¢, < ... such that V p, M(¢,) # 0 and
YV x #t, M(x) = 0. Notice that M(t,) = N(t,) — N(t,—1) and ¢t; = 1. We make
a partition of [1, co) using such a sequence and

R® X (™ N(t)dt RS & 1 1
LHS = —— ;/t TR > N(t,) (?8 - tg—)

2VO]. Fg VOI F(24) p=1 P p+1
R N M(t,) R® 1
- @ Z 8 @ Z lq®
From [40],
1
> F T(0,4) 4+ S(0,4) = 21¢(3)C(4).
qer—oy 1

Evaluating t he RHS of (4.44) gives 7* K R® /24. Equating them gives (4.45) with
K =4, coming from the fact that Hurwitz integers have unit cell of area . [

Remark 4.12. Weil [38] gives a generalisation of Siegel’s mean value theorem, and in
particular allows the case of a complex lattice to be considered. Again by taking the
same p(x) and R < 1, together with Proposition 4.4 one can write that

3R [ N'(t)
LHS = dt
C /1 £

where N'(t) denotes the number of nonzero Gaussian integers with length less than or
equal to x. Let M'(x) be the number of Gaussian inters with length exactly being x,
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and similar sequence 0 < t} < t, < ... can be constructed. It follows that

3R' A M'(p)  3R! 1
: >

(4.46)
40 =y

z€Z[i]—{0}

From [40] we have

1 2
E — =4z (2) =4—C.
EE CZ[Z]( ) 6 C

z€Z[i]—{0}

which substituted in (4.46) shows LHS = %QR‘* = RHS,. This agrees with the RHS of
(4.44), which equals the volume of a 4-dimensional ball, multiplied by factor K = 1.
Proposition 4.13. For s — oo, the asymptotic behaviour of the PDF for the length of
the second shortest basis vector is

1 1

2vol T 87

Proof. In (4.37), with the quantiser rewritten according to (4.41) and X = (X, ..., X3) =
(t9,,...,13,), we change variables from ¢, to s = (X2 + 1/t%,)!/2 — the length
of the second shortest basis vector — to deduce that the PDF of the latter is

3 3

1 / s
——m | XIX[2<s2-1 52( X|X[2+1 4X3232)X 3 2>s2 75 v dX,.
vol Fgl) X / ul:[o IX[2+1/ X241/ (3500 [ Xu])2>s? (s2 — [X]2)3 11;[0
(4.47)
Denote

3

I' = X|X|2<s2-1/52; Iy = H X|X|241/4X2>525 I's = XIX|241/(323_ | X0 ])2>525

v=0
v=0
and for u = 1,2 let
3
Dy =[x psimvemmnymnts Bu = X(gs_q ixipcaie—vemy
a=0

We can check that as s — oo

'y C T, D, C Ty C Dy, Ry CT'3 C Ry,
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Also, as s — oo

3
Dy, Dy = [ [ xyearonssizixns R B = Xujsio0/s)255_, 15601

v=0

so for large s it follows from the above working that the PDF (4.47) has the
leading asymptotic form

1 1 3 3
— ?/H XiXol<1/28 X555, <ass | ] 40
vol F; s v=0 ’ v=0

Scaling s from the integral, then recognising what remains as (4.40) simplifies

this to
1 1

2vol T 87
O

Remark 4.14. Together with Remark 4.2 and Remark 4.6, one notices that by using a
change of variable s — 1/s the asymptotic behaviour of the second shortest vector is
the same as the short behaviour of the shortest vector. To see this one rewrites the part
of (4.11), (4.31) and (4.38) from O to 1 consistently as Azx**~'. Denote the reduced
basis {by, by} with ||by|| < ||ba|| and then for 0 < s < 1,

P{lb1]| < s} = ?—5325. (4.48)

Now consider the height of the parallelogram formed by the basis, which is not bigger
than ||by||, the hypotenuse:

T
by _ P12

b2 =
b1

Y

according to which the inequality

bib,

by —
by ]2

B{ by > 1/5} > P{ b,

> 1/3} = P{||by|| < s} (4.49)

holds where the last step is due to the fact that the lattice is unimodular and the volume
of the parallelogram is 1. The restrictions [[>_, X|tr,|<t1, /2 implies when |bo|| > 1/s,
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the height takes its minimum when |t},| = t11/2 for all v, which gives

1 Bs\?
;_(?s> . (4.50)

Substituting (4.48) into (4.49) and (4.50) and taking s — 0 gives

bib
by — 12y

P{[|bof| > 1/s} <P
i b1 ]2

P{||bs| > 1/s} — ?—gsw. (4.51)

In the quaternion case the analogue of the variables (4.33) are the four

variables
tl/
12

\/ZV 0 t’f? + 1/t

Proposition 4.15. The variables §,, v = 0, 1, 2, 3 specified above have joint distribu-
tion with PDF equal to

v=20,...,3.

1 logmax(max, (416, %), (X, [€])°)

N (4.52)
vol T'{Y A1 =3 €2)3

supported on max(max, (4/€,[2), (322_, |&,])?) < 1

Proof. Similarly to Proposition 4.7, it follows from (4.33) that

) = & v=0,1,2,3

Y

— Y&

The Jacobian for the change of variables from (tgg), th), t%), 35)) to (&, &1, &2, &3)

is thus 0 1) @) 6
a(7512 7t12 s V12 7t ) _ 1
(50751752763) tzlll( Zy 052)

The functional form in (4.18) thus transforms to

det

3
1
Xt < ——+— HX4 4¢3 X, 23 glewn?-
t L 4 v=0
t11<1 - ZV 052) 1S PN v=0 11>1—Z?/:053 > -3 _ &2

Integration over ¢4, in this expression and the PDF (4.52) results. l
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Chapter 5

Numerical computations

Sampling random lattices

For practical purposes, sampling random lattices directly is itself a big
challenge, but as mentioned in Chapter 4, it can be achieved by "sampling"
SLy (F) first and then applying lattice reduction algorithms. As sampling SLy (IF),
a infinite domain, is impossible, sampling an approximation of SL v (F) with fi-
nite domain may be a solution. A truncated set is suggested by Macbeath and
Rogers [21] using the matrix operator norm:

Dl e (SLy(F)) = {G € SLy(F) : R > o1} (5.1)

where o is the biggest singular value of G. In the sense of sampling uniformly
distributed random lattices, we find it works well as the sampled random lat-
tices give convergence in probability as R goes to infinity.

Lemma 5.1. Let X bea N x N Hermitian matrix and A,y be its largest eigenvalue.
Then for all complex vector u with length 1,

Aax > ' Xu

Proof. Spectral decomposition gives X = Q'DQ and let v = Qu. Then

u'Xu=vDv= /\maxvf + A2v§ + ...+ )\NUJQV
< )\max(v% + U% + ...+ UJQV) = )\maxVTV = )\max(uQ)TQu = )\max

as Q'Q =Tand u'u = ||ul| = 1. O
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Proposition 5.2. Define || - ||, to be a norm of N x N complex matrices giving the
length of its longest column vector, then for any such matrix A, ||Allop > ||A||L.

Proof. Let A = |ay,...,ay] and without loss of generality, suppose a; is the
longest column vector, then
N

ATA = [a a]]

1,j=1

Furthermore, let u = [1,0, ..., 0] and applying Lemma 5.1 gives

1A%, = Amax > afar = [|A}

which finishes the proof. O

Remark 5.3. For quaternion matrices, there are (at least) 2 columns has the largest
length, and 2 largest singular values for ATA. Proposition 4.2 still holds although
there is at least 2 choices of the longest a;.

Proposition 5.4. Let || - || be a matrix norm such that for any matrix A, ||A| >
k|| AL, where || - ||, is defined in Proposition 5.2 and k is a positive constant. Then
the volume

VOI{BEF . IBM| > R, ¥M € SLy(Z >)}%o

as R — oo, where F ) denotes the fundamental domain, i.e. lattice subgroup of
SLn (F).

Proof. 1t is sufficient to show that
vol {B e |IBM|, > R, YM € SLy(Z >)} 0,

where R’k = R. One notices that among all basis BM of a lattice, the short-
est "longest basis vector" is the longest basis vector in the minimal basis B.
Therefore it is sufficient to show

vol {B er® B, > R’} 0 (5.2)

which is the probability that the length of the second shortest vector is bigger
than R’ goes to 0. This is always true regardless of the choice of the probability
density function if it exists. O
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Remark 5.5. Together with proposition 4.2 if we let the norm be || - ||op, it tells us
F (D‘I‘%'””” SLN(IF)), where F denotes the reduction algorithm, converges to T'¥) in
probability corresponding to the uniform invariant measure. This gives us confidence
in sampling SLx (IF) using truncated set such as DL'%”O"SL ~(IF), which asymptotically
preserves the uniform distribution of random lattices.

Remark 5.6. Recall (4.51), which gives us a prescription of (5.2) in N = 2, enabling
us to choose the truncation R with the error under control by O(R~2P).

Remark 5.7. Notice that the Schatten p-norm || - ||,,, defined as

N 1/p
i), = (Z af(M)>

where o;(M) denotes its i-th singular value, is equivalent to || - ||op, that is, there exists
positive Cy and Cy such that for all matrices M € SLy (F),

C1[[Mllop = [IM]], = Co[|M[op-

In fact C, can be chosen to be N'/? and Cy be 1. Hence they all satisfy the property
M|, > C||M||. for some positive constant C, and therefore truncated set can be
replaced by DLEH” (SLy(F)). A typical example is a ball of radius R with respect to the
Frobenius norm (p=2), suggested by [10].

Uniform sampling from SLy(IF)

In preparation for sampling SL,(F), as done in the pioneering work of
Jack and Macbeath [18] in the case F = R, we make use of a singular value
decomposition

G = U diag(ay,05) VW, (5.3)

where U V® ¢ Uy(F) — the set of 2 x 2 unitary matrices with entries in F. In
the case 8 = 4 each entry in the diagonal matrix is repeated twice, becoming a
4 x 4 matrix diag(oy, 01, 09, 02). For (5.3) to be one-to-one it is required that the
singular values be ordered

01> 09 >0

and that the entries in the first row of V¥) be real and positive.
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Changing variables according to (5.3) gives (see e.g. [7, Prop. 2])

9B/2 \ 72
(dG) = (F(;/2)> (U(ﬁ)TdU(B)> (V(B)TdV(B)> 016_1026_1(0% — 02)? doydos,
(5.4)

where (U(ﬁ) TdU(ﬁ)) and <V(5)TdV(6)> are the invariant measures on U,(F) de-

)
fined in Chapter 4. The factor <12(7r5—5//22)> comes about due to the restriction on

the entries in the first row of V¥,

Let us now first restrict the matrices G € GLy (F) to have positive determi-
nant, then to have determinant unity by imposing the delta function constraint
in (4.3). This requires that we multiply (5.4) by

(%) 5(1— o0

Consequently, with (5.1) it follows from this modification of (5.4) that

o8z \ 7 o
<F(ﬁ/2)) VOl(UQ(F))2X0<02<J1<R J (1 - 0'10'2) O'f 10'5 1(0‘% — 0—;)5 d0'1d0'2
(5.5)

where the indicator function comes from the truncated set , and the precise
value of vol(U,(IF))? is obtained from (4.4):

—. 5.6)
Proposition 5.8. Denote

J(ﬁ)(R) = /X0<02<01<R(5 (1 —0109) alﬁflaﬁ*l(af — 03)6 doidos. (5.7)

Then
R? 1
M(p) =
JU(R) 5 Tom b (5.8)
R* 1
JP(R) = — — — —2log R, (5.9)
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J<4>(R)—R—8—R4+i—i+6lo R (5.10)
E RT BRSO '

Proof. The delta function can be rewritten as 0%5 (09 — Ull), and after integrating
over o, the integrand becomes _-(o7 — =,)7. Integrating this from 1 to R for

each 3 gives (5.8), (5.9) and (5.10). 1 O

We now take up the problem of sampling according to Haar measure ran-
dom matrices from SL,(F) with bound R on the operator norm. In the case
F = R a method based on the singular value decomposition (5.3) has been
given and implemented in [13]. A generalisation to F = C and H is straightfor-
ward, as we will now proceed to demonstrate.

The unitary matrices in (5.3) are to have entries in C and H for 8 = 2 and
4 respectively, and to be chosen with Haar measure. A simple way to achieve
this is to first generate a pair of 2 x 1 standard Gaussian vectors with entries
from the appropriate number field, then apply the Gram-Schmidt algorithm
to obtain an orthonormal basis. Forming a matrix from the latter gives the
sought Haar distributed unitary matrix; see e.g. [8, §5.2]. An alternative way
to sample these is to consider the Euler parametrization of the unitary matrices
also given in [8]. For F = R, with # uniformly distributed in [0, 27), the matrix

cosf sind
—sinf cos®

is uniformly distributed in Uy(RR). For the complex case, such parametrization
is slightly more complicated. Thus

in)2 e®cosgp  ePsing
e . A
—ePsing e coso

is uniformly distributed in U,(C), with «, 5,7 uniformly distributed in [0, 27)
and ;sin”# uniformly distributed in [0,1/2). Parametrization of quaternion
unitary matrices has also been demonstrated. The entries in the first row of V
are required to be real and positive, giving extra constraints on the parameters,
and sampling according to the unrestricted parameter consistently gives extra
copies of the original sample of random matrices, which does not affect the
results.
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151 |
* 15|

057 1 05t

FIGURE 5.1: A total of 10° matrices were sampled from SLy(R)
with invariant measure and cut-off R = 40. For each, the
Lagrange—-Gauss lattice reduction algorithm has been applied to
compute the shortest basis vector o and the second shortest ba-
sis vector 3. Histograms have been formed for the PDF of the
statistics for ||| (top left), ||3|| (top right) and o' 3/(||]|| ||3]])
(bottom left), and compared against the theoretical predictions.

Due to the constraint in (4.3), for N = 2 the remaining task is to compute
the distribution of the singular value o; — the second singular value is not in-
dependent being given by oy = 1/0;. With 0y < R, it follows from (5.4) and
(5.7) that the cumulative distribution of o, is given by

IO IP(R), 1<r<R, (5.11)

which is made explicit from (5.8), (5.9) and (5.10). Setting (5.11) equal to s, with
s chosen uniformly between 0 and 1, then solving for r, samples o, from (5.11).

Now forming the product (5.3) gives a member of GLy(F) with modulus
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L

0 0.2 0.4 0.6 0.8 1

FIGURE 5.2: A total of 10° matrices were sampled from SLy(H)

with invariant measure and cutoff R = 40. For each, the quater-

nion Lagrange-Gauss lattice reduction algorithm with respect to

the Hurwitz integers has been applied to compute the shortest

basis vector o . A histogram has been formed for the PDF of

||||. In the range 0 < s < 1 the theoretical prediction (4.38) with
I'y, i specified by (4.45) has been superimposed.

of its determinant equal to 1. Dividing out the phase of the latter gives the
sought matrices from SLy (F). In fact this last step is unnecessary for present
purposes relating to random lattices as only the modulus of the determinant is
relevant.

Implementing the Lagrange—Gauss algorithm

For practical purpose to building lattice reduction algorithms, the termi-
nation m; # 0, m;;1 = 0 suggested by Lemmas 3.1, 3.4 and 3.7 is not the most
convenience one. In fact one notices that by the definitions of m; and m;,,

T T
Ibj[*> b;bji1 bbj
Dy s =Dy | ——5 ] =0
? (||bj+1||2 [b;|? P\ b2

bib;
Dy ( Hj j]”2 ) # 0

and with
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one concludes that ||b,.+|| > ||b,||. Hence, iterations gives a sequence of vec-
tors b, with decreasing length, until m = 0 for the first time, where the length
of b; is no longer decreasing. If the algorithm still runs it gives the last and sec-
ond last vectors alternately, which form the reduced basis. According to these
one can build the 2-dimensional complex and quaternion lattice reduction al-
gorithm as Algorithm 5.1.

Algorithm 5.1 Two-dimensional [F-valued lattice reduction algorithm

Input:
A basis by, b, of a lattice £ in F2.
Output:
A minimal basis «, 8 of the lattice £ with ||a|| < || 8|

: Set at, B be by, by such that ||a|| < || 8]
while [|af| < [|8]| do
Set temp <+ B — a * Dy (afB/]|a|)?).
Set B + a, a < temp.
end while
: Interchange o and 3 and return.

AN L ey

As for the quantizer D s in the real and complex cases the closest integer
function can be made use of, while in the quaternion case one may refer to
(3.26) and (3.28) or alternatively use the closest integer function for the first
sub-lattice, and then apply a search for all its neighbours such that (3.25) holds.

In Figure 5.1 we compare the corresponding histograms obtained for ||ct|],
|8]] and |a'B|/(||e||]|B]]) of real random lattices against the theoretical pre-
dictions of Proposition 4.1. In Figure 5.3, we compare the corresponding his-
tograms obtained for those statistics of complex random lattices against the
theoretical predictions of Propositions 4.4, 4.5, 4.7 and Corollary 4.8. We see
are all in excellent agreement. Using similar methods the quaternion version
of the Lagrange—Gauss algorithm can also be implemented, allowing for the
plotting of a histogram approximating the PDF for the shortest basis vector.
As shown in Figure 5.2 this exhibits excellent agreement with the theoretical
prediction Propositions 4.9 augmented by Proposition 4.11.
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FIGURE 5.3: A total of 10° matrices were sampled from SL»(C)
with invariant measure and cutoff R = 40. For each, the com-
plex Lagrange—-Gauss lattice reduction algorithm with respect to
the Gaussian integers has been applied to compute the short-
est basis vector @ and the second shortest basis vector 3. His-
tograms have been formed for the PDF of the statistics for ||a]
(top left), |8]| (top right), Re(a)/(/lat |8]]) (bottom left) and
la'8|/(]||| ]|8]]) (bottom right), and compared against the theo-
retical predictions.
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Chapter 6

Related topics

Relationship to hyperbolic geometry

The vector equation (3.6) can also be written in scalar form, albeit involv-
ing complex numbers [6]. Thus, set b; = (z;,y,) and write b; = x; + iy,;. The

fact that
bj—l bj . bj—l det B

= +1i , B=[bj_1bj] (6.1)
bj 165112 165112 Y
then allows (3.6) to be written
bi_
bj+1 =01 — ’VR,G Jb—lJ bj
J
or equivalently, with z; = b;/b;_1 (b;—1 # 0)
1 1
Zj41 = — — [Re —J . (62)
“j <j

With a and 8 the complex numbers corresponding to the vectors o and 83,
setting z = (/a the conditions (3.13) for a reduced basis read

|z| > 1, |Rez| < (6.3)

N |

The inequalities (6.3) are recognised as specifying the fundamental domain
in the upper half plane model of hyperbolic geometry, up to details on the
boundary; see e.g. [36]. Starting with 1 = b; /by, |r1| < 1, the recurrence (6.2) is
to be iterated until |r;;4| > 1.
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Changing variables in the invariant measure (4.9) gives

dxdy
7TXJ32+y2>1X|r\<1/2Xy>07- (6-4)

The factor dzdy/y?, in keeping with the remark above (6.3), is familiar as the
invariant measure in the upper half plane model of hyperbolic geometry [36].

Now we will show how the complex vector equation (3.19) can be writ-
ten in a quaternion scalar form. Writing a pair of complex basis vectors b; =
(wl, Zl), wr, 21 € (C, define

q=w+jz, |q=|wl*+ ]|z (6.5)

where the unit 7 in wy, z; is to be regarded as part of the quarternion algebra
(note that we have chosen to have the unit j to the left). With V' the 2 x 2
matrix with complex vectors b;_; and b; as its columns, analogous to (3.11)

one can check _
bl : bl_1 ,det \%

J
b2 [[by|?
(cf.(6.2)). Another viewpoint on (6.6) is in terms of the so-called Cayley-Dickson
doubling formula. Thus for a, b, ¢, d € C define

a g = (6.6)

(a,b) = (a, —b), (a,b)(c,d) = (ac — db,ad + cb). (6.7)

Identify (a,b) = a+ jb. Then these rules together with ¢, 'q;_1 = |¢|~2¢,¢1-1 and
g, = (a,—-b), -1 = (c¢,d) and the fact that complex numbers commute imply
(6.6).

Consequently, the complex vector recurrence (3.19), rearranged so that or-
der of multiplication in the last term is reversed (this is in keeping with the
unit j in (6.5) being to the left, and thus purely complex multiplication taking
place to the right), can be rewritten as the quaternion scalar recurrence

4 g+ = q; 'qj—1 — Dz (Re+iTm;)g; g1 (6.8)

where Im; denotes the (real) coefficient of i. Now writing Q;' = ¢;'¢;_1 gives

the analogue of (6.2),
Qi1 = + +D <i> (6.9)
J+1 Q] Zw] Qj . .
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For the measure (4.18), introduce the scaled vector

1 r -, (2
H = ((tg; +Zt§2))/t11, 1/15%1)

and set ¢ = (17 + it)) /t11 + j/t2,. Then
_ 0 _ 0 e
Ty =ty [ti, T2 =1t /tn, w3 =1/t

In these variables the invariant measure (4.18) reads

deldQ?QdZEg
Xm§+x§+x§>1X|m1|S%X|m2|g§Xx3>oT- (6.10)
3
The factor dz;dzsdrs /23 is recognised as the invariant measure for hyperbolic

3-space.

On the other hand, the rewrite of this quaternion vector equation to a
scalar equation using the doubling of the quaternions to the octonions as im-
plied by (6.7) breaks down. This is because to identify the first component of
(@, —b)(c, d) as specified by (6.7) with a dot product requires that db = bd —
and this commutivity — which is not true for quaternions.

Other integers

Inspection of the proof of Proposition 3.6 shows it requires that an appro-
priate generalisation of the integers should permit a Euclidean algorithm with
the absolute value function as norm. This requirement permits the choices:

ZIVD]) = {ni+noVD :ni,ng € Z}, D=—1,-2 (6.11)
y/ [%(1 + \/ﬁ)} = {nl + %(1 +VD) :ny,ny € Z} . D=-3-7—11,
(6.12)

these being the complex quadratic integers with the desired property [16].
They have been isolated in the context of lattice reduction in the earlier work
[23]. The case D = —1 gives the Gaussian integers, the case we have dis-
cussed, and D = —3 the Eisenstein integers. The latter case has been discussed
in the context of complex generalisations of the Lagrange-Gauss algorithm in
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the previous work [35]. Similar to the discussion of the quaternion case, a lat-
tice quantizer Dy,) mapping a given point z € C to a closest lattice point (the
latter is unique provided z is not on the boundary of the Voronoi region)

Dyzju)(2) = argmin || A — z|| (6.13)

AEZ[w]

should be introduced. The lattice corresponding to (6.11) is rectangular for
D = —2and
Dyp5y(2) = [Re 2] +iv/2 ﬁm z/\/iJ . (6.14)

Similar to Hurwitz integers, the lattices corresponding to (6.12) consist of the
disjoint union of two rectangular lattices

z Bu + \/5)1 = {n +noV'D : ny,ny € 7}
U{(n1+1/2) + (no + 1/2)VD : ny,ny € Z}
Denoting these E;, E, respectively we have
Dg,(2) = [Re z| + VD[Im z/v/—=D|
Dg,(z) = [Re(z — 1/2)] + VD {Im <z - ?) /@J L1t vD

2
and so
D, (2) = argmin | — z|. (6.15)
e D A -
In the case D = —3 — the Eisenstein integers — the formula (6.15) can be found

in [35]. Statistics of these complex quadratic integer lattice can also be found
by using the same methods.

A generalisation of complex quadratic integer to quaternion is the maxi-
mal order of Euclidean quaternion fields [2], which still permits the Euclidean
property. As [23] suggests, lattice reduction algorithms can be built over these
orders, and again similar analysis of statistics can be done. Hurwitz integers

are one of the special cases where the quaternion field is chosen as <_1@_1 ) ,as
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=

well as other examples such as a maximal order of (‘é\%) :

Li o 14j Lditj+k
vz e 2

Further choices are given by [3].

{n1 + ny DNy, N2, N3, Ny € L}

A generalisation of Lipschitz integer to octonions is the Gravesian octo-
nions, whose components are all integers, and it does not permit Euclidean
algorithm either. As stated in [4, 9], there are 7 maximal orders containing
Gravesian octonions, each of which is isometric to Es rescaled by a factor of
1/v/2. The problem of whether a lattice reduction algorithm over 2-dimensional
octonion lattices with respect to Ej is available is of further interest, and so are
the statistics of those random octonion lattices.

General N

A generalisation of real lattice reduction algorithm to dimension 3 is given
in [31]. Generally a reduced basis of a 3-dimensional F-valued lattice satisfies

b1 < [Iba]| < [[bs]],
by + 1by|| > [[bo]l,  [[bs + x1by + @obol| > [[bs||,  Vai,z, € Z¥  (6.16)

The first two inequalities together give a reduced basis of a 2-dimensional lat-
tice and a longer linearly independent vector bs. The third inequality tells us
the third vector is chosen to have the shortest projection on the plane spanned
by {by, by}. It suffices to consider the eight lattice points around the minimal
bs, and one should make sure that the projection is located within the Voronoi
region of 0. This is to say the projection of b3 in each direction upon taking the
Z'®) quantizer gives 0. Hence the inequalities (6.16) are equivalent to:

b1 < [[bs| < [[bs],

bib, bibs bibs (by + by) b
D L2\ =D 15 ) =D 22 =D e | =
- <||b1|!2> <|\b1u2 oo (o ) = 2o (o )

(6.17)
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Also by posing this reduced condition, one believes that proper complex and
quaternion lattice reduction algorithms can be generalised to the 3 dimensional
case — this is a topic for further research.

Joint measure of the Gram Schmidt basis can be obtained by rewriting
(6.17) into proper variables, and the corresponding statistics can also be com-
puted numerically. In [13], 3-dimensional real random lattices are sampled
by sampling within a ball of radius R with respect to the operator norm and
applying the 3-dimensional Lagrange-Gauss algorithm. A comparison of the-
oretical prediction to the simulation is one of the key points to research.

It is also implied in [31] that the Lagrange-Gauss algorithm can be ex-
tended to higher dimension, while for dimensions greater than 4 the reduced
basis we obtained does not necessarily give the shortest vector. In general high
dimensional Lagrange-Gauss algorithm is NP-hard [24] and the LLL algorithm
[20] can find a short enough basis in polynomial time with guaranteed worst-
case performance. In the LLL algorithm one inserts a reduction parameter
« € (,1) instead of o = 1 in Lagrange-Gauss algorithm, giving tolerance that
it does not necessarily produce the shortest basis. Besides, BKZ algorithm [30]
and RSR algorithm [29] are introduced recently, and they can be compared in
terms of runtime and approximation to an optimal solution, always relative to
the dimension of the given lattice. For higher dimensional analysis of random
lattices such algorithms may be of interests.

The limit N — oo has been studied in the real case, with a number of
results given in [26, 19, 34]. A generalisation of those results to complex and
quaternion lattice requires to generalise Siegel’s mean value theorem and Roger’s
integration formula, and it s topic for future study.
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