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Abstract. We show that for those lattices of Voronoi’s first kind with known obtuse superbasis,
a closest lattice point can be computed in O(n?) operations, where n is the dimension of the lattice.
To achieve this a series of relevant lattice vectors that converges to a closest lattice point is found.
We show that the series converges after at most n terms. Each vector in the series can be efficiently
computed in O(n3) operations using an algorithm to compute a minimum cut in an undirected flow
network.
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1. Introduction. An n-dimensional lattice A is a discrete set of vectors from
R™, m > n, formed by the integer linear combinations of a set of linearly independent
basis vectors by, . .., b, from R™ [11]. That is, A consists of all those vectors, or lattice
points, x € R™, satisfying

T = biuy + baus + - -+ byu, ULy evoy Uy € 2.

Given a lattice A in R™ and a vector y € R™, a problem of interest is to find a lattice
point = € A such that the squared Euclidean norm

m

ly—al? = > (i — )2

=1

is minimized. This is called the closest lattice point problem (or closest vector problem)
and a solution is called a closest lattice point (or simply closest point) to y. A related
problem is to find a lattice point of minimum nonzero Euclidean length, that is, a
lattice point of length

min ||;1c||27
zeA\{0}

where A\{0} denotes the set of lattice points not equal to the origin 0. This is called
the shortest vector problem and a solution is called a short vector.

The closest lattice point problem and the shortest vector problem have interested
mathematicians and computer scientists due to their relationship with integer pro-
gramming [29, 26, 4], the factoring of polynomials [28], and cryptanalysis [25, 43, 41].
Solutions of the closest lattice point problem have engineering applications. For exam-
ple, if a lattice is used as a vector quantizer then the closest lattice point corresponds
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to the minimum distortion point [9, 8, 7]. If the lattice is used as a code, then the
closest lattice point corresponds to what is called lattice decoding and has been shown
to yield arbitrarily good codes [18, 17]. The closest lattice point problem occurs in
communications systems involving multiple antennas [48, 56]. The unwrapping of
phase data for location estimation can be posed as a closest lattice point problem
and this has been applied to the global positioning system [52, 22]. The problem has
also found application to circular statistics [36], single frequency estimation [37], and
related signal processing problems [32, 6, 33, 46, 38].

The closest lattice point problem is known to be NP-hard [40, 15, 47, 20, 24].
Nevertheless, algorithms exist that can compute a closest lattice point in reasonable
time if the dimension is small [45, 26, 1]. These algorithms require a number of
operations that grows as O(n®™) or O(no("2)), where n is the dimension of the
lattice. Recently, Micciancio and Voulgaris [42] described a solution for the closest
lattice point problem that requires a number of operations that grows as O(22"). This
single exponential growth in complexity is the best known.

Although the problem is NP-hard in general, fast algorithms are known for specific
highly regular lattices, such as the integer lattice Z", the root lattices A4, and D,,
their dual lattices A% and D}, and the related Coxeter lattices [11, Chap. 4], [7, 34,
39]. In this paper we consider a particular class of lattices, those of Voronoi’s first
kind [10, 54, 55]. Each lattice of Voronoi’s first kind has what is called an obtuse
superbasis. We show that if the obtuse superbasis is known, then a closest lattice
point can be computed in O(n*) operations. This is achieved by enumerating a series
of relevant vectors of the lattice. Each relevant vector in the series can be computed in
O(n?) operations using an algorithm for computing a minimum cut in an undirected
flow network [44, 49, 53, 12]. We show that the series converges to a closest lattice
point after at most n terms, resulting in O(n?) operations in total. This result extends
upon a recent result by some of the authors showing that a short vector in a lattice
of Voronoi’s first kind can be found by computing a minimum cut in a weighted
graph [35].

Our results can be placed in the context of a modification of the closest lattice
point problem called the closest vector problem with preprocessing [40, 20, 47, 3, 27,
14]. In this problem some “advice” about the lattice is assumed to be given. The
advice might come in the form of a particular basis for the lattice or might take other
forms. The advice may be used to compute a closest lattice point, hopefully with
reduced complexity. Our algorithm can be viewed as an efficient solution for the
closest vector problem with preprocessing for the lattices of Voronoi’s first kind. The
advice given is the obtuse superbasis.

The paper is structured as follows. Section 2 describes the relevant vectors and
the Voronoi cell of a lattice. Section 3 describes a procedure to find a closest lattice
point by enumerating a series of relevant vectors. The series is guaranteed to converge
to a closest point after a finite number of terms. In general the procedure might be
computationally expensive because the number of terms required might be large and
because computation of each relevant vector in the series might be expensive. Section 4
describes lattices of Voronoi’s first kind and their obtuse superbasis. In section 5 it is
shown that for these lattices the series of relevant vectors results in a closest lattice
point after at most n terms. Section 6 shows that each relevant vector in the series
can be computed in O(n?) operations by computing a minimum cut in an undirected
flow network. Section 7 discusses some potential applications of this algorithm and
poses some interesting questions for future research.
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2. Voronoi cells and relevant vectors. The (closed) Voronoi cell, denoted
Vor(A), of a lattice A in R™ is the subset of R™ containing all points closer or of
equal distance (here with respect to the Euclidean norm) to the lattice point at the
origin than to any other lattice point. The Voronoi cell is an m-dimensional convex
polytope that is symmetric about the origin.

Equivalently, the Voronoi cell can be defined as the intersection of the half-spaces

Hy = {z € R" | ] < [}z - o]}
1
:{xER”|x-v<§v-v}

for all v € A\{0}. We denote by z - v the inner product of vectors x and v. It is not
necessary to consider all v € A\{0} to define the Voronoi cell. The relevant vectors
are those lattice points v € A\{0} for which

v-r<T-T for all x € A\{0}.

Denote by Rel(A) the set of relevant vectors of the lattice A. The Voronoi cell is the
intersection of the half-spaces corresponding with the relevant vectors, that is,

Vor(A) = Nyerei(a) Ho-

The closest lattice point problem and the Voronoi cell are related in that z € A is a
closest lattice point to y if and only y — « € Vor(A), that is, if and only if

(2.1) ly —zl| < |ly -z — o for all v € Rel(A).
If s is a short vector in a lattice A then
L2 el
2 2 zeA\{0}

is called the packing radius (or inradius) of A [11]. The packing radius is the minimum
distance between the boundary of the Voronoi cell and the origin. It is also the radius
of the largest sphere that can be placed at every lattice point such that no two spheres
intersect (see Figure 1). The following well-known results will be useful.

PROPOSITION 2.1. Let A C R™ be an n-dimensional lattice. For r € R let |r]
denote the largest integer less than or equal to r. Let t € R™. The number of lattice
points inside the scaled and translated Voronoi cell r Vor(A)+t is at most (|r]+1)™.

Proof. Let V' C Vor(A) contain all those points from the interior of the closed
Voronoi cell Vor(A), but with boundaries defined so that V' tessellates R™ under
translations by A. That is, R™ = Ugzea (V' 4 2) and the intersection (V +z) N (V +y)
is empty for distinct lattice points x and y. For positive integer k, the scaled and
translated cell £V + ¢ contains precisely one coset representative for each element
of the quotient group A/kA [31, section 2.4]. There are k™ coset representatives.
Thus, the number of lattice points inside r Vor(A) +t C (|r| + 1)V + ¢ is at most
(lr]+1™ O

PROPOSITION 2.2. Let A C R™ be an n-dimensional lattice with packing radius p.
Let S be an m-dimensional hypersphere of radius r centered at t € R™. The number
of lattice points from A in the sphere S is at most (|r/p] + 1)™.

Proof. The packing radius p is the Euclidean length of a point on the boundary
of the Voronoi cell Vor(A) that is closest to the origin. Therefore, the sphere S is
a subset of Vor(A) scaled by r/p and translated by ¢. That is, S C r/p Vor(A) + ¢.
The proof follows because the number of lattice points in r/p Vor(A) + ¢ is at most
(lr/p] +1)™ by Proposition 2.1. a
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/

Fia. 1. The 2-dimensional lattice with basis vectors (3,0.6) and (0.6,3). The lattice points
are represented by dots and the relevant vectors are circled. The Voronoi cell Vor(A) is the shaded
region and the packing radius p and corresponding sphere packing (circles) are depicted.

3. Finding a closest lattice point by a series of relevant vectors. Let A
be a lattice in R™ and let y € R™. A simple method to compute a lattice point z € A
closest to y is as follows. Let zg be some lattice point from A, for example, the origin.
Motivated by Sommer, Feder, and Shalvi [51] and Micciancio and Voulgaris [42], we
consider the following iteration,

Th41 = Tk + Uk,

(3.1) v = arg ly — xr — v||,

min
vERel(A)U{0}
where Rel(A) U {0} is the set of relevant vectors of A including the origin. This
iterative procedure is depicted in Figure 2. The minimum over Rel(A) U {0} may not
be unique, that is, there may be multiple vectors from Rel(A) U {0} that are closest
to y — xi. In this case, any one of the minimizers may be chosen. The results that
we will describe do not depend on this choice. We make the following straightforward
propositions.

PROPOSITION 3.1. At the kth iteration either xy is a closest lattice point to y or
ly = 2ll > ly — wasa .

Proof. If xy, is a closest lattice point to y then ||y — x| < ||y —2x+1]| by definition.
On the other hand if zj is not a closest lattice point to y we have y — x, ¢ Vor(A)
and from (2.1) there exists a relevant vector v such that

1y = zkll > [ly — 2% — o

> ' r—

zarg L min 1y vll
= [ly — 2 — v

= |y — x|l O
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Lyq

F1G. 2. Ezample of the iterative procedure described in (3.1) to compute a closest lattice point
toy = (4,3.5) (marked with a cross) in the 2-dimensional lattice generated by basis vectors (2,0.4)
and (0.4,2). The initial lattice point for the iteration is xg = (—4.4, —2.8). The shaded region is the
Voronoi cell surrounding the closest lattice point x¢ = (4.4,2.8).

PROPOSITION 3.2. There is a finite number K such that xx,xx11,TK+2,... are
all closest points to y.
Proof. Suppose no such finite K exists, then

ly = 2ol > lly — 21l > lly — @2 > -

and so zg,z1,... is an infinite sequence of distinct (due to the strict inequal-
ity) lattice points all contained inside an n-dimensional hypersphere of radius r =
|ly — zo]| centered at y. This is a contradiction because, if p is the packing radius
of the lattice, then less than (|r/p] + 1) lattice points lie inside this sphere by
Proposition 2.2. d

Proposition 3.2 asserts that after some finite number K of iterations the procedure
arrives at xx, a closest lattice point to y. Using Proposition 3.1 we can detect that
x is a closest lattice point by checking whether ||y — 2k < ||y — xx+1]|. This
simple iterative approach to compute a closest lattice point is related to what is
called the iterative slicer [51]. Micciancio and Voulgaris [42] describe a related, but
more sophisticated, iterative algorithm that can compute a closest point in a number
of operations that grows exponentially as O(22"). This single exponential growth in
complexity is the best known.

Two factors contribute to the computational complexity of this iterative approach
to compute a closest lattice point. The first factor is computing the minimum over the
set Rel(A) U {0} in (3.1). In general a lattice can have as many as 27! — 2 relevant
vectors so computing a minimizer directly can require a number of operations that
grows exponentially with n. To add to this it is often the case that the set of relevant

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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vectors Rel(A) must be stored in memory so the algorithm can require an amount of
memory that grows exponentially with n [42, 51]. We will show that for a lattice of
Voronoi’s first kind the set of relevant vectors has a compact representation in terms
of what is called its obtuse superbasis. To store the obtuse superbasis requires an
amount of memory of order O(n?) in the worst case. We also show that for a lattice
of Voronoi’s first kind the minimization over Rel(A) U {0} in (3.1) can be solved
efficiently by computing a minimum cut in an undirected flow network. Using known
algorithms a minimizer can be computed in O(n?) operations [21, 16, 12].

The other factor affecting the complexity is the number of iterations required
before the algorithm arrives at a closest lattice point, that is, the size of K. Propo-
sition 2.2 suggests that this number might be as large as (|r/p] + 1), where r =
lly — 20]|? and p is the packing radius of the lattice. Thus, the number of iterations
required might grow exponentially with n. The number of iterations required de-
pends on the lattice point that starts the iteration zy. It is helpful for x¢ to be, in
some sense, a close approximation of the closest point zx. Unfortunately, computing
close approximations of a closest lattice point is known to be computationally diffi-
cult [20, 47, 2, 3, 14]. We will show that for a lattice of Voronoi’s first kind a simple
and easy to compute choice for xy ensures that a closest lattice point is reached in at
most n iterations and so K < n. Combining this with the fact that each iteration of
the algorithm requires O(n?) operations results in an algorithm that requires O(n?)
operations to compute a closest point in a lattice of Voronoi’s first kind.

4. Lattices of Voronoi’s first kind. An n-dimensional lattice A is said to be
of Voronoi’s first kind if it has what is called an obtuse superbasis [10]. That is, there
exists a set of n + 1 vectors by, ..., b,11 such that by,...,b, are a basis for A,

(4.1) b1 +bs--+by1=0
(the superbasis condition), and the inner products satisfy
(4.2) qij =b;-0; <0 for h,j=1,...,n+1,i#j

(the obtuse condition). The g;; are called the Selling parameters [50]. It is known
that all lattices of dimension less than or equal to 3 are of Voronoi’s first kind [10].
An interesting property of lattices of Voronoi’s first kind is that their relevant vectors
have a straightforward description.

THEOREM 4.1 (Conway and Sloane [10, Theorem 3]). Let A be a lattice of
Voronoi’s first kind with obtuse superbasis by, ...,b,11. The relevant vectors of A are
of the form

S

el

where I is a strict subset of {1,2,...,n+1} that is not empty, i.e., I C {1,2,...,n+1}
and I # 0.

Classical examples of lattices of Voronoi’s first kind are the n-dimensional root
lattice A,, and its dual lattice A% [11]. For A, and A} there exist efficient algorithms
that can compute a closest lattice point in O(n) operations [39, 7]. For this reason we
do not recommend using the algorithm described in this paper for A, and A}. The
fast algorithms for A4,, and A} rely of the special structure of these lattices and are not
applicable to other lattices. In contrast, the algorithm we describe here works for all
lattices of Voronoi’s first kind. Questions that arise are how “large” (in some sense) is

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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the set of lattices of Voronoi’s first kind? Are there lattices of Voronoi’s first kind that
are useful in applications such as coding, quantization, or signal processing? These
questions are discussed in section 7. We now focus on the problem of computing a
closest point in a lattice of Voronoi’s first kind.

5. A series of relevant vectors from a lattice of Voronoi’s first kind. Let
A C R™ be an n-dimensional lattice of Voronoi’s first kind with obtuse superbasis

bi,...,bpt1 and let y € R™. We want to find n integers wy, ..., w, that minimize
" 2
Y- Z biw;
i=1
We can equivalently find n + 1 integers wy, ..., w,+1 that minimize
n+1 2

Yy— Z bjw;
i=1

The iterative procedure described in (3.1) will be used to do this. In what follows
it is assumed that y lies in the space spanned by the basis vectors by,...,b,. This
assumption is without loss of generality because = is a closest lattice point to y if
and only if x is a closest lattice point to the orthogonal projection of y into the space
spanned by by, ...,b,. Let

B=(b by ... buy1)

be the m by n 4+ 1 matrix with columns given by bq,...,b,41 and let z € R™*! be
a column vector such that y = Bz. We now want to find a column vector w =
(w1, ...,wp41) of integers such that

(5-1) 1B(z — w)|*

is minimized. Define the column vector ug = [z], where |-] operates on vectors
elementwise. In view of Theorem 4.1 the iterative procedure (3.1) to compute a
closest lattice point can be written in the form

(5.2) Tp+1 = Bugta,

Uk+1 = U + Tk,
5.3 t = i B(z —uy — 1),
(5.3) o= arg_min Bz~ 1)

where {0,1}"*! denotes the set of column vectors of length n + 1 with elements equal
to zero or one. The procedure is initialized at the lattice point g = Bug = B|z].
This choice of initial lattice point is important. In section 6 we show how minimization
over {0,1}"*! in (5.3) can be computed efficiently in O(n3) operations by computing
a minimum cut in an undirected flow network. The minimizer may not be unique
corresponding with the existence of multiple minimum cuts. In this case any one of
the minimizers may be chosen. Our results do not depend on this choice. In the
remainder of this section we prove that this iterative procedure results in a closest
lattice point after at most n iterations. That is, we show that there exists a positive
integer K < n such that xx is a closest lattice point to y = Bz.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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We first provide an intuitive description of our proof technique. Denote by min(p)
and max(p) the minimum and maximum values obtained by the elements of the vector
p € R"! and define the function

rng(p) = max(p) — min(p).

Observe that rng(p) cannot be negative and that if rng(p) = 0 then all of the elements
of p are equal. Let ¢ be a nonegative integer. Say that a lattice point z is ¢-close to
y if there exists a v € Z"*! with rng(v) = ¢ such that x + Bv is a closest point to
y. We will show (Lemma 5.6) that the lattice point g = B|z]| that initializes the
iterative procedure (5.2) is K-close to y where K < n. We then prove (Lemma 5.8)
that if the lattice point x; obtained on the kth iteration of the procedure is ¢-close,
then the lattice point xp41 obtained on the next iteration is (¢ — 1)-close. Since zg is
K-close it follows that after K < n iterations the lattice point xy is 0-close. At this
stage it is guaranteed that xx itself is a closest lattice point to y. This is shown in
the following lemma.

LEMMA 5.1. If x is a lattice point that is O-close to y then = is a closest lattice
point to y.

Proof. Because z is O-close there exists a v € Z"*! with rng(v) = 0 such that
x + Bu is a closest point to y. Because rng(v) = 0 all elements from v are identical,
that is, v1 = v9 = --+ = v, y1. In this case Bv = Z?:ll Upbp = U1 Z?:ll b, =0 as a
result of the superbasis condition (4.1). Thus = 2+ Bu is a closest point to y. a

We now proceed with a formal proof culminating in Theorem 5.9 stated at the
end of this section. We first introduce some notation. For S a subset of indices
{1,...,n+1}, let 15 denote the column vector of length n+ 1 with ith element equal
to one if i € S and zero otherwise. For S C {1,...,n+ 1} and p € R**! define the
function

icS j¢s

where ¢;; = b; - b; are the Selling parameters from (4.2). Denote by S the complement
of the set of indices S, that is S = {i € {1,...,n+1}|i ¢ S}.
LEMMA 5.2. Let p € R"™! and let S and T be subsets of the indices of p. The
following equalities hold:
L ||Bp|l> = | B(p + 1s)||> = ®(S,p);
2. || Bp|]* = || B(p — 1s)[* = ®(S,p); )
3. | Bpll> = |B(p+ 1s — 17)|1> = ®(S,p) + (T, p) + 23 ic5 > jer Gis-
Proof. Part 3 follows immediately from parts 1 and 2 because

|Bp||> = |B(p+ 15 — 17)||* = | Bp|*> — | B(p + 15)|?
+1Bpl> = 1Blp— 1)1 +2) > aij-

ieS jeT

We give a proof for part 1. The proof for part 2 is similar. Put Q = B’B where
superscript ’ indicates the vector or matrix transpose. The n + 1 by n + 1 matrix
Q@ has elements given by the Selling parameters, that is, Q;; = g;; = b; - bj. Denote
by 1 the column vector of length n + 1 containing all ones. Now B1 = Z?:ll b; =0
as a result of the superbasis condition (4.1) and so Q1 = 0. Since 1g =1 — 15 it

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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follows that Q1g = —Q1g. With o the elementwise vector product, i.e., the Schur or
Hadamard product, we have

1Bpl* — 1B(p + 1)

—15Q1s — 2p'Q1s
=15Q15 — 2p'Q1s
=15Q15 —2(po1ls)'Qls —2(pols)'Qls
=15Q15 —2(po15)'Qls +2(po 15)'Qlg
which is precisely ®(S,p). d
Define the function subr(p) to return the largest subset, say S, of the indices of p

such that min{p;,i € S} — max{p;,i ¢ S} > 2. If no such subset exists then subr(p)
is the empty set (). For example,

subr(2, —1,4) = {1, 3}, subr(2,1,3) =0, subr(1,3,1) = {2}.

To make the definition of subr clear we give the following alternative and equivalent
definition. Let p € R™ and let o be the permutation of the indices {1,...,n} that
puts the elements of p in ascending order, that is,

Po(1) S Po2) < < Po(n)-
Let T' be the smallest integer from {2,...,n} such that p,ry — por—1y > 2. If no
such integer T exists then subr(p) = (. Otherwise
subr(p) = {o(T),o0(T +1),...,0(n)}.

The following straightforward property of subr will be useful.

PROPOSITION 5.3. Let p € Z"L. If subr(p) = () then rng(p) < n.

Proof. Let o be the permutation of the indices {1,...,n 4+ 1} that puts the
elements of p in ascending order. Because subr(p) = () and because the elements of p
are integers we have p,(;y1) < po(s) + 1 for alli =1,... n. It follows that

Po(nt1) S Pon) T 1 S Pon-1) +2< - <pory +1

and 50 rng(p) = Po(n+1) — Po(1) < M- a
Finally, define the function

decrng(p) =D 1subr(p)

that decrements those elements from p with indices from subr(p). If subr(p) = 0, then
decrng(p) = p, that is, decrng does not modify p. On the other hand, if subr(p) # ()
then

g (decrng(p)) =rng(p) —1

because subr(p) contains all those indices ¢ such that p; = max(p). By repeatedly ap-
plying decrng to a vector one eventually obtains a vector for which further application
of decrng has no effect. For example,

2,-1,4) = Laubr(e,—1,0) = (2, -1,4) = 1133y = (1, -1, 3),
1,-1,3) — 13 = (0,—1,2),

0,-1,2) — 1(5 = (0,-1,1),

0,-1,1)— 1p = (0, —1,1).

decrng(2, —1,4) =
decrng(1,—1,3) =
decrng(0,—1,2) =
decrng(0,—1,1) =

A~~~

This will be a useful property so we state it formally in the following proposition.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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PROPOSITION 5.4. Let p € R and define the infinite sequence do,dy,ds, ... of
vectors according to dy = p and dp+1 = decrng(dy). There is a finite integer T such
that dT = dT+1 = dTJrg =,

Proof. Assume that no such 7" exists. In this case decrng(dy) # d, for all positive
integers k and so

rng(dy) = mg(dg—1) — 1 =rng(dk_2) — 2 = --- = rng(p) — k.

Choosing k£ > rng(p) we have rng(dy) < 0 contradicting that rng(dy) is nonega-
tive. O

We are now ready to study properties of the lattice point xy = B|z| that initializes
the iterative procedure (5.2).

LEMMA 5.5. If v € Z""! is such that B(|z] +v) is a closest lattice point to
y = Bz, then B(|z] 4 decrng(v)) is also a closest lattice point to y.

Proof. The lemma is trivial if subr(v) = @) so that decrng(v) = v. It remains to
prove the lemma when subr(v) # (. In this case put S = subr(v) and put

u = decrng(v) = v — 1g.

Let ¢ = z — | z] be the column vector containing the fractional parts of the elements
of z. We have ( —u = —v+ 1g. Applying part 1 of Lemma 5.2 with p = { — v we
obtain

(5.4) IB(¢ = v)lI? = 1B = )| = &(S,¢ —v)
=33 ai(1+2(G — ) = 2(v — ;).
€S j¢s
Observe that ¢; = z; — |z;] € [0,1) foralli=1,...,n+1and so -1 < (; —(; < 1 for
alli,j=1,...,n+ 1. Also, for i € S and j ¢ S we have
v; —v; > min{v;, i € S} —max{v;,j ¢ S} > 2

by the definition of subr(v) = S. Thus,

14+2(G—¢) —2(vi—vj) <1+2-4=-1<0 forie Sandj¢s.

Substituting this inequality into (5.4) and using that g;; < 0 for ¢ # j (the obtuse
condition (4.2)) we find that

IB(z = 2] = o)l = |1 B(z — 2] — )| > 0.

It follows that B(|z] + u) = B(|z] + decrng(v)) is a closest lattice point to y = Bz
whenever B(|z] + v) is. a

LEMMA 5.6. There exists a closest lattice point to y = Bz in the form B(|z]+v),
where v € Z" with tng(v) < n.

Proof. Let dy € Z™! be such that B(|z]| + dp) is a closest lattice point to
y. Define the sequence of vectors dy,dq,... from Z"*! according to the recursion
dip+1 = decrng(dy). It follows from Lemma 5.5 that B(|z| + di) is a closest lattice
point for all positive integers k. By Proposition 5.4 there is a finite 7" such that

dpy1 = dp = decrng(dr).
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Thus subr(dr) = 0 and rng(dr) < n by Proposition 5.3. The proof follows with
v = dT. O

Recall that a lattice point z is said to be /-close to y if there exists a v € Z"*1
with rng(v) = ¢ such that « + Bv is a closest point to y. Lemma 5.6 above asserts
that the lattice point o = B|z| that initializes the iterative procedure is K-close to
y, where K < n. We now prove Lemma 5.8 from which it will follow that if the lattice
point xj obtained on the kth iteration of the procedure is f-close, then the lattice
point xp41 obtained on the next iteration is (¢ — 1)-close. Before giving the proof of
Lemma 5.8 we require the following simple result.

LEMMA 5.7. Let h € {0,1}""! and v € Z"*! with rg(v) > 1. Suppose that
h; = 0 whenever v; = min(v) and that h; = 1 whenever v; = max(v). Then

hi—hjg’l)i—’l)j

when either v; = max(v) or v; = min(v).

Proof. If v; = max(v) then h; = 1 and we need only show that 1—h; < max(v)—v;
for all j. If v; = max(v) then h; = 1 and the results hold since 1 — h; = 0 =
max(v) —v;. Otherwise if v; < max(v) then 1—h; <1 < max(v)—v; because max(v)
and v; are integers.

Now, if v; = min(v) then h; = 0 and we need only show that h; < v; — min(v)
for all i. If v; = min(v) then h; = 0 = v; — min(v) and the results hold. Otherwise if
v; > min(v) then h; <1 <wv; —min(v) because min(v) and v; are integers. O

LEMMA 5.8. Let Bu with v € Z"*! be a lattice point that is (-close to y = Bz,
where £ > 0. Let g € {0,1}" "1 be such that

2 : 2
(5:5) 1B(z —u—g)|" = e 1B(z —u—1)[°
The lattice point B(u + g) is ({ — 1)-close to y.

Proof. Because Bu is (-close to y there exists v € Z"*! with rng(v) = £ such that

B(u + v) is a closest lattice point to y. Define subsets of indices

S={i]gi=0,v; = max(v)}, T={i|g;=1,v; =min(v)},

and put h = g+ 1g — 17 € {0,1}"*! and w = v — h. Observe that h; = 0 whenever
v; = min(v) and so min(w) = min(v — k) = min(v). Also, h; = 1 whenever v; =
max(v) and so max(w) = max(v — h) = max(v) — 1. Thus,

rng(w) = max(v) — 1 —min(v) = rmg(v) — 1 =0 — 1.

The lemma will follow if we show that B(u+ g+ w) is a closest lattice point to y since
then the lattice point B(u+g) will be (¢ —1)-close to 3. The proof is by contradiction.
Suppose B(u + g + w) is not a closest point to y, that is, suppose

IB(z —u—g—w)®>||B(z —u—v)|.
Putting p = z — u — v we have
IB(p +1s — 17)||* > || Bp]*.

By part 3 of Lemma 5.2 we obtain

(5.6) IBpl* = | B(p+ 1s — 17)[|* = ©(S,p) + ®(T,p) + 2> Y ai; <O.
ieS jeT
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As stated already h; = 0 whenever v; = min(v) and h; = 1 whenever v; = max(v).
It follows from Lemma 5.7 that

(57) hl — hj S Vi — Uy

when either v; = max(v) or v; = min(v). Since v; = max(v) for i € S and v; = min(v)
for j € T the inequality (5.7) holds when either i € S or j € T

Put r =z —wu—h. By (5.7) we have r; —r; > p; — p; when either i € SorjeT.
Now, since g;; < 0 for ¢ # j,

(I)(S, ’I") = quij(l + 27“1' - 27"j) S quij(l + 2p1' — 2pj) = (I)(S,p)

i€S j¢s i€S j¢s
and

(I)(T, 7‘) = Z Zqij(l + 27“1' - 27"j) S Z Zqij(l + 2p1' — 2pj) = @(T,p).

i¢T jeT igT jET
Using part 3 of Lemma 5.2 again,
1B(z = u—h)|]> = |B(z —u—g)|* = | Brl|* = | B(r + 15 — 17)]|?
=0(S,r) + (T, 1) +2) ) g

€S jeT

i€S jeT
as a result of (5.6). However, h € {0,1}"*! and so this implies

B(z —u— > ||B(z —u—h)|| > i B(z—u—1
I1B(z —u=g)ll > |B(z —u=h)[ 2 _min  [|B(z—u-1)]

contradicting (5.5). Thus, our original supposition is false and B(u+g+w) is a closest
lattice point to y. Because rng(w) = ¢ — 1 the lattice point B(u + g) is (£ — 1)-close
to y. a

We are now ready to prove our main theorem asserting that the iterative proce-
dure (5.2) converges to a closest lattice point in K < n iterations. This is the primary
result of this section.

THEOREM 5.9. Let A C R™ be a lattice of Voronoi’s first kind with obtuse
superbasis by, ...,byy1. Let z € R"Y let y = Bz, and let xg,x1,... be a sequence of
lattice points given by the iterative procedure (5.2). There exists K < n such that xx
is a closest lattice point to y.

Proof. Let z, = Buj be the lattice point obtained on the kth iteration of the
procedure. Suppose that xj is ¢-close to y with ¢ > 0. The procedure computes
tr € {0, 1} satisfying

B(z—up—tp)||= min |B(z—up—t
1Bz~ ue—t)l = _min_ | B(=~w —1)|

and puts xg1 = B(ug + tg). It follows from Lemma 5.8 that 2441 is (£ — 1)-close to
y. By Lemma 5.6 the lattice point that initializes the procedure g = B|z] is K-close
to y where K < n. Thus, z1 is (K — 1)-close, x5 is (K — 2)-close, and so on until x x
is O-close. That z is a closest lattice point to y follows from Lemma 5.1. O
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6. Computing a closest relevant vector. In the previous section we showed
that the iterative procedure (5.2) results in a closest lattice point in at most n it-
erations. It remains to show that each iteration of the procedure can be computed
efficiently. Specifically, it remains to show that the minimization over the set of binary
vectors {0,1}""! described in (5.3) can be computed efficiently. Putting p = z — uy
n (5.3) we require an efficient method to compute a t € {0, 1}"*! such that the binary
quadratic form

n+1 2

Zb

is minimized. Expanding this quadratic form gives

1B —t)|* =

2

n+1 n+1ln+1 n+ln+1 n+1n+1
> bilpi — =) aipin; —2) > aupiti+ > Y aijtit-
i=1 i=1 j=1 i=1 j=1 i=1 j=1

The first sum above is independent of ¢ and can be ignored for the purpose of min-
imization. Letting s; = —2 Z;Z;rll ¢;jp;j, we can equivalently minimize the binary
quadratic form

n+1 n+1ln+1
(6.1) Zst +) 0> aitit;.
=1 j=1

We will show that a minimizer of Q(t) can be found efficiently by computing a
minimum cut in an undirected flow network. This technique has appeared previ-
ously [44, 49, 53, 12] but we include the derivation here so that this paper is self-
contained. At the core of this technique is the fact that a one-to-one correspondence
exists between the obtuse superbasis of a lattice of Voronoi’s first kind and the Lapla-
cian matriz [5, 13] of a simple weighted graph with n + 1 vertices and positive edge
weights equal to the negated Selling parameters —g;;.

Let G be an undirected graph with n+ 3 vertices v, . .., v, 42 contained in the set
V' and edges e;; connecting v; to v;. To each edge we assign a weight w;; € R. The
graph is undirected so the weights are symmetric, that is, w;; = wj;. By calling the
vertex vg the source and the vertex vy, o the sink the graph G is what is called a flow
network. The flow network is undirected because the weights assigned to each edge
are undirected. A cut in the flow network G is a subset C' C V of vertices with its
complement C' C V such that the source vertex vy € C' and the sink vertex v, 2 € C.

The weight of a cut is

C)=>_ > wi,

i€l jeJ

where I = {i | v; € C} and J = {j | v; € C}. That is, W(C,C) is the sum of the
weights on the edges crossing from the vertices in C' to the vertices in C. In what
follows we often drop the argument and write W rather than W (C,C). A minimum
cut is a C and C that minimize the weight W. If all of the edge weights w;; for
i # j are nonnegative, a minimum cut can be computed in order O(n?) arithmetic
operations [12, 19].

We require some properties of the weights w;; in relation to W. If the graph is
allowed to contain loops, that is, edges from a vertex to itself, then the weight of
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these edges w;; has no effect on the weight of any cut. We may choose any values
for the w;; without affecting W. It will be convenient to set wp,o = Wny2,nt2 = 0.
The remaining w;; shall be specified shortly. The edge e 2 is in every cut. If a
constant is added to the weight of this edge, that is, w12 is replaced by wg ny2 + ¢
then W is replaced by W + ¢ for every C and C. In particular, the subsets C' and
C corresponding to a minimum cut are not changed. It will be convenient to choose
Wo,n4+2 = Wny2,0 = 0.

If vertex v; is in C' then edge e; 4o contributes to the weight of the cut. If v; ¢ C,
ie., v; € C, then edge eo,; contributes to the weight of the cut. So, either eg ; or €; 12,
but not both, contribute to every cut. If a constant, say ¢, is added to the weights of
these edges, that is, wg; and w; n42 are replaced by wo; + ¢ and w; 5,42 + ¢, then W
is replaced by W + ¢ for every C' and C. The C and C corresponding to a minimum
cut are unchanged. In this way, the minimum cut is only affected by the differences

di = W py2 — Wo,i

for each i and not the specific values of the weights w; 42 and wo ;.
We now show how W(C, C) can be represented as a binary quadratic form. Put

to =1 and tn_,_g =0 and
1, ieC,
t; = _
0, ieC

fori=1,2,...,n+ 1. Observe that

1, ieC,jeC,
ti(l —t;) =
0, otherwise.

The weight can now be written as

n+2n+2
W(C, O) = Z Z Wiy = Z Z wijti(l - tj) = F(t)
ieC jed i=0 j=0
Finding a minimum cut is equivalent to finding the binary vector ¢t = (t1,...,tn41)
that minimizes F'(t). Write
n+2n+2 n+2n+2
F(t) = Z Z wijt; — Z Z wijtit;.
i=0 j=0 i=0 j=0

Letting k; = E?ig wi;, and using that g = 1 and #,,42 = 0,

ntl n+1 nt1 n+1n+1
F(t) = Z kit; — woo — Z wiol; — Z wo;t; — Z Z wistit;.
i=0 i=1 j=1 i=1 j=1
Because wgp = 0 and w;; = w;; we have
n+1 n+1n+1
F(t) = ko + Z(kz — 2wio)t; — Z Z wijtit;.
i=1 i=1 j=1
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The constant term kg is unimportant for the purpose of minimization so finding a
minimum cut is equivalent to minimizing the binary quadratic form

n+1 n+1ln+1

g giti_g g wistits,
i=1 i=1 j=1

n+1

where g; = ki — 2wjo = d; + ) 1 w;;. It only remains to observe the equivalence of
this quadratic form and Q(¢) from (6.1) when the weights are assigned to satisfy

Qij = —Wjj i,j=1,....,n+1,
n+1
Sizgi:di—szij.

j=1

Because the g;; are nonpositive for ¢ # j the weights w;; are nonnegative for all ¢ # j
with 7,7 =1,...,n+ 1. As discussed the value of the weights w;; has no effect on the
weight of any cut W so setting q;; = —w;; for i = 1,...,n 4+ 1 is of no consequence.
Finally the weights w; n4+2 and wp; can be chosen so that both are nonnegative and

n+1
Winy2 — Wo,i = di = 8; + E Qij = Si
J=1
b " = 04d h basis condition (4.1); that i h
ecause ijl Qi = ue to the superbasis condition (4.1); that is, we choose
Wint2 = 8 and wo; = 0 when s; > 0 and w; 42 = 0 and wp; = —s; when s; < 0.

With these choices, all the weights w;; for ¢ # j are nonnegative. A minimizer of
Q(t), and, correspondingly, a solution of (5.3) can be computed in O(n?) operations
by computing a minimum cut in the undirected flow network G assigned with these
nonnegative weights [44, 49, 53, 12].

7. Discussion. The closest lattice point problem has a number of applications,
for example, channel coding and data quantization [9, 8, 7, 18, 17]. A significant hurdle
in the practical application of lattices as codes or as quantizers is that computing
a closest lattice point is computationally difficult in general [40]. The best known
general purpose algorithms require a number of operations of order O(22") [42]. In this
paper we have focused on the class of lattices of Voronoi’s first kind. We have shown
that computing a closest point in a lattice of Voronoi’s first kind can be achieved in a
comparatively modest number of operations of order O(n*) under the assumption that
the obtuse superbasis is known. Besides being of theoretical interest, the algorithm
has potential for practical application.

A question of immediate interest to communications engineers is, do there exist
lattices of Voronoi’s first kind that produce good codes or good quantizers? Since lat-
tices that produce good codes and quantizers often also describe dense sphere pack-
ings [11], a related question is, do there exist lattices of Voronoi’s first kind that
produce dense sphere packings? These questions do not appear to have trivial an-
swers. The questions have heightened importance due to the algorithm described in
this paper.

It is straightforward to construct an “arbitrary” lattice of Voronoi’s first kind. One
approach is to construct the n+ 1 by n+ 1 symmetric matrix QQ = B’ B with elements
Qij = qij = b; - bj given by the Selling parameters. Choose the off-diagonal entries
of @ to be nonpositive with g;; = ¢;; and set the diagonal elements g;; = — Z#i Qij-
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The matrix @ is diagonally dominant, that is, |g;;| > > ot lgi;|, and so @Q is positive
semidefinite. A rank deficient Cholesky decomposition [23] can now be used to recover
a matrix B such that B’B = Q. The columns of B are vectors of the obtuse superbasis.

A number applications such as phase unwrapping [52, 22|, single frequency esti-
mation [37], and related signal processing problems [32, 6, 33, 46] also require com-
puting a closest lattice point. In these applications the particular lattice arises from
the signal processing problem under consideration. If that lattice happens to be of
Voronoi’s first kind then our algorithm can be used. An example where this occurs is
the problem of computing the sample intrinsic mean in circular statistics [36]. In this
particular problem the lattice A7 is involved. A fast closest point algorithm requiring
only O(n) operations exists for A [39, 34] and so the algorithm described in this
paper is not needed in this particular case. However, there may exist other signal
processing problems where lattices of Voronoi’s first kind arise.

Another interesting question is, are there subfamilies of Voronoi’s first kind that
admit even faster algorithms? Both A,, and A} are examples of this, but there might
exist other subfamilies with algorithms faster than O(n*). A related question is, can
the techniques developed in this paper be applied to other families of lattices, i.e.,
beyond just those of Voronoi’s first kind?

A final remark is that our algorithm assumes that the obtuse superbasis is known
in advance. It is known that all lattices of dimension less than or equal to 3 are of
Voronoi’s first kind and an algorithm exists to recover the obtuse superbasis in this
case [11]. Lattices of dimension larger than 3 need not be of Voronoi’s first kind.
Given a lattice, is it possible to efficiently decide whether it is of Voronoi’s first kind?
Is it possible to efficiently find an obtuse superbasis if it exists? It is suspected that
the answer to this second question is no because an efficient solution would yield a
solution to a known problem, that of determining whether a lattice is rectangular (has
a basis consisting of pairwise orthogonal vectors) given an arbitrary basis [30].

8. Conclusion. The paper describes an algorithm to compute a closest lattice
point in a lattice of Voronoi’s first kind when the obtuse superbasis is known [10].
The algorithm requires O(n*) operations where n is the dimension of the lattice. The
algorithm iteratively computes a series of relevant vectors that converges to a closest
lattice point after at most n terms. Each relevant vector in the series can be efficiently
computed in O(n?) operations by computing a minimum cut in an undirected flow
network. The algorithm has potential application in communications engineering
problems such as coding and quantization. An interesting problem for future research
is to find lattices of Voronoi’s first kind that produce good codes, good quantizers, or
dense sphere packings [11, 8].

REFERENCES

[1] E. AgreELL, T. ERIKSSON, A. VARDY, AND K. ZEGER, Closest point search in lattices, IEEE
Trans. Inform. Theory, 48 (2002), pp. 2201-2214.

[2] D. AnaroNOV AND O. REGEV, Lattice problems in np co-np, J. ACM, 52 (2005), pp. 749-765.

[3] M. ALEKHNOVICH, S. KHoT, G. KINDLER, AND N. VISHNOI, Hardness of approzimat-
ing the closest vector problem with pre-processing, Comput. Complexity, 20 (2011),
pp. 741-753.

[4] L. BABAI, On Lovdsz lattice reduction and the nmearest lattice point problem, Combinatorica, 6
(1986), pp. 1-13.

(5] F.R. K CHUNG, Spectral Graph Theory, American Mathematical Society, Providence, RI, 1997.

[6] 1. V. L. CLARKSON, Approzimate mazimum-likelihood period estimation from sparse, moisy

timing data, IEEE Trans. Signal Process., 56 (2008), pp. 1779-1787.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 12/15/15 to 130.102.82.110. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

[11]
[12]
[13]

[14]

(=1

[

o

F 2 o = » 2 3 @

= =

=

FINDING A CLOSEST POINT 1421

. H. Conway AND N. J. A. SLOANE, Fast quantizing and decoding and algorithms for lattice

quantizers and codes, IEEE Trans. Inform. Theory, 28 (1982), pp. 227-232.

. H. Conway AND N. J. A. SLOANE, Voronoi regions of lattices, second moments of polytopes,

and quantization, IEEE Trans. Inform. Theory, 28 (1982), pp. 211-226.

. H. ConwAYy AND N. J. A. SLOANE, A fast encoding method for lattice codes and quantizers,

IEEE Trans. Inform. Theory, 29 (1983), pp. 820-824.

. H. ConwAy AND N. J. A. SLOANE, Low-dimensional lattices. VI. Voronoi reduction of

three-dimensional lattices, Soc. Lond. Proc. Ser. A Math. Phys. Eng. Sci., 436 (1992),
pp. 55-68.

. H. ConwAaYy AND N. J. A. SLOANE, Sphere Packings, Lattices and Groups, 3rd ed., Springer,

New York, 1998.
. H. CorMEN, C. E. LEISERSON, R. L. RIVEST, AND C. STEIN, Introduction to Algorithms,
2nd ed., MIT Press, Cambridge, MA, 2001.
M. CVETKOVIC, M. DooB, AND H. SAcHS, Spectra of Graphs: Theory and Applications,
3rd ed., John Wiley and Sons, New York, 1998.
DaADUSH, O. REGEV, AND N. STEPHENS-DAVIDOWITZ, On the closest vector problem with a
distance guarantee, in IEEE Computational Complexity Conference, Vancouver, Canada,
2014.

. DINUR, G. KINDLER, R. RAZ, AND S. SAFRAS, Approzimating CVP to within almost-

polynomial factors in NP-hard, Combinatorica, 23 (2003), pp. 205-243.

. EDMONDS AND R. M. KARP, Theoretical improvements in algorithmic efficiency for network

flow problems, J. ACM, 19 (1972), pp. 248-264.

EREz, S. LITSYN, AND R. ZAMIR, Lattices which are good for (almost) everything, IEEE
Trans. Inform. Theory, 51 (2005), pp. 3401-3416.

EREZ AND R. ZAMIR, Achieving 1/21log(1 + SNR) on the AWGN channel with lattice en-
coding and decoding, IEEE Trans. Inform. Theory, 50 (2004), pp. 2293-2314.

. EVEN, Graph Algorithms, Computer Science Press, Rockville, MD, 1979.

FEIGE AND D. MICCIANCIO, The inapprozimability of lattice and coding problems with pre-
processing, J. Comput. System Sci., 69 (2004), pp. 45-67.

. V. GOLDBERG AND R. E. TARJAN, A new approach to the maximum flow problem, in
Proceedings of the Eighteenth Annual ACM Symposium on Theory of Computing, STOC
86, New York, NY, 1986, ACM, New York, pp. 136—146.

. HassiBr AND S. P. BoyD, Integer parameter estimation in linear models with applications
to GPS, IEEE Trans. Signal Process., 46 (1998), pp. 2938-2952.

. J. HicHAM, Analysis of the Cholesky decomposition of a semi-definite matriz, in Reliable

Numerical Computation, Oxford University Press, Oxford, 1990, pp. 161-185.

. JALDEN AND B. OTTERSTEN, On the complexity of sphere decoding in digital communications,

IEEE Trans. Signal Process., 53 (2005), pp. 1474-1484.

JOUX AND J. STERN, Lattice reduction: A toolbox for the cryptanalyst, J. Cryptology, 11
(1998), pp. 161-185.

KANNAN, Minkowski’s convex body theorem and integer programming, Math. Oper. Res., 12
(1987), pp. 415-440.

. A. KHot, P. PopraT, AND N. K. VISHNOI, Almost polynomical factor hardness for the closest

vector problem with preprocessing, SIAM J. Comput., 43 (2014), pp. 1184-1205.

. K. LENSTRA, H. W. LENSTRA, AND L. LOVASz, Factoring polynomials with rational coeffi-
cients, Math. Ann., 261 (1982), pp. 515-534.

. W. LENSTRA, Integer programming with a fixred number of variables, Math. Oper. Res., 8
(1983), pp. 538-548.

. W. LENSTRA AND A. SILVERBERG, Revisiting the Gentry-Szydlo Algorithm, in Advances in
Crypto 2014, Santa Barbara, CA, Springer, New York, 2014.

. G. McKiLLiaM, Lattice Theory, Clircular Statistics and Polynomial Phase Signals, PhD
thesis, University of Queensland, Queensland, Australia, 2010.

. G. McKiLLiaAM AND I. V. L. CLARKSON, Mazimum-likelihood period estimation from sparse,
noisy timing data, in IEEE International Conference on Acoustics, Speech and Signal
Processing, Las Vegas, NV, IEEE, Piscataway, NJ, 2008, pp. 3697-3700.

. G. McKiruiam AND I. V. L. CLARKSON, Identifiability and aliasing in polynomial-phase
signals, IEEE Trans. Signal Process., 57 (2009), pp. 4554-4557.

. G. McKiruiam, I. V. L. CLARKSON, AND B. G. QUINN, An algorithm to compute the nearest
point in the lattice A}, IEEE Trans. Inform. Theory, 54 (2008), pp. 4378-4381.

. G. McKIiLLIAM AND A. GRANT, Finding short vectors in a lattice of Voronoi’s first kind,
in IEEE International Symposium on Information Theory Proceedings (ISIT), IEEE,
Piscataway, NJ, 2012, pp. 2157-2160.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 12/15/15 to 130.102.82.110. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1422 R. G. McKILLIAM, A. GRANT, AND I. V. L. CLARKSON

R. G. McKiLuiaMm, B. G. QUINN, AND I. V. L. CLARKSON, Direction estimation by minimum
squared arc length, IEEE Trans. Signal Process., 60 (2012), pp. 2115-2124.

R. G. McKiLuiaM, B. G. QUINN, I. V. L. CLARKSON, AND B. MORAN, Frequency estimation
by phase unwrapping, IEEE Trans. Signal Process., 58 (2010), pp. 2953-2963.

R. G. McKiLuiaMm, B. G. QUINN, 1. V. L. CLARKSON, B. MORAN, AND B. N. VELLAMBI, Poly-
nomial phase estimation by least squares phase unwrapping, IEEE Trans. Signal Process.,
62 (2014), pp. 1962-1975.

R. G. McKirriam, W. D. SMmITH, AND I. V. L. CLARKSON, Linear-time nearest point algorithms
for Cozeter lattices, IEEE Trans. Inform. Theory, 56 (2010), pp. 1015-1022.

D. Micciancio, The hardness of the closest vector problem with preprocessing, IEEE Trans.
Inform. Theory, 47 (2001), pp. 1212-1215.

D. Micciancio AND O. REGEV, Lattice based cryptography, in Post Quantum Cryptography,
D .J. Bernstein, J. Buchmann, and E. Dahmen, eds., Springer, Berlin, 2009.

D. MIcCIANCIO AND P. VOULGARIS, A deterministic single exponential time algorithm for
most lattice problems based on Voronoi cell computations, SIAM J. Comput., 42 (2013),
pp- 1364-1391.

P. NGUYEN AND J. STERN, The two faces of lattices in cryptology, in Cryptography and Lattices,
Lecture Notes in Comput. Sci. 2146, Springer-Verlag, Berlin, 2001, pp. 146-180.

J. C. PicArRD AND H. D. RATLIFF, Minimum cuts and related problems, Networks, 5 (1974),
pp. 357-370.

M. PoHST, On the computation of lattice vectors of minimal length, successive minima and
reduced bases with applications, ACM SIGSAM Bull., 15 (1981), pp. 37-44.

B. G. QuINN, I. V. L. CLARKSON, AND R. G. McKILLIAM, Estimating period from sparse, noisy
timing data, in IEEE Statistical Signal Processing Workshop (SSP), IEEE, Piscataway, NJ,
2012, pp. 193-196.

O. REGEV, Improved inapproximability of lattice and coding problems with preprocessing, IEEE
Trans. Inform. Theory, 50 (2004), pp. 2031-2037.

D. J. Rvan, I. B. CoLLINGS, I. V. L. CLARKSON, AND R. W. HEATH, Performance of vector
perturbation multiuser MIMO systems with limited feedback, IEEE Trans. Commun., 57
(2009), pp. 2633-2644.

C. SANKARAN AND A. EPHREMIDES, Solving a class of optimum multiuser detection problems
with polynomial complexity, IEEE Trans. Inform. Theory, 44 (1998), pp. 1958-1961.

E. SELLING, Ueber die bindren und terndren quadratischen formen, J. Reine Angew. Math., 77
(1874), pp. 143-229.

N. SOMMER, M. FEDER, AND O. SHALVI, Finding the closest lattice point by iterative slicing,
SIAM J. Discrete Math., 23 (2009), pp. 715-731.

P. J. G. TEUNISSEN, The least-squares ambiguity decorrelation adjustment: A method for fast
GPS integer ambiguity estimation, J. Geodesy, 70 (1995), pp. 65-82.

S. ULUKUS AND R. D. YATES, Optimum multiuser detection is tractable for synchronous CDMA
systems using m-sequences, IEEE Commun. Lett., 2 (1998), pp. 89-91.

F. VALLENTIN, Sphere Coverings, Lattices, and Tilings (in Low Dimensions), PhD thesis,
Zentrum Mathematik, Technische Universitdt Miinchen, Munich, Germany, 2003.

G. F. Voronol, Nouvelles applications des parameétres continus a la théorie des formes quadra-
tiques, J. Reine Angew. Math., 133 (1908), pp. 97-178.

D. WUBBEN, D. SEETHALER, J. JALDEN, AND G. MATZ, Lattice reduction, IEEE Signal Process.
Mag., 28 (2011), pp. 70-91.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


